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This study researches on the Wudongde hybrid multi-terminal Ultra High-Voltage Direct
Current Transmission (UHVDC) project (referred to as Wudongde transmission project in
short) from the electromagnetic transient model and simulation and establishes an
accurate simulation model of the hybrid multi-terminal UHVDC transmission system
with the Power Systems Computer-Aided Design (PSCAD). The hybrid multi-terminal
UHVDC transmission system consists of the primary system and the control system. The
simulation model of the primary system adopts the parameters of the Wudongde
transmission project, and the simulation model of the control system refers to the
control system benchmark model of HVDC transmission and 9-terminal DC grid in the
International Council on Large Electric Systems (CIGRE). According to the characteristics
of the hybrid multi-terminal UHVDC control system, the benchmark model of HVDC
transmission and 9-terminal DC grid control system in the CIGRE is modified accordingly,
and a simulation model of the control system applicable to the hybrid multi-terminal
UHVDC transmission system is established. The accuracy and credibility of the model are
verified through the comparison of the recording waveform and the simulating waveform of
the steady-state and transient operation. The simulating and field recording waveforms
show that the model can accurately simulate the Wudongde transmission project and be
used as an effective tool for further studying the electromagnetic transient characteristics of
the hybrid multi-terminal UHVDC transmission system.

Keywords: PSCAD/EMTDC, hybrid multi-terminal UHVDC, CIGRE, accurate simulation model, recording waveform
classification

INTRODUCTION

With the implementation of the strategy of “West-East electricity transmission and nationwide
interconnection” (Dan et al., 2020; He et al., 2020; Huaqiang et al., 2020; Zehong et al., 2021), several
UHVDC projects have been put into operation. UHVDC is an important means to solve the problem
of hydropower transmission in Southwest China and the collection and transmission of new energy
in Northwest China (Benfeng et al., 2021; Xichun et al., 2021; Yuankang et al., 2021). As the world’s
first hybrid multi-terminal UHVDC to solve the outward transmission of hydropower from
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southwest China, the Wudongde hybrid multi-terminal UHVDC
transmission project has been completed and put into operation
(Hong et al, 2017), which is a significant breakthrough of
UHVDC technology in China. The Wudongde transmission
project combines the advantages of traditional high-voltage
direct current (HVDC) and flexible DC (Chao et al., 2017; Liu
et al., 20205 Li et al., 2021; Muniappan, 2021), with the Kunbei
converter station using the Line commutated converter (LCC)
and the converter station of Liubei and Longmen using the
Modular multilevel converter (MMC) of the Voltage source
converter (VSC). Meanwhile, the half-bridge submodule
(HBSM) and full-bridge submodule (FBSM) of the MMC are
mixed in proportional cascade, which makes the structure of the
whole system more complex and the control mode more flexible
and brings difficulties to the modeling of the hybrid multi-
terminal UHVDC transmission system.

As for DC transmission technologies, there is much research
on traditional DC and flexible DC, and the findings are also
very rich. On the contrary, there is some research on hybrid
multi-terminal DC, although some findings have been made,
and they are mainly focusing on topology, control strategy,
modeling simulation, and line protection. A few studies have
been conducted specifically on hybrid multi-terminal UHVDC
(Shan etal., 2018). Shan et al. (2018) studied the topology of the
DC system combined with LCC, VSC, overhead line, and cable
and proposed a control strategy suitable for the system.
Weihuang et al. (2017) designed a control strategy for the
hybrid multi-terminal UHVDC to achieve the purpose of
coordinating the control of each terminal. Song et al. (2019)
and Zhi-da and Qing-song (2019) studied the topology and
working principle of the hybrid multi-terminal DC and
designed a control strategy suitable for the system. A general
small-signal modeling method of hybrid multi-terminal DC is
proposed in Anran et al. (2019), and the simulation results are
compared in MATLAB and PSCAD. Weihuang et al. (2020)
studied the parameters of hybrid multi-terminal HVDC and
proposed an optimization method of small-disturbance
stability parameters. In Yuansheng et al. (2021), taking the
three-section hybrid DC line as the research object, the
equivalent circuit of transient traveling wave is derived, and
a line protection scheme using traveling wave phase is
proposed. Although the above-mentioned references have
made some achievements in the study of hybrid multi-
terminal DC, it is not entirely for the hybrid multi-terminal
UHVDC system, and the parameters of the simulation model
are not the actual engineering one, which makes the credibility
of the research findings applied to the actual engineering in
need for further verification.

