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ABSTRACT

As the large-scale development of wind farms (WFs) progresses, the connection of WFs to the regional power grid
is evolving from the conventional receiving power grid to the sending power grid with a high proportion of wind
power (WP). Due to the randomness of WP output, higher requirements are put forward for the voltage stability
of each node of the regional power grid, and various reactive power compensation devices (RPCDs) need to be
rationally configured to meet the stable operation requirements of the system. This paper proposes an optimal
configuration method for multi-type RPCDs in regional power grids with a high proportion of WP. The RPCDs
are located according to the proposed static voltage stability index (VSI) and dynamic VSI based on dynamic voltage
drop area, and the optimal configuration model of RPCDs is constructed with the lowest construction cost as the
objective function to determine the installed capacity of various RPCDs. Finally, the corresponding regional power
grid model for intensive access to WFs is constructed on the simulation platform to verify the effectiveness of the
proposed method.
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Nomenclature

WF wind farm
WP wind power
RPCD reactive power compensation device
VSI voltage stability index
RPCP reactive power compensation point
RPCD reactive power compensation device
U̇w terminal voltage of the WF unit
U̇p voltage at the point of grid connection
U̇g equivalent voltage of the system
Rw equivalent resistance of the transmission line and transformer
X w equivalent reactance of the transmission line and transformer
Rg equivalent resistance of the power grid
X g equivalent reactance of the power grid
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Pw active power output of the wind turbine
Qw reactive power output of the wind turbine
CB Capacitor Bank
STATCOM Static Synchronous Compensator
CCB total capacitance of the CB
UCB voltage at both terminals of the CB
ω angular frequency of the grid
QSTAT reactive power provided or absorbed by STATCOM
USTAT output voltage amplitude of STATCOM
ISTAT output current amplitude of STATCOM
δSTAT phase angle of the output voltage
θ g phase angle of the grid voltage
a send-out node connected to the j-th substation
A total number of send-out nodes connected to j-th substation
Pa + jQa power of the a-th send-out node
Ui bus voltage vector of the i-th substation
|Uj| bus voltage amplitude of substation j
Z∗

ij conjugation of the mutual impedance between substations
S̃i equivalent output power of the i-th substation of the system
SRTVDAI,j(f ) dynamic voltage drop area
M number of adjacent nodes
F number of check faults of the j-th voltage weak point
IRTVDAI,j maximum value of SRTVDAI,j(f ) under each check fault
t’

start moment when first experiences voltage drop to 80%
t’

start moment when recovers above 80% of its rated value
Ui_N voltage rated value of the i-th adjacent node
ui(t) voltage trajectory curve of the i-th node under the fault
C1 unit capacity construction cost of static RPCD
C2 unit capacity construction cost of the dynamic RPCD
Qc1_k capacity of static RPCD at the k-th point
Qc2_k capacity of dynamic RPCD at the k-th point
Nk total number of RPCPs
UqN operation voltage rating of the q-th node
Uq operation voltage value of the q-th node
Ai,set threshold value of the critical transient voltage drop area
tk

start moment when voltage drops to 0.8 p.u.
tk

end moment when the voltage recovers to above 0.8 p.u.
Uk

i(t) voltage trajectory curve of the i-th node
xt+1

id particle position after iteration
vt+1

id particle velocity after iteration
pt

id historical optimal solution of the particle
pt

gd global optimal solution

1 Introduction

Utilizing renewable energy for power generation is an important measure to address global climate
change, among which WF, as an important renewable energy power generation mode, has a high
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utilization rate of wind energy and huge development potential [1–3]. The intensive access of WFs also
causes the regional power grid to change from the conventional receiving power grid to the sending
power grid with a high proportion of WP [4–7]. Due to the weaker voltage-maintaining capability of
the power grid where WFs are connected, instances occur where wind turbines are forced to shut down
due to low voltage protection. As the output of WFs increases and fluctuates significantly, it becomes
difficult to ensure the voltage quality of the regional power grid [8–11]. The influence of WFs on the
voltage/reactive power of the power grid has become one of the main obstacles limiting the installed
capacity of WFs, so it is urgent to carry out in-depth research on the optimal configuration method of
multi-type reactive power compensation devices in power grid with a high proportion of WP [12–16].

Identifying the voltage-weak nodes of the system accurately is the first step in achieving the
rational allocation of reactive power compensation devices in regional grids with intensive wind
power integration. Currently, traditional methods for identifying voltage-weak nodes in power systems
can be classified into static analysis methods and dynamic analysis methods [17,18]. References
[19,20] utilize various static Voltage Stability Index (VSI) methods to assess grid-connected wind
power systems, highlighting insufficient system reactive power support and wind turbine output
as key factors in grid voltage instability. Reference [21] evaluates voltage stability in systems with
increasing wind energy penetration using the P-V curve method, determining the required capacity
of reactive power compensation devices at different penetration rates. Additionally, reference [22]
attempts to utilize historical and real-time monitoring data to identify voltage weak nodes, which
can help identify potential issues within the system and provide predictive solutions. Reference
[23] combines comprehensive analysis methods with static, dynamic, and data-driven approaches,
evaluating the voltage stability of the system by considering information from different aspects. This
method generally provides more comprehensive and accurate results but requires more computational
resources and data support.

