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Optimizing the configuration of acquisition terminals can maximize the
observability and state estimation accuracy of the distribution grid achieving
comprehensive perception of the distribution grid. However, the existing
optimization configuration methods typically target a single topology
structure. For regional distribution grids with dynamic topology changes, it
cannot meet the observability requirements of all their topologies. In this
regard, this paper proposes an optimal configuration scheme for regional
distribution grid acquisition terminals considering dynamic observability.
Firstly, the regional distribution grid considering the change of contact switch
is modeled. Based on the observation redundancy and state estimation accuracy,
the dynamic observability index of regional distribution grid is proposed. Then, a
multi-objective optimal configuration model of acquisition terminal is
constructed with the objective function of maximizing dynamic observability
and minimizing configuration cost. Finally, the effectiveness of the proposed
approach is validated with the simulation model.

KEYWORDS

regional distribution grid, acquisition terminal configuration, state estimation accuracy,
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1 Introduction

In order to achieve the dual-carbon goal and cope with the energy crisis, the
traditional energy structure is changing to a clean energy structure, the proportion of
distributed energy access in the distribution grid is increasing, but its volatility and
randomness bring more uncertainty and dynamics to the distribution grid designed to
meet the energy flow demand, which brings new requirements to the operation and
control strategy of the distribution grid. (Xia et al., 2022; Olusola, 2020). In order to
improve the power supply stability of the distribution grid and ensure the normal
operation of the power supply in an emergency, multiple distribution areas of the same
voltage level are connected by a contact switch to form a regional distribution grid
(Rohit et al., 2020). Due to factors such as distributed energy access, changes in power
load, and natural disasters, regional distribution grids adjust the status of contact
switches according to actual situations in order to ensure the reliability and stability of
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power supply, and the topology structure of regional distribution
grids also changes accordingly.

In order to ensure the safe and stable operation of the regional
distribution grid, it is necessary to monitor and control the grid
operation status in real time (Ramirez et al., 2019). The acquisition
terminal is a device used to collect, transmit, and process power
parameters such as voltage, current and phase angle (Seyed-Ehsan
etal, 2019). It is usually installed on the key nodes of the distribution
line to obtain real-time data of the grid operating status (Zhu
et al., 2019).

If the measurement data of all nodes in the distribution grid can
be obtained directly or indirectly by the acquisition terminal, the
comprehensive perception of the distribution grid is realized, and its
topology is considerable (Yang et al., 2019). In regional distribution
grids, contact switches are used to control the flow of electricity to
different parts of the grid. When the status of the contact switch
changes, such as opening or closing, the connection method of the
power grid will correspondingly change, leading to changes in the
topology structure of the distribution grid. Therefore, the
observability ~demand of regional distribution grids s
dynamically changing.

Considering the high cost of acquisition terminal configuration
and the large number of nodes and branches in the distribution grid,
it is not in line with the actual economic situation to apply the
acquisition terminal to the distribution grid on a large scale.
(Manousakis and Korres, 2020). How to reasonably configure the
acquisition terminal in the distribution grid has become a research
hotspot (Almunif and Fan, 2020; Masoud et al., 2023). proposed a
power management unit (PMU) configuration optimization method
based on integer programming (Rupanjali and Abhinanda, 2023).
studied incorporating unobservable depths into the system to
achieve weak global observability (Sun et al., 2022). proposes a
multi-objective optimization model, whose objectives include
of D-PMUs,

measurement redundancy (NMR), and maximizing the average

minimizing the number maximizing  grid
number of observable buses (ANOBC) under N-1 contingencies.
Most of the above studies only take minimizing the number of
configurations as the objective function, and do not consider the
impact of optimal configuration results on observability. Reference
(Riccardo et al, 2021) studied the PMU optimal configuration
model with the goal of minimizing the state estimation error,
and solved it by the
optimization algorithm. In (Wei et al, 2023), based on the

immune discrete particle swarm
principle of error degree analysis, an improved genetic-simulated
annealing algorithm is proposed and applied to the multi-objective
optimal configuration problem of PMU. Reference (Xu et al., 2020)
also proposed the state estimation accuracy and PMU configuration
node weight value as the goal, and applied the genetic algorithm to
solve the problem. However, the optimal configuration of the
acquisition terminal of the regional distribution grid needs to
consider its dynamic observability, which is not considered in
most of the above studies.