The current DC transmission system modeling is mainly
studied based on the standard DC test system published by the
International Council on Large Electric Systems (CIGRE), but
the system lacks a standard simulation model for hybrid DC
transmission. In the standard test system, LCC-HVDC is a
unipolar structure, the converter valve is composed of one 12-
pulse converter, and the output DC voltage level is +500 kV.
MMC-HVDC has true and pseudo bipolar structures, the
single converter station or unipolar converter valve has only
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one MMC converter, and the converter bridge arm is
composed of a single bridge sub-module. There are two
modulation modes for the control of the converter valve:
the Pulse Width Modulation (PWM) and the Nearest Level
Control (NLC). The output DC voltage level of PWM-MMC-
HVDC is £320 kV, and the output DC voltage level of NLC-
MMC-HVDC is 400 kV. While the output DC voltage of the
Wudongde transmission project is +800kV. The LCC
converter station is composed of double 12-pulse converters
in series, and VSC converter station is composed of double
MMC converters in series (Yan et al., 2017). It can be seen that
the primary system structure of LCC-HVDC and MMC-
HVDC in CIGRE is no longer applicable to the hybrid
multi-terminal UHVDC transmission system, while the
control systems of LCC-HVDC and MMC-HVDC are also
different, which needs to be modified on the basis of the
standard test system to construct a suitable hybrid multi-
terminal UHVDC control system and primary system
structure in order to build an accurate simulation model of
hybrid multi-terminal UHVDC for the study of
electromagnetic transient characteristics (Shen et al., 2017;
Shen et al, 2020a; Shen et al, 2020b; Shen and
Raksincharoensak, 2021a; Shen and Raksincharoensak,
2021b; Shen et al., 2021a).

This research studies the Wudongde transmission project and
establishes an accurate simulation model of the hybrid multi-
terminal UHVDC transmission system with the PSCAD/
EMTDC simulation software (Yang et al, 2018; Yang et al,
2019a; Yang et al., 2019b; Shen et al, 2021b; Yang et al,
2021a; Yang et al,, 2022). Based on the actual parameters of
the Wudongde transmission project, a detailed simulation model
of the primary system is established. Based on the LCC-HVDC
and NLC-MMC-HVDC control systems in CIGRE, the control
system is modified, and the necessary additional control links are
added to establish a suitable simulation model of the control
system. The primary and the control systems are combined to
build an accurate simulation model of the hybrid multi-terminal
UHVDC transmission system. Compared with the recording
waveforms, the simulating waveforms show that the model
can simulate the Wudongde transmission project accurately
and can be used as an effective tool for further studying the
electromagnetic transient characteristics of the hybrid multi-
terminated UHVDC transmission system (Yang et al., 2021b;
Zhang et al., 2021; Zhu et al., 2020).

SIMULATION MODEL OF THE PRIMARY
SYSTEM

An accurate simulation model of the hybrid multi-terminal
UHVDC system directly determines the accuracy of the actual
engineering simulation. This study takes the Wudongde
transmission project as the research object and establishes the
primary equipment simulation model of the hybrid multi-
terminal UHVDC transmission system based on the actual
design parameters and primary system structure of the
Wudongde transmission project, which fully reflects the actual
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A 0.5125[ohm]

0.0155[H]

Thevenin's equivalent circuit of the AC system at
Kunbei-side
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Thevenin's equivalent circuit of the AC system at

Liubei-side

C  0.0141[H]

# K
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Thevenin's equivalent circuit of the AC system at
Longmen-side

FIGURE 1 | Thevenin’s equivalent circuit of the AC system.

parameters of the primary system of the Wudongde transmission
project and has high accuracy and credibility.

Simulation Model of the AC System Module
Simulation Model of the AC System

In this study, according to the AC system voltage and maximum
three-phase short-circuit current of the Wudongde transmission
project, Thevenin’s equivalent models of AC systems at Kunbei-
side, Liubei-side, and Longmen-side are established, respectively.
The rated voltages of the AC systems at Kunbei-side, Liubei-side,
and Longmen-side are 535, 525, and 500 kV, respectively, and the
maximum three-phase short-circuit currents of the AC systems at
all three sides are 63 kA. The maximum short-circuit capacity and
Thevenin’s equivalent impedance of the AC systems can be
calculated according to the following equations:

SC=V3xUxI, (1)
VZ

Zy =< 2

=50 (2)

SC is the maximum short-circuit capacity of the AC
system, U is the rated voltage of the converter bus, I is the
maximum three-phase short-circuit current of the AC
system, and Z,, is Thevenin’s equivalent impedance of the
AC system. The parameters of the AC system at each terminal
of the Wudongde transmission project are brought in to
obtain the equivalent parameters of the AC system at each
terminal. Simultaneously, the simulation models established
by the AC system on the Kunbei-side, Liubei-side, and
Longmen-side are shown in Figure 1.

