:' frontiers ‘ Frontiers in Energy Research

’ @ Check for updates

OPEN ACCESS

Zhengmao Li,
Nanyang Technological University,
Singapore

Zhao Luo,

Kunming University of Science and
Technology, China

Shuai Lu,

Southeast University, China

Nan Chen,

University of Birmingham,

United Kingdom

Xiping Ma,
maxpgs@163.com

27 April 2023
23 May 2023
06 June 2023

Ma X, Liang C, Dong X and Li Y (2023),
Multi-objective reactive power
optimization strategy of power system
considering large-scale

renewable integration.

Front. Energy Res. 11:1213154.

doi: 10.3389/fenrg.2023.1213154

© 2023 Ma, Liang, Dong and Li. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research

Original Research
06 June 2023
10.3389/fenrg.2023.1213154

Multi-objective reactive power
optimization strategy of power
system considering large-scale
renewable integration

Xiping Ma'?*, Chen Liang?, Xiaoyang Dong? and Yaxin Li?

School of Electrical Engineering, Xi'an University of Technology, Xi‘an, China, ?Electric Power Research
Institute, State Grid Gansu Electric Power Company, Lanzhou, China

To fully tap the abilities of renewables in reactive power optimization, this paper
develops a detailed model for the power regulation capabilities of wind turbines
and photovoltaic units and studies their impact on the power system’s operation.
First, the power system model with renewables integration is established using AC
power flow. The wind turbines and photovoltaic units are modeled in detail
according to their topologies and operating characteristics, and then further
simplified according to the feasible region. An improved DC power flow model
is adopted to handle the non-linear characteristics of the power system. On this
basis, a multi-objective reactive power optimization model is constructed to
minimize the power generation cost, wind and solar power curtailment, and
voltage offset. Finally, comparisons between two types of models in different
scenarios are designed. Numerical simulations demonstrate that the participation
of renewables in reactive power regulation can improve the operational economy
and voltage stability of power systems.
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1 Introduction

With the rapid development of renewable energy generation technology, the scale of
renewable integration has gradually expanded to promote clean energy use. However, the
random and intermittent renewable energy integration has changed the topology of the
traditional power system, and the power distribution in the system has also been affected. In
this context, operational problems such as voltage offset (Li et al., 2021; Li et al., 2022a) and
frequency stability (Li et al., 2020; Lin et al., 2023) have become particularly significant. To
this end, scholars worldwide have analyzed the impact of renewable integration from the
perspectives of grid-connected control strategy, optimal configuration of renewables’
capacity and locations, active/reactive power optimization, and stability analysis to
achieve economic and secure operation of power systems (Zhang et al., 2023).

Reactive power optimization of power systems is a hot topic in the research of renewable
energy integration. In the early stage, scholars paid more attention to the single-objective
optimization problem to promote wind power or photovoltaic integration, and established
corresponding optimization models with the objectives of minimizing operational costs (Ai
et al.,, 2021), maximizing renewable energy consumption (Hui et al., 2019), and minimizing
voltage offset (Zhong et al., 2020). However, with the increment of renewable integration, the
operation of the power system becomes more complex, and the traditional single-objective
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optimization gradually develops into multi-objective optimization.
In this context, reference (Adaryani and Karami, 2013) established a
reactive power optimization model to minimize operational costs
and carbon emissions. Considering the strong non-linearity in the
corresponding optimization problem, the intelligent bee colony
algorithm was adopted for efficient solution. In (Kuang et al,
2022), a reactive power optimization model considering large-
scale wind turbine (WT) integration was established with the
goal of minimizing active power loss and maximizing renewable
energy consumption, and an e-orthogonal multi-objective
differential evolution algorithm was used to solve the problem
via global search. The influences of the WT integration on the
voltage stability were analyzed. In (Duan et al., 2017), the ability of
renewable energy to participate in reactive power regulation was
considered, with which an optimization model is established to
minimize voltage fluctuation and maximize renewable energy
The above

objective function according to the different needs of power

consumption. literature mainly establishes the
system operation, thereby optimizing the output distribution of
renewable energy and conventional units. However, due to the
strong non-linearity of the model, these studies mostly use
artificial intelligence algorithms to solve the optimization
problem. Consequently, the uniqueness of the optimization
results and the local optimal problem are difficult to be
guaranteed. Moreover, the renewables, like wind power and solar
power, are mainly modeled as simply active power generation in
these studies, while their abilities to support the reactive power
optimization and voltage regulation have not been fully explored.

