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Abstract: For a receiving-end power grid with multi-infeed LCC-HVDC systems, simultaneous
commutation failures may seriously threaten the safe and stable operation of the system. To evaluate
the impact of commutation failure and improve the voltage stability of the commutation buses in
multi-infeed HVDC systems, this paper proposes a method for evaluating the voltage stability of
commutation buses and a reactive power coordination control (RPCC) method for commutation
failure of multiple HVDC systems. Firstly, three indicators and the entropy weight method are
adopted to comprehensively evaluate the voltage stability of commutation buses. Then, an RPCC
method is proposed to resist commutation failure. The proposed RPCC method uses the voltage
interaction factor (VIF) to screen out DC systems that are strongly related to dynamic reactive power
compensation devices and activates the devices to provide RPCC to the DC systems through an
auxiliary controller. Finally, the effectiveness of the proposed method is verified through a practical
example of the Jiangsu power grid.

Keywords: receiving-end power grid; commutation failure; comprehensive evaluation method;
reactive power coordination control; line-commutated converter

1. Introduction

With the implementation of the West to East Power Transmission Project, the number
and capacity of HVDC systems have significantly increased, and the power grid on the
eastern coast of China has gradually evolved into a receiving-end power grid with high DC
power penetration [1]. Due to the commutation failure of inverter side line-commutated
converters (LCCs) [2], the simultaneous commutation failure of multiple HVDC systems has
become one of the important factors threatening the safe and stable operation of receiving-
end power grids [3]. The simultaneous commutation failure of multiple HVDC systems can
lead to short-term power shortages in the system, disrupt the power supply and demand
balance, and even cause system instability. To ensure the safe and stable operation of the
receiving-end power grid with high DC power penetration, it is urgent to study a method
for evaluating the voltage stability of commutation buses and a reactive power coordination
control (RPCC) method for commutation failure of multiple HVDC systems.

For the evaluation of the voltage stability of commutation buses in multi-infeed HVDC
systems, the commonly used method in engineering is to use the short-circuit ratio (SCR) [4].
The SCR itself is an evaluation indicator that measures the relative strength between AC
and DC systems, directly reflecting the static stability of HVDC systems. There is not a
rigorous mathematical relationship between SCR and transient stability problems, such
as commutation failure. However, better static stability usually means better transient
stability, which means HVDC systems can quickly recover from a commutation failure.
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Therefore, SCR remains an important tool in the evaluation of the voltage stability of
commutation buses, and various indicators, such as generalized short-circuit ratio [5] and
integrated short-circuit ratio [6], have been derived from this indicator. Many factors
cause commutation failure in DC systems, including AC voltage drop, DC current sudden
change, and harmonics [7]. According to different causes of commutation failure, scholars
have conducted a large number of risk assessment studies on commutation failure. The
authors of [8] constructed a risk assessment index system for commutation failure based on
the voltage–time area (VTA) method. The authors of [9,10] proposed a voltage coupling
factor for AC-DC systems to evaluate the risk of commutation failure in multi-infeed
HVDC systems. The above studies are all aimed at evaluating the risk of commutation
failure in HVDC systems under AC power grid faults. In addition, the risk assessment of
commutation failure caused by asymmetric faults [11], non-characteristic harmonics [12],
inrush current [13], and harmonic voltage [14] has also been thoroughly studied. However,
the current assessment of commutation failure mainly focuses on the risk assessment of
commutation failure and how to detect commutation failure [15,16]. Generally speaking,
commutation failure is unavoidable, but it can be prevented from causing serious harm to
the power system through reasonable planning and control methods. Evaluating the voltage
stability of commutation buses can help operators determine whether the current planning
and control scheme is reasonable. Therefore, the evaluation method for voltage stability of
commutation buses in multi-infeed HVDC systems considering the severity of commutation
failure needs further research. To address the above issues, this paper proposes a method for
evaluating the voltage stability of commutation buses for commutation failure of multiple
HVDC systems. The evaluation method for voltage stability of commutation buses in
multi-infeed HVDC systems consists of two parts: one is the evaluation indicator system
for voltage stability of commutation buses, and the other is a comprehensive evaluation
method based on the entropy weight method.

Currently, the measures to resist the commutation failure are mainly from three
perspectives: one is to use reactive power compensation devices to maintain the stability
of commutation voltage, the second is to limit the rise of DC current, and the third is to
increase the setting value of the turn-off angle [17,18]. The latter two measures are based
on the control of LCC, which has limited improvement effect and is not beneficial to the
economic operation of the DC system [19]. In this paper, we mainly consider resisting the
problem of multiple HVDC commutation failures from the perspective of dynamic reactive
power compensation, improving the security and stability of receiving-end power grids
with high DC power penetration. The authors of [20,21] and [22], respectively, introduced
the effectiveness of synchronous condensers and power electronic devices in supporting
multi-infeed power grids and pointed out that dynamic reactive power compensation
devices can effectively solve the threat of commutation failure.

