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Abstract—Hybrid high voltage direct current transmission
(Hybrid HVDC) is a new type of HVDC technology developed in
recent years. It combines the characteristics of large-capacity
and low cost of the line commutated converters (LCC) and
non-commutation failure and dynamic reactive power support
of the voltage sourced converters (VSCs) in one HVDC system.
It has technical advantages in the fields of unidirectional power
transmission and in the application of improving the stability
of multi-infeed HVDCs, giving it broad application prospects.
This paper defines the basic form of hybrid HVDC first and
discusses the characteristics and challenges of different hybrid
HVDCs. Then, it analyzes the matching characteristics between
LCC and VSC in the station-station hybrid HVDC, studies the
key technologies, such as VSC topologies and control strategies
for clearing the DC overhead line faults, and introduces the key
technologies for analyzing and suppressing the high-frequency
resonances between VSC and the power grid. In this paper, using
the Wudongde UHV multi-terminal HVDC as an example, the
proposed key technologies are analyzed and verified.

Index Terms—DC overhead lines, high frequency resonance,
hybrid HVDC, LCC, VSC.

I. INTRODUCTION

HVDC has the advantages of large transmission capacity,
long transmission distance, high efficiency, etc. It is

widely used in long-distance large-capacity power transmis-
sion and interconnected power grids and for other operations.
According to the commutation principle, HVDC is divided
into Line Commutated Converter based High Voltage Direct
Current transmission (LCC-HVDC) and Voltage Sourced Con-
verter based HVDC (VSC-HVDC) [1].

LCC-HVDC has a history of more than 60 years. This tech-
nology is relatively mature and widely applied, with more than
100 projects using this technology in operations around the
world. Due to the reversed distribution of primary energy re-
sources and load centers in China, exploitable resources, such
as hydropower, wind power, coal and natural gas are primarily
distributed in underdeveloped areas in western China, while
the power load centers are primarily located in the developed
areas along the east coast of China. The West-to-East Power
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Transmission Project has become an important strategy for the
social and economic development of China, and long-distance
large-capacity HVDC is the core technology to support the
implementation of this strategy. Up to now, the scale of the
West-to-East Power Transmission Project in China has reached
240 million kilowatts, and HVDC projects account for 54%,
which are all adopted LCC-HVDC. With the increasing scale
of China’s power grid and the wide application of HVDC, a
network frame with multi HVDC infeed in the receiving end
has gradually formed in the Pearl River Delta and Yangtze
River Delta areas. The safety and stability characteristics of
the power grid are complex. The problems of system safety
and stability caused by simultaneous commutation failure of
the multi HVDC infeed are getting worse, and the development
of the power grid is facing great challenges [2].

VSC-HVDC is a new generation of HVDC technology,
which has emerged in the past 20 years. There are only about
30 projects using this technology in operations around the
world, and this technology is still in rapid development. VSC-
HVDC has outstanding advantages such as no commutation
failure, fast and flexible active and reactive power control,
black-start, etc. It can effectively reduce the adverse effects
of wind power intermittence and fluctuation on the power
grid and has become the technological means widely used in
large-scale wind farms integration [3]. As VSC-HVDC does
not depend on the power grid to commutate and can provide
dynamic reactive power support, it has become an important
technology which adderesses the development bottleneck that
large-scale HVDC transmission must rely on a strong power
grid, to improve the stability of multi HVDC infeed at the
receiving end and to optimize the power grid structure. With
the fast development of power semiconductors and converter
topology, VSC-HVDC has developed a transmission voltage
of ± 800 kV and transmission capacity of 5000 MW. Mean-
while, it has been applied in the long-distance overhead line
transmission, with the transmission capacity equivalent to that
of LCC, and with the technical conditions for application in
the backbone grid [4].

Hybrid HVDC is a transmission concept developed in recent
years [5]–[9]. It combines the LCC-HVDC’s characteristics
of bulk power transmission and low cost with VSC’s char-
acteristics of non-commutation failure and dynamic reactive
power support, which enable the Hybrid HVDC system to be a
fundamental technology to avoid the risk of multi commutation
failure in the multi HVDC infeed at the receiving end, thus
bringing about broad application potential. For the new HVDC
project or upgrade of the existing LCC-HVDCs, hybrid HVDC
should be a first choice. The multi-terminal UHVDC project
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for power transmission from Wudongde Hydropower Station
to Guangdong and Guangxi Grid under construction in China
adopts the Hybrid HVDC technology. This project adopts ±
800 kV/8000 MW LCC-UHVDC technology at the sending
end and ± 800 kV VSC-UHVDC technology at the receiving
end [4].

