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Abstract: In order to solve the problem of reactive power optimization of distribution network with distributed
power supply, the multi-objective reactive power optimization function is established from multiple perspectives,
and the equation constraint and inequality constraint equation of power system are considered. Secondly, taking
IEEE33 node distribution system with distributed power supply as an example, reactive power optimization of
single objective function is carried out to verify that the proposed algorithm has a global convergence and a great
advantage in convergence speed. Finally, multi-objective reactive power optimization of distribution network with
distributed power supply is carried out. Simulation results demonstrate the effectiveness of the proposed algorithm.
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1. Introduction

The traditional reactive power optimization of distribution network is mainly from the economic point of
view[1-5]. However, single-objective optimization will ignore the interests of other aspects, and different factors
need to be taken into account in the decisions of DG investment subjects. The power sector or DG investors are
more eager to get the maximum benefits, and they pay more attention to the investment cost of DG. As users, they
hope to obtain safe and stable electricity, so they mainly focus on the quality of power. It can be seen that under
the multiple requirements of power network operation quality and economic benefits, the future direction of
reactive power optimization is to comprehensively consider the economy, safety and power supply reliability of
power system operation[6-9], so it is necessary to establish a multi-objective reactive power optimization model
to meet the needs of multiple parties.

2. Reactive power optimization mathematical model of active distribution network
with DG

2.1.Establishment of reactive power optimization model

This article from the perspective of economy, power supply safety and operation cost, establish the minimum
system active network loss and voltage deviation of minimum investment cost and minimum multi-objective
reactive power optimization function model, flow equation for power systems at the same time consider equality
constraints and inequality constraints, the use of the proposed improved MOMTLBO(Improved Multi-Objective
teaching-learning-based Optimization algorithm, MOMTLBO)[10]IEEE33 node containing DG system for
simulation analysis.

1) System active network loss

Economy is often an important factor to be considered in reactive power optimization. The specific
mathematical expression of the system active power network loss is shown in equation (1).

minf,gs = Zi,jeNB Gij(Uiz + sz - 2UiZUj2 cos gij) 1)

In the formula, quantities are defined as: fioss is System active network loss; Ng is number of system nodes; U;
is the voltage at node i; Gjj is admittance between nodes i and j; 6; is the phase angle difference between nodes i
and j.

2) Node voltage deviation

As one of the important indexes to measure the power quality, voltage will directly affect the performance of
electrical equipment, and one of the important purposes of reactive power optimization is to improve the power
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quality as much as possible[11]. In this paper, the deviation between node voltage and standard voltage is selected
as one of the objective functions. The node voltage deviation formula is shown in equation (2).

mintau <3 UV @

imax ~ “i,min

In the formula, quantities are defined as: f4U is distribution network node voltage deviation; N is number of
distribution network nodes; Ue is the expected voltage value of the node; Uimax is nodal voltage upper limit; Ui min
is node voltage lower limit.

3) Cost optimization

From the perspective of power companies or DG investors, reactive power optimization cost should be
considered as low as possible, so it is necessary to take DG optimization cost as one of the objective functions.
The mathematical expression of DG optimization cost is shown in equation (3).

min fQ = ZnENC Ccapn |Pn| (3)

In the formula, quantities are defined as: fq is DG optimization cost; Py is investment cost per unit capacity of
node n; Ccapn is the actual compensation capacity of node n.

2.2. Reactive power optimization constraints

Reactive power optimization constraints of power system include two aspects: equality constraints and
inequality constraints.

1) equality constraints

Equation constraint condition is power constrained power flow equation, and the specific mathematical
expression is as follows:

{Pi = PGi - PLi = Ui Z;y=1 U] (Gl.] cos 0,'] + B'J sin 6"]) (4)

Qi = Qi + Qci — Qi = U; )= U; (Gyj sin 6 — By cos 6;)

In the formula, quantities are defined as: Pgi and Qgi are active and reactive power output of generator nodes;
Pui and Qu; are load consumes both active and reactive power; Qc; is reactive power compensation capacity; Gi; is
the conductance between node i and node j; Bj; is the susceptance between node i and node j; & is the voltage
phase angle difference between node i and node j.