In the planning and design stage, research on the capacity allocation of reactive power compen-
sation devices for wind farms mainly relies on load flow analysis and sensitivity analysis to assess the
system’s reactive power requirements, focusing on the reactive power balance and voltage stability of
the system under static conditions to determine the optimal capacity of reactive power compensation
devices [24,25]. References [26,27] comprehensively consider factors such as the static and dynamic
characteristics of the system, load characteristics, and wind farm operating conditions, employing
multi-objective optimization or various optimization algorithms to comprehensively optimize the
capacity allocation of reactive power compensation devices. This method can ensure system stability
while minimizing system operating costs and reactive power losses to the greatest extent. References
[28,29] utilize advanced machine learning techniques, analyzing historical and real-time monitoring
data to establish optimization models for reactive power compensation device capacity considering
wind farm integration and predict the system’s future reactive power requirements. References [30–
32] allocate reactive power according to a proportional control strategy, that is, based on the
current reactive power capacity of each wind turbine unit. In addition, some scholars have proposed
optimal reactive power configuration strategies based on different optimization algorithms to reduce
transmission line losses and transformer losses of wind turbine units [33,34]. However, conventional
methods like RPCD installation at integration points or within WFs fail to meet static and dynamic
voltage stability requirements in large-scale grid-connected WF systems, necessitating reactive power
configuration optimization for grid-connected WF systems.

In this paper, an optimal configuration method of multi-type RPCDs for regional power grids
with a high proportion of WP is proposed. Firstly, the operation characteristics of WF groups, various
RPCDs and the actual power grid in a regional power grid with a high proportion of WP are analyzed.
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Secondly, static VSI and dynamic VSI under typical operation scenarios are proposed, and the voltage-
weak nodes of the regional power grid are determined based on the calculation of static VSI and
dynamic VSI. Thirdly, the optimal configuration model of RPCD is constructed with the objective
of minimizing the construction cost of reactive power compensation devices, and the model meets
the requirements of static voltage and dynamic voltage stability of the system. Finally, the proposed
method is verified in the simulation model, which proves the economy and reliability of the proposed
method.

2 Overall Strategy Framework

The continuous increase in installed WP capacity will result in a large number of energy bases with
a high proportion of WP transmitting electricity to load centers in modern power systems, as shown in
Fig. 1a. Due to the random nature of WP output and the relatively low proportion of traditional power
sources with strong regulation capabilities, such as coal-fired and gas-fired units, in the transmission
grids with a high proportion of WP, it is difficult to suppress the impact of large fluctuations in WP
output on the voltage, power angle, and frequency fluctuations of various nodes in the transmission
grid. In particular, the operation conditions of node voltages not only affect the operational conditions
of various WFs in the transmission grid, but also directly impact the transmission capacity of the
outgoing channels in the transmission grid. Therefore, this paper focuses on the transmission grid
with a high proportion of WP and proposes an efficient and economical method for optimizing the
allocation of multi-type RPCDs.

Figure 1: Schematic diagram of the overall strategy framework

The proposed method outlined in this paper entails a systematic approach to optimizing the
allocation of RPCDs within transmission grids. Comprising two fundamental stages, this method
begins with the meticulous selection of allocation points for RPCDs, followed by the allocation of
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capacities for the chosen devices. These steps, crucial for enhancing grid stability and efficiency, are
clearly delineated in Fig. 1b,c, providing a visual roadmap of the entire process.

To initiate the allocation process, weak voltage points within the grid are identified as potential
candidate points based on the proposed static VSI under typical scenarios. Subsequently, a compre-
hensive evaluation is conducted through N-2 fault scanning on the lines connected to these weak
voltage points, assessing their dynamic VSI. By integrating both static and dynamic considerations, the
final reactive power compensation points (RPCPs) are determined. This meticulous selection process
ensures the robust placement of RPCDs capable of effectively addressing voltage stability concerns
across various operational scenarios.

Moving on to the capacity allocation stage, a multi-type reactive power compensation device
optimization model is developed for the RPCPs. This model, designed to minimize construction
costs while adhering to constraints related to both static and dynamic voltage stability, forms the
crux of the capacity allocation process. Leveraging advanced optimization algorithms, the model
facilitates the determination of optimal capacities for static and dynamic RPCDs. This ensures static
voltage stability under typical operating conditions while providing substantial dynamic reactive power
support during transient processes, thus enhancing the overall resilience of the transmission grid.
Through the systematic implementation of these steps, the proposed method aims to pave the way
for efficient and cost-effective integration of reactive power compensation devices, fostering a more
sustainable and reliable energy infrastructure.