To overcome the aforementioned deficiency, reference (Sulc
et al.,, 2014) first adopted the dist-flow model for the linearization
of the distribution power system model. The original non-linear
multi-objective reactive power optimization problem was further
transformed into a two-layer linear optimization problem for
solution. The rapid convergence of the two-layer problem was
then realized through the dual ascent method. On this basis,
references (Bolognani et al., 2015; Li et al., 2022b) considered the
collaborative optimization of multi-regional systems and used the
alternating direction method of multipliers (ADMM) to achieve the
global convergence in the multi-agent optimization problems. To
improve the iterative effectiveness of the two-layer and the multi-
agent model, reference (Tang et al, 2019) further proposed an
accelerated strategy of the distributed dual ascent algorithm to
improve the efficiency of the model’s solution, the original non-
linearity was then solved with limited iterations between different
sub-problems.

According to the analysis above, the existing literature has
carried out a large number of studies on the reactive power
optimization problem in the power system considering renewable
integration from the perspectives of optimization objectives and
algorithms. However, these studies have simplified renewable energy
into a simple power output unit without considering its internal
operation and grid connection constraints. As a result, the
corresponding optimization model cannot accurately reflect the
impacts of renewable integration on the reactive power
optimization of power systems. To fill the mentioned gaps, this
paper first studies the detailed model of the power system with
renewable integration, with a focus on the operation and grid-

connected characteristics of the renewable energy generation unit.
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Based on this, an improved DC power flow model is used to simplify
the non-linear power system model. Finally, a multi-objective
reactive power optimization model is established with the
objective function of minimizing operational cost, abandonment
rate of WT and PV, and voltage deviation. The main contributions
of this paper are summarized below.

(1) We propose a complete characterization of the power system
considering large-scale renewable integration. During the model
formulation, the operational characteristics and topological
connections of the renewable generation, like WTs and PVs,
are analyzed in detail.

(2) Based on the characterization of the formulated model, we
develop
method, where the renewable curtailment, operational cost,

a multi-objective reactive power optimization

and voltage offset are considered.

The remainder of this paper is as follows. The power system
model considering large-scale renewable integration is presented in
Section 2. The multi-objective reactive power optimization method
is developed in Section 3. The case study and conclusion are given in
Section 4 and Section 5, respectively.

2 Power system modeling with
renewable integration

2.1 Modeling of wind turbine

In this paper, the doubly-fed induction generator (DFIG) with
certain reactive power regulation ability is taken as the research
object. Its output active power is described according to the change
of wind speed, which can be expressed as (Kuang et al., 2022):

0, v< Vins V > Vout
V="V

> 1/inSV<the (1)
rate — Vin

P wWT = P WT,rate

PWT,mre> Vrate SV < Vout

where Py, is the output active power of the WT; Py 4 is the rated
active power of the WT; v;, and v, are cut-in and cut-out wind
speed, respectively; v, is rated wind speed.

As shown in Figure 1, when DFIG participates in reactive power
regulation of the power system, its regulation ability is mainly
determined by the capacity of the stator side and grid side
rectifier. The output power constraints on the stator side are
(Zhou et al., 2020):

Pl + Qlyre = (BUwrsl wrs) )
UZ 2 X . 2
Piyr, + (UWT,S +3 ) = (3 - UWT,sIWT,R> (3)
XWT,s XWT,;

where Py, and Qyyr, are the active and reactive power output of the
stator side of the WT, respectively; Uy s and Iy are the voltage and
current of the stator side of the fan, respectively; Xy1s and Xy, are
the leakage reactance and excitation reactance of the stator side of the
fan, respectively; Iy is the rectifier current on the rotor side of the fan.
Ignoring the reactive power consumed by the rectifier, the actual active
and reactive power outputs of the DFIG are:
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FIGURE 2
Structure of photovoltaic unit.

