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To enable the integration of large-scale renewable energy, hybrid HVDC technology,
which combines the technical advantages of LCC-HVDC and VSC-HVDC, is being
gradually deployed in the power grid nowadays. The operation of the Wu-dong-de
Hybrid DC Project and the Jian-su Hybrid cascaded MTDC Project has proved its
advantages. However, for the simultaneous application of different converter station
technologies in the system, the control strategies become complex. Issuing
appropriate control instructions to ensure system stability according to operational
requirements is an issue that cannot be ignored in decision-making. Even under
abnormal conditions, when the topology changes due to various failure scenarios,
reasonable decision-making and precise control instruction definitions are required.
To achieve flexible planning of the MTDC system, this paper presents a decision-
making method for control strategies of a hybrid cascaded MTDC system, which
analyzes the control strategy combinations selected for normal and abnormal
conditions of the MTDC system. In addition, a control instruction calculating
method and decision-making process for precise control in normal and abnormal
control conditions is proposed. Simulation results based on a five-terminal hybrid
cascaded MTDC in PSCAD/EMTDC have verified the effectiveness of the proposed
method.
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1 Introduction

High-voltage direct current technology, including LCC-HVDC and VSC-HVDC, plays
an important role in power transmission and allocation, as well as variable renewable energy
(VRE) regulation (Liu et al., 2015; Alves et al., 2020). LCC-HVDC power transmission
technology has the advantages of large transmission capacity, a high voltage level, low
manufacturing cost, and high reliability (Kwon et al., 2018; Chen et al., 2022), making it
widely used in large-capacity and long-distance power transmission systems. VSC-HVDC
power transmission technology (Flourentzou et al., 2009;Wang R. et al., 2020; Zhao and Tao,
2021; Xu et al., 2023) has advantages of flexible control and easy power flow reversal, making
it more advantageous in the fields of large-scale renewable energy integration (Wang et al.,
2022), passive grid power supply, and multi-terminal HVDC transmission (Rao et al., 2019;
Li et al., 2021a; Li et al., 2021b; Li et al., 2022).

Hybrid HVDC transmission technology (Rao et al., 2022) combines the technical advantages
of LCC-HVDC and VSC-HVDC, which not only overcomes the challenges of long-distance
transmission with high-power but also solves VRE integration, power quality, and grid
asynchronous interconnection in a power system, and is gradually applied in engineering.
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Currently, the Wu-dong-de Hybrid DC Project and the Jian-su Hybrid
cascaded MTDC Project in China are in operation and have proven
their worth (Haleem et al., 2019; Reza Ahrabi et al., 2022).

However, due to the simultaneous use of VSC and LCC
commutation technologies (Aziz et al., 2019; Wang T. et al., 2020),
the physical mechanism ofMTDC ismore complex. In this system, there
are control requirements related to multiple voltage levels, as well as the
determination of power commands at different converter stations. Under
normal operating conditions, a variety of available control modes can be
selected for different converters, and the control strategy combinations
without restriction are complex and confusing for decision-making. In
addition, issuing appropriate control instructions to ensure system
stability according to operational demands is a problem that cannot
be ignored in decision-making. Under abnormal operating conditions,
permanent faults occur on the AC or DC side of the system, leading to
changes in the topology (Ren et al., 2023). To reduce the impact of faults,
decision-making methods are also needed to provide the corresponding
combinations of control strategies and solve the allocation problem of
transmission power of faulty poles.

Previous research has mainly focused on studying a single
strategy in specific scenarios, while little research has been
performed at the system level to select control strategy
combinations for hybrid cascaded MTDC systems with different
converter stations, which cannot provide appropriate control
strategies and precise instructions for a system based on
regulatory requirements (Li et al., 2020). To achieve flexible
planning of the MTDC system, it is necessary to analyze the
coupling relationship between different converter stations in the
hybrid cascaded MTDC system, sort out various control strategies
adopted by multiple converter stations, and identify feasible control
strategy combinations under normal and abnormal conditions.

In view of the aforementioned considerations, this paper
proposes a control strategy decision-making method for the
hybrid cascaded MTDC system with the following contributions:

1) For normal control, a two-stage analysis method is proposed for
the selection of control strategy combinations for the selection of
the hybrid cascaded MTDC system. In the first stage, VSCs are
considered VSCBs, and the control strategies of series LCCs are
determined. In the second stage, the station-level control
strategies for VSCs are determined.