3 Voltage Operation Characteristics of Regional Power Grid with High Proportion of WP

Based on the operating principles of wind turbines, this chapter analyzes the influence mechanisms
of grid-connected WP system on grid voltage. Additionally, considering the common RPCDs in
regional power grids with high proportion of WP, the operational characteristics are elucidated
through the mathematical models constructed for typical static and dynamic RPCDs.

3.1 Influence on Voltage Stability of Regional Power Grid for Intensive Access of WFs
Fig. 2 is a schematic diagram of the grid-connected WP system. In this figure, U̇w is the terminal

voltage of the WF unit, U̇p is the voltage at the point of grid connection, U̇g is the equivalent
voltage of the system, Rw and X w respectively represent the equivalent resistance and reactance of the
transmission line and transformer in the WF, Rg and X g respectively represent the equivalent resistance
and reactance of the power grid. All relevant parameters have been converted to values consistent with
the voltage level at the grid connection point.

Figure 2: Schematic diagram of grid connection equivalent of WF



3336 EE, 2024, vol.121, no.11

Taking the system equivalent voltage vector U̇g as the reference axis, the following expression can
be obtained from Fig. 2:

U̇w = Ug + Pw

(
Rw + Rg

) + Qw

(
Xw + Xg

)
Uw

+ j
Pw

(
Xw + Xg

) − Qw

(
Rw + Rg

)
Uw

(1)

U̇p = Uw − PwRw + QwXw

Uw

− j
PwXw − QwRw

Uw

(2)

where Pw and Qw represent the active power and reactive power output of the wind turbine, respectively.

Assuming the system is an infinite source, denoted by U̇g as a constant. According to Eq. (1),
when the change in wind causes the variations of the active power Pw and reactive power Qw of the
wind turbine, it causes the change in the terminal voltage U̇w of the wind turbine. Moreover, according
to Eq. (2), the change of terminal voltage U̇w of the wind turbine will affect the voltage U̇p of the grid
connection point, resulting in the voltage change of each node.

In the voltage drop equation, the voltage amplitude difference is mainly determined by the
longitudinal component of the voltage drop, while the phase angle difference of the voltage is
determined by the transverse component. During WF operation, it is required to supply reactive power
to the power grid in order to maintain a constant power factor. Therefore, according to Eq. (1), when
the active power output Pw and reactive power output Qw of the wind turbine change, the amplitude
of the wind turbine terminal voltage U̇w changes. Further according to Eq. (2), the amplitude of the
voltage U̇p at the junction point will also change, leading to alterations in the voltages at various nodes.

As the proportion of WP in the system continues to increase, the fluctuation characteristics of
WP output will not only affect the voltage at the junction point, but also have a great impact on the
voltage of each node in the grid system connected to the WF. Therefore, it is no longer applicable to
use infinite power supply for equivalent value in the grid-connected system. If the infinite power grid
in Fig. 2 evolves into a regular node with load, that is, U̇g is no longer a constant. According to Eqs. (1)
and (2), when the output Pw and Qw of the WF change, the grid-connected voltage U̇p of the WF and
the voltage U̇g of each node in the connected power grid system will change. If the RPCDs are not
properly configured, it will seriously affect the safe and efficient grid connection of WFs.

3.2 Operation Characteristics of RPCDs
Due to the discrete nature of static RPCD during actual operation, preset switching commands

are established during grid dispatch, hence their operational status typically affects the system’s static
voltage stability criteria. In contrast, dynamic RPCDs can output continuous reactive power based
on predetermined reference voltage values during transient processes, thereby enhancing the system’s
dynamic voltage stability criteria. This section analyzes the operational characteristics of different
types of reactive power compensation devices through the mathematical models of two typical devices.

Capacitor Bank (CB) and Static Synchronous Compensator (STATCOM) are selected as typical
static RPCDs and dynamic RPCDs in this section, respectively. The working principles of each device
are analyzed separately.

3.2.1 Capacitor Bank

The operation principle of CBs for reactive power compensation is based on their connection or
disconnection to regulate the reactive power of system. When the CB is connected to the system, it
can provide reactive power compensation; When it is disconnected, it does not provide reactive power
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compensation. The expression for the reactive power output QCB of the CB is given by:

QCB = CCBU 2
CB ∗ ω (3)

where CCB is the total capacitance of the CB; UCB is the voltage at both terminals of the CB; ω is the
angular frequency of the grid.

CB, as the most widely used RPCD, has the advantages of wide adjustment range, low investment
cost and high technical maturity. However, their discrete operational characteristics limit their
flexibility and responsiveness in meeting the precise and rapid dynamic adjustment requirements of
modern power systems during real-time operations.