(4)

Pwrr = (1= w)Pyrs Qwrr = Qwr,s

where w is the slip rate of DFIGURE After the actual output power of
DFIG is determined according to Eq. 1, its reactive power regulation
capability (Qw1,7:min» Qwr,T.max) can be determined as:

Qu — Q2 < Quwrr Qg + Qpa (5)

U2
Qu = -3 1%
XWT,s ( )
6
2
Xwtm p
Qk2 = 3 W UWT,.sIWT,R,max - T
Xwr,s 1-s

where Iy rmax represents the maximum rectifier current on the
rotor side.

2.2 Modeling of photovoltaic unit

As shown in Figure 2, the photovoltaic unit is mainly composed
of a photovoltaic panel, AC-DC rectifier, DC-AC inverter, filter
circuit and control system. The AC-DC rectifier is used for boosting
to realize the maximum power point tracking (MPPT) control, and
then connected to the grid through a DC-AC inverter. Its output
power at the grid-connected point can be expressed as (Ai and Ding,
2020):

(7)

G Opy — 0
Ppy = kPVUPVUPCC< pv €05 (Opy = Bpec) >

+Bpy sin (Opy — Opcc)
Gpy sin (Opy — Opcc) ) )

= kpyUpyU
Qpy = kpyUpy PCC( “Bpy c0s (Bpy — Opcc)
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In the above equations, kpy is the modulation ratio of the
photovoltaic inverter, which is used to restrict the output voltage
of the photovoltaic unit and ranges from (0, 1); Upy and Upcc are the
voltage amplitudes of the photovoltaic unit and its grid-connected
point, respectively; Gpy and Bpy are the equivalent conductance and
susceptance of the photovoltaic unit, respectively. In addition, the
output power of the photovoltaic unit is also constrained by the grid-
connected point voltage and capacity.

Defining the equivalent impedance of the photovoltaic unit as:

1

Zpytl, = —-—
s Gpy + jBpy

©)

We can formulate the power constraint of the grid-connected
point as follows.

kPV UPCC UPV
Z rv

~Ubce/ Zpv 267

Ppcc + jQpcc = £ (Opcc + 07 + Opy)

(10)

2.3 Modeling of power system

The renewable-based power system model mainly describes the
power balance at the buses and branches. Considering the
photovoltaic and wind power integration, they can be expressed as:

(11)

Pi = U,‘ Z UJ(G,] COS 9,1 + Bl] sin 91])
j
P; = Pg; + Ppy,; + Pyr,; — Py,
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P; =U; Z U](G,J Ccos 9,']' + B,‘j sin 9,1)
J

(12)

P; = Pg, + Ppy,; + Pyr,; — Py,
P,'j = U,U](G,J COSGU +B1’j sin@,-]-) —GUUIZ (13)
ij = U,U](G,] sin Gij —B,']‘ Cos 9,]) +B,]U‘2 (14)

where U, 0; are the voltage amplitude and phase angle of bus i; P;
and Q; are the net injected active and reactive power of bus i; Pg;,
Qg,; are the active and reactive power outputs of the generator at bus
i; P ;, Qp; are the active and reactive loads at bus i; Ppy.,, Qpy; are the
active and reactive power outputs of the photovoltaic unit at bus i
Py Qur; are the active and reactive power output of the WT at

10.3389/fenrg.2023.1213154

bus i; Gj and Bjjare the conductance and susceptance between buses
i, j; Pjj, Q;j are the active and reactive power flow between buses i, j.

3 Multi-objective reactive power
optimization

3.1 Objective function

Considering the stability, cleanliness and economic
requirements of power system operation, this paper establishes
an objective function with the objectives of minimizing
operational costs, renewable curtailment, and voltage offset.