2) For abnormal control, abnormal conditions that cause the quitting
operation of converter stations are classified. In addition, control
strategy combinations of the selection method including three
control strategy combinations that can deal with the quitting
operation of converter stations are proposed.

3) A control instruction calculating method and decision-making
process for normal and abnormal controls are proposed.
According to the calculation method, under normal conditions,
the control instructions are accurately calculated and assigned to the
controllers of the MTDC system. Under abnormal conditions,
reasonable instructions for converters in bipolar MTDC are
calculated to achieve the transfer of active power in faulty poles.

The rest of the paper is organized as follows: in Section 2, the
topology and control strategies of the hybrid cascaded MTDC system
are analyzed, and the decision-making method for control strategies
and the control instruction calculating method for the hybrid cascaded

MTDC systemunder normal and abnormal conditions are proposed. In
Section 3, simulations in different scenarios of different control
strategies are analyzed to verify the effectiveness of the proposed
strategy. Finally, the conclusions are drawn in Section 4.

2 Decision-making method for the
control strategy of a hybrid cascaded
MTDC system

2.1 Features and control demand of a hybrid
cascaded MTDC

As shown in Figure 1, the topology of the hybrid cascaded MTDC
system is based on the real hybrid HVDC project. The project is
responsible for transmitting abundant hydropower power from the
Baihetan Hydropower Station, which is the second largest hydropower
station in the world, to the southern part of Jiangsu Province. The DC
system adopts a bipolar topology, with the rectifier side composed of
LCCs (±800 kV) and the inverters composed of parallel-connected
VSCs (±400 kV) connected in series with LCCs (±400 kV). Three VSCs
connected in parallel can be equated to a VSCB (Bank of VSCs) as they
are at the same voltage level, as shown in Figure 2, and their capacitance
is equal to their sum. LCC and VSC inverters are connected to different
AC buses and with weak interactions.

To facilitate the analysis of control strategies for hybrid cascaded
MTDC systems, LCCs and VSCBs can be categorized into two types,
namely, the power control station and voltage control station, depending
on the overall control effect of LCC/VSCB, which will be discussed in
Section 2.2.

Based on the analysis of the topology of the hybrid cascaded
MTDC system, features and control demands of the system can be
summarized into the following rules (Li et al., 2020):

Rule 1: Since the receivers LCC and VSCB are connected in
series, and there are two voltage levels in the transmission line, to
achieve stable control in a hybrid cascade system, it is necessary to
have two converter stations serving as voltage control stations. Since
the system converter station operates in the series mode, the system
must have a converter station that serves as a power control station.

Rule 2: The status of the hybrid cascaded MTDC system can be
calculated using Eq. 1 as follows:

U1 � 3
�
2

√
π

ULR cos α − 3
π
XRcIdc,

U2 � 3
�
2

√
π

ULi cos γ − 3
π
XicIdc,

U1 � U2 + U3 + UL,

P1 � U1 × Idc,

P2 � U2 × Idc,

P3 � U3 × Idc,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where ULR, ULi, XRC, and XiC is the AC voltage and equivalent
reactance of rectifier and inverter LCC. Pi represents the
transmission power of LCC1, LCC2, and VSCB, respectively. In
addition, α represents the trigger delay angle of LCC1, and γ

represents the extinction angle of LCC2. UL represents the
voltage drop of the DC line.
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FIGURE 2
Unipolar equivalent circuit of a hybrid cascaded MTDC system.

FIGURE 1
Hybrid cascaded MTDC system.
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Rule 3: The topologies of the hybrid cascaded MTDC system are
symmetrical. Therefore, the control strategies in each pole can be
symmetrical accordingly.

2.2 Decision-making method for normal
control

2.2.1 Control strategy combination selecting
method for normal control

To improve the flexibility of the system, different control
strategies can be used to maintain the operation of converter

stations under different objectives. However, since the hybrid
cascaded MTDC system includes both LCCs and VSCs, many
available control strategy combinations can be selected for
different converters, of which the combination of control
strategies without a constraint is complex and confusing for
decision-making. Thus, to solve the decision-making problem,
reasonable combinations of control strategies based on the
system topology and demands are analyzed in this section.