Simulation Model of the AC Filter
As LCC converter is adopted at the Kunbei converter station, in
order to ensure that reactive power compensation and harmonic

Type A DT 11/24 Type BTT 13/36

J_ 1

C

— C,
_'_C2
Ly

Type C SC

in

C, —

R,
R, L,
2
G,

FIGURE 2 | Grouping wiring diagram of the AC filter.

level meet engineering requirements, six groups of type A filters
DT 11/24, six groups of type B filters TT 3/13/36, and eight
groups of type C filters SC are configured, with a total of 20
groups. The wiring diagrams of types A, B, and C of filters are
shown in Figure 2. The 20 groups are divided into four groups.
The grouping scheme is as follows:

ACF1:2DT 11/24 + TT 3/13/36 + 2SC,
ACF2:DT 11/24 + 2TT 3/13/36 + 2SC,
ACF3:2DT 11/24 + TT 3/13/36 + 2SC,
ACF4: DT 11/24 + 2TT 3/13/36 + 2SC.

For Liubei and Longmen converter stations, MMC converter is
adopted, and the harmonic content of the introduced system is
lower than the standard of configuring AC filter (Zheng, 2016). At
the same time, an MMC converter can be used as a STATCOM
device, capable of emitting and absorbing reactive power.
Therefore, the AC filter only needs to be configured at the
Kunbei converter station.

Simulation Model of the Converter Station
Module

The converter station module contains converter transformer,
converter valve, smoothing reactor, DC filter, current limiting
reactor, and converter valve control module, whose function is to
realize the mutual conversion of AC and DC, which is the core
part of the whole DC transmission system, among which the
simulation model of converter valve control module is described
in the next section.

Simulation Model of the Converter Transformer

The parameters of the converter transformer of the Wudongde
transmission project are shown in Table 1. It shows the
parameters of a single-phase two-winding transformer
(Lingyun et al, 2018). The actual project usually combines
three single-phase transformers to form a three-phase
transformer, and the simulation model can use a three-phase
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TABLE 1 | Converter transformer parameters.

Hybrid Multi-Terminal UHVDC Transmission System

Items Yunnan-side Guangxi-side Guangdong-side
Network side rated voltage of winding (kV) 525 525 525
Valve-side rated voltage of winding (kV) 172.2 196 217
Wiring form YO/Y and YO/A YOy Yoy
Rated capacity (MVA) 405.8 290 480
Short circuit impedance 0.2 0.16 0.18
A | | B
ENEn
B e o1y Al
TT1 VcTF
— OHZ Ve N N5
> TT2 1 IcTF
TT3 3 14|10 :
| 3 4 X
| o—>
|SM'| |SM‘| I TT4 _Z4'_rl3L
|
|
|
|
|
[SM  [sw] My !
| | | Half-bridge power module
MMC submodule topology Full-bridge power module simulation model
FIGURE 3 | MMC submodule topology and full-bridge power module simulation model.

two-winding transformer instead, but the capacity is changed.
The capacity of the Kunbei-side becomes 1,217.4 MVA, that of
Liubei-side becomes 870 MVA, and that of Longmen-side
becomes 1440 MVA, while other parameters and wiring
methods remain unchanged.

Simulation Model of the Converter Valve

The rated voltage of the hybrid multi-terminal UHVDC is
+800 kV. In order to make the output voltage of the converter
station reach the design value, two 12-pulse converter units are
connected in series to form the simulation model of the unipolar
converter valve of the Kunbei converter station, two LCCs are
connected in series to form the high-low valve, each converter
unit is subjected to 400kV, and the voltage is distributed
according to (400 + 400) kV. Two MMC converter units are
connected in series to form a simulation model of unipolar
converter valve at the Liubei and Longmen converter stations.
Two MMCs are connected in series to form a high-low valve, a
single MCC converter is subjected to 400kV, and the series
voltage is distributed according to (400 + 400) kV. The single
MMC is composed of half-bridge submodules and full-bridge
submodules in a mixed cascade of 3:7 to form each bridge arm,
with a total of 200 submodules conducting at any moment in the

upper and lower bridge arms with some redundancy. The output
voltage of the single MMC converter is maintained at 400 kV. The
sub-module topology is shown in Figure 3A, and the simulation
model of the full-bridge sub-module is shown in Figure 3B.

Simulation Model of DC Filter

Among the three converter stations, the MMC voltage source
converter is adopted in Liubei and Longmen converter station,
and the harmonic content of output direct flow satisfies the
specifications. Therefore, a DC filter is not required, but only
in the Kunbei converter station. The Kunbei converter station is
configured with unipolar two groups of three tuned filters, and its
parameters are as follows: C; = 1.0 pF, L; = 174 mH, C, =
3.04 pF, L, = 15.7 mH, C; = 3.675 pF, and L; = 3.2 mH.