This paper will first state the basic concept of Hybrid
HVDC, and then focus on several key technical issues, such as
the LCC’s matching with VSC in terms of external character-
istics in a station-station Hybrid HVDC system, fault handling
of DC overhead lines, and high frequency resonance between
the VSC and power grid.

II. DEFINITION OF HYBRID HVDC

The Hybrid HVDC refers to a system that combines the
LCC and VSC simultaneously in one HVDC system. From
the perspective of composition, the Hybrid HVDC has several
“hybrid” modes, including hybrid-infeed, [6], [7] station-
station hybrid, [8]–[13] valve-group hybrid, [14] etc.

In the hybrid-infeed mode, LCC and VSC operate in parallel
and they can be connected to different DC poles or different
unit channels. The schematic diagram is shown in Fig. 1. The
wiring, equipment and control protection of LCC and VSC are
relatively independent, forming a hybrid-infeed application.
VSC can optimize the configuration of LCC’s AC filter bank
through dynamic reactive power compensation capability and
to improve the LCC’s power recovery characteristics after its
commutation failure.

(a) Pole-pole hybrid  (b) Unit-unit hybrid

Fig. 1. Schematic diagram of hybrid infeed HVD.

In the station-station hybrid mode, LCC and VSC are
located in the rectifier station and inverter station respectively,
and they operate at the same DC voltage and DC current.
The schematic diagram is shown in Fig. 2. Two power con-
version principles are matched in wiring, converter capacity
and control protection to ensure that the function, dynamic
performance, equipment safety, reliability, and flexibility of the
operational mode of the HVDC transmission system are sat-
isfied. Station-station hybrid HVDC usually adopts a method
that LCC delivers power to the VSC, where VSC is the inverter
station. This mode can make full use of VSC’s technological
advantages to ride through the faults of the power grid at the
receiving end. The transient faults on DC lines can be quickly
cleared to ensure the reliability through the combination of
LCC and VSC in terms of topology and control strategies.
This paper will focus on the operational mechanism of the

Fig. 2. Schematic diagram of station-station hybrid HVDC.

typical Hybrid HVDC transmission system “LCC at sending
end + VSC at receiving end.”

In the valve-group hybrid mode, LCC and VSC are con-
nected in series to form a pole of a HVDC system. The
schematic diagram is shown in Fig. 3. The same DC current
flows through LCC and VSC, which are connected in series to
share the DC voltage. They have strong coupling of electrical
quantities and different capacities and control characteristics of
converter valve equipment, thus addressing such challenges as
system design, coordination control and equipment protection.
This mode can make full use of the unidirectional current
property (an inherent property of LCC) to satisfy the quick
clearance of transient faults of DC lines. However, under
power grid faults, the LCC and VSC will exhibit different
dynamic properties, causing large difficulties in coordination.

Fig. 3. Schematic diagram of valve-group hybrid HVDC.

III. REGULATION MODE AND CHARACTERISTICS OF
STATION-STATION HYBRID HVDC

A. Basic Regulation Mode of Station-Station Hybrid HVDC

The equivalent circuit of Station-Station Hybrid HVDC is
shown in Fig. 4. The T-equivalent circuit is adopted in the DC
lines. In the figure, Ud0 is the ideal no-load DC voltage of
LCC, Udr is the DC voltage of LCC at the DC terminal, Udn
is the DC voltage of VSC at the DC terminal, Id is the DC
current, dr is the equivalent commutating resistor of LCC, Ld1
and Ld2 are the smoothing reactors at the LCC and VSC side
respectively, and R, L and C are the equivalent resistance,
equivalent inductance and equivalent capacitance of the DC
line respectively. The voltage and current symbols indicate
the steady-state average values.
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Fig. 4. Equivalent circuit of station-station hybrid HVDC.
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Steady-state DC current can be obtained as follows and
according to Fig. 4:

Id =
Ud0 cosα− Udn

dr +R
(1)

In (1), Ud0 = 1.35nE, n is the number of 6-pulse units for
LCC, and E is the RMS of line voltage at LCC’s AC side.