The analysis process is divided into two stages. In the first
stage, shown in Figure 3, VSCs are considered VSCBs, and the
control strategies of series LCCs are determined. In the second
stage, shown in Figure 4, station-level control strategies for VSCs

FIGURE 3
Selection of control strategy combinations in the first stage.
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are determined, which solves the problem of difficulties in
decision-making.

1) Stage 1: The control strategies of LCCs are analyzed under the
assumption that VSCs are considered VSCBs. The functions of
each converter station (power control station/voltage control
station) are determined. Since the selection of control strategies is
strongly related to power regulation instructions under normal
circumstances, recommended operation control strategies can be
provided based on power dispatch instructions from different
ends, combined with Figure 3.

When there is a scheduling requirement for LCC1, to be
selected as the power control station, LCC2 and VSCB are
simultaneously selected as the voltage control station. Based
on combination 1 in Figure 3, there are two recommended
control modes for LCC1: the constant power control mode or

constant DC current control mode. In the constant power control
mode, LCC1 directly controls the active power transmission on
the AC side. In the constant DC current control mode, power
control can be achieved through calculations based on the voltage
control station.

When there is a system power dispatch command at LCC2,
LCC2 can be used as a power control station or voltage control
station for its current coupling relationship with other converter
stations. Based on combination 1, when LCC2 is selected as a power
control station, it operates in a constant DC current control mode.
Based on combinations 1 and 3, when LCC2 is used as a voltage control
station, LCC1 or VSCB can also be selected as a power control station to
control line current and perform calculations, using current coupling
relationships to achieve indirect power control.

When receiving system power scheduling commands in
VSCs, VSCB can serve as a voltage control station or power
control station.

FIGURE 4
Selection of control strategy combinations in the second stage.

Frontiers in Energy Research frontiersin.org05

Wang et al. 10.3389/fenrg.2023.1251496

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1251496


2) Stage 2: The control strategies at the station level are determined
for three VSCs. If the VSCB serves as a voltage control station
and not all VSCs have power control commands, VSCs without
power control commands can be selected to operate in a constant
DC voltage control mode, while other VSCs have no restrictions
(see Figure 4). If the power control requirement exists in all
VSCs, VSCB is selected as the power control station, which
means that all VSCs adopt the constant power control mode. In
addition, each VSC station can select appropriate reactive power
control strategies based on the demand on the AC side of the
converter station nearby.

2.2.2 Control instruction calculating method and
decision-making process for normal control

After the aforementioned analysis and considering the upper
and lower limit issues, equality constraints, and compatibility issues
between different converter station control strategies during the
operation and control process of hybrid cascaded MTDC systems,
the control strategy to achieve the target steady-state operating point
of the system can be derived from the following process:

Step 1: Obtain scheduling requirements and select
corresponding control strategies. For example, if active power
control is required at a converter station in a hybrid cascaded
MTDC system, control strategies that can be applied in each
converter station can be seen in Figure 3 and Figure 4.

Step 2: Calculation of the operating point. Based on the
conditions mentioned in step 1 and the two voltage levels of
the system, the system mathematical model within a five-
terminal hybrid cascade MTDC system can be expressed as in
Eq. 1. Without considering the active power feedback of VSC, the
transmission power of VSC in VSCB which adopts a constant
power control mode can be expressed as Eq. 2:

Pi
VSC P � P3

3
, (2)

where P3 is calculated in Eq. 1.
Step 3: Control reference instruction assignment (U1, U2, U3, P1,

P2, P3, α, γ, and Idc). The control reference needed is assigned to the
controllers according to control strategy combinations selected in
step 1.

FIGURE 5
Classification of abnormal conditions.
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FIGURE 6
Feasible topology and control strategy combinations after a fault.
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2.3 Decision-making method for abnormal
control

2.3.1 Classification of abnormal conditions in a
hybrid cascaded MTDC system

As shown in Figure 5, abnormal conditions in a hybrid cascaded
MTDC system can be divided according to the duration of the fault.
If faults in the MTDC system can be quickly cleared, such faults are
classified as transient abnormal conditions, after which the decision-
making method for normal control can be re-run for the MTDC
system (see Section 2.2). Otherwise, such faults belong to permanent
abnormal conditions, and these types of faults will inevitably cause
the converter in the system to quit operation.

