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Allocation of reactive power equipment can relieve the transient overvoltage, which is a big threat to the sending-end electric
power system of ultrahigh-voltage direct current (UHVDC). However, the dynamic reactive power allocation mostly depends on
the trial-and-error method, lacking in an optimal allocation method based on the quantitative evaluation index. To deal with the
abovementioned problem, in this study, a dynamic reactive power optimal allocation method is proposed based on the reactive
power compensation sensitivity. In detail, frst, based on the existing transient overvoltage assessment index, the general form of
reactive power optimization problem is proposed. Ten, taking the sending-end power system of UHVDC as an example, the
reactive power allocation location is determined based on a reactive power compensation sensitivity. Furthermore, combined with
the sensitivity, the compensation capacity of each place is determined by particle swarm optimization (PSO). Te simulation
results show that the proposed method can efectively allocate the dynamic reactive power and suppress the transient overvoltage
after fault.

1. Introduction

Te ultrahigh-voltage direct current (UHVDC) project is
an important solution to huge demand in power trans-
mission in China, especially for the large-scale centralized
renewable energy power transmission work [1, 2]. Com-
pared with the common alternating current (AC) power
grid, transient overvoltage problems are more likely to
occur in the UHVDC sending-end power grid [3–8], which
has seriously afected the grid connection operation of
renewable energy units [9]. Terefore, it is necessary to take
some measures to suppress transient overvoltage in the
UHVDC power grid.

Aiming at the abovementioned problem, scholars have
proposed a series of methods to assess the severity of

transient overvoltage. For example, [10] analyzes the rela-
tionship between transient overvoltage, short-circuit ratio
(SCR), and blocking capacity, and a quantitative calculation
method for transient overvoltage is proposed, but the real
solution may not exist when the SCR is small. Yin et al. [11]
defne a reactive power short-circuit ratio based on the
concept parallel resonance, which can assess the static
overvoltage, but not the transient overvoltage values. Molina
[9] proposes ensuring the transient overvoltage security by
controlling the voltage below the threshold, but it cannot be
used to formulate control measures due to its discreteness.
Xue et al. [12] propose a quantitative analysis method of
transient voltage stability with a transient voltage curve,
which can simultaneously evaluate the transient voltage dip
and overvoltage problems, but it lacks further application.
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To suppress the transient overvoltage occurred in the
UHVDC power system, the method of installing dynamic
reactive power compensation equipment is widely used in
practical engineering. Te typical dynamic reactive power
compensation equipment includes SVG, STATCOM, and
synchronous condenser, and the characteristic of which are
analyzed and compared in detail in [13–15]. Compared with
SVG and STATCOM, the synchronous condenser has more
satisfactory performances in suppressing the transient
overvoltage and it has been widely used in practical engi-
neering [16–19].

In order to improve the suppression efect of reactive
power compensation on transient overvoltage, the allocation
methods of reactive power compensation have been widely
studied. In traditional engineering applications, the reactive
power compensation capacity and location are determined
by the trial-and-error method [20], which is lack of quan-
titative evaluation. Te simply centralized and distributed
compensation schemes are analyzed and compared in [21],
and experimental results show that the hierarchical and
decentralized allocation scheme has better performance. Cui
et al. [22] propose a dynamic reactive power allocation
method based on an improved trajectory sensitivity index
for transient voltage dip, but it could not be extended to the
sending-end power grid which engaged in overvoltage. In
addition, the research on reactive power compensation in
each subregion has also received extensive attention. Based
on the structural characteristic of the power network, a large
power grid can be partitioned into several smaller groups,
and then reactive power optimization can be realized in each
region, which efectively improves the efciency of solving
power grid optimization problems [23, 24].

In addition to abovementioned allocation methods, the
modern intelligent optimization algorithm has also been
applied to solving the reactive power optimization allocation
problem. At present, typical intelligent optimization algo-
rithms mainly include the particle swarm optimization
(PSO), genetic algorithm (GA), and adaptive dynamic
programming approach [25–27], wherein an improved PSO
algorithm is utilized for optimization in this study.