In order to address the threat of commutation failure and minimize construction
costs, scholars have conducted extensive research on the optimization configuration of
dynamic reactive power compensation devices. The authors of [23] proposed an optimal
configuration scheme for dynamic reactive power compensation devices to suppress the risk
of subsequent commutation failure. The authors of [24] proposed a reliable and applicable
site selection scheme for synchronous condensers to restrain commutation failures of multi-
infeed HVDC systems. The authors of [25] pointed out that the dynamic reactive power
compensation device can improve the recovery speed of multi-infeed HVDC systems, and a
reactive power compensation site selection scheme is provided. Most existing studies focus
on optimizing the configuration of reactive power compensation devices, but dynamic
reactive power compensation devices usually take local signals as the control objective,
which makes it difficult to fully utilize dynamic reactive power compensation devices with
conventional control strategies. Therefore, control methods that can fully exploit the voltage
support capability of dynamic reactive power compensation devices for DC systems need
further research. To address the above issues, this paper proposes an RPCC method for the
commutation failure of multiple HVDC systems. The RPCC method first determines the
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degree of influence between the dynamic reactive power compensation device that already
exists and the DC system, filtering the DC system that is greatly affected by the dynamic
reactive power compensation device, and then providing an auxiliary control strategy to
make the dynamic reactive power compensation device fully utilize its capability to resist
the commutation failure of the DC system.

The remainder of this article is organized as follows. In Section 2, the evaluation
method for the voltage stability of commutation buses in multi-infeed HVDC systems
is further clarified. In Section 3, the RPCC method based on a dynamic reactive power
compensation device is developed. Section 4 verifies the effectiveness of the methods
proposed in Sections 2 and 3. Finally, Section 5 concludes this article.

2. Evaluation Method for the Voltage Stability of Commutation Buses in Multi-Infeed
HVDC Systems

For a multi-infeed receiving-end power grid, the simultaneous commutation failure
of multiple HVDC systems can seriously threaten its safe and stable operation. If the
power grid is weak, the voltage support capability of the AC system to the conventional
DC inverter station is insufficient, and it is difficult to recover from the HVDC commu-
tation failure; the power grid will face the risk of a power outage. If the power grid is
too strong, the short-circuit current will have the risk of exceeding the limits, and because
the coupling degree between individual DCs is relatively high, the risk of simultaneous
commutation failure increases. Therefore, the evaluation of the voltage stability of com-
mutation buses in multi-infeed HVDC systems is an important prerequisite to ensure the
safe and stable operation of these systems. In the following, the corresponding evaluation
indicators are provided according to the characteristics of the receiving-end grid with a
multi-infeed HVDC.

2.1. Proportion of Short-Circuit Faults Causing DC Commutation Failure

If a bus causes a commutation failure in a conventional DC system at the moment of a
three-phase grounded short-circuit fault, then the bus is considered to be the commutation
failure-related bus of the DC system. The ratio of all commutation failure-related buses of a
DC system to the total number of buses of the power grid is considered the proportion of
commutation failure of the DC system due to a three-phase grounded short-circuit fault
and is used as an indicator to evaluate the adaptability of the receiving-end grid to the DC
system. The value of this indicator can be used to measure the fault occurrence range of
DC system commutation failure caused by a short-circuit fault; the larger the value of the
indicator, the larger the fault range and the more likely the DC system will suffer from
commutation failure, which can reflect the adaptability of the AC system grid structure to
the DC system. The indicator is shown as follows:

Kfail =
nfail

Nsum
(1)

where Kfail is the proportion of three-phase grounded short-circuit faults that cause com-
mutation failure of a DC system, nfail is the number of buses that cause DC commutation
failure due to three-phase grounded short-circuit faults, and Nsum is the total number of
system buses.

2.2. Proportion of DC Power Loss Due to Short-Circuit Faults

The Kfail indicator above is a measure of the range of the short-circuit faults that
cause a commutation failure in a particular DC system. In addition to focusing on the
range of short-circuit faults that cause DC commutation failure, the issue of simultaneous
commutation failure of multiple DCs is also of concern to the receiving-end grid operators.
In a multi-infeed HVDC transmission system, the inverter stations are coupled to each
other through the receiving-end AC system and are electrically close to each other. When
the AC system fault is serious or the AC system strength is weak, the commutation failure
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of one DC system will lead to the continuous commutation failure of multiple DCs and
threaten the system power supply reliability of the whole AC-DC hybrid system. Especially
for a large-capacity and long-distance HVDC transmission system, it is not easy to recover
from a fault, and it is easy to cause great power fluctuations. A commutation failure or DC
blocking is enough to destroy the safe and stable operation of the receiving-end grid.