3.2.2 STATCOM

STATCOM is a bridge converter made up of fully controllable power electronic components
designed for dynamic RPCD applications. Leveraging power electronic devices, STATCOM demon-
strates exceptionally rapid dynamic response capabilities, capable of addressing the system’s reactive
power demands within milliseconds. It enables precise control over both the magnitude and phase
angle of the output voltage, allowing for accurate reactive power compensation in line with predefined
reference values. The mathematical expression for the reactive power output of STATCOM is given
by:

QSTAT = −USTATISTAT sin
(
δSTAT − θg

)
(4)

where QSTAT is the reactive power provided or absorbed by STATCOM; USTAT is the output voltage
amplitude of STATCOM; ISTAT is the output current amplitude of STATCOM; δSTAT is the phase angle
of the output voltage; θ g is the phase angle of the grid voltage.

When the loss is ignored, the operational schematic diagram is shown in Fig. 2. Where U̇g is the
equivalent voltage of the power grid; U̇STAT is the AC voltage output by STATCOM; U̇L is the voltage
on the reactor L. According to the Kirchhoff’s Voltage Law (KVL), it follows that U̇g = U̇STAT + U̇L, I
is the current flowing through the inductor, which corresponds to the current absorbed from the power
grid. In the absence of consideration for the inverter and its own losses, there is no energy exchange
between STATCOM and the power grid. Combining Eq. (4), it can be seen that as long as U̇g and
U̇STAT remain in phase, changing the amplitude of the voltage U̇STAT enables control over the magnitude
and direction of the current I absorbed from the grid. The specific principle is illustrated in Fig. 3.

Figure 3: STATCOM grid-connected equivalent diagram
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When USTAT < Ug, the current lags behind the voltage by 90°. The load is inductive, absorbing
inductive reactive power, as shown in Fig. 4a.

When USTAT > Ug, the current leads the voltage by 90°. The load is capacitive, absorbing capacitive
reactive power, as shown in Fig. 4b.

When USTAT = Ug, the current and voltage are in phase. The load is resistive, not absorbing any
reactive power, as shown in Fig. 4c.

Figure 4: Phasor diagram of STATCOM grid-connected operation

4 Identification of RPCPs

Static VSI and dynamic VSI are proposed to identify RPCPs in this chapter. The specific logic is:
static VSI of all nodes in the regional power grid can be calculated under the selected typical operation
conditions, and the range of candidate points of RPCPs can be defined. Further, in order to analyze
the voltage dynamic operation capability of the candidate points of the RPCPs, an N-2 fault scan is
performed on the outgoing line of the target to be selected point, and the dynamic VSI of the target to
be selected point is calculated to determine the configuration point of the reactive power compensation
device. Its logical structure is shown in the Fig. 5.
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Figure 5: Diagram of the relationship between static VSI and dynamic VSI

4.1 Static VSI
In this paper, Lj is adopted as the static VSI under typical operation condition with high output

of WF, which depends on the power flow calculation results under typical operation conditions.
Therefore, the node admittance matrix of the system needs to be read and constructed to form the
corresponding equation of state:[

IL

IG

]
=

[
YLL YLG

YGL YGG

] [
UL

UG

]
(5)

where IG and UG are the current vector and voltage vector of the injected power supply node,
respectively; IL and UL are the current vector and voltage vector of the send-out nodes, respectively;
Y LL and Y GG are self-admittance between the send-out nodes and injection power nodes, and Y LG and
Y GL are mutual admittance between the send-out nodes and injection power nodes.

Solve the power flow equation under typical operation condition with high output of WF, and
calculate the power flow distribution of each substation according to the power flow solution results.
The equivalent output power expression of substation j is as follows:

S̃j =
A∑

a=1

Pa + jQa (6)

where a is the send-out node connected to the j-th substation; A is the total number of send-out nodes
connected to the j-th substation; Pa + jQa is the power of the a-th send-out node.

The static VSI L of each substation of the WF grid-connected system is calculated by calculating
the result of the power flow equation under typical operating conditions. Taking substation j as an
example, the calculation expression of the static VSI Lj is as follows:



3340 EE, 2024, vol.121, no.11

Lj =

∣∣∣∣∣∑i∈αL

Z∗
ijS̃i

Ui

∣∣∣∣∣
|Uj| (7)

where Ui is the bus voltage vector of the i-th substation; |Uj| is the bus voltage amplitude of substation
j; Z∗

ij is the conjugation of the mutual impedance between substations; S̃i is the equivalent output power
of the i-th substation of the system, i.e., S̃i = Pi + jQi.

Based on the calculated VSI L of each substation, the average value Lave of static VSI L of all
substations is obtained, and the static VSI L of each substation is compared with the average value
Lave. If the static VSI L of the substation is greater than the average value Lave, i.e., Lj > Lave, it can
be judged that the substation is the weak point of static voltage stability. The set mL of weak point of
static voltage stability is used as the reactive power compensation candidate point.