In recognizing the abovementioned problems, a dy-
namic reactive power allocation method is proposed in this
study based on a transient voltage assessment index. Te
reactive power compensation location and capacity are
determined according to the assessment index and the
compensation sensitivity index. Te main contributions of
this study are described as follows:

(1) A reactive power compensation sensitivity index
considering quantitative evaluation of transient
overvoltage is proposed. As compensation on dif-
ferent buses may result in diferent contributions to
the transient voltage stability of the sending-end
power grid, an index assessing the efect of diferent
compensation point on transient voltage stability is
constructed.Te larger the index value, the better the
compensation.

(2) Te reactive power compensation capacity and lo-
cation are determined with the compensation

sensitivity. Te optimal compensation points are
selected with the diference of compensation sensi-
tivity, and the optimal compensation capacity of each
compensation point is determined by the PSO
algorithm.

Te remainders of the study are organized as follows.Te
potential transient overvoltage risk and reactive power de-
mand of renewable energy are shown in Section 2. In Section
3, the general form of the reactive power optimization
problem is introduced, and the objective function is con-
structed based on a compatible transient voltage assessment
index, then the static constraint form of the reactive power
optimization problem in this study is given. In Section 4, the
reactive power compensation sensitivity index is defned
with the transient voltage assessment index, and the optimal
method of determining the reactive power compensation
point and capacity is presented, and the overall dynamic
reactive power optimization allocation method is formu-
lated. Te application of the abovementioned dynamic re-
active power optimal allocation method is illustrated with
the help of an actual power grid case in Section 5. Finally,
Section 6 presents the conclusion of this study.

2. Overvoltage Phenomenon and Reactive
Power Compensation Demand

When the double pole blocking fault occurs in the DC line,
the DC power decreases sharply, a large amount of reactive
power surplus is generated in the converter station in a short
time, and the reactive power is sent back to the sending-end
power grid, resulting in overvoltage of the sending-end
buses and even voltage collapse [14]. Te solid line in
Figure 1 shows the transient voltage curve of the high-
voltage bus near the rectifer station in case of bipolar
blocking fault in a ±800 kV UHVDC project in Northwest
China.

Te solid line in Figure 1 shows that the failure of the DC
line is likely to lead to overvoltage in the power grid at the
sending end. Terefore, the near area of the rectifer station
needs the support of dynamic reactive power equipment to
improve the transient voltage stability [28–32]. For example,
the transient voltage stability of the system is signifcantly
improved after the condenser is installed on the high-voltage
bus of the converter station, as shown in Figure 1. Terefore,
it can be seen that the dynamic reactive power equipment
can efectively suppress the transient overvoltage and is
helpful for the system to recover stable operation after
failure.

3. Mathematical Description of the Reactive
Power Optimization Problem

3.1. General Form of Power Grid Optimization Problem.
Reactive power optimization of the power system is an
important part of power fow optimization. It refers to the
optimization problem that the power system meets various
constraints and achieves the predetermined goal under a
certain operation mode. It includes the selection of the
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reactive power compensation location, the determination of
the capacity of reactive power compensation equipment, the
regulation of transformer taps, and the coordination of
generator terminal voltage. It is a multiconstraint nonlinear
programming problem. Te reactive power optimization
problem of power grid can generally be expressed as the
following mathematical form:

minf(u, x),

s.t. g(u, x) � 0,

h(u, x)≤ 0,

⎫⎪⎪⎬

⎪⎪⎭
, (1)

wherex represents the state variable, and u represents the
control variable. u is an artifcially adjustable variable, including
reactive power of PQ generator node, tap position of an ad-
justable transformer, capacity of a reactive power compensa-
tion equipment, voltage modulus of PV, and the balance node.
Te variable x includes the voltage phase angle of all nodes
except the balance node and the voltage modulus of nodes
except the generator or nodes with the reactive power

compensation equipment. Functions g(u, x) and h(u, x)

represent the system equality constraint and inequality con-
straint, respectively, and f(u, x) represents the objective
function. Te specifc form will be given in the next section.

3.2. Construction of Objective Function. Te objective
function of a reactive power optimization usually considers
the economy or system security, while this study only fo-
cuses on the transient voltage stability of the power system.
Terefore, the objective function in this study can be con-
structed based on a transient voltage stability evaluation
index [33–37].