If a bus causes the commutation failure of multiple DCs during a three-phase grounded
short-circuit fault, the DC power loss due to the commutation failure is Plos MW, defining
the severity of the short-circuit fault at that bus as follows:

Klos =
Plos
Psum

(2)

where Klos is the proportion of DC power loss caused by a three-phase grounded short-
circuit fault at a bus, Plos is the amount of DC power loss caused by a three-phase grounded
short-circuit fault at the bus, and Psum indicates all the external DC power accepted by
the grid.

2.3. Ratio of Lost Energy to Maximum Allowable Released Kinetic Energy

The proportion of DC power loss due to a short-circuit fault is used to analyze the
severity of commutation failure from the power perspective. In addition to the size of
the power loss, the duration of commutation failure is also a matter of concern. For an
HVDC system, if the commutation failure occurs under a short-circuit fault and cannot
be recovered to the rated power in a long time, it will undoubtedly have a huge impact
on the voltage stability and frequency stability of the AC system. To take into account the
impact of DC commutation failure duration, the lost energy calculation method is given
here from the energy perspective, so that the impact of DC commutation failure can be
measured from both power and duration aspects. The power curves of the DC system
during commutation failure and the recovery process are shown in Figure 1. In Figure 1,
it is assumed that the DC power initially runs at P0, and when the commutation failure
occurs, the DC power drops to 0. The duration of the commutation failure is TF, after which
the DC power starts to recover and the recovery time lasts for TR. Then, the energy loss of
this DC commutation failure is defined as:

Ei
lack =

∫ TF+TR

0
[P0 − Pdc(t)]dt (3)

where Ei
lack is the DC i commutation failure power loss and Pdc(t) is the DC power as a

function of time.

Electronics 2023, 12, x FOR PEER REVIEW 4 of 17 
 

 

commutation failure of multiple DCs is also of concern to the receiving-end grid operators. 
In a multi-infeed HVDC transmission system, the inverter stations are coupled to each 
other through the receiving-end AC system and are electrically close to each other. When 
the AC system fault is serious or the AC system strength is weak, the commutation failure 
of one DC system will lead to the continuous commutation failure of multiple DCs and 
threaten the system power supply reliability of the whole AC-DC hybrid system. Espe-
cially for a large-capacity and long-distance HVDC transmission system, it is not easy to 
recover from a fault, and it is easy to cause great power fluctuations. A commutation fail-
ure or DC blocking is enough to destroy the safe and stable operation of the receiving-end 
grid. 

If a bus causes the commutation failure of multiple DCs during a three-phase 
grounded short-circuit fault, the DC power loss due to the commutation failure is Plos MW, 
defining the severity of the short-circuit fault at that bus as follows: 

 los
los

sum

P
K

P
 (2) 

where Klos is the proportion of DC power loss caused by a three-phase grounded short-
circuit fault at a bus, Plos is the amount of DC power loss caused by a three-phase grounded 
short-circuit fault at the bus, and Psum indicates all the external DC power accepted by the 
grid. 

2.3. Ratio of Lost Energy to Maximum Allowable Released Kinetic Energy 
The proportion of DC power loss due to a short-circuit fault is used to analyze the 

severity of commutation failure from the power perspective. In addition to the size of the 
power loss, the duration of commutation failure is also a ma er of concern. For an HVDC 
system, if the commutation failure occurs under a short-circuit fault and cannot be recov-
ered to the rated power in a long time, it will undoubtedly have a huge impact on the 
voltage stability and frequency stability of the AC system. To take into account the impact 
of DC commutation failure duration, the lost energy calculation method is given here from 
the energy perspective, so that the impact of DC commutation failure can be measured 
from both power and duration aspects. The power curves of the DC system during com-
mutation failure and the recovery process are shown in Figure 1. In Figure 1, it is assumed 
that the DC power initially runs at P0, and when the commutation failure occurs, the DC 
power drops to 0. The duration of the commutation failure is TF, after which the DC power 
starts to recover and the recovery time lasts for TR. Then, the energy loss of this DC com-
mutation failure is defined as: 

 
    F R

lack 0 dc0

T TiE P P t dt  (3) 

where Ei 
lack is the DC i commutation failure power loss and Pdc(t) is the DC power as a 

function of time. 

