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Abstract

With the integration of a large number of flexible distributed resources, microgrids have be-
come an important form for supporting the coordinated operation of power sources, grids,
loads, and energy storage. The flexibility provided by the point of common coupling is
also a crucial regulating resource in power systems. However, due to the complex network
constraints within microgrids, such as voltage security and branch capacity limitations,
the flexibility of distributed resources cannot be fully reflected at the point of common
coupling. Moreover, the flexibility that can be provided externally by different network
reconfiguration strategies shows significant differences. Therefore, this paper focuses on
optimizing reconfiguration strategies to enhance grid-connected flexibility. Firstly, the rep-
resentation methods of grid-connected power flexibility and voltage regulation flexibility
based on aggregation are introduced. Next, a two-stage robust optimization model aimed
at maximizing grid-connected power flexibility is constructed, which comprehensively
considers the aggregation of distributed resource flexibility and reconfiguration constraints.
The objective is to maximize the grid-connected power flexibility of the small-micro parks.
In the first stage of the model, the topology of the small-micro parks is optimized, and the
maximum flexibility of all distributed resources is aggregated at the PCC. In the second
stage, the feasibility of the solution for the PCC flexible operation range obtained in the
first stage is verified. Subsequently, based on strong duality theory and using the column-
and-constraint generation algorithm, the model is effectively solved. Case studies show
that the proposed method can fully exploit the flexibility of distributed resources through
reconfiguration, thereby significantly enhancing the power flexibility and voltage support
capability of the small-micro parks network at the PCC.

Keywords: small-micro parks; integration flexibility; network reconfiguration; flexibility
aggregation

1. Introduction

With the widespread access to distributed energy resources (DER), small-micro parks
have developed into a new type of microgrid that can flexibly interact with distribution
networks [1]. Among them, as a system where multiple distributed energy sources coexist
in “source-grid-load-storage”, small-micro parks can provide flexibility to distribution
networks through the point of common coupling (PCC). For example, virtual power plants
can integrate decentralized flexibility resources through market mechanisms to solve
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problems such as power balance, peak load regulation, and insufficient voltage regulation
resources in power systems, which is of great significance for improving the economic
efficiency and safety of power system operations [2,3].

The grid-connected flexibility that this paper focuses on is specifically reflected in
power flexibility: that is, the power regulation range provided by the small-micro parks to
the distribution network through the PCC. Considering the internal network constraints of
the small-micro parks, the grid-connected flexibility is not a simple sum of the flexibility of
all distributed resources. In many scenarios, the flexibility of distributed resources cannot
be effectively reflected in the common coupling node. In addition, the distributed resource
points are numerous and widespread, and their operating characteristics are unstable,
which in turn affects the small-micro parks’ ability to flexibly adjust externally [4].

Regarding the optimization and dispatching strategy of PCC flexibility, reference [5]
proposed a collaborative control strategy based on the power uncertainty and voltage
over-limit of the common coupling point of the active distribution network; reference [6]
established a robust model based on the cooperation of multiple microgrids in the region;
reference [7] identified the coordination and complementarity of equipment based on the
flexibility control and power support capacity of interconnected devices; reference [8]
optimized the safety margin of grid-connected microgrids from the perspective of security
domain; reference [9] optimized the distributed power carrying capacity of interconnected
distribution networks based on network reconfiguration. Reference [10] proposed a distri-
bution network energy management and operation control system architecture to realize
distributed resource cluster control. Reference [11] proposed a distribution network energy
management and operation control based on machine learning to explore the active support
capacity of the distribution network for the main grid. The above optimization dispatching
models have not yet incorporated the potential advantages of network reconfiguration on
PCC flexibility.

Network reconfiguration can optimize the power flow distribution of small-micro
parks by optimizing the switch state inside the small-micro parks, thereby reducing the
restrictions of network constraints on the flexibility of distributed resources and improving
the overall flexibility of the small-micro parks’ grid connection. In related research, refer-
ences [12-15] focus on how network reconfiguration technology can optimize the operating
performance of power systems and solve practical problems, and propose that network
reconfiguration technology is an important tool for optimizing power systems without
adding additional equipment. Reference [16] proposes to use network reconfiguration
technology to release the flexibility of distributed resources and increase the flexibility
limit of active distribution networks, but a specific feasible optimization model has not yet
been established.