Permanent abnormal conditions in a hybrid cascaded MTDC
system include short circuits and broken line faults in DC and AC
lines. When the system is in a permanent abnormal condition, it is
necessary to classify the abnormal conditions. The persistence of the
fault will cause the neighboring inverter to quit operation.
According to the topology analysis in Figure 1, if there is an AC
fault near the converter station, both poles of the converter station
will quit operation simultaneously due to the connection to the same
AC bus. If the fault is in the converter itself or in the DC line, it is
generally a unipolar fault. In the following section, decision-making
will be analyzed under abnormal conditions based on the quitting of
the converter station and the original control strategy combinations
of the system.

2.3.2 Control strategy combination selecting
method for abnormal control

Due to the bipolar topology of the MTDC system, an
independent analysis of the unipolar/bipolar fault is required
when the system is in a permanent abnormal condition. It is
worth noting that this article mainly analyzes common faults
(including N-1) in the MTDC system.

In the case of unipolar faults, the topology of the system fault
pole needs to be adjusted after the fault as the converter station quits.
Moreover, there are completely different control strategies between
the DC pole without fault and the faulty pole of the system. As

shown in Figure 6, there are three strategy combinations for the fault
pole which can deal with the topology adjustment after the fault. In
addition, the DC pole without fault can adjust the power reference
value to partially transfer the faulty pole power to itself.

1) According tomode 1 shown in Figure 6, the topology and control
strategy of fault response are to solve the operational difficulty
when LCC1 or LCC2 quits operation due to faults. In this fault
response mode, VSCB must operate as a voltage control station
to maintain the DC voltage. According to the principle of voltage
control stations, taking VSC1 as an example in Figure 6, one VSC
needs to be selected to operate in a constant DC voltage mode
internally in VSCB, while the other two converter stations are not
restricted in their operating modes.

2) According to mode 2, the parallel converter quits operation in
abnormal conditions, when VSCB operates as a power control
station. Mode 2 of fault response is to address the fault of VSC
quit operation from VSCB, which operates as a power control
station. In this mode, after the fault occurs, it is not necessary to
adjust the control strategy of each converter station.

3) According to mode 3, VSCB operates as a voltage control station.
Mode 3 of fault response is to address the fault of VSC quit
operation from VSCB, which operates as a voltage control
station. When a fault occurs, if the quit VSC is in constant
power or the U/f control mode, the control strategy adopted by
inverters remains unchanged. If the quit VSC operates in the
constant DC voltage control mode, the system needs to select
another VSC for changing the control strategy to the constant
DC voltage control mode.

When analyzing bipolar faults in the system, due to the identical
topology and control strategy before the positive and negative pole
faults, the control strategy after the fault is identical as well and can
replicate the control mode for unipolar faults.

After completing the post-fault analysis of the operational
control strategy, the calculation of instructions for each converter
station with differences between unipolar and bipolar faults will be
discussed in detail in Section 2.3.3.

2.3.3 Control instruction calculating method and
decision-making process for abnormal control

Based on the previous analysis, we can conclude that the
three modes of control strategy combinations to cope with
topology adjustment in Figure 6 mainly involve the analysis
of VSC. Therefore, the control instructions for each converter
station within VSCB must be calculated first, and then, the
reference value of the MTDC system can be calculated
according to Eq. 1. In this section, a control instruction
calculation method and decision-making process based on the
power transfer capability of bipolar MTDC (see Figure 7) are
proposed to achieve power transfer between converter stations
under fault conditions. The calculation method for the control
instructions of the VSCB instruction used for abnormal control
is as follows:

1) Calculation of control instructions of mode 1. If the fault is a
bipolar fault, VSC that can provide active power support will
provide power to the other VSCs, as shown in Eq. 3, and there is

FIGURE 7
Active power transfer under abnormal conditions.
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one VSC for each pole operating in a constant DC voltage control
mode, instructions of which can be calculated by Eq. 4:

Pref P � 1
2
Pref U, (3)

Udc ref1 � Udc ref0, (4)
where Pref P is the reference value of VSC, which adopts the
constant power control mode, Pref U is the reference value of
VSC, which can provide power support, which adopts the
constant DC voltage control mode and can be obtained from
active power of VSC before the fault. Udc ref0 and Udc ref1

represent the control reference value of DC voltage before and
after the fault, respectively.

If the fault is a unipolar fault, there is no need for a DC pole
without fault to modify the control reference.