Transient voltage stability assessment should refect the
stability problems under both transient voltage dip and
overvoltage, and refect the degree of instability. A transient
voltage assessment index that can evaluate the above two
situations at the same time is constructed in [12], which can
better quantify the degree of transient voltage instability, as
shown in the following formula:

F � F1 + F2 � 􏽘
n

i�0
􏽘

m

j�1
Kjgj V ti􏼂 􏼃( 􏼁 V ti􏼂 􏼃 − VN

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌Δti +

k

1 + e
− V ti[ ]− VN− a( )c/b( )

,

where gj V ti􏼂 􏼃( 􏼁 �

1, Vj+1 ≤V ti􏼂 􏼃≤Vj􏼐 􏼑,

0, V ti􏼂 􏼃<Vj+1 orV ti􏼂 􏼃>Vj􏼐 􏼑.

⎧⎪⎪⎨

⎪⎪⎩

(2)

Vo
lta

ge
 (p

.u
.)

No reactive power compensation
With synchronous condenser

1

1.03

1.06

1.1

1.13

1.16

2 3 4 5 61
Time (s)

Figure 1: Te transient voltage curve of the high-voltage bus.
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According to formula (2), index F includes two parts, of
which F1 evaluates the degree of transient voltage dip and F2
evaluates the degree of transient overvoltage.Te parameters
in the formula are consistent with [8]. Specifcally, for the
voltage dip part F1, the voltage data is divided into m in-
tervals according to the value of V[ti] and each interval is
assigned a weight value Kj, based on which the degree of
voltage dip in the transient period [17] is integrated and
quantifed. Te lower the voltage, the greater the index F1.
For the overvoltage part F2, the quasi-step function is
constructed according to the overvoltage safety threshold of
renewable energy units. Te higher the voltage, the greater
the index F2.

In detail, when the transient overvoltage problem oc-
curs, once the transient voltage value exceeds the over-
voltage threshold (VN + a), F2 will increase rapidly and far
exceed F1, indicating that the transient voltage is unsafe. At
this time, the value of index F is mainly determined by the
overvoltage index F2, and the value of F1 has little efect.Te
index value F > 1 indicates the bus is transient voltage
instability, while F � 1 indicates the critical stable state of
transient voltage.

Based on the voltage acquisition data during the tran-
sient period, the index F can be used to evaluate the transient
voltage stability of the regional power grid. For index F,
dynamic reactive power optimization aims to make the
system meet the requirements of transient voltage stability
and obtain the allocation scheme with the minimum total
reactive power capacity. Terefore, the objective function
can be selected as follows:

minf � 􏽘
n

i�1
Qi, (3)

where i is the number of each reactive power compensation
point.

3.3. Constraints of the Optimization. When reactive power
equipment is used to improve transient voltage stability of
the system, it is needed to consider convergence of the power
fow. If the reactive power compensation capacity is so large
that the system power fow crosses the critical point of V-Q
curve, and the system will not be able to maintain stable
operation. Terefore, the constraints still need to be met in
the reactive power optimization, in which the equality
constraint is the power fow equation of the power system,
and the power fow equation in polar coordinates is shown as
follows:

Pi − Ui 􏽘

n

j�1
Uj Gij cos δij + Bij sin δij􏼐 􏼑 � 0,

Qi − Ui 􏽘

n

j�1
Uj Gij sin δij + Bij cos δij􏼐 􏼑 � 0,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(4)

where Pi and Qi represent the active and reactive power
injected by node i, respectively, Ui and Uj represent the
voltage of the corresponding node, and δij represents the
phase diference between the voltage phasors of two nodes.

Gij and Bij represent the conductance and susceptance value
at the i and j positions of the node admittance matrix,
respectively.

Te inequality constraints mainly include the require-
ments for the voltage amplitude of PQ node and the reactive
power injection of PV node. Besides, the tap of the adjustable
transformer and the capacity of reactive power compensa-
tion equipment should also be considered, as shown in the
following:

Q
Gimin ≤QGi ≤Q

Gimax Q
Cimin ≤QCi ≤Q

Cimax ,

U
imin ≤Ui ≤Uimax δijmin ≤ δij ≤ δijmax,

Timin ≤Ti ≤Timax,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(5)

whereQGimin, QGimax, QCimin, and QCimax, respectively,
represent the lower limit and upper limit of reactive output
of the i-th generator and the lower limit and upper limit of
reactive compensation of the i-th reactive compensator,
Uimin and Uimax represent the lower and upper limits of
node i voltage modulus, and Timin and Timax represent the
regulation range of the tap of the i-th adjustable
transformer.