In the station-station Hybrid HVDC transmission system,
VSC has a faster response and stronger capability to control
DC voltage stability [9]. It serves as the main station to control
the DC voltage in steady-state operation and the voltage at
VSC’s DC side can be considered stable. LCC serves as the
main station to control the DC current. In this basic control
mode, it can be seen from (1) that the mode adopted by the
Hybrid HVDC to regulate the DC current and DC power is
primarily as follows: regulating the trigger angle α of LCC
at the rectifier side; regulating the AC line voltage of LCC at
the rectifier side, which is generally realized by the change
of taps of the converter transformer. Trigger angle control is
the main method for DC power regulation due to its wide
control range, fast speed and properties of continuity and
smoothness. Transformer tap control is generally used as an
auxiliary regulation method due to its limited control range,
slow speed and discontinuity.

B. Regulation Property of Station-Station Hybrid HVDC

From the perspective of control, LCC has the operational
capacity at two quadrants of DC voltage and current, i.e. DC
voltage can be in the range from −1.0 p.u. to 1.0 p.u. through
the regulation of trigger angle and DC current can be in the
range from Imin to 1.0 p.u., where Imin is the minimum
operating current, generally 0.1 p.u., as shown in Fig. 5(a).
The operational capability of VSC at voltage and current is
related to its topology. For the “Non-full-bridge VSC,” such
as the half bridge structure, sub-modules (SMs) can output
zero level or positive level, so VSC can only operate at two
quadrants of DC voltage and current. In general, DC voltage
is in the range from 0.85 p.u. to 1.0 p.u. and DC current is in
the range from −1.0 p.u. to 1.0 p.u., as shown in Fig. 5(b).
For the “Full-bridge VSC,” SMs can output positive, negative
and zero levels, so VSC can operate at four quadrants of DC
voltage and current. Through regulating the number of input
sub-modules of the upper and lower arms, the DC voltage can
be in the range from Udmin to 1.0 p.u., and the DC current
can be in the range from −1.0 p.u. to 1.0 p.u., where Udmin

is the minimum operating voltage and its value is related to
the designed ratio of full-bridge SMs [4], [15]. The higher the
ratio of full bridge SMs is, the smaller Udmin is. When the

Udc Udc Udc

Imin

Imin

Imin

Udmin

Idc Idc Idc

1.0

1.0
0.85

1.0

1.0 1.0

Area 2

Area 1

1.0

−1.0

−1.0 −1.0

(a) LCC (c) Full-bridge VSC(b) Non-full-bridge VSC

Fig. 5. Operation range of LCC and VSC.

ratio of full bridge SMs is 100%, Udmin is −1.0 p.u., as shown
in Fig. 5(c). It can be seen that LCC is better matched with
the full-bridge VSC in terms of the external characteristics at
the DC side.

As shown in Fig. 5, when LCC and the non-full-bridge VSC
form a Hybrid HVDC system, the range of DC voltage and
DC current is very limited (in Area 1) and can only meet the
demand for power regulation. For the applications requiring a
wide range of DC voltage, such as operating under reduced DC
voltage in long-distance power transmission, restarting under
the reduced voltage after DC line fault, and switch in/out of
valve groups in UHVDC, the non-full-bridge VSC is difficult
to meet the demand. In this case, full-bridge topology can be
adopted for VSC in Hybrid HVDC transmission system, and
its operational range is shown in Area 2.

The basic control characteristics of Hybrid HVDC are
shown in Fig. 6, in which the red line represents the VSC’s
control characteristics and the blue line represents the LCC’s
control characteristics. In order to enhance the capability of
the HVDC system against the external disturbance, LCC is
configured with voltage margin control at the same time,
and the voltage margin ∆U is 5%; VSC is also configured
with current margin control, and the current margin ∆I is
generally 10%. Therefore, LCC has three basic control curves,
namely DC current control, DC voltage control and minimum
trigger angle control; VSC has two control curves, namely
DC voltage control and DC current control. The basic control
characteristics are independent of VSC topology. In case the
“Full-bridge VSC” is adopt, the control characteristics of
hybrid HVDC can be optimized as Fig. 7, in which the Voltage
Dependent Current Order Limiter (VDCOL) is added. It is
similar to that of LCC-HVDC. In the following text, Fig. 7
is used to explain the operational characteristics of hybrid
HVDC. In steady-state operations, the Hybrid HVDC operates
at Point A, at this time VSC stabilizes the DC voltage at
1.0 p.u. through DC voltage control and LCC stabilizes the
DC current at Io lcc through DC current control. Due to the
different control and response characteristics of LCC and VSC,
the LCC with slower response determines the step response
time, such as DC current and DC power.