Considering the many complex network constraints within the small-micro parks, the
expression of grid-connected flexibility is essentially a high-dimensional complex optimiza-
tion problem that cannot be directly optimized in the network reconfiguration optimization
target. References [17-19] focus on the flexibility evaluation and optimization of distributed
resources, focusing on the flexibility space of distributed resource output and the overall
flexibility regulation capability of the system. Power flexibility aggregation provides a
tool for studying the optimization of power flexibility at the common coupling point of
end-to-end systems. Existing studies have proposed flexibility resource aggregation eval-
uation methods for different scenarios. Reference [20] proposes a complete quantitative
indicator system for flexibility resource aggregation models, which provides a basis for
evaluating flexibility resources in different scenarios. Reference [21] proposes a boundary
shrinkage method based on high-dimensional polyhedrons to estimate the parameters
of virtual generators and virtual batteries. Reference [22] proposed a method for multi-
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period power flexibility aggregation, which aggregates the active power flexibility of the
distribution system and calculates its optimal elliptical feasible area in multiple periods.
Reference [23] combined the operation constraints and the randomness of distributed
resource output, proposed a data-driven combination model, and improved the compu-
tational efficiency. Reference [24] proposed an aggregation method based on the inner
approximation Minkowski sum of convex polyhedron affine transformation, which accu-
rately quantified the regulation capacity of multivariate flexibility resources and realized
the efficient aggregation of distributed resources. The above studies proposed flexibility
resource aggregation evaluation methods for different scenarios, but did not consider
how to optimize and improve flexibility through network reconfiguration based on the
evaluation model.

This paper comprehensively considers network reconfiguration and distributed re-
source flexibility aggregation, fully utilizes the flexibility of all distributed resources, opti-
mizes the grid-connected flexibility of small-micro parks, and improves the internal security
of small-micro parks and the coordinated regulation capability with mutually coupled
systems. The main contributions of this paper are as follows: (1) A network reconfigura-
tion model with the goal of improving grid-connected flexibility is constructed, and the
grid-connected flexibility of small-micro parks is improved by optimizing the switching
strategy. (2) Through the equivalent transformation of the model, the grid-connected
flexibility that cannot be expressed is transformed into a two-stage robust optimization
problem, and an effective solution is achieved. (3) The effectiveness and superiority of the
above-mentioned method are verified through simulation experiments. (4) The constructed
model has rich application scenarios and is suitable for various end-to-end coupled systems,
including small-micro parks actively supporting the upper grid and isolated interconnected
small-micro parks providing flexibility to each other.

The structure of this paper is arranged as follows: Section 2 introduces the small-
micro parks’ grid-connected flexibility calculation model and constructs a two-stage robust
optimization to characterize the grid-connected flexibility; Section 3 introduces the network
reconfiguration model and solution algorithm with the goal of improving grid-connected
flexibility; Section 4 verifies and analyzes the proposed method; Section 5 summarizes the
main conclusions of the full text.

2. Small-Micro Parks” Grid-Connected Flexibility Calculation Model
2.1. Small-Micro Parks’ Grid-Connected Flexibility Characterization Method

Flexibility aggregation refers to the flexibility of all distributed resources in the small-
micro parks at the common coupling point under the premise of ensuring the internal
voltage safety of the small-micro parks and avoiding the overload of the branch, where
the flexibility resources include distributed photovoltaic, distributed energy storage, dis-
tributed wind power, adjustable load, electric vehicles, generators, etc. The essence is as
follows: projecting a high-dimensional space, determined by the state variables of the
flexibility resources, onto the Euclidean injection space of the state variables at the common
coupling point of the small-micro parks.

The common coupling point of the small-micro parks is selected as the power flexibility
aggregation point, and the flexibility of all distributed resources in the small-micro parks is
aggregated at the common coupling point.

The grid-connected power flexibility is essentially the feasible domain of power at the
common coupling point, which is also the dispatchable range of the system for scheduling,
and the operating safety domain of the system.

The specific descriptions of the grid-connected power flexibility of the small-micro
parks are:
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(1) The set of all operating states, i.e., working points, at the common coupling point
over the entire time scale under the determined network topology is called the grid-
connected power flexibility of the small-micro parks.

(2) The grid-connected power flexibility of the small-micro parks gives the maximum
grid-connected flexibility range of the system that meets the safety constraints, which
facilitates the evaluation and optimization of the gateway power flexibility.

(3) The small-micro parks’ grid-connected power flexibility boundary is defined as the
set of critical operating points that meet the system operation constraints.

(4) The power flexibility at PCC refers to the adjustable active/reactive power range that
the park can provide to the main grid under security constraints, while the release of
power flexibility denotes the process of utilizing network reconfiguration to alleviate
internal constraints and thus enlarge the feasible region of PCC power.