Therefore, this paper proposes an optimal configuration method
of regional distribution grid acquisition terminals considering
In this paper,
distribution grid is modeled, and the dynamic observability index

dynamic observability. firstly, the regional

of the regional distribution grid is proposed based on the
observation redundancy and the state estimation accuracy. Then,
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a multi-objective optimization configuration model of the
acquisition terminal with the objective function of maximizing
the dynamic observability and minimizing the configuration cost
is constructed. Finally, it is verified by the simulation model that the
proposed method can meet the observability requirements of all
topologies of the regional distribution grid. The main contributions
of this article are as follows.

1. This article models the topology model of regional distribution
grids, considering the dynamic changes in their topology
structure, that is, the topology structure changes with
changes in switch states.

2. A dynamic observability index was proposed as a criterion for
judging the quality of the acquisition terminal configuration
scheme, and based on this, a multi-objective optimization
configuration model for acquisition terminals was
constructed. The dynamic observability index consists of
state estimation accuracy and observation redundancy.

3. Verify the effectiveness of the proposed method through
simulation experiments, which can meet the observability
requirements of all topology structures and achieve global
optimization. From the configuration results, it not only
meets the requirement of the lowest configuration cost for
the acquisition terminal, but also maximizes the overall

dynamic observability index of the system.

The contributions of this paper are as follows. The section I
constructed a regional distribution grid model that considers
topology The
constructing dynamic observability indicators based on state
estimation accuracy and observation redundancy; The section IV

dynamic changes in structure; section Il

proposes a multi-objective optimization model for acquisition
terminals; The section V proves the feasibility of this method
through case verification.

2 Modeling of regional distribution grid
considering the change of

contact switch

2.1 Regional distribution grid
topology model

The regional distribution grid is formed by connecting multiple
distribution areas with the same voltage level through the contact
switch. There is a correlation between the topology of the regional
distribution grid and the state of the contact switch. The topology
structure D of regional distribution grid is described based on
adjacency matrix.

D = (d;),,, € (0.1,

g - 1,node i is connected to j 1)
Y710, other
where i, j are node numbers, i,j € { 1,2,...,n}; d,»j are adjacency

matrix coefficient; n is the total number of distribution grid nodes.
Considering the influence of the change of the state of the
contact switch on the topology of the regional distribution grid, a
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judgment coefficient a;; is added to the adjacency matrix coefficient
d;j. Therefore, the regional distribution grid topology D" considering
the change of the contact switch is:

0, the switch between node i and j is off
aj = 1 (2)
,other
D' = (aijdij)nxn e {0, 1}"" ®3)

2.2 Acquisition terminal configuration
cost model

Considering that the cost of installing acquisition terminals at
different nodes is different, the cost C(B) of configuring acquisition
terminals in regional distribution grid can be expressed as:

N
C(B)=) Cb, (4)
i=1

where, B is an N-dimensional column vector composed of b;; b; is a
0-1 variable that characterizes whether the node i installs the
acquisition terminal. When the node i is equipped with the
acquisition terminal, b; = 1, otherwise it is 0; C; is the cost of
installing the acquisition terminal at node i.

3 Dynamic observability index

When evaluating the impact of the acquisition terminal
configuration results on the dynamic observability of the regional
distribution grid, this paper considers two aspects: state estimation
accuracy and observation redundancy.

3.1 State estimation accuracy

In this paper, the state estimation accuracy’ is represented by the
average node voltage amplitude estimation error and the average
node voltage phase angle estimation error.

The estimation error of the average node voltage amplitude of
the regional distribution grid is expressed as:

2k

1 N
€mag = N Z ZT"k||Vf"mel - |Vi>55’|| )

ne=1i=1

The average node voltage phase angle estimation error of the
regional distribution grid is expressed as:

1 2 N
eﬂﬂg = N z Zrnkl(Pi,true - (Pi,estl (6)

me=1i=1

1 State estimation accuracy is represented by the average node voltage
amplitude estimation error and the average node voltage phase angle
estimation error, obtained through a two-step mixed measurement

method (Yuan et al,, 2023).
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where, N represents the number of nodes; 7, represents the state

number of the contact switch; 7, denotes the proportion of the ;-
2k

th contact switch state, where Z Tn. = 15 |Visue| represents the true
ng=1

value of the voltage amplitude of the ith node; |V, represents the

estimated value of the voltage amplitude of the ith node;e; 1, represents

the true value of the voltage phase angle of the ith node; ¢; o represents

the estimated value of the voltage phase angle of the ith node.