2) inequality constraints

Inequality constraints include control variable constraints and state variable constraints. Constraint conditions
of control variables:

Qpgjmin < Qpgj < Qpsjmax J € Ng
Ti min STi STi max ie NT (5)
Qcimin < Qci < Qcimax ieNc

In the formula, quantities are defined as: Qogjmin iS DG injects the lower limit of reactive capacity into the
distribution network; Qoajmax is DG injects the upper limit of reactive capacity into the distribution network; Timin
is lower limit of tap position of load regulating transformer tap; Timax is upper limit of tap position of load regulating
transformer tap; Qcimi is tap position of load regulating transformer tap; Qcimax is the lower and upper limits of the
reactive capacity of a reactive compensation device;

Inequality constraints of state variables:

Uinin SU; <Ujp, €N, (6)

In the formula, quantities are defined as: Uimin is lower limit of load node voltage; Uimax is upper limit of the
load node voltage; N; is number of load nodes in the system.

2.3 Reactive power optimization procedure and flow chart
The steps of reactive power optimization are as follows:
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Step 1: Input the parameters of distribution network system to determine the compensation point for reactive
power compensation; the number of classes is C, total number of students is N, the maximum number of iterations
of the algorithm is itermax. The weights of trust are 11, 12.

Step 2: All individuals are initialized and their objective function values are calculated, that is, the power flow
of the system is calculated. Individuals were sorted according to the fast non-dominant sorting method, and
'teachers' were selected by niche technology.

Step 3: Conduct teaching according to the formulaX; = A, X; + Dif ference_M;, form a new class, deal with
constraints on new individuals, calculate the value of objective function of all individuals, and update C;

Step 4: Learn from each other according to the formula

X {Azxg + 1 (X; = X ) F(XD) < f(Xm)
CT X+ (K — XOF (Xo) < F(XD

form a new class, deal with constraints on new individuals, calculate the value of objective function of all
individuals, and update C;

Step 5: According to the formuIaXi',j =X, t rand X (Xy;; — X, ), self-variation learning is carried out,
constraint processing is carried out on new individuals, objective function value of all individuals is calculated,
and C is updated.

Step 6: The individuals in class C are hon-dominant sorted, and then all the non-dominant individuals in class
C are confirmed and stored in the Pareto optimal solution set as the non-dominant particle set. The number of
individuals in the Pareto optimal solution set is checked. If the number of individuals in the Pareto optimal solution
set is greater than the given value, the improved crowding distance sorting strategy is used to screen until the
requirements are met.

Step 7: To determine whether the maximum number of iterations is reached, go to Step2; otherwise, perform
Step8.

Step 8: Finally, the Pareto solution set that meets the requirements of reactive power optimization is output.

3. IEEE33 node simulation example

In this paper, IEEE33 node distribution system is selected as an example of simulation calculation, and a certain
amount of DG is connected at the same time. The improved algorithm MOMTLBO is used for reactive power
optimization. The actual simulation tool used is MatlabR2010b, and the computer CPU is Inter CORE i3, 2G
memory, and Windows 7 system.

3.1 The simulation results

The improved IEEE33 node system as shown in figure 1 is used for simulation analysis. With the original
branch parameters unchanged, DG with active power output of 1MW is connected to nodes 2 and 13, which has
certain reactive power compensation capacity and reactive power output capacity of -100~500kVar. An on-load
voltage-regulating transformer T is connected to the node 1-2, and the transformer tap has 8 tap positions, and the
upper and lower limit of the transformer ratio is [0.9,1.1]. A reactive power compensation capacitor is incorporated
into each node 6 and 31, capacities are150kVarx4 and 150kVarx7. The system voltage reference value is 12.66kV,
the power reference value is L00MVA, the system load node voltage interval is [0.93, 1.07].
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Fig.1 Diagram of IEEE33 node distribution system

3.2 Single objective reactive power optimization of distribution network with DG

In order to verify whether MOMTLBO(Improved Multi-Objective teaching-learning-based Optimization
algorithm, MOMTLBO) has a good global optimization ability in the reactive power optimization process of power
system, the single objective function with the minimum loss of active power network was established to optimize,
and the optimization results were compared with the MOPSO (Multi-Objective Particle Swarm Optimization,
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MOPSO)[12] and MOTLBO(Multi-Objective teaching-learning-based Optimization algorithm, MOTLBO)[13]
results. The parameter Settings of each algorithm should be consist as far as possible. The parameter Settings of
each algorithm are shown in table 1.