Let us assume that the small-micro parks’ grid-connected power flexibility is (), which
can be expressed as a high-dimensional polyhedron using Formula (1), where P{"®, P/
represent the upper and lower boundaries of the small-micro parks” grid-connected power
flexibility at time t, t € T

0 = [P, PP x - x [P, PR) (1)

2.2. Equipment Flexibility Modeling
2.2.1. Distributed Photovoltaic

PV PV PV
Pi,t,min < Pi,t < Pi,t,max (2)

PV 14 PV
Qi,t,min < Qi,t < Qi,t,max (3)

PV\2 PV\2 PV 2

(Pi,t ) + (Qi,t ) < (Si,max) (4)
where PEV  and QP are the upper and lower limits of active and reactive power
injected by the photovoltaic generator into node i at time t; P/Y . and QFY . are the

lower limits of active and reactive power injected by the photovoltaic generator into node

; ; . qPV
i at time ¢; Si,max

i. Formulas (2) and (3) are the upper and lower limits of active and reactive power of

is the apparent power capacity of the photovoltaic generator at node

the photovoltaic generator, respectively, and Formula (4) is the capacity constraint of the
photovoltaic generator at node 7 at time ¢.

2.2.2. Distributed Energy Storage System

Ef7° = Efp° 5)

EfP® = GES, + AtPf° (6)
Pl < PE° < PRy ?)
Efmin < EIY° < Efnix ®)

where EEtSS is the power of the energy storage device at node i at time ¢; Pi}iss is the
charge and discharge power of the energy storage device at node i at time ¢; k; is the
energy loss coefficient of the energy storage device at node i over time; At is the time
variation. Formulas (5) and (6) are the energy conservation constraints at time f = T and
1 <t < T —1, respectively; Formulas (7) and (8) are the upper and lower limit constraints
of the charge and discharge power, and the upper and lower limit constraints of the power
of the energy storage device at node i at time f, respectively.
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2.3. Network Constraints

Considering that voltage is the main operating limitation of microgrids with a high pro-
portion of distributed generation, this paper adopts the LinDistFlow power flow model [25]
that takes voltage distribution into account. This model has the advantages of linearization,
high-precision voltage estimation, flexibility, and scalability, and has important application
value in power system analysis and optimization. Therefore, the following power flow
model for small-micro parks is established.

P + B =Pl = Pije+ 3 Dy ©)
m:j—m
Qi =Qi = Qi+ L Qme (10)
m:j—m
Uip — U = 1ijPij e + xjQij t (11)
Pl + Q% < (S7)° (12)

where P]Lt,

are the active and reactive power, respectively, injected into the node j branch from node i

Q]«L,t are the active and reactive power of the node j load at time ¢; Pij+ and Qjj ¢

at time £; Py, s and Qjyy,  are the active and reactive power, respectively, flowing out of node
jat time f; U; ; and U; ; are the voltage amplitudes of the first node i and the last node j of
branch ij, respectively; r;; is the resistance of branch ij; x;; is the reactance of branch ij; Sf;‘ax
is the upper limit of the capacity of branch ij.

Equations (9) and (10) are the node active and reactive power balance equations,
respectively; Equation (11) is the branch voltage drop equation, and Equation (12) is the
branch capacity constraint.

2.4. Grid Connection Flexibility Calculation Method

In order to express the model, all state variables at time t are written in the form of the
vector x¢, as shown in Formula (13):

T
_ PV APV SS rESS
Xt = Pij,tl Qij,tr ui,t/ Pi,t ’ Qi,t rPi,t ’Ei,t } (13)

According to the small-micro parks’ power flow model, flexibility resource modeling,
and the defined vector x, the small-micro parks’ integrated system can be written as shown
in Equations (14)—(17):

P=Gxi+gteT (14)
Qi=Fx;+hteT (15)
[|Ajxe]|< a1 €L (16)

Cxi<c (17)

where P; and Q; are the active and reactive power at the common coupling point of the
small-micro parks, respectively; G, F, A;, C are the coefficient matrices of the state variables,
g, h,a;, c are the given system parameters, such as node load power, branch resistance Yijs
branch reactance xij, ete; L is the total number of second-order cone constraints.