The objective function f; represents the objective of minimizing

the operational cost, which is expressed as:

min fl = Z(“Upé,i + az,iPG,i + 063,,') (15)

i

where «; 5 are the constant coefficients of the generator set.
The objective function f, represents the objective of minimizing
the renewable curtailment, which is expressed as:

Ppy, + P
min f, = z 1- ZnPV;t PVt Z”/wr,g WT,t
t Y Ppve+ Y Pyry
t t

(16)

where #py,,; and 7y, are the curtailment rates of photovoltaic units
and wind turbines at time ¢, respectively.

The objective function f; represents the objective of minimizing
voltage fluctuation, which is expressed as:

min f3 = z (U, - Ui,rate)2 (17)

where U; . represents the reference voltage amplitude of bus i. In
this paper, the penalty factors are introduced to integrate the three
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FIGURE 4
Structure of power system with renewable integration.
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types of objective functions, i.e., renewable curtailment and voltage
offset will undertake certain economic losses. In this condition, the
multiple objective functions can be reconstructed as:

. 2lpy Prve
min f = ) ¢ 1-———F—"
f Zt: PVt ; Povs

DwrPwre (18)
+ ¥ ey | 1 ElwneT W
zt: WTt zt: Pors

+ Z Ci (Ul - Ui,rate)2 + fl
i

where cpy,t and ¢y, are the unit penalty costs of abandoning solar
power and wind power at time ¢, respectively; ¢; is the unit penalty
cost of the voltage fluctuation at bus i.

Frontiers in Energy Research

Comparisons between scenarios 1 and 2. (A) Comparison of
voltage offsets at bus 27. (B) Different output reactive power of PV
units in scenario 1. (C) Different output reactive power of WTs in
scenario 1.

3.2 Constraints of power system

In large-scale power systems, the computational burden of
the optimization problem considering the detailed AC
power flow model is very considerable, which is not
conducive to a direct solution. Therefore, this paper adopts
an improved DC power flow model for transmission networks to
simplify the non-linear equations in Eqs 11-14. In the
transmission network, the differences between phase angles
of different buses are usually very small, and the voltage
amplitude is 1.0 p.u. Based on these
simplifications, we can use Taylor expansion to simplify Eqs
11-14, as shown below.

often close to
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TABLE 1 Results of reactive power optimization.

Maximum voltage offset/p.u.

10.3389/fenrg.2023.1213154

Solution time/s

1 12,509 0.018 03161 675.5972 443
2 13,365 0.0538 0 12734 38.7
2 composed of the capacity of the photo-voltaic unit, as shown in the
in®.: =0 cosB.. ~1——2 (19) A . . . .
S Gij = Gij» i blue solid line section of Figure 3. The right side of Eq. 10 can be

2

U,-UjG,-]- = 91']', U,U]Qz] = 612] (20)

Substituting Eqs 19, 20 into the first equation in Eqs 11, 12, we
can get (Zhang et al., 2022):

U? -U? G
P,‘j = G,j; - B,»J-Gij + J(QZ + UZ)
2 2\ 1)
U?-U? B:;
— J ' 2 2
Qj=Byj——— Gyl - — (65 +U7)
(22)

p; = Zpij + ZGijU,'Z>Qi = ZQU - ZBifUiz
j i J /

In addition, the reactive power regulation of the power system
needs to meet the following security constraints:

Ui, min < Ui < Ui, max (23)
PG min < Pgi < PG max> Qi min < Qg £ Qg max (24)
Pfj + ij < s,?]., o (25)

where U; . and Uj i, represent the upper and lower limits of the
voltage amplitude of bus i, respectively; Pgimax and Pg;min
represent the upper and lower limits of the active power output
of the generator at bus i, respectively; Qg ; max and Qg,; min represent
the upper and lower limits of the reactive power output of the
generator at bus i, respectively; Sjjmax represents the maximum
branch apparent power flow between buses 7, j.