4.2 Dynamic VSI
The dynamic VSI is based on the area of dynamic voltage drop and is designed to compare the

voltage support capabilities of various nodes during major disturbances, and it quantifies the extent to
which voltage weak nodes affect other nodes. This paper takes N-2 fault as a typical large disturbance
fault, and the schematic diagram of the N-2 fault disturbance of the line is shown in Fig. 6.

Figure 6: Schematic diagram of the N-2 fault disturbance of the line

Take voltage weak node j as an example, if there are M adjacent nodes of this node, and the node
has a total of QN outgoing lines, scanning all the set N-2 faults, and calculating the dynamic voltage
drop area SRTVDAI,j,t of each adjacent node under each large disturbance condition, and the expression
for the relative dynamic VSI IRTVDAI,j can be obtained:

IRTVDAI,j = max {SRTVDAI (1) , SRTVDAI (2) , . . . , SRTVDAI (F)} (8)

where

SRTVDAI,j (f ) =
M∑

i=1

SRTVDAI,i (9)

where SRTVDAI,j(f ) is the dynamic voltage drop area of all adjacent nodes of the j-th static voltage stability
weak point under fault f , M is the number of adjacent nodes of the static voltage stability weak point
j, F is the number of check faults of the j-th static voltage stability weak point, IRTVDAI,j is the maximum
value of SRTVDAI,j(f ) under each check fault is taken.

When a certain N-2 fault occurs, the dynamic voltage drop area SRTVDAI,j,t of the i-th adjacent node
is calculated as follows:
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SRTVDAI,i =
∫ t

′
end

t
′
start

(ui_N − ui (t)) dt (10)

where SRTVDAI,i is the dynamic voltage drop area of the i-th adjacent node under each N-2 fault
disturbance condition, t’

start is the moment when the i-th adjacent node first experiences voltage drop
to 80% of its rated value, t’

end is the moment when the voltage of the i-th adjacent node drops below or
equal to 80% of its rated value and then recovers and remains above 80% of its rated value, Ui_N is the
voltage rated value of the i-th adjacent node, and ui(t) is the voltage trajectory curve of the i-th node
under the fault.

Based on the calculation method described above, the relative dynamic VSI IRTVDAI,j is obtained for
each reactive power compensation candidate point in the set mL of static voltage weak nodes. This index
is then sorted in descending order to form the set mI , and finally the final RPCP can be determined
based on actual planning demand.

5 Optimal Configuration Model of RPCD
5.1 Objective Function

The RPCP can be determined according to the static VSI and the dynamic VSI, and then the
specific installed capacity of the static RPCD and the dynamic RPCD at each RPCP need to be
determined, respectively. This chapter designs the optimal configuration model for the RPCDs that
considers both static and dynamic voltage stability conditions.

As the construction cost of RPCDs is high, the proposed model aims to minimize the total
construction cost of the RPCDs at each compensation point. The objective function is equated as
follows:

min OF =
Nk∑
k=1

C1 ∗ Qc1_k + C2 ∗ Qc2_k (11)

where C1 is the unit capacity construction cost of static RPCD; C2 is the unit capacity construction
cost of the dynamic RPCD; Qc1_k is the capacity of static RPCD at the k-th point of reactive
power compensation; Qc2_k is the capacity of the dynamic RPCD at the k-th point of reactive power
compensation; Nk is the total number of RPCPs.

5.2 Constraints
Static stability constraints consist of power flow constraint, node voltage constraint, RPCD

capacity constraint under typical operation conditions, and dynamic stability constraints consist of
dynamic voltage stability constraints under N-2 fault scanning.

5.2.1 Static Stability Constraints

Under static stability constraint, the capacity Q’c1_k of the static RPCD and the capacity Q’c2_k

of the dynamic RPCD, as decision variables, need to satisfy the power flow constraint, node voltage
constraint and capacity constraint of the RPCD under typical operation conditions. Among them, the
power flow constraint under typical operation conditions of the high output of WF is:
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s.t. =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
Pp + ∑

q∈Φ( : , p)

(
Pqp − P2

qp + Q2
qp

U 2
q

Rqp

)
= ∑

t∈Φ(p, : )

Ppt, ∀p ∈ Ψ

Qp + ∑
q∈Φ( : , p)

(
Qqp − P2

qp + Q2
qp

U 2
q

Xqp

)
= ∑

t∈Φ(p, : )

Qpt, ∀p ∈ Ψ

(12)

The power expression of the node under typical operation conditions of the high output of WF is
as follows:{