Equations (14) and (15) are the active and reactive power balance equations of the small-
micro parks PCC, respectively; Equation (16) contains all the second-order cone constraints,
such as Equations (4) and (12); Equation (17) contains other network constraints.
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Since the constraints in the battery energy storage system model have time-coupling
characteristics, in order to simplify the expression of the coefficient matrix and facilitate
problem solving, the following constraints need to be introduced:

Ex;+Bx;_1=0,2<t<T (18)
Ex;+b=0 (19)
Dxr+d =0 (20)

where E, B, D are coefficient matrices; b, d are given parameters. Equations (18) and (19) are

model expressions of Equation (6); Equation (20) is a model expression of Equation (5).
According to the power flexibility characterization method, the objective function of

the grid-connected flexibility aggregation model can be written as shown in Formula (21):

Obj. maxQp (21)

The power flexibility ()p of the common coupling point has the maximum internal
approximation of the true solution. For any operating point in the aggregation Qp, a
corresponding operating point x; can be found after deaggregation. The flexibility resources
are regulated and managed through scheduling instructions, so Equation (22) should
be satisfied.

V(Pr, Qt) € Qp, 3x; (22)

Therefore, the constraints of the small-micro parks’ grid-connected flexibility cal-
culation model can be written as Formula (23), where the constraints include all safety
constraints and power flow constraints.

sl VP Q) €03 (23)
Equations(14)-(20)

The mathematical perspective of the model is as follows: projecting a high-dimensional
space determined by the DER state variables onto the Euclidean space of a low-dimensional
space (Qp, where the small-micro parks’ PCC state variables are located, and any operating
point in its low-dimensional space can be mapped to the high-dimensional space deter-
mined by the DER state variables, that is, the disaggregation feasibility is met. Figure 1 is a
schematic diagram of the grid-connected flexibility calculation principle.

High-Dimensional Space

it

i

A

Aggregation ﬁ | Il"

I ﬂ Deaggregation
I l
I

Low-Dimensional Space

Figure 1. Schematic diagram of grid-connected power flexibility calculation.
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Therefore, the above problem can be written as a two-stage adaptive robust opti-
mization model. In order to verify whether the maximum power flexibility obtained by
aggregation meets the feasibility of deaggregation, some operating points are randomly
selected for verification. It is not conservative to verify that each operating point in the
maximum power flexibility space of the small-micro parks” PCC is obviously infeasible.

To this end, we first introduce the uncertain parameter u; to represent P;. According
to the continuity of the feasible domain, a is taken as #; decimal between 0 and 1, which is
equivalent to taking an interpolation between P/® and P/, ensuring that every operating
point in the maximum power flexibility space of the small-micro parks” common coupling
point can be taken.

Py = up PP 4 (1 — uy) PR (24)

The uncertain parameter u; is defined to belong to the uncertainty set I, expressed by
Formula (25):
I = {ut\O <u < 1} (25)

Based on the above, a two-stage adaptive robust peer-to-peer model shown in
Equations (26) and (27) is established to calculate the active power flexibility of the small-
micro parks’ PCC.

Obj. max 1T(PMma — pmin) 4 min max 0 (26)
pmax pmin ur€l x(uy)
Ptmax > Ptmin
up PP 4 (1 — ) PPN = Gy (ur) + g
Axt(ut) + th_l(ut) =02<t<T
s.t. ||Alxt(ut)H§ a;,l €L (27)
Exl(ut) +b=0
DXT(U,}) +d=0
Cxi(up) <c

The optimization objective (26) in the first stage is the upper and lower limits of
the maximum power flexibility, in order to find the maximum power flexibility of the
small-micro parks’ common coupling point; in the second stage, a flexible resource schedul-
ing scheme x;(u) is implemented to ensure the feasibility of deaggregation when the
uncertainty variable u takes the worst scenario of the uncertainty set I through minmax
double-layer optimization. The constraint condition (27) contains all network topology
constraints and aggregation and deaggregation feasibility constraints.

3. Network Reconfiguration Model for Improving Grid-Connected Flexibility
3.1. Network Reconfiguration Optimization Model Construction

7

According to the characteristics of the open-loop operation of the small-micro parks
closed-loop design, two integer variables a;; and f;; are introduced to ensure that the
network remains in a tree structure after reconfiguration [26].

a;j € {0,1}, Bi; € {0,1} (28)

a;; represents the switch state of branch ij, a;; represents the on-state of branch ij when
itis set to 1, and «;; represents the off-state of branch ij when it is set to 0; f;; represents the
parent node-node association matrix of node j and node i, and f;; is 1 when node j is the
parent node of node i, otherwise it is 0.