Time

DC power

0 TF

P0

TR

 
Figure 1. Diagram of energy loss due to the commutation failure.
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For a receiving-end grid with multi-infeed HVDC, a single short-circuit fault usually
results in the simultaneous commutation failure of multiple DCs. Therefore, for a short-
circuit fault at node j, the energy loss caused by it should be the sum of the energy loss of
each DC commutation failure, as shown in the following equation:

Ej
B = ∑

i∈j
Ei

lack (4)

where Ej
B denotes the energy loss of the system caused by a short-circuit fault at node j, and

i∈j denotes that a short-circuit fault at node j will cause a DC i commutation failure.
The magnitude of the energy loss shown in Equation (4) can reflect the severity of

the commutation failure occurring in the system: the larger the Ej
B, the greater the energy

impact on the system. However, with the same magnitude of energy loss, the threat to
the large-scale power system is much smaller than that to the small-scale power system.
As an absolute quantity, the magnitude of Ej

B does not intuitively reflect the relationship
between the energy loss and the system scale. Therefore, the following indicator is used as
a substitute for the energy loss:

Keg =
Ej

B
Ng

∑
i=1

Wi
eg

(5)

where Keg is the ratio of lost energy to maximum allowable released kinetic energy, Ng is
the number of units, and Wi

eg is the maximum allowable released rotor kinetic energy of
unit i, calculated as follows:

Wi
eg =

1
2

Ji

(
ω2

0 −ω2
min

)
(6)

where Ji is the rotational inertia of unit i, ω0 is the rated angular speed, and ωmin is the
allowable minimum angular speed.

2.4. Comprehensive Evaluation for Voltage Stability of Commutation Buses in Multi-Infeed
HVDC Systems

The calculation results of different indicators vary greatly in units as well as in values.
Therefore, when combining various indicators for analysis, the calculation results of the
indicators should be normalized first. The larger the calculation result of the above three
indicators, the worse the security and stability of the corresponding aspect; therefore, the
following normalization formula is adopted:

rij =
Rj

max − Rij

Rj
max − Rj

min

(7)

where Rj
max is the upper limit of the allowable values of indicator j in the system, Rj

min is
the lower limit of the allowable values of indicator j in the system, Rij denotes the calculated
result of indicator j under object i, and rij is the normalized result of Rij.

After normalization, the voltage stability of commutation buses of the current system
can be evaluated using the comprehensive weight coefficient method in the following way:

s = ∑3
j=1 wjej (8)

where s is the result of the evaluation for voltage stability of commutation buses and takes
a value in the range of 0 to 1. The closer the value is to 1 indicates that the system is more



Electronics 2023, 12, 4262 6 of 16

prone to instability due to DC commutation failure; wj is the weight coefficient of the jth
indicator and ej is the value of the jth indicator of the system, calculated as follows:

e1 = max
{

Ki
fail
}

e2 = max
{

Ki
los

}
e3 = max

{
Ki

eg

} (9)

For the weight coefficient w, the following entropy method is used for calculation. The
entropy method is an empowerment method to determine the weight according to the
dispersion degree of the indicator value. The greater the dispersion degree of the indicator
value, the greater the entropy, and the more useful the information. The indicator should
then be assigned a larger weight, and vice versa. The specific weighting steps of the entropy
method are as follows:

1. For m feasible solutions, the normalized results of n indicators are calculated while all
equipment parameters have been determined.

2. The entropy value of each indicator is calculated as:

Dj = −
1

ln n

m

∑
i=1

qij ln(qij) (10)

qij =
rij

m
∑

i=1
rij

(11)

where rij is the normalized result of the jth indicator under object i.
3. The target coefficient for the jth indicator is calculated as:

w′′ j =
(1− Dj)

n
∑

k=1
(1− Dk)

(12)

4. Finally, the calculation of the comprehensive weight coefficients is conducted. To
make the comprehensive weights as unbiased as possible to either of the subjective
and objective weights, the minimum discrimination information principle is used to
build an optimization model to determine the comprehensive weights, as follows:

minJ(w) = ∑n
j=1

(
wj ln

wj
w′j + wj ln

wj
w′′j

)
s. t. ∑n

j=1 wj = 1, wj ≥ 0
(13)

where w is a vector consisting of the comprehensive weight coefficients of each
indicator and wj is the comprehensive weight coefficient of indicator j.

By solving the above equation, the final expression for the comprehensive weight
coefficient can be obtained as follows:

wj =

√
w′jw′′j

∑n
i=1

√
w′iw′′i

(14)

3. RPCC Method Based on Dynamic Reactive Power Compensation Device

Dynamic reactive power compensation devices are usually added to meet the reactive
power demand of the system, such as SVCs, STATCOMs, and synchronous condensers, in
the receiving-end grid with multi-infeed HVDC. It is beneficial to suppress the commutation
failure of the receiving-end grid with multi-infeed HVDC by reasonably setting the control
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strategy of dynamic reactive power compensation devices. An RPCC method to help DC
commutation failure recovery is provided below.