2) Calculation of control instructions of mode 2. All the remaining
VSCs in each pole operate in the constant power control mode,
and the power reference values are shown in Eq. 5:

Pref VSCn � min Pconverter max,
6

6 − n
Pref0{ }, (5)

where Pref P0 and Pref P1 are the reference value of VSCs, which
adopts the constant power control mode before and after the fault,
and Pconverter max is the maximum transmission active power of
VSC. n = 1 is under unipolar fault conditions, and when facing a
bipolar fault, n = 2.

3) Calculation of control instructions of mode 3. If the VSC that has
failed is in the constant power or U/f control mode, the active
power reference values of remaining VSCs, which operate in the
constant power control mode, are shown in Eq. 6:

Pref P1 � min Pref P0 +
∑n
i�1
Pexit

6 − n
, Pconverter max

⎧⎪⎪⎪⎨⎪⎪⎪⎩
⎫⎪⎪⎪⎬⎪⎪⎪⎭
, (6)

where Pref P0 and Pref P1 are the reference value of VSCs, which
adopts the constant power control mode before and after the fault,
and Pexit is the transmission power of the quit VSC before fault.
Under unipolar fault conditions, n = 1, and when facing the bipolar
fault, n = 2.

If the VSC that has failed is in the constant DC voltage control
mode, one VSC in each pole should be selected to operate in the
constant DC voltage control mode, and the control instructions are
calculated according to Eq. 7:

Udc ref1 � U3, (7)
where U3 is calculated according to Eq. 1 after the fault. Thus, in
abnormal conditions, the decision-making process consists of the
following steps:

TABLE 1 Calculation results of the decision-making method in scenario 1.

Parameter Mode 1 Mode 2 Mode 3

Idc/kA 2.55 3.78 5.00

γ/° 24.45 20.97 16.91

U3/kV 400.00 400.00 400.00

Pvsc2/MW 339.58 504.60 666.67

Pvsc3/MW 339.58 504.60 666.67

FIGURE 8
Simulation results of different operationmodes in scenario 1. (A)DC voltage of each converter. (B) active power of each converter. (C)DC current of
the DC grid. (D) Trigger delay angle of LCC1 and the extinction angle of LCC2.
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Step 1: Obtain the status of the quit converter and the status of
the system during normal operation before the fault. According to
the method in Section 2.3.2, determine the system structure and
operation control strategy after the fault.

Step 2: Operation point calculation under abnormal conditions.
The calculation of VSCB for adjusting control instructions under
different control strategy combinations can be calculated by Eqs 3–7,
and then, the system operational point can be calculated by Eq. 1.

Step 3: Control instruction assignment. Assign the calculated
instruction values to the corresponding converter station controllers.

3 Simulations and analyses

3.1 Simulation system and scenarios

To verify the effectiveness of the control strategy selection
method for the hybrid cascaded MTDC system, a five-terminal

simulation system based on the bipolar hybrid HVDC project is set
in PSCAD/EMTDC, as shown in Figure 1.

In this simulation system, LCC1 operates as a rectifier,
LCC2 operates as an inverter to transmit power to the AC side,
and under normal circumstances, VSCs operate as inverters. The
rated value of power in the rectifier side is 4000 MW, the voltage is
800 kV, the rated value of power in the inverter side LCC2 is
2000MW, the rated voltage is 400 kV, the rated value of power in the
inverter side VSC is 1000 MW, the rated voltage is 400 kV, and the
system rated current is 5 kA.

In this paper, active power allocation scenarios for the five-
terminal DC system during winter and summer peak periods are
set to verify the effectiveness of the normal control strategy. In
addition, scenarios with bipolar and unipolar faults are set to
verify the effectiveness of the decision-making method for
abnormal control.

3.2 Scenario 1: Power allocation during the
hydropower peak period in summer

Scenario 1 is set up to verify the effectiveness of the control
strategy combination selection method in allocating power during
the summer hydropower peak using the following steps:

Step 1: There is a need for power control for the sending-end
LCC1 during the summer hydropower peak. Based on the strategies
in Figure 3, the rectifier side can be selected to operate in the
constant DC current control mode, the inverter side can be selected
to operate in the constant arc extinction angle control mode, any
VSC is selected as the voltage control station, and the other VSCs
operate in the constant power control mode to distribute the

TABLE 2 Calculation results of the decision-making method in scenario 2.