AB

Min. trigger
angle control

DC voltage control

DC Current control
DC voltage control

DC Current control

1.0

1+ΔU

ΔI

Udc (p.u.)

Idc (p.u.)

Io_vsc Io_lcc

Fig. 6. Basic control characteristic of LCC and VSC.

When small disturbances such as AC bus voltage fluctuation
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Fig. 7. Optimized control characteristic of LCC and VSC.

occur at VSC side, VSC regulates the amplitude and power
angle of output voltage to realize power balance, stabilize the
DC voltage, and maintain the state of operation at Point A.
When small disturbances such as AC bus voltage fluctuation
and filter switching occur at LCC side, LCC maintains the
state of operation at Point A through the regulation of trigger
angle and transformer tap etc.

When large disturbances, such as power grid faults occur
in the VSC side, due to the effect of VSC output current
limiting, the residual power at the DC side will cause the DC
voltage to rise. At this time, the LCC control will reduce the
trigger angle to maintain the output DC current. When the DC
voltage rises above the voltage margin, LCC will adopt the DC
voltage control mode to regulate the trigger angle to reduce
its output DC current. When the DC current decreases below
the current margin, VSC will enter the DC current control
mode. If the disturbance is eliminated, VSC will resume DC
voltage control capability and the Hybrid HVDC will resume
its operation at Point A. If the disturbance is not eliminated, the
Hybrid HVDC system will stabilize its operation at Point B.
To suppress the DC over-voltage, the high-voltage dependent
current order limiter can be used to decrease the power injected
into the DC side from the LCC. For serious faults, such as the
AC bus three-phase short circuit and VSC blocking, the fast
phase shift of LCC is needed to effectively suppress over-
voltage, and residual power is discharged to the power grid at
the sending end. Meanwhile the risk of voltage oscillation at
the DC side should be considered. The DC chopper may be
another method to consume the residual power.

For LCC-HVDC, the main functions of VDCOL are: to
effectively avoid the continuous commutation failure of the
inverter station and reduce the electrical stress of the equip-
ment; to assist the HVDC system to recover quickly and
stably in the process of HVDC power recovery after AC
fault clearance; to improve the recovery characteristics of the
grid voltage during AC disturbances. For Hybrid HVDC, as
the inverter station adopts VSC technology, which is free of
commutation failures and can ride through the power grid
fault at the receiving end and provide dynamic reactive power
support, the VDCOL in Hybrid HVDC will not be used to
avoid continuous commutation failures any more, but it can

still reduce the electrical stress of equipment in the event of
some faults and assist the HVDC system to recover quickly
and stably after faults. As shown in Fig. 7, VDCOL at the LCC
side of the Hybrid HVDC adopts a typical setting curve, which
is consistent with LCC-HVDC; VDCOL at the VSC side can
adopt two settings of “Zero-crossing” or “Non-zero-crossing.”

C. Fault Characteristics and Over-voltage Level of Station-
station Hybrid HVDC

The over-voltage characteristics of the Hybrid HVDC are
different from those of the LCC-HVDC. For the faults in the
converter station area, the VSC brings new requirements for
partial protection of LCC, and LCC also poses challenges for
the protection of VSC [16].

This paper uses the Hybrid UHVDC system as an example
for illustration, and its single line diagram is shown in Fig. 8,
which provides a typical configuration scheme of an arrester
for a VSC UHVDC converter station. It should be noted that
Fig. 7 shows the monopolar 800 kV earth return. Because of
the symmetric configuration, the other pole is not shown. At
the LCC side, the valve arresters in LCC are typical and it
is common practice. But at the VSC side, the valve arresters
are first proposed. In an LCC station, when a grounding fault
occurs at the typical Position 1, non-full-bridge VSC will
inject fault current into this Position 1 due to the DC current
bidirectional characteristics of the VSC, which is significantly
different from LCC-HVDC, and the energy demand of the
V1 arrester will increase by about 20%. In order to minimize
the energy of the arrester, VSC needs to quickly identify
the fault and block it. However, the full-bridge VSC has the
capability of fast voltage reduction, which can limit the energy
injected into the fault point without increasing the energy
tolerance of the V1 arrester under its own control. In the VSC
station, when the asymmetric grounding fault occurs, it is in
the typical Position 2, and the current source characteristic
of the LCC will enable it to continuously inject energy into
the VSC, causing severe over-voltage of the VSC valve. At
this time, not only does VSC need to be protected by the
V arrester, but also LCC needs to be fast phase shift to
further suppress the over-voltage level, to reduce the energy
tolerance of the V arrester. In the protection of such a fault,
VSC needs to quickly inform LCC of the fault information
through communication, which brings higher requirements for
the VSC’s over-voltage tolerance, V arrester’s energy tolerance
and station communication. However, it should be noted that
Position 1 and Position 2 are generally located in the valve
hall, which ensures its probability of failure to be extremely
small in engineering.