According to the graph theory-spanning tree theory, the small-micro parks’ topology
conditions have the following characteristics: each node except the common coupling point
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has only one parent node, and the root node has no parent node. This can be expressed by
constraint (29):
Y. Bij=1B0j=0 (29)
JEN()
If branch ij exists, then node i is the parent node of node j, that is, f;; = 1. At the same
time, it is necessary to ensure that node j is not the parent node of node i, that is, f;; = 0.
This can be expressed by constraint (30):

Bij + Bji = wij (30)

When branch ij is disconnected, it should be ensured that the active power P;;; and
reactive power Q;;; on branch ij are 0, so Equation (12) should be written as shown in
Equation (31):

2
P+ Q< ayi(SP™) (31)

If branch ij is disconnected, since constraint (31) will limit P;;; and Q;; to 0,
Equation (11) will also become Equation (32), that is, the voltage amplitudes at both ends
of the unconnected branch ij are forced to be equal, which is obviously incorrect. Therefore,
the bigM method is introduced to write Equation (11) as shown in Equations (33)—-(35):

Ui,t - U]-,t =0 (32)

mij = (1 — wajj)-M (33)

Ui — Ujp < mijp + 1ijPij e + x3jQij ¢ (34)
Uiy — Ujp = —myjp + 13 P 0 + x3iQi 4 (35)

According to the small-micro parks” network model in Section 2, a reconfiguration
model for small-micro parks is established, as shown in Equations (36) and (37). The
optimization objective of this model is Equation (36), and Equation (37) includes all safety
constraints, power flow constraints, and radial constraints of the small-micro parks’ opera-
tion and network reconfiguration.

Obj. max Qp (36)

0(,‘]'
ot Equat%ons (28)-(30) (37)
Equations (14)—(20)

3.2. Network Reconfiguration Model Aiming at Maximizing PCC Flexibility

Through network reconfiguration, the flexibility of new energy sources dispersed on
various nodes can be explored, and the grid-connected flexibility of small-micro parks can
be improved. Therefore, according to the network reconfiguration optimization model and
the power flexibility aggregation model, the small-micro parks network reconfiguration
problem for improving grid-connected flexibility can be written as a two-stage adaptive
robust optimization model.

First, the small-micro parks’ network reconfiguration problem for improving flexibility
is described as aggregating the power flexibility of distributed resources and optimizing the
topology structure to obtain the maximum power flexibility of the small-micro parks’ PCC.
For any operating point in the maximum power flexibility of the PCC, there is a scheduling
scheme x; to deal with it after deaggregation.
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Therefore, the outer max 1T(PP — PMin) of the grid-connected flexibility calcu-
P;"ﬂﬁX,P;"ﬂln
lation model in Section 2.4 is combined with the max Q)p of the network reconfiguration
ﬂ(,‘j
model in Section 3.1 to obtain a robust optimization model for maximizing grid-connected
flexibility. The two-stage adaptive robust peer-to-peer model shown in Equations (38) and

(39) is established to optimize the active power flexibility of the small-micro parks” PCC.

Obj. max 1T(PM® — PMn) 4 min max 0 (38)

Ptmaxrptmin/ai], ur€l x(uy)
Equations (28)—(30)
Ptmax > Ptmin
urPPX 4 (1 — uy) PPN = Gy (ur) + ¢
Axi(ug) +Bxpa(u) =0,2<t<T
[[Apxe (ur)||< ay, 1 € L
Exi(us) +b=0
Dxr(u;) +d =0
Cxe(uy) <c

s.t. (39)

The optimization objective (38) of the first stage optimization quantity includes the
line switch state, i.e., the upper and lower limits of the maximum power-feasible region,
and the purpose is to find the optimal topology structure under the maximum power
flexibility of the small-micro parks” PCC. The other specific meanings are the same as
those of (26). The constraint condition (39) includes all network topology constraints and
aggregation and deaggregation feasibility constraints. The difference from the small-micro
parks’ grid-connected flexibility calculation model in Section 2.4 is that the tree topology
constraints (28) to (30) that the network reconfiguration needs to satisfy are included in
(39), and the network constraints must also be replaced with the power flow constraints
that satisfy the network reconfiguration optimization.

3.3. Model Solving Algorithm

For the two-stage adaptive robust optimization problem of Equations (38) and (39),
this paper adopts the column-and-constraint generation algorithm to solve it. First, the
two-stage adaptive robust optimization problem is decomposed into a main problem and
sub-problems, and then the main and sub-problems are iteratively solved to obtain the
optimal solution. This section describes the specific decomposition and transformation
process of the mathematical model of the main problem and sub-problems, as well as the
iterative solution process of the column-and-constraint generation (C&CG) algorithm.