4. Sensitivity-Based Optimization Method

Based on the defnition of reactive power compensation
sensitivity, this section gives the determination method of
reactive power allocation location and the calculation
method of the dynamic reactive power capacity. Finally, the
overall dynamic reactive power optimal allocation method is
obtained.

4.1. Reactive Power Compensation Sensitivity. When the
transient voltage problem occurs in the power system and
the reactive power compensation is adopted, according to
the defnition of index F in III.B, the value of index F will
decrease accordingly with the increase of the compensation
capacity. Terefore, the concept of reactive power com-
pensation sensitivity h is introduced based on the index F.
Te defnition formula is as follows:

h �
F − F0

x − x0
, (6)

where x is the reactive power compensation capacity, and x0
is the initial reactive power compensation capacity, and F
and F0 correspond to the transient voltage index values at x
and x0, respectively. Te greater the sensitivity h, the better
the improvement efect of reactive power compensation on
the power system transient voltage stability.

Reactive power compensation sensitivity is widely used
in the reactive power optimization. For example, for several
diferent compensation points, the reactive power com-
pensation efect of each point can be compared through
sensitivity h and the optimal point can be selected. Under the
determined compensation scheme, the sensitivity h can also
be used to fnd the optimal compensation scheme by the
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optimization algorithm [38, 39]. Te specifc sensitivity
application and determination of the reactive power opti-
mization method will be further explained.

4.2. Determination Method of Reactive Power Allocation
Location Based on Sensitivity h. Te reactive power opti-
mization problem is usually implemented in two steps:
determining the reactive power allocation location and
calculating the reactive power compensation capacity. Te
following frst introduces the determination method of the
reactive power allocation location.

Firstly, we determine the candidate points of reactive power
compensation. Considering that the points with serious
problems should be treated frst when dealing with transient
overvoltage, several stations with the most serious overvoltage
level are selected as the candidate points of reactive power
compensation in the selected area. Ten, the pilot bus of the
system is taken as the observation bus, the sensitivity h of each
candidate compensation point to the observation bus is cal-
culated and ranked, and the top stations in the ranking are
taken as the reactive power compensation points.

4.3. Calculation Method of Reactive Power Compensation
Capacity of Sensitivity h. After determining the reactive
power compensation location, it is necessary to determine
the reactive power compensation capacity of each point in
order to form a complete reactive power optimization
scheme. In practical engineering, sometimes only the sta-
bility of individual pilot buses is concerned, but sometimes
multiple key buses need to be considered. To solve this
problem, it is discussed as follows.

4.3.1. Single Observation Bus. When there is only a single
observation bus, the determination method of compensation
capacity is as follows: reactive power compensation is carried
out at the point with the highest sensitivity selected in the
previous section, then increase the compensation capacity until
the transient voltage of the observation bus is stable. If the
compensation capacity at the point with the highest sensitivity
exceeds the reactive power constraint range in III.C, we
continue compensating at the point with the second sensitivity
in section IV.A and so on. Te principle of this method is
simple, but it completely depends on simulation, and the trial-
and-error method is blind and heavy workload. With the help
of sensitivity h, it can point out the direction for simulation
debugging and greatly improve the solution efciency.

In detail, based on the relationship between sensitivity h
and index F in equation (6) and considering the nonlinear
characteristic of the power system, the required

compensation capacity Q can be solved by the iterative
method. Te frst iterative process is as follows:

h1 �
F1 − F0

Q1
,

ΔQ1 �
F1 − 1

h1
,

Q2 � Q1 + ΔQ1,

(7)

where Q1 and F1 are the initial compensation capacity and
the responding value of index F of the frst iteration, re-
spectively; ΔQ1 is the compensation capacity change, and a
suitable smaller value can be taken; F0 is the value of index F
without compensation. Iterate according to the above it-
erative logic until Fn meets the demand; and Qn is the fnal
compensation capacity.