The valve arresters of the LCC-UHVDC are scattered, with
a small number of units in paralleled (8 units), and relatively
less energy for one unit (at a maximum of 10 MJ). How-
ever, the valve arresters of the VSC-UHVDC are relatively
centralized, with a number of 50% less than those of LCC-
HVDC, but with more units in paralleled (16 units, smaller
than the number of E1 arresters at the neutral bus position), and
relatively higher energy of one unit (40 MJ), and total energy
increased by about 30%. Calculated together with the over-
voltage and insulation, the insulation level of VSC-UHVDC is
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Fig. 8. Faults single line diagram of hybrid UHVDC.

shown in Table I, where LIWL indicates the lightning impulse
withstand level and SIWL indicated the switching impulse
withstand level.

TABLE I
INSULATION LEVEL OF VSC-UHVDC

LCC-UHVDC VSC-UHVDC
Position LIWL/SIWL LIWL SIWL
800 kV bus to ground 1950 kV/1600 kV 1950 kV/1600 kV
High-voltage transformer
valve side winding to ground 1800 kV/1600 kV 1800 kV/1600 kV

Low-voltage transformer
valve side to ground 1300 kV/1050 kV 1300 kV/1050 kV

400 kV bus to ground 850 kV/750 kV 1175 kV/1050 kV
Grounding electrode bus to
ground 450 kV/325 kV 450 kV/325 kV

It can be seen that the insulation level of VSC-UHVDC is
equivalent to that of LCC-UHVDC.

IV. FAULT CLEARANCE OF OVERHEAD DC LINES

A. Fault Clearance Method of DC Lines

Overhead lines are used for large-capacity and long-distance
HVDC. Topographic conditions and climatic environment
along the lines are complex, and transient grounding faults can
easily occur. Fast fault clearance and restart capability are the
key technology to ensure the reliability of HVDC. Generally,
several restart attempts and reduced voltage restart capabilities
are required.

The fault clearance of LCC-HVDC is as follows: after the
faults of the DC lines are identified, the rectifier station quickly
shifts phase to the inverter mode within a few milliseconds,
and the energy stored between the rectifier station and the line
fault point is discharged to the power grid at the sending end.

Keep the inverter mode unchanged and the inverter unblocked,
and discharge the energy stored between the inverter station
and the line fault point to the power grid at the receiving end.
Since the current can only flow through the thyristor in one
direction, the power grid at the receiving end will not inject
energy into the fault point. Through this method, the fault
clearance time for DC lines and power recovery time can be
controlled within a certain time (350 ms typically), and the
HVDC can restart several times and with reduced DC voltage.

There are three main fault clearance methods of DC lines of
VSC-HVDC [17]–[23]: 1© Trip AC circuit breakers to clear
faults, which is suitable for half-bridge VSC. This method
needs to block the converter. The power grid will inject energy
into the fault point before the circuit breaker trips. After the
circuit breaker trips, the energy stored between VSC and the
fault point is primarily discharged by the loop resistance.
The fault clearance speed of this method is slow, the restart
sequence is complex, and the power recovery time is long,
which cannot meet the requirements of HVDC with long-
distance overhead lines. 2© Clear faults through DC circuit
breaker, generally suitable for half-bridge VSC. This method
needs to add DC breakers, which is technically difficult and
expensive. The short-circuit current increases rapidly during
DC fault, and the technical coordination among the short-
circuit current tolerance of the VSC valve, fast tripping of
the DC breaker, fast fault detection and relevant protection
is complicated. The energy stored between VSC and the
fault point is primarily discharged to the arrester of the DC
breaker, which requires an arrester with large energy. The
continuous tripping and reclosing times of the DC breaker are
limited. 3© Clear faults through the converter’s own switching
characteristics. The method needs to improve the converter
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topology, and the cost is higher than the half-bridge topology.
Since the capability of clearing the DC faults is integrated into
the VSC topology, this method is relatively easier and simple
technically for the fault clearance and the restart strategy. The
energy stored between the VSC and the fault point is primarily
discharged to the capacitors of the converter or the power grid,
and the fault restart capability is related to converter topology.