3.3.1. Main Problem Solving

According to the solution mechanism of the C&CG algorithm [26], the first-stage max
problem of the two-stage adaptive robust optimization problem is expressed as shown in
Equations (40) and (41). Equation (40) is the objective function, and Equation (41) is the
constraint condition.

Obj. max  1T(pmax _ pmin) (40)

PtmaX,Ptmin,xk,tXij

k

t,*
value in the first iteration, k is the current iteration number, and K is the total number of

where u} , represents the scenario generated by the subproblem, ult‘, . 1s the given initial
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iterations. x¥ is the solution that is adaptive to scenario u’t‘, ,» 50 K adaptive solutions will be
generated in K scenarios.

uf PP 4+ (1, )PPin = Gxf + g

Equations (28)—(30)

Cxf<ck=12--,K

std ExF+Bxf  =02<t<T (41)
Exf+b=0

Dxk+d=0

[4ixt][<

3.3.2. Subproblem Solving

After solving the main problem, we obtain the switch variable «;; that satisfies all
the constraints of the main problem, the upper bound P"® and lower bound P/™" of
the maximum power flexibility of the PCC, and all the state variables x;. Therefore, the
subproblem can be expressed as a min—-max optimization problem with the objective
function as Equation (42) and the constraints as Equation (43):

Obj. min max 0 42)
ur€l x(uy)

U PP 4 (1 — ug) PPN = Gy (up) + ¢
Ex;(us) +Bxy_q(u;) =0,2 <t <T
||A1xt(ut)H§ al,Vl €L

Exq(u;) +b=0

Dxr(u;) +d =0

Cxe(ug) <c

s.t. (43)

(1) The dual problem of the subproblem

Since the subproblem (42) is a min—-max double-layer optimization problem, in order
to transform the inner max problem into a min problem and merge it with the outer min
problem, it is necessary to find the duality of the inner max problem.

Assume that the Lagrange multipliers of the dual variables of constraint (43) are
Ut, At, Ve, 01, P, p, respectively. Based on the strong duality theory, the objective function
will be transformed into the following Formula (44):

min r C;[/\t + Y anint+ ¢?b+
U, e, At, teT neNteT

Yt, O, Pt, Ot
ofd + (Pmax — pmin) Ty, 4 (pmax _ )Ty,

(44)

The main task of the sub-problem is to verify the disaggregation feasibility of the
optimization result of the main problem. Since the power flexibility injection space opti-
mized by the main problem has a convex hull, as long as the worst scenario in the power
flexibility injection space aggregated by the main problem can meet the disaggregation
feasibility, that is, the boundary points of the power flexibility injection space can meet the
disaggregation feasibility, then all operating points in the power flexibility injection space
will also meet the disaggregation feasibility.

Therefore, the value of the random variable u; can be simplified to a binary variable,
as shown in Equation (45). The constraints will be restated as shown in Equation (46).

up € {0,1} (45)



Processes 2025, 13, 3202

11 0f 18

Glus + ZN ATy +CTA =
ne

ETlPt + BTQDt (t=1)

s.t. ETGOt—l + BTq)t 2<t<T-1) (46)
ETy; +CTpy (t=T)

[lmll< o, Vel

AZO/H+ZO,]1720

(2) Linearization of subproblems

There is a nonlinear term p;u; in Formula (44), which makes it difficult to solve.
Therefore, the bigM method is used to transform the objective function into Formula (47):

min Y wfdi+ T suidui+ b+
ug, e, Ay, €T neNteT
Yt, Ot, l)bt/ Pt (47)
pFd + (P — pmin)T (o — o))+
T _
(X — ) (uf — )

In Formula (47), v;", v, y;” ,M; are intermediate variables generated in the lineariza-
tion process. Whenu; =1, y* =0t < M, y~ =v~ < M;whenu; = 0,07 =0,0" =0,
expressed by constraint (48).

0<ot <yt ut—M1—u) <vt < Muy

4
0<v <pu,u —M1—u) <v- < Muy (48)

According to the above description, the subproblem will be restated as Equations (45)—(48),
and the solution of the subproblem will be transformed into the solution of the mixed
integer second-order cone problem, which can be solved directly using the Gurobi solver.

3.3.3. Solving Algorithm

Reference [26] verified and compared the Benders-dual tangent plane algorithm and
the column and constraint generation algorithm as the solution strategies for the two-stage
robust optimization problem. Considering the excellent computational performance and
insensitivity to the problem, this paper adopts the C&CG algorithm to solve the problem.
The solution process is shown in Figure 2.