Pp = Pw_ max

Qp = Pw_ max tan θw
(13)

where the power expression of RPCP k is:{
Pp = Pk

Qp = Qk + Q′
c1_k + Q′′

c2_k

(14)

where �(p,:) and �(:,p) are the branch sets where node p is at the beginning and ending ends, respectively;
q is the power injection node; t is the power output node; ψ is the set of system AC nodes; Uq is
the voltage of the q-th node; Pqp is the active power on the branch qp; Qqp is the reactive power
on the branch qp; Rqp is the equivalent resistance of the branch qp; X qp is the equivalent reactance
of the branch qp; Pp is the active power injected by the p-th node; Qp is the reactive power injected
by node p; Pw_max is the output data of WF under typical operation conditions of the high output of
WF; θw is the power factor of WF; Pk is the active power injected by the k-th RPCP; Qk is the original
reactive power injected at the k-th RPCP; Q’c1_k is the capacity of static RPCD configured at the k-th
RPCP; Q′′

c2_k is the capacity of the dynamic RPCD configured at the k-th RPCP.

where the power expression of each node is:{
Pp = Pp1 − Pp2

Qp = Qp1 − Qp2
(15)

where Pp1 is the active power output of the p-th node, Pp2 is the active power load of the p-th node, Qp1

is the reactive power output of the p-th node, and Qp2 is the reactive power load of the p-th node.

The reactive power expression of the k-th RPCP:

Qp = Qk + Qc1_k (16)

where Qk is the original reactive power injected by the k-th node for reactive power compensation
configuration.

According to the safe operation requirements of the power grid [35], and the system node voltage
constraint expression is as follows:

− 0.05 <
Uq − UqN

UqN

< 0.05 (17)

where UqN is the operation voltage rating of the q-th node, and Uq is the operation voltage value of the
q-th node.

The capacity constraint expression of the RPCD is:

Qc1_k_ min < Qc1_k < Qc1_k__ max (18)

Qc2_k_ min < Qc2_k < Qc2_k__ max (19)
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where Qc1_k_min and Qc1_k_max are the lower limit and upper limit of the configured capacity of the static
RPCD at the k-th RPCP; Qc2_k_min and Qc2_k_min are the lower limit and upper limit of the configured
capacity of the dynamic reactive power compensation equipment at the k-th RPCP; Qc1_k is the capacity
of static RPCD configured at the k-th RPCP; Qc2_k is the capacity of the dynamic RPCD configured
at the k-th RPCP.

5.2.2 Dynamic Stability Constraints

Under the dynamic voltage stability constraints, the dynamic reactive power support capacity
Qc2_k in the dynamic RPCD, as a decision variable, needs to satisfy the dynamic voltage stability
constraints. The specific implementation method involves scanning the N-2 faults in the outgoing
lines of the reactive power compensation nodes, combined with its corresponding dynamic voltage
drop area SRTVDAI,j,t, and establish the dynamic voltage stability constraint under large disturbance:

m∑
k=1

∫ tkstart

tkend

(
0.8 − Uk

i (t)
)

dt < Ai,set (20)

where Ai,set is the threshold value of the critical transient voltage drop area of the i-th node, tk
start is the

moment when voltage drops to 0.8 p.u. for the k-th time of a fault, tk
end is the moment when the voltage

recovers to above 0.8 p.u. for the k-th time of a fault; Uk
i(t) is the voltage trajectory curve of the i-th

node for the k-th time of a fault when the voltage drops below 0.8 p.u.; m is the total number of curves
with voltage below 0.8 p.u. under a certain fault.

The specific calculation method of Ai,set is to conduct multi-type fault simulation on the i-th node
in advance, and select the critical value of the maximum voltage drop area under the condition of
voltage stability. The equation is as follows, where Aj,i,set is the integral value of the voltage drop area
under the j-th type of fault:

Ai,set = max
{
A1,i,set, A2,i,set, · · · , Aj,i,set

}
(21)

5.3 Model Solving Based on PSO Algorithm
The optimal configuration model of RPCD built in Sections 5.1 and 5.2 is a typical optimization

model with multiple decision variables and multiple constraints. Therefore, particle swarm optimiza-
tion (PSO) algorithm is used in this section to solve the capacity of static RPCD and dynamic RPCD
configured by RPCP.

The fundamental concept of the PSO algorithm is as follows: Firstly, determining the number of
particles N and initializing their positions and velocities, while setting objective function. Secondly,
establishing upper and lower limits for the positions and velocities of each particle. Next, computing
the fitness of each particle. Subsequently, comparing the fitness of the current particle with its own
historical best solution and the global best solution, updating both accordingly. Then, iterating to
update the velocities and positions of particles according to the iteration formula. If the set target
condition is not met, the process returns to the previous step, and the condition of ending the
optimization process is generally to meet the convergence condition required by the model or to reach
the set number of iterations.