Simulation Model of Smoothing Reactor and Current
Limiting Reactor
Two 75 mH smoothing reactors are installed at the unipolar
neutral bus and DC pole, respectively, in the Kunbei Converter
Station, with a total of four.

One 200 mH current limiting reactor is installed at the
unipolar neutral bus of the Liubei converter station, and two
50 mH current limiting reactors are installed at the DC pole line,
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FIGURE 4 | Model and parameters of transmission line towers of Wudongde transmission project.

with a total of three. One 150 mH current limiting reactor is
installed at each unipolar neutral bus and DC pole at Longmen
converter station, two in total.

Simulation Model of Transmission Line
Module

Wudongde transmission project starts from Kunbei converter
station in Kunming, Yunnan province in the west, to the Liubei
converter station in Liuzhou, Guangxi province, and Longmen
converter station in Huizhou, Guangdong province in the East,
with a total length of 1,489 km, of which the length of the Kunbei-
Liubei section is 932 km, and the average soil resistivity along the
line is 1750 Q - m. The length of the Liubei Longmen section is
557 km, and the average soil resistivity along the line is 2,500 Q -
m. The parameters of the line tower are shown in Figure 4.

CONTROL SYSTEM MODELING

A CIGRE standard HVDC test system has been published, which
is an effective and convenient research tool to study HVDC
technology. At present, two types of simulation models of LCC-
HVDC and VSC-HVDC are provided in the system. Among
them, the MMC-HVDC control system of VSC-HVDC has two
modulation modes of PWM and NLC to choose from. However,
CIGRE does not provide a standard HVDC model for mixing the
LCC converter station with VSC converter stations. Moreover,
the Wudongde transmission project adopts constant DC and
constant « control at the Kunbei-side, constant active and reactive
power control at the Liubei-side, and constant DC voltage and
reactive power control at the Longmen-side.

Therefore, based on the LCC-HVDC and NLC-MMC-HVDC
control systems in CIGRE, this study establishes a simulation
model of the control system suitable for hybrid multi-terminal
UHVDC transmission by making necessary modifications to the
control system and adding some auxiliary control links.

Control System Model of LCC Converter

Station
The LCC-HVDC in CIGRE is a unipolar system. The converter
station is connected in series with two 6-pulse converters to
form a single 12-pulse converter, with rated DC, voltage, and
power of 2kA, 500 kV, and 1000 MW, respectively. While the
Wudongde transmission project is a bipolar system. The Kunbei
converter station adopts the LCC converter, and the single-pole
consists of high-low valves through two 12-pulse converter in
series. The output rated DC, voltage, and power are 5KkA,
800kV, and 4000 MW, respectively (Jingjing et al., 2018).
The output of voltage, DC, and DC power of the whole
converter station is *800kV DC, +5kA, and 8000 MW,
respectively. It can be seen that the existing control system in
CIGRE cannot meet the actual needs of the project. For this
reason, the standard control system of LCC-HVDC is modified
to meet the control requirements of the converter valve in the
Kunbei converter station, and the modified control system is
shown in Figure 5A.

As can be seen from Figure 5A, the main modifications are as
follows:

1) The same measured voltage and current values are selected as
the control signals for the unipolar converter valve at the
Kunbei converter station.

2) The same triggering angle o generated by constant current
control is used to control the conduction of all converters of
the unipolar converter valve simultaneously.

3) The measurement links at the Kunbei-side and Longmen-side
are simulated with the first-order inertial link. The measured
current gain of the Kunbei-side is modified to 0.2, and the
measured current and voltage gains of the Longmen-side are
modified to 0.32 and 0.00125, respectively. Then, the
measured current of the Longmen-side after the first-order
inertia link is multiplied by 0.04 and adds with the measured
voltage of the Longmen-side after the first-order inertia link as
the voltage value at the midpoint of the line, which is
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MMC inner loop controller and mathematical model
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Active power control block diagram Reactive power control block diagram

FIGURE 5 | Control system.

converted to current value after the limiting link, and the
inertia time constant is not modified.

In addition, the unipolar converter valve adds a forced phase-
shifting and unlocking control module to realize the purpose
of unlocking conduction after establishing a stable DC voltage at
the MMC side and forced phase-shifting after DC system fault.
The control models of the positive electrode and the negative
electrode are basically the same. After multiplying the measured
voltage at the gantry side by —1, it can be used as the input value of the
measured voltage of the negative electrode control system at the
Kunbei-side.