P =Gxftl 4 g

A | <alel

Cxktt < ¢

Exf 4Bt =0,2<t<T
Exftl+b=0

Dxkt+d=0

s.t. (49)

After the sub-problem is solved, if the objective function value still does not meet the
convergence condition, a new variable will be generated, and the new constraint (49) will
be added to the main problem to continue the iteration.
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Initialize iteration times K=1,convergence
threshold £>0 , =0 or u =1 ,switch state variable
o;; can take any value (ensuring that the distribution
network structure is radial and has no isolated nodes).

|

Optimize microgrid topology, aggregate DER power
—»{flexibility, and obtain PCC flexibility parameters 2" and

P™, optimized switch status 0![./ s

Generate variable u, ,
add constraint (49),
and solve the main|
problem again

i 1

Feed PCC flexibility parameters £2™"and £™" into subproblem,
verify disaggregation feasibility to obtain objective f5 , then
generate new scenario i € /.

. K
and state variables x; .

Is the condition
| /5| < e satisfied ?

|Output the solutions A™, £™, and ¢, |

End
Figure 2. Flowchart of the C&CG Solution Algorithm.

4. Case Analysis
4.1. Example System Description

This paper uses an IEEE-33-node microgrid to verify the feasibility of the proposed
method. The topology is shown in Figure 3. L1~L32 are the conductive lines before
optimization, and L33~L37 are all interconnection lines. It is assumed that node 1 is a
common coupling node.

19 20 21 22

—o—o—8—8—/[S
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PV
PV PY i Py
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PV 1,34

dio6g 107l 1281120 01300131132
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L L2d gLty 36
23 24 25 137

PV

Figure 3. Topology structure of the IEEE 33-bus small-micro parks.

Ten photovoltaic generators and six energy storage devices are connected to the
IEEE-33 node microgrid. The specific connection conditions are shown in Table 1.

Table 1. Nodes of distributed resource integration.

Distributed Resource Type Node Number
Photovoltaic generator 4,6,8,11,15, 18, 22,25, 28, 33
Energy storage 4,11, 15, 18, 22, 25, 29, 33

The charging and discharging efficiency of the energy storage device is 0.9, the maxi-
mum charging power is 0.2 MW /h, the maximum discharging power is 0.2 MW /h, the
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initial SOC is 0.3 MWHh, the lower limit of the energy storage capacity is 0.15 MWh, and
the upper limit of the energy storage capacity is 0.8 MWh; the installed capacity of the
photovoltaic generator is 0.4 MW.

The trend of active and reactive loads and photovoltaic daily power generation in the
microgrid is shown in Figure 4.
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Figure 4. Intraday variation trends of load and photovoltaic power generation.

4.2. Optimization Analysis of Microgrid Grid-Connected Power Flexibility in Two Time Periods

First, the two-stage adaptive robust optimization model proposed in this paper is
intuitively explained with the goal of optimizing the small-micro parks’ grid-connected
power flexibility in two time periods.

Figure 5 shows the small-micro parks’ grid-connected power flexibility before IEEE-33
node network reconfiguration in two time periods: the small-micro parks’ grid-connected
power flexibility under traditional network reconfiguration with the goal of minimizing net-
work loss, and the small-micro parks’ grid-connected power flexibility after optimization by
the proposed method. Before network reconfiguration, it refers to the PCC power flexibility
that only considers meeting all security constraints and aggregating flexibility resources.

Power flexibility limit
= t=1, Upper bound

t=1, Lower bound

=2, Upper bound =2, Lower bound
Before reconfiguration Minimum Loss State Maximum Flexibility State

o1 2 a1
I I 1 |
=4/ | = 1 1 'Il; 4
£ Z o =
L L~
= S =10.64 e S =6.60 g ) S =13.62
5 g g
< g2 Z

a 0

0 2 4 -2 0 2 0 2 4
Power(MW) , t=1 Power(MW) , t=1 Power(MW) , t=1

Figure 5. Comparison of the PCC power flexibility optimization results for two time periods.

From Figure 5, it can be seen that the PCC power flexibility of the proposed method
after optimization is increased by 2.98, which is nearly 28% compared with before optimiza-
tion. By comparing the small-micro parks” power flexibility under the traditional network
reconfiguration with the goal of minimizing network loss and the small-micro parks’ grid
flexibility after optimization by the proposed method, it can be seen that the traditional
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network reconfiguration with the goal of minimizing network loss cannot improve the
small-micro parks’ grid flexibility.

To further illustrate that the network reconfiguration method in this paper can improve
the small-micro parks’ grid flexibility, Figure 6 shows the network topology diagram after
optimization by the proposed method.
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23 24 25

L37
Figure 6. Optimized topology structure of the IEEE 33-bus small-micro parks.