3.2 Observability redundancy

In the distribution grid, the ratio of the number of independent
measurements to the number of state variables is called redundancy.
For a grid with N nodes, the number of state phasors is N. The
observation redundancy R; for node i is shown as follows.

N

Ri = b,‘ + Z llljd,jb] (7)
j=Lj#i
zk
Therefore, R(B) = Z Zf\:] 1R; is the total observed redundancy
ni=1

of the regional distribution grid under all switching conditions.
In summary, the dynamic observability index O(B) for evaluating
the configuration results of the acquisition terminal can be expressed as:

O(B) = Ae(@€ag + Peang ) + A, R(B) (8)

where, « and f3 are the weights of amplitude error and phase angle
error, this paper assumes that both are 0.5; A, and A, are the weight
coefficients of the state estimation accuracy index and the total
observation redundancy index, respectively.

4 Multi-objective optimization
configuration model for
acquisition terminals

Based on the content of the first two chapters, an optimal
configuration model for acquisition terminals is proposed with
the objective function of minimizing the cost of acquisition
terminal configuration and maximizing dynamic observability.
The objective function is represented as:

argmin (C(B) — O(B))
st.R>1
C(B) < Cpax &)
€imag < €max.mag

eang < €max .ang

Where, C,,,, represents the upper limit of the total cost of the
acquisition terminal configuration; €,axmag aNd €yaxang represent the
allowable upper limits of voltage amplitude and phase angle error,
respectively.

5 Case studies and analysis

The acquisition terminal optimization configuration model
proposed in this paper uses ’Cplex’, and the dual gap is set to 0 to
ensure that all solutions are global optimal solutions.
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FIGURE 1
Simulation model topology.

5.1 Example description

This paper takes Figure 1 as the simulation model. In this
model, there are 13 nodes, 16 branches and 4 contact switches.
The node load data is taken from the first 13 nodes of the “IEEE
33” model.

5.2 Analysis of simulation results

The model assumes that the proportion of the main contact
switch states is 0.6, while the proportion of other states is 0.4.
€max,mag AN €payxang are 0.025 and 0.02 respectively.

Firstly, the simulation model is solved without considering the
constraints of state estimation accuracy. Figure 2 shows the
minimum number of acquisition terminals required and the
maximum achievable system redundancy under all topology
structures. From the Figure 2, different topology structures will
directly affect the number of acquisition terminal configurations and
the maximum redundancy of the system.
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In order to further analyze the impact of terminal configuration
position on dynamic observability, the proposed model algorithm
was compared with the node voltage estimation error ranking
method based on traditional measurement state estimation. As
Table 1,
configuration results of the acquisition terminals obtained from

shown in Figure 3; according to the optimal
the model proposed in this article, the average node voltage
amplitude and phase angle error of all topology structures have
basically decreased, proving that the method proposed in this article
can effectively improve the accuracy of distribution grid state
estimation. According to the method described in this article,
when configuring the acquisition terminals at node {4, 5, 6, 8,
12}, the average state estimation error index for all topologies is
0.02325, and the total observable redundancy is 1.8594. In
traditional methods, when configuring acquisition terminals at
node {2, 3, 6, 8, 12}, the total state estimation error index for all
topologies is 0.02763, and the average observable redundancy is
1.6756. From this, the method proposed in this paper is superior to
traditional

methods, effectiveness of  the

proposed method.

proving the
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The impact of acquisition terminal configuration on redundancy.
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TABLE 1 Configuration results.

Configuration results

Total observation redundancy

10.3389/fenrg.2024.1349210

Average state estimation accuracy error

This method Node 4, 5. 6. 8, 12 1.8594 0.02325
Traditional method Node 2, 3. 6, 8, 12 1.6756 0.02763
6 Conclusion Supervision, Writing-review and editing. YH: Supervision,

This article proposes an optimized configuration model for data
acquisition terminals that considers the dynamic observability of
regional distribution grids. By analyzing the mapping relationship
between the topology structure of regional distribution grids and the
status of interconnection switches, a dynamic observability index is
proposed based on observation redundancy and state estimation
accuracy. Build a multi-objective configuration optimization model
by combining the economic cost of collecting terminal
configurations. The configuration results obtained by solving this
model can meet the observability requirements of all topological
structures in the regional distribution grid.

The next research direction can be combined with the development
of the power Internet of Things. Based on the application scope and
acquisition objects of different acquisition terminals, collaborative
optimization of their deployment can be carried out to further

improve the overall perception level of the distribution grid.
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