Control System Model of MMC

The NLC-MMC-HVDC in CIGRE has both true and pseudo-
bipolar structures. However, a single converter station or unipolar
converter valve has only one MMC converter, and the output
rated DC voltage is #400kV. In contrast, the Wudongde
transmission project is a true bipolar multi-terminal system,
with MMC converters at Liubei and Longmen converter
station and a unipolar converter valve with two MMCs
connected in series to form a high-low valve. The output rated
DC, voltage, and power are +1.875 kA, +800 kV, and 3000 MW at

Hybrid Multi-Terminal UHVDC Transmission System

the Liubei converter station and *3.125 kA, +800kV, and
5000 MW at the Longmen converter station. In addition, the
MMC converter of the standard flexible DC test system in CIGRE
has a single bridge structure, while the MMC converter of the
Wudongde transmission project has a hybrid bridge structure,
which shows that the existing control system cannot meet the
actual needs of the project. Therefore, the standard control
system of NLC-MMC-HVDC is modified to meet the
converter valve control requirements of the Liubei and
Longmen converter station. The MMC converter has two
kinds of controllers, the outer loop and the inner loop (Ligang
et al., 2017), and the combination of the two constitutes the
control system of the MMC. The inner loop controller and the
mathematical model are shown in Figure 5B, and the outer loop
controller is shown in Figure 5C and Figure 5D.

Based on the MMC converter control system, the main
modifications are as follows:

1) The same measured current value and the measured voltage
values of both high-low valves are selected as the control
signals for the unipolar converter valves at the Liubei and
Longmen converter stations.

2) The same active or reactive command value is adopted as the
input command signal for both unipolar high-low valves.

3) An unlocking module on failure is added to achieve transient
fault self-clearing capability for the full-bridge submodule.

Moreover, the MMC submodule of the Wudongde
transmission project adopts a hybrid bridge structure, so the
full-bridge submodule is added to the half-bridge type MMC to
form a hybrid bridge structure, using the same measured signal as
the input signal of the full-bridge and half-bridge submodule
control systems, the output signal of the half-bridge submodule
control system controls the on/off of the half-bridge submodule,
and the output signal of the full-bridge submodule control system
controls the on/off of the full-bridge module. The simulation
models of the half-bridge submodule and the full-bridge
submodule control system are shown in Figure 6 and Figure 7.

SIMULATION MODEL OF HYBRID
MULTI-TERMINAL UHVDC

According to the parameters, the main wiring diagram, the
simulation model of each component, and the control system
of the Wudongde transmission project, the simulation model of
the Wudongde transmission system is established as shown in
Figure 8.

The Wudongde transmission project is designed with a rated
voltage of +800kV, the Kunbei converter station is designed to
output +5KkA rated current and 8000 MW rated DC power, the
Liubei converter station is designed to output +1.875kA rated
current and 3000 MW rated DC power, and the Longmen
converter station is designed to output +3.125 kA rated current
and 5000 MW rated DC power. The Kunbei-side is controlled with
constant current, the Liubei-side is controlled with constant active
and reactive power, and the Longmen-side is controlled with
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constant DC voltage and constant reactive power. The rated voltage
of the AC system is 535, 525, and 500 kV at Kunbei, Liubei, and
Longmen converter station, respectively, and the maximum short-
circuit current of all three phases is 63 kA. Four large groups of AC
filters are installed at the AC bus of the Kunbei converter station, two
groups of triple tuned filters at the positive and negative electrode
outlet of the converter station, and two sets of 75 mH smoothing
reactors are installed at the positive and negative neutral bus and the
DC pole, respectively. At the positive and negative neutral bus of the
Liubei converter station, one 200 mH current limiting reactor is
installed, respectively, and two 50 mH current limiting reactors are
installed, respectively, at the DC pole. A 150 mH current limiting
reactor is installed at the positive and negative neutral bus and DC
pole, respectively, in the Longmen converter station. The
transformer adopts a three-phase double-winding structure, with
the capacity of a single set of 1,217.4 MVA at the Kunbei-side, wired
in two ways, Y0/Y and Y0/A; 870 MVA at the Liubei-side, wired in
Y0/Y; and 1440 MVA at the Longmen-side, wired in YO0/Y. The
unipolar converter valve of the Kunbei converter station uses two
12-pulse LCC converters connecting in series to form a high-low
valve, the voltage distribution is according to (400 + 400) kV, the two
MMC converter units are connecting in series to form the unipolar
converter valve of the Liubei converter station and Longmen
converter station, and the voltage distribution is according to
(400 + 400)kV. The MMC converter valve bridge arm is
composed of a half-bridge submodule and full-bridge submodule

in a mixed cascade ratio of 3:7. The upper and lower bridge arms are
connected to 200 submodules at any time with certain redundancy,
and the output voltage of a single converter is maintained at 400 kV.
The total length of the Wudongde transmission project is 1,489 km,
of which the Kunming-Liuzhou section is 932 km, the average soil
resistivity along the line is 1750 Q - m, the Liuzhou-Longmen
section is 557 km, and the average soil resistivity along the line is
2,500 Q2 - m. The frequency correlation model is adopted. Based on
the LCC-HVDC and NLC-MMC-HVDC control systems in
CIGRE, modifications are made to add some necessary auxiliary
control links to establish a simulation model of the control system
applicable to the Wudongde transmission project.