3.1. Evaluation of the Impact of Dynamic Reactive Power Compensation Devices on
Commutation Failure

Before setting up a dynamic reactive power control strategy, it is necessary to define
the coupling degree between the dynamic reactive power compensation device and the
LCC commutation bus, to determine which dynamic reactive power compensation re-
sources should be invoked in the case of commutation failure of an LCC. To quantitatively
analyze the impact of the dynamic reactive power compensation device on the dynamic
characteristics of the LCC, this paper uses the voltage interaction factor (VIF), which is
defined as follows:

VIFij =
∆Uj

∆Ui
(15)

where VIFij is the VIF of node i to node j, ∆Uj is the voltage change in node j, and ∆Ui is
the voltage change in node i. Assuming that there are two nodes numbered i and j in the
system when node i puts in a symmetrical three-phase reactor causing the voltage drop on
this bus to be ∆Ui, the voltage change in node j is ∆Uj. VIFij is used as a measure of the
voltage interaction between the two buses, which is based on the actual grid model and
calculated using time-domain simulation, and the obtained result is more reasonable than
the voltage coupling coefficient determined using the AC Thevenin equivalent impedance
and the bus-to-bus coupling impedance.

Here, VIFij is used to characterize the degree of voltage coupling between the reactive
power compensation device and the LCC-HVDC drop point, and the value of VIFij is
between 0 and 1. If VIFij is small and close to 0, it means that the electrical distance between
bus i and bus j is far, and the reactive power change at bus i has little impact on bus j
voltage. If VIFij is large and close to 1, it means that the electrical distance between bus i
and bus j is close, and the reactive power change at bus i will also have a greater impact
on the bus j voltage. Only when the value of VIFij is greater than a certain threshold is it
considered feasible to use the reactive power compensation device at bus i to improve the
voltage characteristics of bus j. It should be noted that even if the value of VIFij is close
to 1, it does not mean that the dynamic reactive power compensation device at bus i can
necessarily improve the LCC-HVDC recovery characteristics at bus j because the capacity of
the compensation device and the LCC-HVDC system also needs to be taken into account. If
the capacity of the reactive power compensation device is too small and the output reactive
power is limited, then it is also difficult to improve the LCC operating characteristics.

It is worth noting that VIF can only make an initial screening of the devices involved
in coordinated reactive power control in terms of the grid structure. For a given reactive
power compensation device, even a large VIF value does not necessarily mean that the
operating characteristics of the LCC can be improved by a reasonable reactive power
control, and the limitations of the reactive power capacity have to be considered. Therefore,
the indicator reactive power regulation factor τ is further defined to measure the impact of
the output reactive power of the reactive power compensation device on its nodes.

τi =
Qi

max −Qi
0

Si
short

(16)

where Qi
max is the maximum reactive power that can be output by the reactive power

compensation device, Qi
0 is the initial reactive power of the reactive power compensation

device, and Si
short is the short-circuit capacity of the access point of the reactive power

compensation device.
Using Equations (15) and (16), the impact of the dynamic reactive power compensation

device on the commutation failure of the LCC can be evaluated in two ways. If the VIF
is small, it means that the dynamic reactive power compensation device is far away from
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the LCC access point; therefore, it is difficult for the device to play a role in improving the
commutation failure no matter how its reactive power is changed. If the reactive power
regulation factor τ is small, it means that the dynamic reactive power compensation device
has insufficient capacity to regulate the voltage of its access node, let alone regulate the
LCC commutation failure. Therefore, for a specified dynamic reactive power compensation
device i, participation in suppressing the LCCj commutation failure requires the following
conditions to be met: {

VIFij ≥ VIFC
τi ≥ τC

(17)

where VIFC is the critical value of the voltage interaction factor and τC is the critical value
of the reactive power regulation factor.

3.2. RPCC Strategy

The corresponding relationship between dynamic reactive power compensation de-
vices and LCCs is filtered based on the results of the evaluation of the impact of dynamic
reactive power compensation devices on commutation failure. A dynamic reactive power
compensation device can have a corresponding relationship with multiple LCCs, and
conversely, an LCC can also have multiple strongly correlated dynamic reactive power
compensation devices. The dynamic reactive power compensation device activates the
RPCC strategy after a commutation failure with its strongly correlated LCC to assist in
voltage recovery of the LCC commutation bus and improve the LCC commutation failure
recovery characteristics. According to the response characteristics and distribution of the
dynamic reactive power compensation device, the following control principles are given:

1. When the system is at the steady-state point, the reactive power compensation should
be mainly based on static reactive power compensation devices and minimize the
output reactive power of dynamic reactive power compensation devices to avoid the
waste of dynamic reactive power compensation device capacity.