Technically, both methods 2© and 3© can quickly clear DC
lines faults. With method 2©, the fault is quickly isolated from
the rest of the healthy system by the DC breaker, and then the
reclosing function is realized. By method 3©, the converter
integrates power transmission and fault clearance capability,
and the fault point is quickly extinguished through the control
of HVDC to restart the HVDC system. This paper focuses on
method 3©.

B. VSC Topology and Fault Clearance Strategy

In station-station hybrid HVDC, VSC topology selection
needs to comprehensively consider factors such as DC line
fault clearance and restart, flexibility of the operational mode,
matching with the LCC, economic efficiency, etc.

Based on method 3©, in a hybrid HVDC system, the method
of DC line fault clearance for the LCC side is consistent with
the LCC-HVDC, while the method of DC fault clearance for
VSC depends on its topology selection. If VSC adopts the
non-full-bridge topology, DC line faults need to be cleared
by blocking VSC [20], [21]. In this way, the energy stored
between VSC and the fault point will be transferred to the SM
capacitor of VSC, causing over-voltage of the VSC valve. If
the VSC adopts the full-bridge topology, there are two methods
to clear the DC line faults [22], [23]: method 1 is to block the
VSC; method 2 is to use the VSC’s fast DC voltage step-
down characteristics to clear DC line faults without blocking
VSC, which can be realized by constant current control. The
advantages of the latter are that the DC line faults can be
cleared without blocking the VSC, the DC line energy can be
discharged to the power grid, and at the same time it has the
capabilities of restarting under reduced DC voltage and several
restart attempts, which is technically more closely matched
with LCC. In full-bridge VSC, half-bridge and full-bridge SMs
are connected in series according to a certain proportion, so the
cost and loss are relatively low, and the technology is better.
Its principle diagram is shown in Fig. 9. Over-voltage of SMs
during DC line fault clearance will be an important factor to
determine the proportional boundary of the full-bridge SMs,
which needs to be studied and determined according to specific
engineering parameters.

In this paper, the Wudongde Hybrid UHVDC is taken as an
example, and method 1 and method 2 are compared through
the electromagnetic transient simulation. The studied case is
set as follows: A Yunnan-Guangdong two-terminal monopolar
400 kV metallic return with a power level of 400 MW, and
a grounding fault occurs at the DC line port near the Yunnan
side. The key parameters are shown in Table II. The simulation
result is shown in Fig. 10.

Figure 10 shows the over-voltage of SMs caused by the
above two methods under different proportions of full-bridge
modules. It can be seen from Fig. 10 that no matter which
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TABLE II
KEY PARAMETERS OF WUDONGDE HYBRID UHVDC

Items Parameters Value

KB station
(LCC rectifier)

Rated DC voltage /kV 800
Rated DC power /MW 8000
Smooth reactor /mH 300

LB station
(VSC inverter 1)

Rated DC power /MW 3000
Smooth reactor /mH 300
Arm reactor /mH 55
Stored energy kJ/MW About 40

LM station
(VSC inverter 1)

Rated DC power /MW 5000
Smooth reactor /mH 150
Arm reactor /mH 40
Stored energy kJ/MW About 40

OHL between KB and
LB station

Length /km 932
Type JL/G2A-900/75
No. of sub-conductors 8

OHL between LB and
LM station

Length /km 557
Type JL/LB1A-720/50
No. of sub-conductors 6

method is adopted, the higher the proportion of full-bridge
SMs there are, the lower the over-voltage level of the SMs.
Compared with 50% full-bridge topology, the over-voltage
level of the modules with 100% full-bridge topology is reduced
by 25%–30%. Under the same proportion of full-bridge SMs,
the over-voltage of SMs caused by method 1 is higher, which
can reach 1.63 p.u. (base value is 2000 V) when the proportion
of full-bridge modules is 50%, while the over-voltage of SMs
caused by method 2 is 20%–30% lower than that of method 1.
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Therefore, for the application of long-distance overhead lines,
it is a better technical method to clear DC line faults through
VSC’s own control to quickly reduce the DC voltage.