SIMULATION RUNNING

In this study, a simulation model of hybrid multi-terminal
UHVDC transmission is established in PSCAD/EMTDC with
the Wudongde transmission project as the object. Under the
full-voltage ground return operation mode, steady-state
simulation experiments are conducted for three basic DC
operation modes, namely, positive, negative, and bipolar
operation, and the transient process of faults occurring on the
DCline during bipolar operation is simulated to verify the accuracy
and credibility of the simulation model built in this study, in which
the measurement points are located at the outlet of the smoothing
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FIGURE 9 | Simulated waveform of positive full voltage ground return operation.

reactor of Kunbei converter station and the outlet of the current
limiting reactor of Liubei and Longmen converter station outlet.

Steady-State Operation

Simulation of Positive Full-Voltage Ground Return
Operation

The DC, voltage, and power waveforms at the outlet of the
positive smoothing reactor of the Kunbei converter station and
the outlet of the positive limit current reactor of the Liubei and
Longmen converter station under the positive full-voltage ground
return operation are shown in Figure 9.

From Figure 9, it can be seen that the DC, voltage, and power
at the outlet of the smoothing reactor of Kunbei converter
station are +5kA, +800kV, and 4000 MW, respectively; the
DC, voltage, and power at the outlet of the current limiting
reactor at Liubei converter station are around +1.875 KA,
+780kV, and 1445 MW, respectively; and the DC at the
outlet of the current limiting reactor at the Longmen
converter station are around +3.125 kA, +765kV, and
2375 MW, respectively. The DC, voltage, and power at the
Kunbei-side are consistent with the design rating of the
Wudongde transmission project, and the DC at the Liubei-
side and Longmen-side are consistent with the design rating of
the project, while the DC voltage and power are lower than the
design rating, which is caused by the transmission line losses. It
can be seen that the output DC, voltage, and power of the hybrid
multi-terminal UHVDC transmission system established in this
study for positive full-voltage operation are basically the same as

the design values of rated current, voltage, and power during the
positive operation of the Wudongde transmission project.

Simulation of Negative Ground Return Operation
Mode in Full Voltage

Under the negative ground return operation mode in full voltage,
the DC, voltage, and power waveforms at the outlet of the
negative smoothing reactor of the Kunbei converter station,
the DC, voltage, and power waveforms at the outlet of the
negative limiting current reactor of the Liubei converter
station and the DC, voltage, and power waveforms at the
outlet of the negative limiting current reactor of Longmen
converter station are shown in Figure 10.

From Figure 10, it can be seen that the DC, voltage, and power
at the outlet of the smoothing reactor at Kunbei converter station
are —5 kA, —800 kV, and 4000 MW, respectively; the DC, voltage,
and power at the outlet of the current limiting reactor at the
Liubei converter station are around -1.875kA, -780kV, and
1445 MW, respectively; and the DC, voltage, and power at the
outlet of the current limiting reactor at the Longmen converter
station are around -3.125kA, -765kV, and 2375MW,
respectively. The DC, voltage, and power at the Kunbei-side
are highly consistent with the design rating of the Wudongde
transmission project; the DC at the Liubei-side and Longmen-
side are consistent with the design rating of the Wudongde
transmission project; and the DC voltage and power are lower
than the design rating, which is caused by the transmission line
losses. It can be seen that the output DC, voltage, and power of the
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FIGURE 10 | Simulated waveform of negative full voltage ground return operation.

hybrid multi-terminal UHVDC transmission system established
in this study for negative full-voltage operation are basically the
same as the design values of rated current, voltage, and power for
negative operation of the Wudongde transmission project.

Simulation of Bipolar Ground Return Operation Mode
in Full Voltage

The DC, voltage, and power waveforms at the outlet of the smoothing
reactors of the positive electrode and the negative electrode at the
Kunbei converter station; the DC, voltage, and power waveforms at
the outlet of the limiting current reactors of the positive electrode and
the negative electrode at the Liubei converter station; and the DC,
voltage, and power waveforms at the outlet of the limiting current
reactors of the positive electrode and the negative electrode at the
Longmen converter station under the bipolar ground return operation
mode in full voltage are shown in Figure 11.