2. For any dynamic reactive power compensation device, the local reactive power or volt-
age is the control target if no commutation failure occurs with its strongly related LCC.

3. For any dynamic reactive power compensation device, if a commutation failure occurs
with its strongly related LCC, the device provides reactive power support as far as
possible within its own capacity and bus voltage allowances to help the commutation
bus voltage recovery.

The above goal is achieved via auxiliary control signals to the dynamic reactive power
compensation device. In general, dynamic reactive power compensation devices can be di-
vided into two categories according to the control objectives, namely, fixed voltage reactive
power compensation devices and fixed power reactive power compensation devices, both
of which can have auxiliary controllers with the structure shown in Figure 2.
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In Figure 2, the auxiliary controller determines whether a commutation failure occurs
in the DC systems based on whether the DC power drops down to near 0. Assuming
that there are l DC systems strongly related to the fixed voltage dynamic reactive power
compensation device, if no commutation failure occurs in these DC systems, the DC power
is maintained at a high value, and after a subsection function (18), the input of the integral
link is −1. Since the input of the integral link is negative, the output of the integral link is 0
under the action of the soft limiting link. If any commutation failure occurs in these DC
systems after the subsection function (18), the input of the auxiliary controller is not 0 and
the auxiliary controller starts to act, attaching a signal to the original voltage or reactive
reference value and sending it out to the voltage or reactive controller after the limiting link.

f (x) =

{
1, −ε ≤ x ≤ ε

−1, x < −ε, x > ε
(18)

The purpose of the signal limiting emax is to avoid overvoltage at its node when the dynamic
reactive power compensation device provides reactive power support to the LCC converter
bus. In the case of fixed-voltage controlled reactive power compensation devices, the control
signal limiting emax directly selects the maximum allowed voltage amplitude. However, in
the case of fixed reactive power controlled compensation devices, the relationship between
reactive power and voltage amplitude is not clear; therefore, the emax is adjusted in real
time using the following equation:

emax = min[Qmax, e + Ke(Umax −U)] (19)

where Qmax is the maximum reactive power that can be output by the dynamic reactive
power compensation device, U is the bus voltage of the dynamic reactive power compensa-
tion device, and Ke is the coefficient.

4. Examples

In this section, the analysis is based on the 2025 Jiangsu power grid planning data to
verify the effectiveness of the proposed method. According to the 14th Five-Year Plan of
Jiangsu Power Grid, the installed capacity of synchronous machines in Jiangsu province
will reach 128,000 MW in 2025, and the installed scale of wind power will reach about
30,000 MW. In addition, Jiangsu province will consume up to 39,000 MW of foreign power
through HVDC projects. The situation of Jiangsu’s power grid receiving foreign power
through HVDC systems is shown in Figure 3.
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4.1. Evaluation for Voltage Stability of Commutation Buses in Multi-Infeed HVDC Systems in the
Jiangsu Power Grid

Firstly, the proportion of short-circuit faults causing each DC commutation failure is
calculated according to Equation (1) and only the three-phase grounded short-circuit faults
of the 500 kV/1000 kV bus are considered in the calculation. The results are shown in the
following Table 1:

Table 1. The proportion of short-circuit faults causing commutation failures in the HVDC system.

HVDC System The Proportion of Short-Circuit Faults (%)

High-voltage side of Xi-tai 53.47
Low-voltage side of Xi-tai 48.35

Yan-huai 41.42
Baihetan 39.41

Jin-su 28.77
Long-zheng 21.32

According to the calculation results, it can be seen that the proportion of short-circuit
faults causing commutation failure on the high-voltage side of the Xi-tai HVDC system is
the largest, which can reach up to 50%, and the smallest is the Long-zheng HVDC system.
Therefore, with the same probability of short-circuit faults at each bus of the 500 kV grid,
the probability of commutation failure at the Xi-tai HVDC system is the largest and the
probability of commutation failure at the Long-zheng HVDC system is the smallest.

Then, we calculated the proportion of DC power loss caused by three-phase short-
circuit faults at each bus according to Equation (2) and identified the bus that causes the
most severe DC power loss as follows:

As can be seen from Table 2, in Jiangsu province, the most serious simultaneous
commutation failures of multiple DCs caused by bus short-circuit faults are found in the
Suzhou area, including the buses of Sumeili, Sumudu, Suwangyu, Suyuexi, and Sukunnan.
For example, when a metallic three-phase grounded short-circuit fault occurs on the Su
Meili 500 kV bus, four DCs, including Jin-su, Baihetan, Xi-tai, and Long-zheng, will cause a
commutation failure.