Tablel. Parameter settings for three algorithms

Algorithm Number of iterations  Population size

MOPSO 100 30 wmin =0.4, wmax=0.9, c1=c2=2.05
MOTLBO 100 30 —_—

MOMTLBO 100 30 Al (Amin=0.1, Amax=0.6);

A2(hmin=0.3, Amax=0.8)

Fig. 2 shows the convergence characteristics curves of the three algorithms for one-shot optimization. It can
be seen from the overall figure that MOMTLBO is stronger than MOTLBO and MOPSO both in terms of
convergence speed and optimal solution. Although MOMTLBO converges slightly slowly at the beginning, it is
obviously faster than the other two algorithms after the number of iterations reaches 10, and it can be seen that
MOPSO falls into the local optimal when the number of iterations reaches 40.
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Fig 2. Comparison of convergence characteristic curves

Although the final optimization result of MOTLBO algorithm is not different from MOMTLBO, the iteration
speed is much slower than that of MOMTLBO. MOMTLBO has obvious advantages and basically converges at
the 22nd iteration, indicating that MOMTLBO has a strong rapidity in single-objective reactive power optimization.
Table 2 shows the optimal value, the worst value and the average value of the active power network loss obtained
by the three algorithms after 30 runs respectively. It can be seen from the table that the optimal values obtained by
MOTLBO and MOMTLBO are significantly better than MOPSO, and the comparison of the worst values shows
that MOMTLBO has a better optimization effect than MOTLBO. Before the installation of DG, the initial power
flow of the system was 246.00kw. By using the average value of the optimized algorithms, it can be concluded
that the active power network loss of the system was reduced by 30.3%, 39.7% and 41.36% respectively after the
optimization of MOPSO, MOTLBO and MOMTLBO, indicating that the improved algorithm has a good global
convergence in single-objective reactive power optimization.

Table 2. Comparison after optimization

Algorithm the optimal value the worst value the average value
MOPSO 168.72 179.68 171.47
MOTLBO 143.36 152.71 148.33
MOMTLBO 142.19 147.85 144.26

3.3 Multi-objective reactive power optimization of distribution network with DG

MOMTLBO is used to optimize the multi-objective reactive power of the distribution network with DG. Figure
1 is still used as the simulation test system. All parameters of the system and the access to DG and reactive
compensation capacitor remain unchanged. Parameters of MOMTLBO Algorithm: class size N=100, maximum
number of iterations Tmax=500, in the weights of trust A1, Amin=0.1, Amax=0.6, in the weights of trust 1, Amin=0.3,
Jmax=0.8. Parameters of MOPSO Algorithm: particle size N=100, maximum number of iterations Tmax=500, inertia
weight Wmin=0.4, Wmax=0.9, learning factors ¢1=c,=2.05, Vin=0.2Vmax.

The spatial distribution diagram of multi-objective reactive power optimization solution set in the target
function is shown in Fig 3. From the graph in Fig 3 a) can be seen that the method presented in this paper optimized
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the obtained optimal solution set of even distribution, which provides decision makers with the diversity of options,
the distribution of MOPSO algorithm optimization results is not uniform, part of the solution is more crowded,
central shows that optimization result is very close to, the lack of diversity, will not be able to provide better choice.
It shows that the improved algorithm has certain advantages. In addition, it can be concluded that many schemes
are different from each other, and it is not easy to define which scheme is the best. For each optimized objective
in the objective function, there are some conflicts between them and they are all related to each other. Fig.3(b-d)
in the sub-fig.3 are the relationship diagram between two objective functions after the optimization of multi-
objective functions by MOMTLBO algorithm. As can be seen from the figure, two of the three variables are not
linear and are not independent of each other.
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Fig 3. Pareto solutions of Reactive power optimization in the objective space