4.3.2. Multiple Observation Buses. When there are multiple
observation buses, it is difcult to determine the optimal
compensation point for the whole system because the
compensation sensitivity of the same point to diferent
observation buses is diferent, and the compensation ca-
pacity allocation of each compensation point should be
considered. Terefore, the optimization algorithm is con-
sidered to solve the optimal reactive power capacity allo-
cation scheme. Specifcally, assuming that there are m
observation buses and p candidate compensation points, the
sensitivity can be calculated as follows:

hij �
Fj − Fj0

ΔQi

, (8)

where hij represents the reactive power compensation sen-
sitivity of the i-th compensation point to the j-th observation
bus; Fj and Fj0 represent the transient voltage assessment
index value of the j-th observed bus after and before the
compensation, respectively; ΔQi represents the compensa-
tion capacity change of the i-th compensation point. Based
on the compensation sensitivity of each compensation point
to each observation bus, the compensation capacity allocated
at each compensation point shall enable the F index of each
observation bus to meet the transient stability requirements,
that is, Fj≥ 1. Combined with equation (8) and the above-
mentioned requirement, the following constraints should be
met:

Fj0 + hij · ΔQi ≥ 1, (9)

which can be transformed and expanded as follows:

h11 · ΔQ1 + h21 · ΔQ2 + · · · + hi1 · ΔQi + · · · + hp1 · ΔQp ≥ 1 − F1,

h12 · ΔQ1 + h22 · ΔQ2 + · · · + hi2 · ΔQi + · · · + hp2 · ΔQp ≥ 1 − F2,

⋮
h1m · ΔQ1 + h2m · ΔQ2 + · · · + him · ΔQi + · · · + hpm · ΔQp ≥ 1 − Fm.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(10)
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Equation (10) can be written in the matrix form as
follows:

H(m×p) · ΔQ≥ 1 − F, (11)

whereH(m×p) represents the sensitivity matrix formed by the
sensitivity of each compensation point, ΔQ� [ΔQ1, ΔQ2, . . .,
ΔQp]T represents the vector of compensation capacity of
each point, and F is the transient voltage stability index
vector. Te inequality constraints contained in equation (10)
are combined with the constraints in Section 3.3 to form a
complete constraint form for the reactive power optimiza-
tion problem in this study. Taking equation (3) as the ob-
jective function of reactive power optimization, the reactive
power compensation capacity vector ΔQ can be obtained by
using the PSO algorithm. Te particle swarm optimization
algorithm has become a widely used optimization algorithm,
so its calculation principle will not be repeated here.

We substitute the calculated compensation capacity
results into the simulation for verifcation. Considering the
nonlinear characteristics of the power system, if the transient
voltage of each observation bus fails to meet the stability
requirements, continue to optimize and correct based on the
current reactive power calculation results until all elements
in the index vector F meet the stability requirements.

4.4. Overall Reactive Power Optimal Allocation Method.
According to the analysis of abovementioned sections, a
dynamic reactive power optimal allocation method based on
index F can be summarized, and the process is as follows:

(1) Determination of the candidate points of dynamic
reactive power compensation: we select the stations
with themost serious overvoltage level in the selected
area as the candidate points.

(2) Reactive power compensation sensitivity solution
and ranking: we calculate the transient voltage
evaluation index F of each candidate point, and then
calculate its reactive power compensation sensitivity
h and rank.

(3) Determination of the location of dynamic reactive
power compensation: we select the top stations in the
reactive power compensation sensitivity ranking as
reactive power compensation nodes.

(4) Determination of reactive power compensation ca-
pacity: we calculate the reactive power compensation
sensitivity matrix H(m×p) and F, and gradually solve
the reactive power compensation capacity Q re-
quired by each compensation point by the PSO
algorithm.

Start

Determine the candidate point

Obtain transient voltage data

End

Calculate the index F and compensation sensitivity

Determine the compensation point

Calculate the compensation sensitivity 
of each compensation point

Calculate the ΔQ by PSO algorithm

All Fj ≤ 1?

Y

Determine the compensation capacity of each compensation point

N

Adjust the reactive 
power compensation 

capacity

Figure 2: Flowchart of the dynamic reactive power optimal allocation method.
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Te fow chart of the overall dynamic reactive power
optimal allocation method is shown in Figure 2.