Table 2. The proportion of DC power loss caused by three-phase short-circuit faults.

Faulted Bus The Proportion of DC Power Loss (%)

Sumudu 51 51.52
Suyushan 51 47.85
Sukunnan 51 44.75
Sushipai 51 44.75
Suwunan 51 44.75
Suchefang51 41.54
Sumeili 51 41.54

Suwangyu 51 41.54
Suxinan 51 41.54
Suyuexi 51 41.54

Assuming that the maximum allowable frequency deviation of the system is −0.2 Hz,
the maximum allowable released rotor kinetic energy of the system can be calculated as
5922 MJ according to Equation (6). Then, the ratio of lost energy for the commutation
failure to the maximum allowable released kinetic energy under each bus short-circuit fault
is calculated according to Equation (5), and the bus that causes the most serious energy loss
in the DC commutation failure is listed as follows:

From the calculation results in Table 3, it can be seen that the problem of lost energy
caused by commutation failure due to bus short-circuit fault is the most serious in the
Suzhou area. Comparing Tables 2 and 3, it can be seen that the fault ranking causing energy
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loss and power loss is not the same. This is because some faults may cause simultaneous
commutation failure of multiple DCs, but if the DCs can recover from the commutation
failure quickly, then the lost energy caused by the commutation failure is not so serious.
Some faults may cause multiple commutation failures in the same DC, thus making the
DC system unable to recover from the commutation failures for a long time and eventually
leading to an increase in the lost energy of the system.

Table 3. The ratio of lost energy to maximum allowable released kinetic energy.

Faulted Bus The Ratio of Lost Energy to Maximum
Allowable Released Kinetic Energy (%)

Sumudu 51 49.98
Suyushan 51 49.39
Sukunnan 51 44.81
Sushipai 51 43.94
Suwunan 51 43.86
Suchefang51 43.67
Sumeili 51 42.84

Suwangyu 51 40.66
Suxinan 51 40.24
Suyuexi 51 39.58

Finally, six typical operation modes of the Jiangsu power grid, including summer peak,
summer valley, winter peak, winter valley, flood peak, and flood valley, were selected to
calculate the comprehensive evaluation indicators for the voltage stability of commutation
buses in multi-infeed HVDC systems under different operation modes. The results are
obtained as shown in Table 4.

Table 4. Comprehensive evaluation results of voltage stability of commutation buses under different
operation conditions.

Operation Mode Comprehensive Evaluation Indicator s

Summer peak 0.51
Flood valley 0.45
Flood peak 0.41
Winter peak 0.36

Summer valley 0.32
Winter valley 0.31

In Table 4, the closer the comprehensive evaluation indicator s is to 1, the more the
system is threatened by the DC system commutation failure, and the more detrimental it
is to the safe and stable operation of the system. As can be seen from Table 4, the highest
comprehensive evaluation indicator is the summer peak, when the HVDC systems are
basically in a full delivery state and heavily loaded, so that multiple HVDC systems cannot
recover quickly from a commutation failure after the fault is cleared, which increases
the lost energy. In addition to the summer peak, the system is most threatened by the
commutation failure under the flood valley operation mode, which is because the HVDC
systems are basically in full delivery; however, due to the light load, a large number of
units within the Jiangsu power grid are not turned on, which reduces the system strength
and expands the impact of commutation failure.

4.2. RPCC Method Verification

Various dynamic reactive power compensation devices are now available in the south
of Jiangsu, including the Meili-Mudu UPFC, the Wujiangbian STATCOM, and the condenser
at the Jin-su HVDC commutation bus. Moreover, three types of dynamic reactive power
compensation devices, including the condenser, STATCOM, and UPFC, will soon exist in
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the Suzhou area and all of them can continuously and quickly control the bus voltage and
provide RPCC for the system after a fault, which is beneficial to improve the voltage stability
and anti-interference capability of the system and improve the recovery characteristics. The
application effect of the proposed RPCC method is verified in each of the three dynamic
reactive power compensation devices mentioned above.