3.3 Constraints of renewable energy

Besides the reactive power constraints, the power system
operator can determine the actual consumed wind power at each
time step, which is expressed as:

0 < PWT,t < PWT,t, max

(26)

where Pyr;max represents the maximum output active power of
WT at time . For photovoltaic units, the model described in Section
2.2 presents the strong non-linearity, which is not conducive to
solving the optimization model. Therefore, this section further
analyzes the operating characteristics of the grid-connected
appropriately  simplify  the
and improve the solvability of the corresponding optimization
problem.

photovoltaic  unit, to model

In general, the equivalent impedance Zpy of the photovoltaic
unit is a constant, and the voltage amplitude Upcc of the grid-
connected point fluctuates very little. Therefore, the term (Upcc)?/
Zpy can be regarded as a constant (Mao et al, 2019). By
characterizing Eq. 10 to the polar coordinate domain, the left
side of the equal sign can be regarded as the operating domain

Frontiers in Energy Research

regarded as the operating domain formed by the voltage amplitude
constraint of the grid-connected point.

Mathematically, the operating domain described on the right
side of Eq. 10 can be understood as follows. When (Upcc)?*/Zpy is
fixed, the operating domain of the photo-voltaic unit is a circle
formed by taking (Upcc)®/Zpy£0y as the center and kpyUpccUpy/
Zpy as the radius. The radius of the operating interval is
determined by the modulation ratio of the photovoltaic
inverter and the voltage amplitude of the photovoltaic unit, as
shown in the blue dotted part of Figure 3. Therefore, the basic
operating range of the photovoltaic unit can be regarded as the
intersection of the blue solid line and the blue dotted line.
Further, considering the harmonic and frequency constraints
(Zhao et al, 2018; Zhao and Chen, 2021), the operating
constraints of the PV unit can be further characterized as Eqs
27, 28.

Qpy = { Shv.max — Ppv Ppy > ‘XlsPV,maxl 27)
0, Ppy < “lSPV,maxl
0 < Ppy; < Ppv,s, max (28)

where Spy max represents the maximum rated capacity of rectifier
and inverter considering grid-connected harmonic and frequency
constraints, Ppy; max represents the maximum output active power
of photovoltaic unit at time f, « represents the critical ratio of output
active power considering grid-connected harmonic and frequency
constraints, as shown in the red part of Figure 3.

3.4 Model summary

Combined with Section 3.1 to Section 3.3, the multi-objective
reactive power optimization model of power system suitable
considering large-scale renewable integration in this paper can be
summarized as follows:

min f (P Gits Qaiits Ppviiss QPV,i,t) Pwrjss QWT,i,t)

subjectto  (21), (22), (23), (24), (25) (29)
(5), (6), (26)
(27), (28)

where, the first row of the constraint corresponds to those from the
power system side, the second row corresponds to those from the
wind turbine side, and the third row corresponds to those from the
photovoltaic unit side. The variables to be optimized include the
active and reactive power output of the generator at each time step,
the actually-consumed active power of the WT and PV unit, and the
output active power of the renewable energy participating in the
voltage regulation.
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4 Case study

In this paper, the IEEE 30-bus standard test system with some
modifications is adopted as the power system with large-scale renewable
integration (Wang et al., 2022). All the settings and data are the same as
those in the original IEEE 30-bus test system, while several renewables
are connected at several buses. As shown in Figure 4, the power system
is connected to photovoltaic units at buses 3, 7, 10, and 28, and WTs at
buses 5, 15, 17, and 30. The optimization period is 24 h, and the