5. Case Study

5.1. Simulation Model and Basic Situation of Power Grid.
In this study, PSD-BPA, a transient stability program de-
veloped by China Electric Power Research Institute, is used
as a simulation tool. Te system used in the simulation is a
±800 kV HVDC transmission system with a transmission
capacity of 8000MW, which is mainly used for power
transmission of large-scale renewable energy stations. Te
power grid near the sending-end converter station is shown
in Figure 3.

5.2. Selection of Reactive Power Equipment. For the DC
sending-end power system shown in Figure 3, when the DC

line has a bipolar blocking fault, the transient overvoltage
problem described in Section 2 of this study will occur. To
solve this problem, reactive power equipment such as
synchronous condenser, SVG and STATCOM are installed
on the bus near the rectifer station. Te improvement
efect of each equipment on the transient voltage is as
follows:

It can be seen from Figure 4 that under the same
compensation capacity, the compensation efect of the
condenser and SVG is signifcantly better than that of
STATCOM, while the compensation of the synchronous
condenser has better stability than that of SVG. In [12, 17],
the advantages and disadvantages of several reactive power
compensation devices are compared and analyzed in detail.
It is found that the synchronous condenser can suppress
transient overvoltage more efectively, which is consistent
with the abovementioned results. Terefore, it is of more
practical signifcance to explore the allocation method of

EG

NSA

SG

GY

NE

HN

QG
GS

NSI

FN12

FN11

FN10

NW

NL

ME

GL

GE

NH

YG

NF12

NF11

NF10

Figure 3: Geography connection map near the rectifer station.
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synchronous condenser, and synchronous condenser is
selected as the reactive power compensation equipment in
this study.

5.3. Determination of Reactive Power Compensation Point.
For the sending-end power system shown in Figure 3, the
bus with a serious overvoltage level in the renewable
energy station includes SG, GS, QG, GE, EG, GY, and YG,
which are all 35 kV low-voltage buses and selected as
candidate compensation points in this study. For this
system, the key is the transient voltage stability of 750 kV
high-voltage bus HN at the rectifer station and pilot bus
NH. Terefore, they are selected as observation buses.

We install synchronous condensers with a capacity of
100Mvar at the abovementioned candidate compensation
points, respectively, the DC bipolar blocking fault is set in
the simulation; after obtaining the corrected transient
voltage observation data of each bus [40, 41], we calculate the
transient voltage assessment index and reactive power
compensation sensitivity. Te calculation results are shown
in the following table:

According to Table 1, the reactive power compen-
sation sensitivity is sorted as follows: EG, GE, YG, GY,
QG, SG, and GS. Based on the value of sensitivity, the
compensation efect of EG, GE, YG, and GY are relatively
good, so these four points are taken as low-voltage re-
active power compensation points. In addition, the re-
active power compensation in the project usually adopts
the combination of centralized compensation on

high-voltage buses and distributed compensation on low-
voltage buses. Terefore, in this study, in addition to the
above low-voltage compensation points, reactive power
equipment will also be installed at the high-voltage bus
HN.

5.4. Calculation of Reactive Power Compensation Capacity.
For the power grid near the rectifer station shown in
Figure 3, this study selects the high-voltage bus HN of the
converter station and the pilot bus NH as observation buses.
According to the compensation capacity calculation method
in Section 4, the number of compensation points should be
consistent with the number of observation buses. However,
the number of compensation points determined in the
previous section obviously does not meet this requirement,
which needs to be further allocated and adjusted. Te
compensation points determined in the previous section
include the high-voltage point HN and four low-voltage
points EG, GE, YG, and GY. Considering that the reactive
capacity constraint of low-voltage bus is small, the four low-
voltage points can be combined as a low-voltage combined
point DY to share the low-voltage compensation capacity
equally. At this time, the compensation sensitivity h can be
calculated according to the combined point DY, and the
compensation capacity can be calculated by the optimization
algorithm.

Considering the problem of minimum capacity of a
single condenser, 50Mvar is used as the minimum unit for
optimization calculation of the reactive power compensation

No Compensation
STATCOM 800 MVar

SVG 800 Mvar
Condenser 800 Mvar

1

1.03

1.06

1.1

1.13

1.16

Vo
lta

ge
 (p

.u
.)

1 2 3 4 5 60
Time (sec.)

Figure 4: Comparison of compensation efects of diferent equipment.