V. VSC AND HIGH FREQUENCY RESONANCE OF POWER
GRID

A. Characteristics of High Frequency Resonance

In recent years, with the rapid development and large-scale
application of VSC-HVDC, the high frequency resonance
between the VSC-HVDC and the power grid has appeared
successively in different projects [24]. The resonance fre-
quency can reach kHz, which causes the VSC-HDVC to be
blocked and reduces the reliability and energy availability.
Different from the sub-synchronous oscillation between LCC-
HVDC and the generators that only occurred at a specific
frequency, the resonance between VSC-HVDC and the power
grid have a wide frequency range, which brings challenges to
the suppression of high frequency resonance. Therefore, the
risk assessment and suppression of high frequency resonance
has become a key technology to ensure the planning, design,
and operation of the VSC-HVDC system.

The essence of this kind of resonance is equivalent circuit
resonance caused by improper matching between the VSC
impedance and power grid impedance [24]–[27]. If the real
part of the total impedance of the equivalent circuit is zero
or negative (showing zero damping or negative damping)
and the imaginary part is zero at a certain frequency point,
resonance will occur. Based on Nyquist stability criterion, the
ratio of grid impedance to VSC impedance can be analyzed
to determine whether the resonance risk exists [28]. In this
paper, the impedance-based analysis is used to explain these
resonance instability phenomena. In practical applications,
how to accurately obtain the impedance of VSC and the power
grid is the focus of resonance analysis.

B. Impedance Characteristics of the Power Grid

Impedance of the power grid is related to the grid structure,
load flow, operational mode, line parameters and other factors.
The amplitude and phase of impedance varies widely, and
there are impedance peaks at some frequency points. The
phase varies from positive to negative, showing inductive or
capacitive characteristics.

The Wudongde Hybrid UHVDC is taken as an example.
Under four typical operating modes, namely peak load flow
and small load flow in flood season and dry season, the
amplitude and phase variation range of system side impedance
at the AC bus of the Longmen Station are shown in Fig. 11. It
can be seen that the power grid below 560 Hz exhibits resistive
and inductive characteristics. In higher frequency bands, the
minimum phase of the power grid is close to −90◦ due to
the capacitive effect of the long AC lines of the converter
station. The power grid may exhibit capacitive characteristics
with small damping, and the risk of high-frequency resonance
with VSC increases.

In fact, the high frequency resonance only occurs between
specific VSC controllers and specific power grids. The re-
ported resonance events all occur after some AC lines are
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Fig. 11. Grid impedance variation range at AC bus of the Longmen Station.

out of operation and the power grid strength becomes weak.
During the operation of the power grid, the relay protection
program will automatically cut off part of the transmission
lines in case a fault occurs. In the project, the impedance of the
power grid under each operational mode needs to be calculated
to evaluate whether the VSC resonates with the power grid. A
reasonable arrangement of the power grid operational mode is
an effective resonance suppression measure.

C. Impedance Characteristics of VSC

The impedance of VSC is closely related to control loop
delay, control strategy and parameters, and primary equipment
parameters.

At present, the VSC adopts instantaneous current control
to track the grid voltage. In this control mode, consider-
ing the outer power loop, phase locked loop, positive and
negative sequence dq axis decoupling inner current loop,
feedforward, control loop delay and delay compensation, the
positive sequence impedance of VSC is shown in Equation
(2), where: s is the Laplace operator; L is the loop equivalent
inductance, the value of which is equal to the sum of 1/2
of the arm reactance and transformer leakage inductance; Gi
is the transfer function of the inner current loop controller;
Gsd is the 1/4 power frequency periodic filtering; Kd is the
decoupling coefficient of the inner current loop; Gsv and Gsi

are the transfer functions of the voltage and current sampling
respectively; GPLL is the transfer function of the phase locked
loop; GPQ is the transfer function of the outer power loop
controller; Gd is the system delay; T is the power frequency
periodic time; Td is the delay compensation time; id0 and iq0
are the steady-state currents of d and q axes respectively; V1 is
the amplitude of the grid phase voltage; ω1 is the fundamental
angular frequency and ϕi is the grid-side current-voltage phase
differences.

Zp =
A

B
(2)

where,

A = sL+
(
G+

i G
+
sd−jKdG

+
sd+G−

i G
−
sd + jKdG

−
sd

)
GdGsi+

3

2
V1G

+
i G

+
PQGsvGsiGd (3)
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B = 1 −GdGsv −
1

2
G+

PLLGdGsv

[
e+jφiI1Gsi

(
G+

i G
+
sd−

G−
i G

−
sd − jKd

)
+ V1(1 −GsvG

+
sd +GsvG

−
sd)−

ω1Liq0 + jω1Lid0] (4)

Since the frequency deviation of each transfer function is
different, define: {

G+ = G (s− jω1)

G− = G (s+ jω1)
(5)

The expression of the transfer function of the phase-locked
loop is:

GPLL =
HPLL

1 + V1HPLL
(6)

where HPLL is the transfer function of the phase-locked loop
controller.