According to Figure 6, after optimization, the disconnected branches are L8, L9, and
L28, and the connected branches are L34, L35, and L37. Combined with Table 2, it can
be seen that before optimization, the line capacity of lines L8 and L9 limits the flexible
release of distributed resources on nodes 11, 15, and 18, and line L28 limits the release
of distributed resource flexibility on nodes 29 and 33, thereby affecting grid-connected
flexibility. Therefore, network reconfiguration can improve power flexibility by changing
the path between distributed resources and aggregation points.

Table 2. Circuit capacity of switching actions.

Line Capacity (Unit) Line Number Line Capacity (Unit)
0.06 L34 0.17
0.06 L35 0.17
0.07 L37 0.17

At the same time, before optimization, when the flexibility of the distributed resources
onnodes 4, 6, 11, 15, and 18 is aggregated to node 1, they all pass through nodes 3 and 4,
so the node voltage upper limit limits the release of distributed resource flexibility; after
optimization, the activity of distributed resources on nodes 11, 15, and 18 will be released
through nodes 19~22, creating conditions for fully tapping the flexibility of distributed
resources. The specific mechanism is shown in Figure 7.

ES ES
PV

Figure 7. Schematic diagram of optimization mechanism.

In summary, the voltage constraints and capacity constraints of each feeder jointly
limit the release of distributed resource flexibility.
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4.3. Impact of DER Reactive Power Optimization on Grid Flexibility

Considering that the reactive power flexibility of distributed resources will affect
the grid-connected power flexibility of small-micro parks, in order to further verify the
effectiveness of the method proposed in this paper, the grid-connected power flexibility
before and after optimization is simulated and analyzed for two scenarios.

Scenario 1: IEEE-33 node microgrid grid-connected power flexibility optimization.

Scenario 2: Optimization of power flexibility for the grid-connected IEEE-33 node
microgrid without reactive power flexibility provision from photo-voltaic generators.

The power-feasible domains at the common coupling point before and after optimiza-
tion in scenario 1 and scenario 2 are shown in Figures 8 and 9, respectively. The blue area
and the pink area in the figure are, respectively, the feasible domains of active power in
each period before and after optimization, and the purple area is the crossover area before
and after optimization.
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Figure 8. Power flexibility optimization results before and after for scenario one.
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Figure 9. Power flexibility optimization results before and after for scenario two.
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In order to intuitively analyze the results before and after the optimization of the active
power flexibility at the common coupling point, the power flexibility of each period before
and after the optimization in the two scenarios is summed up to obtain the results shown
in Figure 10.

I Pre-Optimization
Post-Optimization

48
46
4.4
42

Power flexibility

Scenario 1 Scenario 2

Figure 10. Comparison of grid-integrated power flexibility before and after optimization

for two scenarios.

The analysis results show that the proposed method improves the grid-connected
power flexibility of the small-micro parks by 16% in scenario 1 and 7% in scenario 2.

This not only verifies that the method can fully release the power flexibility of dis-
tributed resources and significantly improve the grid-connected power flexibility of the
small-micro parks. In addition, the research results also reveal the impact of the reactive
power flexibility of the distributed resources on the grid-connected power flexibility of the
small-micro parks.

All examples in this article are performed on the hardware environment device AMD
Ryzen-7 8745H (Advanced Micro Devices, Inc., Santa Clara, CA, USA), and the solver
Gurobi is called using the R2022a platform and the Yalmip toolbox (version: R20220407).

5. Conclusions

This paper proposes a small-micro parks’ network reconfiguration method for improv-
ing power flexibility. In order to solve the problem of the limited flexibility of distributed
resources caused by network constraints, the power flow distribution in typical scenarios is
optimized by network reconfiguration to improve grid-connected flexibility. Specifically,
this paper establishes a two-stage adaptive robust optimization model to achieve the aggre-
gate representation of grid-connected point flexibility and network reconfiguration strategy
optimization, and effectively solves the model using column and constraint generation
algorithms. The simulation analysis of the example shows that the optimization improves
the grid-connected power flexibility of the small-micro parks and analyzes the reasons for
the improvement of the additional flexibility of the grid-connected point in combination
with specific scenarios.

The method proposed in this paper can be applied to various operation modes un-
der the new power system, such as grid-connected distribution network, distribution,
and micro-cooperative operation. Other types of flexibility, such as frequency regulation
provided by microgrids to the outside world, also need further study.
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