Frontiers in Energy Research

In this part, the impacts of renewable integration on reactive
power optimization and voltage regulation are analyzed. The
simulation results are shown in Figure 6 and Table 1. According
to Table 1, almost all the renewable generation realizes 100%
consumption of solar and wind power in different scenarios. This
is because the use of photovoltaic units and WTs in the cases does
not need to undertake its operational costs, and the unit penalty of
renewable curtailment is distinct. As a result, the operators are more
inclined to consume renewable energy for power supply, thereby
reducing the operational cost of the traditional generators. However,
due to the integration of renewable energy, the system presents a
multi-source state, and its voltage level fluctuates more significantly.
Therefore, the voltage offset in scenario 2 is larger and the maximum
value is up to 0.054 p.u. Correspondingly, the penalty of voltage
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offset in scenario 2 is higher than that in scenario 1. On the contrast,
scenario 1 makes full use of the reactive power regulation capability
of the WTs and PV units. In this condition, the active and reactive
output of the WTs and PV units are optimized according to the
operational constraints in the power system. Moreover, due to the
renewables’ participation in reactive power compensation and
voltage regulation, the maximum voltage deviation in the power
system is reduced by 67%, as shown in Figure 6A. As the voltage
offset penalty in scenario 1 is reduced by 597.81$, the total
operational cost is also significantly reduced by about 6.4%. In
particular, the impact of renewable integration on voltage regulation
also varies distinctly according to the different constraints of voltage
amplitude and their reference values. For example, the photovoltaic
units connected to each bus all act as the reactive load and
participate in the voltage regulation. On the contrary, the WTs
connected to the bus 5 and bus 30 act as the reactive power sources
and then participate in the voltage regulation, as shown in the
comparison between Figures 6B, C.

According to the simulation results, although the large-scale
integration of renewable energy will affect the active power
distribution in the power system, the rational use of its reactive
power regulation ability can effectively improve the overall voltage
level, thereby improving operational stability.

As for the solution time, the solver IPOPT takes 44.3 and 38.7 s
to solve the problems in scenarios 1 and 2, respectively. Although the
non-linearity in the power flow equations will bring some
computational burden, the results indicate that the optimization
problem can still be solved effectively with IPOPT. Besides, there are
no distinct differences between scenarios 1 and 2 in solution time.
This is understandable because the reactive power regulation of the
renewables only adds several linear constraints into the optimization
problem, while the problem scale is slightly influenced.

4.2 Impact of penalty of renewable
curtailment and voltage offset

This section further analyzes the impact of renewable energy
participation in reactive power regulation on power system
operation by setting different unit penalties of renewable curtailment
and voltage offset. Firstly, setting the unit penalty of renewable
curtailment as constant, we test how total operational cost varies
with the unit penalty of voltage offset. The optimized results are
shown in Figure 7.

According to Figure 7, the various operational costs in scenario
1 all gradually increase with the increment of unit penalty of voltage
offset. When the unit penalty of voltage offset increases to 550$/p.u.,
the increment of f; is greater than the sum of those corresponding to
f1 and f,. Therefore, in the subsequent operational optimization, the
power system aims to minimize the voltage offset cost, and different
state variables mainly remain stable because the traditional
generators have reached their maximum ability for regulation. In
scenario 2, since the renewable energy is not involved in reactive
power optimization, the power system’s ability to regulate the
voltage level is limited. As a result, the overall reactive power
capacity of conventional units in the power system cannot meet
the demand of minimizing voltage offset. Therefore, as the unit
penalty of voltage offset increases, all kinds of operational costs
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continue to increase, and the corresponding growth rates are larger
than those in scenario 1. To summarize, large-scale renewable
integration provides a certain reactive power capacity for
operational optimization and voltage regulation of the power
system. This helps to improve the operation economy of the
system, and the improvement is gradually obvious with the
increasing demand for voltage stability.

Then, we firstly set the unit penalty cost of voltage offset to 400
$/p.u. and keep it constant. By gradually increasing the unit
penalty cost of renewable curtailment, the impact of renewable
integration on reactive power optimization is studied. The
optimization results are shown in Figure 8. It can be seen from
the figure that the variation in unit penalty cost of renewable
curtailment has little effect on the operational cost in this case.
Consequently, its impact on the total operational cost is almost
negligible. This is because, in this case, the consumption of solar
and wind power does not need to undertake additional costs. In
this context, the power system is always in the operation state of
100% renewable energy consumption. Therefore, no matter how
the unit penalty cost of renewable curtailment changes, the
required output of conventional generating units is almost
constant and the total operational cost remains constant.
However, as the unit cost of renewable curtailment gradually
increases, the power system gradually optimizes its output
active and reactive power to reduce the penalty of solar and
wind power curtailment in scenario 1. This adjustment affects
the voltage level correspondingly, causing the voltage offset penalty
in scenario 1 also gradually increases, as shown in Figure 8B. In
summary, without considering the cost of renewable energy
generation, the voltage offset penalty is the main factor
affecting the system operational cost. From this point of view,
the participation of renewable energy in reactive power
optimization has a significant improvement in the economy and
stability of operation as well.