From Figure 11, it can be seen that the DC, voltage, and
power at the outlet of the smoothing current reactor of the
positive electrode at the Kunbei converter station are +5 kA,
+800 kV, and 4000 MW, respectively, and the DC, voltage, and
power at the outlet of the smoothing current reactor of the
negative electrode are -5 kA, -800 kV, and 4000 MW,
respectively. The DC, voltage, and power at the outlet of the
limiting reactor of the positive electrode at the Liubei converter
station are around +1.875kA, +780kV, and 1445MW,
respectively. The DC, voltage, and power at the outlet of the
limiting reactor of the negative electrode are around —1.875 kA,

-780 kV, and 1445 MW, respectively. The DC, voltage, and
power at the outlet of the limiting reactor of the positive
electrode at the Longmen converter station are around
+3.125kA, +765kV, and 2375 MW, respectively. The DC,
voltage, and power at the outlet of the limiting reactor of the
negative electrode are around -3.125kA, -765kV, and
2375 MW, respectively. The DC, voltages, and powers of the
positive electrode and the negative electrode at the Kunbei-side
are consistent with the design rating of the Wudongde
transmission project; the DC of the positive electrode and the
negative electrode at the Liubei-side and Longmen-side are
consistent with the design rating of the Wudongde
transmission project; and the DC voltages and powers are
lower than the design rating, which is caused by the
transmission line losses. It can be seen that the output DC,
voltage, and power of the bipolar operation in full voltage of the
hybrid multi-terminal UHVDC transmission system established
in this study are basically the same as the design rated current,
voltage, and power of the bipolar operation in full-voltage of the
Wudongde transmission project.

Waveform Comparison in Steady-State
Operation

The simulating and recording waveforms of the Wudongde
transmission project are shown in Figure 12 under the
operations of bipolar ground return in full voltage.
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From Figure 12, it can be seen that the output DC, voltage, and
power simulation waveforms at the outlet of the smoothing reactor
of the Kunbei converter station of the hybrid multi-terminal
UHVDC transmission system are highly consistent with the
recording waveforms under the operations of bipolar ground
return in full voltage. Moreover, the output DC, voltage, and
power simulating waveforms at the outlet of the limiting reactor
of the Liubei and Longmen converter stations are highly consistent
with the recording waveforms, which shows that the simulation
model of the hybrid multi-terminal UHVDC transmission system
built in this study can accurately simulate the steady-state
operation of the Wudongde DC transmission project.

Waveform Comparison of Transient

Operation

Overhead DC transmission lines are prone to failure due to
complex terrain and climate, and transient response is an
important means to test the accuracy of the simulation model.
Therefore, taking the grounding fault of the transmission line
as an example, this study compared the simulating waveforms
with the actual recording waveforms to further verify the
accuracy and credibility of the simulation model of the hybrid
multi-terminated UHVDC transmission system built in
this study.

Midpoint Fault of the Negative Electrode of the DC
Line From Liuzhou to Longmen Converter Station
Assume that the grounding fault of the negative electrode occurs
at the midpoint of the Liuzhou-Longmen transmission line, with
the grounding resistance of 0.4 Q2 and the fault duration of 0.1 s. A
comparison of the simulating and recording waveforms of the DC
and voltage is shown in Figure 13.

From Figure 13, it can be seen that when a grounding fault occurs
at the negative electrode midpoint of the transmission line of the
Wudongde transmission project, the DC at the fault pole of the
Kunbei-side increases rapidly to 1.7 times the rated value and then
gradually decreases to 0. The DC at the non-fault pole increases
slightly, fluctuates sharply, and then tends to normal values. The fault
pole voltage rapidly decreases, increases anyway, and then gradually
decreases to 0, and the non-fault pole voltage fluctuates violently and
then tends to normal value. At the Liubei-side, the fault pole DC
rapidly decreases and increases in reverse to near the rated value and
then gradually decreases to 0. The non-fault pole current fluctuates
violently and then gradually tends to normal value. The fault pole
voltage decreases rapidly and then gradually tends to 0, and the non-
fault pole voltage fluctuates and then gradually tends to the normal
value. The fault pole DC at the Longmen-side decreases rapidly and
increases in reverse to near the rated value and then gradually
decreases to 0. The non-fault pole current fluctuates violently and
then gradually tends to the normal value. The fault pole voltage
decreases rapidly and then gradually tends to 0. The non-fault pole
voltage fluctuates and then gradually tends to the normal value. The
trend of the simulating waveform at the three terminals after the fault
is basically the same as that of the recording waveform, especially in
the first 5 ms after the fault and after a period of time. The incomplete
consistency between the recording and the simulating waveforms after
the fault is caused by the difference in control strategies between the
CIGRE standard control system and the actual engineering control
system during the fault.