3.4. Analysis of simulation results

Table 3 shows the optimization scheme sets and their corresponding objective function values. As can be seen
from Table 3, although there is no optimal scheme for reactive power optimization, from the perspective of
decision makers, the feasible scheme can be selected if certain preferences are set. If economy is taken into
consideration first, the minimum loss of active power network can be taken as the selection object. At this time,
scheme S1 can be selected. If the focus is on voltage quality, the minimum voltage deviation can be taken as the
selection object. At this time, scheme S4 can be selected. If the cost of reactive power optimization is expected to
be the lowest, scheme S11 can be selected. When comprehensive consideration is needed, other schemes can be
selected according to actual requirements.

Combined with Fig 3 and Table 3 shows that the floss, f and fQAV as the objective function optimization, is
the contradiction between the three. According to the voltage deviation formula listed in the previous section and
the circuit knowledge, the improvement of voltage not only reduces the voltage fluctuation, but also indirectly
reduces the active power loss of the circuit. Fig. 4 shows S1, S5 and S9 schemes as well as the voltage curve at
the time when DG is not connected. After reactive power optimization on the basis of the distribution system
connected to DG, the system node voltage is effectively improved, especially the voltage at the point connected to
DG is significantly increased. There are two reasons for the improvement of voltage: (1) DG has its own reactive
power compensation ability and can output a certain amount of reactive power; (2) reactive power compensation
equipment provides a certain amount of reactive power for the system. Within a certain range, the more reactive
power the reactive compensation equipment provides, the smaller the voltage deviation and the system active
power loss will be.

The network loss reduction rate and voltage deviation reduction rate of the three optimization schemes S1, S5
and S9 compared with those without access to DG and those without access to DG are shown in Table 4. It can be
seen from the optimization results that the voltage deviation is greatly reduced when reactive power optimization
is carried out on the basis of DG access, indicating that the access of DG improves the voltage fluctuation of the
system to some extent, improves the power quality, and the active power network loss of the system is also greatly
reduced.
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Table 3. Pareto solutions and simulation results of reactive power optimization

Optimization scheme  Qc1 Qc2 Qoat1 Qoa2 fioss fAvV fQ

S1 0.60 0.90 0.16 0.42 0.1499 0.0175 1.50
S2 0.60 0.95 0.38 0.33 0.1498 0.0158 1.65
S3 0.45 0.90 0.50 0.40 0.1501 0.0188 1.35
S4 0.60 0.95 0.39 0.44 0.1506 0.0149 1.65
S5 0.45 0.75 0.46 0.49 0.1510 0.0200 1.20
S6 0.30 0.75 0.46 0.50 0.1522 0.0212 1.05
S7 0.15 0.65 0.46 0.48 0.1543 0.0229 0.90
S8 0.15 0.60 0.46 0.51 0.1570 0.0250 0.75
S9 0.15 0.45 0.37 0.50 0.1604 0.0282 0.60
S10 0.15 0.30 0.38 0.50 0.1653 0.0312 0.45
S11 0.15 0.15 0.28 0.48 0.1716 0.0345 0.30
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Fig 4. The influence of reactive power optimization scheme on the node voltage of the system

Table 4. Comparison of the results of the three optimization schemes

Optimizati  floss (%) fAV [(%)

onscheme “Notaccess DG Access to DG & not optimized Not access DG Access to DG & not optimized
S1 60.37 40.67 80.94 65.33

S5 59.81 38.90 78.13 60.69

S9 55.14 32.95 69.23 44,56

4. Conclusion

In conclusion, in the process of multi-objective reactive power optimization, floss, f A V and fQ three objective
function of the relationship between the complex, between each other is not completely independent, therefore,
cannot be simply the multi-objective optimization problem by weighting method is transformed into single
objective optimization problem. The algorithm proposed in this paper can obtain the diverse solution sets required
by decision makers to some extent, which provides some reference value for the actual reactive power optimization
of power system.
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