8 Mathematical Problems in Engineering



capacity. In addition, in order to reduce the infuence of the
excessive index value and sensitivity nonlinearity on cal-
culation accuracy, it is necessary to take a compensation
state with the small index F (e.g., less than 100) as the initial
state to start the optimal calculation. Te optimization
calculation is carried out according to the method for de-
termining the compensation capacity of multiple

observation buses in Section 4. Te high-voltage point HN
and the low-voltage point DY with each installed capacity of
450Mvar are taken as the initial compensation state. Te
compensation capacity of each compensation node and the
bus F index are shown in the following table:

According to Table 2, when HN and DY compensate
450Mvar, respectively, the sensitivity matrix is as follows:

No Compensation
Optimization Scheme

1

1.03

1.06

1.1

1.13

1.16

Vo
lta

ge
 (p

.u
.)

2 3 4 5 61
Time (s)

Figure 5: Transient voltage curves before and after the optimization scheme.

Table 1: Compensation sensitivity of each compensation point.

Candidate point
Compensation sensitivity

For HN For NH
EG 2.23 13.53
GE 2.17 13.14
YG 1.2 30
GY 1.01 29.53
QG 0.36 8.8
SG 0.01 −0.08
GS 0 −0.1

Table 2: Compensation state and the corresponding F indicator.

Compensation point and capacity (Mvar) Index F
HN DY HN NH
450 450 22.48 52.4
500 450 19.83 52.02
450 500 20.96 43.65
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H(m×p) �
−0.053 −0.0304

−0.0076 −0.175
􏼢 􏼣. (12)

Te sensitivity matrix shown in equation (12) is
substituted into the constraint conditions of equation (10)
and optimized based on the PSO algorithm. After the PSO
algorithm optimization and modifcation, the compensation
capacity change vector of each node can be fnally obtained,
which is ΔQ� [550, 250]T, namely, the condenser with
compensation capacity of 1000Mvar and 700Mvar at the
point HN and DY, respectively. At this time, it can be
calculated that the F index values of the high-voltage bus HN
and the central bus NH of the converter station are 1 and
0.67, respectively, which meet the requirements of transient
voltage stability, and the voltage curves of the two observed
buses and the initial uncompensated voltage curves are
compared as follows:

It can be seen from Figure 5 that after reactive power
compensation according to the optimization scheme in this
study, the key bus of the system can meet the requirements
of transient stability, and its transient overvoltage is lower
than 1.1 p.u.; it can be kept within the safe operation range,
which shows that the reactive power optimization scheme
based on reactive power compensation sensitivity in this
study can efectively suppress transient overvoltage.

Te reactive power compensation location and capacity
are considered in the abovementioned scheme, and the
compensation efect of the proposed method and other
existing methods is briefy compared. If condensers with the
same capacity are centrally compensated on the high-voltage
bus or evenly distributed on the low-voltage bus [20, 21], the
transient voltage assessment indexes of the corresponding
observation bus can be obtained as follows:

According to Table 3, for reactive power equipment with
the same capacity, compared with the simply centralized
compensation and average dispersion compensation
method, the proposed method in this study can take into
account the improvement efect of the overall voltage sta-
bility of the power grid. Te reactive power allocation based
on the method in this study can play the support efect of
reactive power equipment more efectively and help to
promote the reactive power allocation of the system more
economically and efectively.

6. Conclusion

Aiming at the transient overvoltage problem of the UHVDC
sending-end power system, this study has proposed a

dynamic reactive power optimization method based on a
transient voltage stability assessment index. First, a reactive
power compensation sensitivity index has been constructed
to evaluate the efectiveness of compensation, and then
reactive power allocation locations are determined. Finally,
the compensation capacity on each point is calculated by the
PSO algorithm, and the complete reactive power optimi-
zation allocation method is formed. Experimental results
have shown that the proposed optimization method is a
practical and efective approach to solve the transient
overvoltage problem of the UHVDC sending-end power
system. Moreover, the proposed method has the following
advantages:

(1) Te proposed method is not limited by the model
structure. Te adoption of sensitivity analysis makes
this method universal to similar problems.

(2) Te proposed method can allocate the capacity
according to the diference of the compensation
efect of each point, so it has better performance than
other engineering methods.

(3) Tis method is easy to implement and it can provide
guidance for the power grid operation and dis-
patching, which has relatively strong applicability.
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