4.2.1. The Effect of the RPCC Strategy Applied to the Suzhou Condenser

The Suzhou condenser is located near the Jin-su HVDC inverter station to ensure
the safe and stable operation of the Jin-su HVDC. However, according to the evaluation
results of Equations (15) and (16), the Suzhou condenser can also play an improving role in
the LCC on the high voltage side of the Baihetan HVDC inverter station. The following
example verifies the effect of the RPCC method applied in the Suzhou condenser on the
LCC of Baihetan. When a short-circuit fault occurred near the 500 kV bus Guotaizhou,
a comparison of the reactive power output of the Suzhou condenser with and without
applying the proposed RPCC strategy was produced and is shown in the following Figure 4:
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It can be seen that after applying the proposed RPCC strategy, the reactive power
output of the Suzhou condenser increases significantly during the fault and recovery
process. Under certain critical faults, this change may prevent commutation failure in the
Baihetan HVDC system.
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4.2.2. The Effect of the RPCC Strategy Applied to the Wujiangbian STATCOM

According to the evaluation results of Equations (15) and (16), the Wujiangbian STAT-
COM can provide voltage support to the Jin-su HVDC commutation bus. By adjusting
the AC voltage reference value Uref of Wujiangbian STATCOM according to the proposed
control strategy and applying a short-circuit fault near the Guotaizhou 500 kV bus, a com-
parison of the reactive power output of Wujiangbian STATCOM with and without applying
the proposed RPCC strategy was produced and is shown in the following Figure 6:
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Figure 7. The DC voltage of the Jinsu HVDC system during a bus short-circuit fault at Guotaizhou.

It can be seen that after applying the RPCC strategy proposed in this paper, the
reactive power output of the Wujiangbian STATCOM increases significantly during faults
and recovery. Under some faults, this change can significantly reduce the duration of
commutation failure of the Jin-su HVDC system. According to the simulation results in
Figure 7, the commutation failure duration of the Jin-su HVDC system is reduced from
200 ms to 100 ms, thus reducing the lost energy of the system.

4.2.3. The Effect of the RPCC Strategy Applied to the Suzhou UPFC

According to the evaluation results of Equations (15) and (16), the parallel side of the
Suzhou UPFC can also provide voltage support to the Jin-su HVDC system commutation
bus. By adjusting the AC voltage reference value Uref on the parallel side of the Suzhou
UPFC according to the proposed control strategy and applying a short-circuit fault at the
Suquanfu 500 kV bus, a comparison of the reactive power output on the parallel side of the
Suzhou UPFC with and without applying the proposed RPCC strategy was produced and
is shown in the following Figure 8:
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The DC voltage of the LCC of the Jin-su HVDC system before and after adopting the
RPCC strategy is shown in the following Figure 9:
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Figure 9. The DC voltage of the Jinsu HVDC system during a bus short-circuit fault at Suquanfu.

It can be seen that after applying the RPCC strategy proposed in this paper, the reactive
power output on the parallel side of the UPFC increases significantly during the fault and
the recovery process, thus suppressing the Jin-su HVDC system commutation failure,
which is mainly reflected in the significant reduction in the Jin-su HVDC commutation
failure duration under some faults. According to the simulation results in Figure 9, the
commutation failure duration of the Jin-su HVDC system is reduced from 200 ms to 100 ms,
thus reducing the lost energy of the system.

Table 5 shows the commutation failure duration in Figures 5, 7 and 9 before and
after applying the RPCC strategy. It can be seen that after applying the RPCC strategy,
the duration of commutation failure in the HVDC system is significantly reduced; under
certain critical faults, this change may prevent commutation failure of the HVDC system.
Therefore, the proposed RPCC method can effectively improve the commutation failure
problem in some HVDC systems.

Table 5. The commutation failure duration before and after applying the RPCC strategy.

Faulted Bus HVDC System Commutation Failure Duration before
Applying the RPCC Strategy (ms)

Commutation Failure Duration after
Applying the RPCC Strategy (ms)

Guotaizhou Baihetan 100 0
Guotaizhou Jin-su 200 100
Suquanfu Jin-su 200 100
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5. Conclusions

This paper proposes a method for evaluating the voltage stability of commutation
buses in multi-infeed HVDC systems and an RPCC method suitable for receiving-end
power grids with high DC power penetration. Three indicators are used to characterize
the degree of system impact from different aspects in the evaluation method for voltage
stability of commutation buses of multiple DCs, namely, the proportion of short-circuit
faults causing DC commutation failure, the proportion of DC power loss due to short-
circuit faults, and the ratio of lost energy to maximum allowable released kinetic energy.
A comprehensive evaluation method is proposed based on the entropy weight method.
The RPCC method first evaluates the impact of the dynamic reactive power compensation
device on the DC system and then filters the dynamic reactive power compensation devices
that can resist the commutation failure of each DC system. The simulation results in the
Jiangsu power grid indicate that the proposed method can effectively evaluate the voltage
stability of commutation buses in multi-infeed HVDC systems of the Jiangsu power grid,
while the RPCC method can effectively improve the commutation failure problem in some
DC systems.
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