Fault at 25% of the Positive Electrode of the DC
Transmission Line From Liuzhou to Longmen
Converter Station

Assume that the grounding fault occurs at 25% of the positive
electrode of the transmission line from Liuzhou to Longmen, with
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FIGURE 14 | Comparison of transient waveforms at the positive electrode 25% of the DC line from Liuzhou to Longmen.

a ground resistance of 0.4 Q) and a fault duration of 0.1s. A
comparison of the simulating and recording waveforms of the DC
and voltage is shown in Figure 14.

From Figure 14, it can be seen that when a ground fault occurs
at the positive electrode of the transmission line of the Wudongde
transmission project, the DC at the fault pole of the Kunbei-side
increases rapidly to 1.7 times the rated value and then gradually
decreases to 0. The DC at the non-fault pole fluctuates after a
slight increase and then tends to the normal value. The voltage at
the fault pole rapidly decreases and increases anyway and then
gradually decreases to 0. The non-fault pole voltage fluctuates
drastically and then tends to a normal value. The DC of the fault
pole at the Liubei-side rapidly decreases, increases in reverse to
near the rated value, and then gradually decreases to 0. Non-fault
pole current fluctuates violently and then gradually tends to
normal value. The fault pole voltage decreases rapidly and
then gradually tends to 0. The non-fault pole voltage fluctuates
and then gradually tends to the normal value. The fault pole DC
of the Longmen-side decreases rapidly, increases in reverse to
near the rated value, and then gradually decreases to 0. The non-
fault pole current fluctuates violently and then gradually tends to
the normal value. The fault pole voltage decreases rapidly and
then gradually tends to 0. The non-fault pole voltage fluctuates
and then gradually tends to the normal value. The trend of the
simulating waveforms at the three terminals after the fault is
basically the same as that of the recording waveforms, especially
in the first 5 ms after the fault and after a period of time. The
incomplete consistency between the recording and simulating
waveforms after the fault is caused by the difference in control
strategies between the CIGRE standard control system and the
actual engineering control system during the fault.

From the above analysis, it can be seen that the DC, voltage,
and power of the simulated model of the hybrid multi-terminal

UHVDC transmission system in full-voltage operation are
consistent with the design rating of the Wudongde
transmission project, and the simulating waveforms of DC,
voltage, and power in steady-state operation of the model are
highly consistent with the actual recording waveforms of the
project. The trends of DC and voltage waveforms during the
transient process are basically consistent with the trends of
recording waveforms, especially in the first 5 ms after the fault
occurs, and the simulating and recording waveforms are highly
consistent. It can be seen that the simulation model of the hybrid
multi-terminal UHVDC transmission system established in this
study can accurately simulate the operation of the Wudongde
transmission project.

CONCLUSION

This research studied the Wudongde transmission project. Based
on the design parameters and system control mode of the
Wudongde transmission project, a detailed simulation model
of the hybrid multi-terminal UHVDC transmission system is
built by PSCAD/EMTDC. The steady-state operation simulation
of the positive electrode, negative electrode, and bipolar DC
power transmission is carried out under full-voltage ground
return operation mode, and the steady-state simulation
waveform of bipolar full-voltage operation mode is compared
with the actual recording waveforms. The grounding fault of the
DC line is simulated, and the trend of simulating waveform and
recording waveform in the transient process is compared. Results
show the following:

1) The hybrid multi-terminal UHVDC transmission system
simulation model established based on the primary system
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parameters of the Wudongde transmission project has high
accuracy and reliability.

The control system model modified based on the HVDC
transmission and 9-terminal DC grid control benchmark
model of the CIGRE is suitable for the Wudongde
transmission project.

Under the steady-state operation, the simulating waveforms of
the hybrid multi-terminal UHVDC transmission system are
highly consistent with those at the same points during the
steady-state operation of the actual project.

Under transient operation, the trend of simulated waveforms
of the hybrid multi-terminal UHVDC transmission system is
consistent with the trend of recording waveforms at the
Wudongde transmission project.

It provides accurate, credible, and effective tools for the study
of the electromagnetic transient characteristics in the hybrid
multi-terminal UHVDC transmission system.

It provides accurate and credible fault simulation data for the
research of the hybrid multi-terminal UHVDC transmission
line protection.

It provides some guidance for the inversion analysis of the
Wudongde transmission project accident.

2)

3)

4)

5)

6)

7)
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