The expression for updating the position and velocity of the particle based on the two related
extreme values of the historical optimal solution and the global optimal solution is as follows:

xt+1
id = xt

id + vt+1
id (22)
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vt+1
id = w ∗ vt

id + c1 ∗ r1 ∗ (
pt

id − xt
id

) + c2 ∗ r2 ∗ (
pt

gd − xt
gd

)
(23)

where xt+1
id is the particle position after iteration; vt+1

id is the particle velocity after iteration; pt
id is the

historical optimal solution of the particle. pt
gd is the global optimal solution; w is the inertia weight; c1

and c2 are acceleration factors. r1 and r2 are independent random numbers with the interval [0,1]. The
flow chart of PSO algorithm is shown in Fig. 7.

Figure 7: Flow chart of PSO algorithm

To apply the PSO algorithm to solve the capacity optimization model of RPCD constructed
in this paper, the number of particle swarm initialization should be determined according to the
number of RPCP, and the reactive power capacity of static RPCD and dynamic RPCD to be obtained
should be taken as the optimization target, that is, the particle position in the PSO algorithm. In
the optimization process, each decision variable in the iterated particle position set is put into the
static stability constraint and the dynamic stability constraint to judge. If all constraints are met, the
construction cost of RPCD under the decision variable is calculated by Eq. (11), and the process is
iterated repeatedly until the target construction cost is met. In this case, the value of the decision
variable is the reactive power capacity configured by RPCD.

6 Simulation Analysis

To validate the effectiveness of the proposed method in this paper, the modified 68 bus system
is used as the research subject, and topological diagram is shown in Fig. 8. A corresponding system
model is built in the PST toolbox of simulation software MATLAB. The system model consists of 68
nodes, including 16 generator nodes and 52 load nodes.
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Figure 8: Topological diagram of modified 68 bus system

6.1 Identification of Reactive Power Compensation Configuration Points
6.1.1 Selection of Static Voltage Weak Nodes

According to Eqs. (5) to (7) in Section 3.1, the static VSI Lj of each node in the system is calculated,
and the calculation results are shown in Fig. 9. Calculate the average value L of static VSI Lave, and
compare the static VSI Lj of each node with Lave. Nodes 6, 10, 20, 24, 26, 36, 37, 39, 40, 41, 42, 44,
45, 49, 50, 51, 52, 54, 59, 60, 61, 62, 63 are identified as static voltage weak nodes, which serve as the
reactive power compensation candidate point. Specific values are given in the Table A1.

6.1.2 Calculation of Dynamic Voltage Drop Area of Voltage Weak Nodes

Perform N-2 fault scan for voltage weak nodes, and the system experiences a fault at 3.0 s. Based
on Eqs. (8) and (10), calculate the dynamic voltage drop area index IRTVDAI of voltage weak nodes. The
calculation results of the dynamic voltage drop area index IRTVDAI for voltage weak nodes, sorted in
descending order, are summarized in Fig. 10. Specific values are given in the Table A2.
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Figure 9: Statistical diagram of static VSI statistics

Figure 10: Statistical diagram of IRTVDAI value of voltage weak nodes

Based on the descending order of the dynamic voltage drop area index IRTVDAI, it is observed that
the 6-th, 26-th and 10-th node have relatively high values. Therefore, these nodes from the set of voltage
weak nodes are selected as for RPCPs. Performing an N-2 fault scan for the lines connected to the
RPCPs, and the following uses the 6-th node as an example, the voltage dynamic operation curves of
adjacent nodes for the RPCP are shown in Fig. 11.

It can be seen from the index calculation method mentioned in Section 4.2 and the dynamic
operation curves of each weak node that the voltage stability weak node with more adjacent nodes
has a larger dynamic voltage drop area index IRTVDAI,j, which can be used as the selected point for
reactive power compensation.

6.2 Reactive Capacity Optimization of RPCDs
Using the reactive power optimal configuration model proposed in Sections 3.1 and 3.2, which

considers both static and dynamic voltage stability, the capacities of the RPCDs are optimized for the
selected RPCPs. The unit construction cost C1 of the static RPCD is set at 8600 $/MVar, and the unit
construction cost C2 of the dynamic RPCD is set at 24,800 $/MVar.

In Section 5.3, it is proposed to solve the capacity optimization model of RPCD constructed by
using PSO algorithm. Since three RPCPs are determined in Section 6.1, the particle swarm number N
can be set to 15. At the same time, according to the capacity results of RPCD configured by bus nodes
in the actual project, and let the initial capacity of the static RPCD and dynamic RPCD configured for
the three nodes be 40 and 100 MVar. After optimization and solution by PSO algorithm, the capacity
of static RPCD configured at the 6-th node, 26-th and 10-th node is 41 MVar, 55 MVar and 37 MVar,
and the capacity of dynamic RPCD is 166, 109 and 87 MVar. The relevant statistics are provided in
Table 1.
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Figure 11: Voltage dynamic operation curve of adjacent nodes of the 6-th node

Table 1: Capacity configuration statistics of RPCD

RPCPs Static reactive
power
compensation
capacity (MVar)

Dynamic reactive
power
compensation
capacity (MVar)