By analyzing the sensitivity of each parameter, the key
factors that affect the damping of each frequency band of
VSC impedance can be obtained, thus guiding the formulation
of the suppression strategy. The key influencing factors of a
typical VSC impedance in each frequency band are shown
in Fig. 12, where the horizontal coordinate is the resonance
frequency. The control loop delay affects the impedance in a
wide frequency range and often has a decisive influence on
the damping characteristics in high frequency bands.

PLL

Current inner loop

Control loop delay

Loop equivalent inductance

101 102 103

Hz

104

Fig. 12. Influencing factors of VSC impedance at different frequencies.

In addition, there are background harmonics in the power
grid, and the distribution of background harmonics will be
affected by VSC when it is connected to the power grid. VSC
impedance may become the low point of harmonic impedance
of the power grid at some frequencies, and the background
harmonics of the power grid may cause larger harmonic
currents in the converter station, which requires attention to
harmonic power flow.

D. Resonance Suppression Method

In the high frequency band, the impedance of the actual
power grid usually has positive damping, while the impedance
of VSC has negative damping, which is a necessary condition
for resonance. At the same time, the impedance of VSC
is usually inductive, and the impedance of the power grid
is capacitive, which is a necessary condition for resonance.
Affected by the delay of the long control loop, the VSC by
the instantaneous current controller exhibits negative damping
characteristics in some frequency bands. Affected by the
long AC lines of the VSC station, the impedance of the
power grid shows capacitive characteristics in some frequency
bands. Therefore, the occurrence of high-frequency resonance

is an inherent characteristic of a high-voltage large-capacity
VSC connected to the power grid, and resonance suppression
measures need to be studied and formulated [29]–[34].

The power grid impedance is closely related to the sys-
tem operational mode, and it is difficult to shape the grid
impedance characteristics. Therefore, reducing or eliminating
the negative real part of the VSC impedance is the main
method to suppress resonance.

Adding passive equipment can reshape the impedance of the
VSC station, increase its damping and eliminate the negative
damping, but it has the disadvantages of an increasing footprint
and power loss. At present, optimizing control strategies and
parameters is still the main method to suppress resonance,
such as reducing parameters of inner current loop, increasing
feedforward filtering, or using fixed value feedforward, etc.
These methods have played an important role in practical VSC
projects. In the instantaneous current control mode, shortening
the control loop delay is conducive to reducing the negative
damping of VSC impedance.

In addition, changing the control mode of VSC and adopting
voltage-frequency control or RMS control can completely
change the impedance characteristics of VSC. Under slow
control mode, the impedance of VSC can exhibit passive com-
ponent characteristics and have positive damping in the high
frequency band, which can theoretically solve the problem
of high frequency resonance. In-depth analysis, demonstration
and experimental verification combined with controller design
is further required for engineering applications.

VI. CONCLUSION

Hybrid HVDC combines the technical characteristics of
LCC and VSC. Mixing them in different ways will thus reflect
different technical characteristics and face different technical
challenges. This paper focuses on the key technologies of
the long-distance high-capacity station-station hybrid HVDC
system in the form of “LCC at sending end + VSC at receiving
end:”

(1) Station-station hybrid HVDC, including UHVDC, has
become a new type of HVDC system, with transmission power
capacity equivalent to that of the existing LCC-HVDC. LCC
and VSC can operate stably at the same DC voltage and DC
current according to their respective regulation modes and can
maintain stability under external disturbance through voltage
and current margin control, thus having wide engineering
application prospects.

(2) VSC clears DC line faults through its own topology. The
converter integrates power transmission and fault clearance
capabilities, thus solving the problem of long-distance and
large-capacity power transmission of VSC by overhead lines.
The hybrid of half-bridge and full-bridge VSC topology is
capable of DC current-voltage four-quadrant operations, and
the external characteristics of the DC side are matched with
LCC, thus realizing fast fault clearance and restarting without
blocking VSCs when DC line faults occur.

(3) VSC only resonates with specific power grids at high
frequency. By optimizing the control system of the VSC,
the high frequency resonance with the power grid can be
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suppressed, and the technical measures to suppress resonance
have been verified theoretically. Practical experience has been
obtained in engineering. In the future, it is still necessary to
explore new control technologies to fundamentally solve the
problem of high frequency resonance.
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