5 Conclusion

This paper studies

optimization of power system with large-scale renewable energy

the multi-objective reactive power
integration. Firstly, considering the difference in topology and

operation characteristics between the wind turbine and
photovoltaic unit, the active and reactive power output capacity
of renewable energy is modeled in detail. Then, a multi-objective
reactive power optimization model is established to minimize the
power generation cost of conventional units, the penalty cost of wind
and light curtailment and the voltage offset cost, considering the
operational constraints of the power system and various power
generation units. Finally, aiming at the strong non-linear
characteristics of the optimization model, the improved DC
power flow is used to simplify the AC power flow model.
According to the characteristics of photovoltaic and wind
turbines and grid-connected constraints, the output model is
modified, so that the original strong non-linear optimization
problem is transformed into a weak non-linear problem, which is
easy to solve directly. The simulation shows that renewable energy
participating in reactive power optimization can effectively reduce

the output of conventional units. Although this in-creases the cost of
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wind and light curtailment in system operation, it has a significant
improvement effect on maintaining the stability of voltage level in
the region.

In the next research, the multi-objective and multi-agent
problems of multi-regional power system participating in reactive
power optimization under the condition of large-scale renewable
energy grid connection will be further considered, and the
improvement effect of regional interconnection on promoting
renewable energy consumption and reactive power optimization
will be fully explored.
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Nomenclature

Abbreviations
DFIG
MPPT

Indices and Sets

WT

PV

DC

AC
ADMM
Parameters
w

o3

Ci

Ui,max/ Ui,min
Pg,imax
Pg,i,min
Sij,max
Pwr,tmax
Ui, rate
cpv,/Cwre
Variables

Pyr

Doubly-fed induction generator

Maximum power point tracking

Index of the minimum values
Index of the maximum values
Wind turbine

Photovoltaic

Direct current

Alternate current

Alternating direction method of multipliers

Slip rate of DFIG

Cost curve coefficient of the generator set

The unit penalty cost of node i voltage fluctuation

Upper and lower limits of the voltage amplitude of bus i
Upper limits of the active power output of generator at bus i
Lower limits of the active power output of generator at bus i
Maximum transmission power between bus i, j

Maximum output active power of wind turbine at time ¢
Reference voltage amplitude of bus i

Unit penalty cost of abandoning wind and light at time ¢

Output power of the wind turbine
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Pw,rate

Vinl Vout
Vrate

Pwr,d Qwr,s

Uwr,o/Iwr,s

Xwr,d Xwrm

Iwrr

Pi/Q;

Pg,il Qq,i
PrilQui
Ppy,il Qpv,i
Pywr,il Qwr,i
Gy/B;

Pyl Q;

Hpv,e

HwT,e

10.3389/fenrg.2023.1213154

Wind turbine-rated power

Cut-in and cut-out wind speed
Rated wind speed

Active and reactive power output of the stator side of the wind
turbine

Voltage and current of the stator side of the fan

Leakage reactance and excitation reactance of the stator side of
the fan

Rectifier current on the rotor side of the fan
Modulation ratio of the photovoltaic inverter
Voltage amplitude of the photovoltaic unit

Voltage amplitude of grid-connected point

Equivalent conductance

Susceptance of the photovoltaic unit

Voltage amplitude and phase angle of bus i

Injected active and reactive power of bus i

Active and reactive power outputs of the generator at bus i
Active and reactive loads at bus i

Active and reactive power outputs of the photovoltaic unit at bus i
Active and reactive power output of the wind turbine at bus i
Conductance and susceptance between buses i, j

Active and reactive power transmitted between buses i, j
Curtailment rate of PV at time ¢

Curtailment rate of WT at time ¢
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