Static reactive
power
compensation
cost (M$)

Dynamic
reactive power
compensation
cost (M$)

Total cost
(M$)

6-th node 41 166 35.2 411.7 446.9
26-th node 55 109 37.4 270.3 307.7
10-th node 37 87 31.8 215.7 247.5
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According to the solution results of the proposed optimization model, the capacity of the static
RPCD configured at each RPCP is obtained. The power flow equations are solved for the same typical
scenario, and based on the power flow results, it is found that during steady-state operation, the
voltage at the 6-th node increases from 0.946 to 1.009 p.u., the voltage at the 10-th node increases
from 0.937 to 1.018 p.u., and the voltage at the 26-th node increases from 0.939 to 1.026 p.u. after the
optimization configuration. The voltage performance of every node has seen significant enhancements,
with a comparison of the static voltage operation shown in Fig. 12. It should be noted that high nodes
are nodes of power supply or nodes that are far away from the regional power grid in the dense access
areas of new energy stations, so under typical working conditions, the voltage change of high nodes is
small.

Figure 12: Comparison of static voltage operation of each node

In addition, in order to highlight the voltage operation problem faced by the research object in
the calculation example, in this example, RPCDs are assumed to be configured at the grid-connected
point of WF to ensure voltage stability. As can be seen from the figure, the 40-th to 68-th node are the
grid-connected points of the power source or nodes far away from the regional power grid with a high
proportion of WP. Therefore, under typical working conditions, the voltage variation of these nodes
is small.

Taking the most common single-phase short circuit fault in practical operation as a typical fault,
single-phase short circuit faults with a grounding resistance of 0.1Ω is set at the RPCP to analyze the
voltage dynamic characteristics of each node and adjacent nodes before and after the optimization
configuration of RPCDs. The following uses the 6-th node as an example, Fig. 13 below respectively
shows the voltage operation curves of the 6-th node during the occurrence of typical faults.

It can be observed that configuration of RPCDs at the voltage weak nodes significantly improves
the voltage dynamic characteristics of the originally weak nodes. The lowest voltage drop point is
elevated, and the operation voltage is restored to 0.8 p.u. in a shorter time. Additionally, the dynamic
characteristics of the adjacent nodes of the configured RPCD nodes are also improved.
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Figure 13: Dynamic operation curves of relevant nodes of the 6-th node under typical fault

7 Conclusion

This paper presents an optimal configuration method for multi-type RPCDs in regional power
grids with a high proportion of wind power. The proposed method systematically identifies the location
and determines the capacity of the required RPCDs for a regional power grid model that facilitates
intensive access to WFs. It enhances the operational capacity of voltage-weak nodes in the system and
ensures static and dynamic voltage stability in regional power grids with a high proportion of WP.
Moreover, this method exhibits high economic efficiency, and it is deemed as a crucial support for
achieving large-scale grid-connected WFs.

It is important to note that the proposed method for identifying voltage weak nodes based on VSI
considers a limited range of typical operational conditions. Additionally, the optimization configura-
tion model for RPCDs solely considers construction costs without factoring in the operational costs
of RPCDs and the regulation capabilities of different types of RPCDs. Addressing these deficiencies
will be the primary focus of future research.
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Appendix A

Table A1: Static VSI statistics

Number Lj value Number Lj value Number Lj value Number Lj value

1 0.105 19 0.052 37 0.078 55 0.168
2 0.068 20 0.148 38 0.039 56 0.119
3 0.07 21 0.071 39 0.078 57 0.128
4 0.111 22 0.037 40 0.136 58 0.127
5 0.074 23 0.055 41 0.093 59 0.171
6 0.148 24 0.148 42 0.063 60 0.147
7 0.063 25 0.099 43 0.051 61 0.148
8 0.097 26 0.179 44 0.065 62 0.154
9 0.043 27 0.128 45 0.110 63 0.156
10 0.136 28 0.055 46 0.072 64 0.129
11 0.054 29 0.075 47 0.086 65 0.089
12 0.068 30 0.053 48 0.067 66 0.059
13 0.058 31 0.076 49 0.135 67 0.047
14 0.041 32 0.056 50 0.146 68 0.124
15 0.065 33 0.048 51 0.184
16 0.115 34 0.063 52 0.103
17 0.037 35 0.042 53 0.077
18 0.043 36 0.067 54 0.177
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Table A2: Dynamic voltage drop area index of voltage weak nodes

Weak node IRTVDAI value Weak node IRTVDAI value

6 0.825 20 0.216
26 0.539 41 0.178
10 0.474 40 0.178
52 0.362 49 0.176
37 0.358 50 0.171
45 0.356 54 0.155
44 0.345 59 0.152
24 0.263 55 0.151
61 0.251 60 0.150
36 0.250 62 0.140
51 0.237 63 0.137
39 0.228 42 0.094
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