Parameter Mode 1 Mode 2 Mode 3

α/° 26.42 26.42 26.42

Idc/kA 2.55 2.55 2.55

U3/kV 400.00 400.00 400.00

Pvsc1/MW 339.58 0.00 −500.00

Pvsc2/MW 339.58 509.37 759.37

Pvsc3/MW 339.58 509.37 759.37

FIGURE 9
Simulation results of different operationmodes in scenario 2. (A)DC voltage of each converter. (B) Active power of each converter. (C)DC current of
the DC grid. (D) Trigger delay angle of LCC1 and the extinction angle of LCC2.
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transmission power of the sending LCC. This control mode can
prevent large changes of current in the hybrid cascade system while
maintaining the highest voltage on the inverter side under normal
conditions, which is economical.

Step 2: After selecting a control strategy combination, the
control variables can be calculated according to Eqs. 1, 2. The
active power of the sending-end LCC gradually increases from
50% to 75% and finally to the rated power. According to the

standard operating voltage calculation, the voltage on the
rectification side of the system is 800 kV, and the voltage of the
inverter is 400 kV. Based on the constraints of the aforementioned
variables, the calculated control instructions are shown in Table 1.

Step 3: Based on the control strategy combination selected in
step 1, the corresponding control variables can be assigned
according to the calculation results in step 2 to obtain the
actual operating point of the system, as shown in Figure 8.

TABLE 3 Calculation results of the decision-making method in scenario 3.

Parameter Original (+) After fault (+) Original (−) After fault (−)

P1/MW 4000.00 3600.00 4000.00 4400.00

γ/° 16.91 26.53 16.91 16.91

U3/kV 400.00 320.00 400.00 446.68

Pvsc2/MW 666.67 533.33 666.67 800.00

Pvsc3/MW 666.67 533.33 666.67 800.00

FIGURE 10
Simulation results of different operationmodes in scenario 3. (A)DC voltage of a positive pole. (B)DC voltage of a negative pole. (C)Active power of a
positive pole. (D) Active power of a negative pole. (E) Trigger delay angle of LCC1 and the extinction angle of LCC2. (F) DC current of the DC grid.
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The simulation results in Figure 8 show that the control
instructions are accurately assigned to the system and that the
hybrid cascaded MTDC system operates normally in summer.

3.3 Scenario 2: Power allocation during the
wind power peak period in winter

Scenario 2 is set to verify the effectiveness of the control strategy
selectionmethod for VSC power reverse transmission during winter.

Step 1: During the wind power peak in winter, the Baihetan
Hydropower Station connected to the LCC1 converter station is in
the dry season with a transmission capacity of 2000 MW. At the same
time, in winter, there is a surplus of wind power in the AC power grid
connected to the receiving converter stationVSC1, and the active power
is sent back to the DC power grid. Based on the control strategy
selectionmethod, VSC2/VSC3 have power control demand and operate
in the constant power control mode, and VSC1 operates in the constant
DC voltage control mode to collectively absorb the transmission power
fromLCC1. Therefore, VSCB is generally equivalent to a voltage control
station. Then, LCC1 operates in the constant α control mode as a
voltage control station, while LCC2 can operate in the constant DC
current control mode as a power control station.

Step 2: After selecting a control strategy combination, the
controlled variables can be calculated according to Eqs. 1, 2. At
this time, the transmission power of LCC1 is 2000 MW, and
VSC1 is −500 MW. After calculating the standard operating
voltage, the voltage of LCC1 is 800 kV, and the voltage of VSCB
is 400 kV. Based on the constraints in the system, the calculated
control instructions are shown in Table 2:

Step 3: Based on the control strategy combination selected in
step 1, control reference instructions are assigned to the
corresponding converter station controllers based on the
calculation results.

The simulation results in Figure 9 show that VSCB can achieve
stable and accurate power support capability under the condition of
VSC1 power feedback.

3.4 Scenario 3: Unipolar fault of VSC1 during
the hydropower peak period in summer

Scenario 3 is set to verify the effectiveness of the decision-
making method for abnormal control of high hydropower
generation in summer and VSC1 quitting operation due to faults.

Step 1: Similar to scenario 1, LCC1 is in a state of full power
transmission during the period of high hydropower generation in
summer. Under normal circumstances, the transmission capacity of
LCC1 is 4000 MW and that of LCC2 and VSCB are 2000 MW. At
this time, both VSCB and LCC2 serve as voltage control stations. At
t = 6s, a fault occurred in the positive pole of VSC1, and it was unable
to automatically return to normal control after the transient process.
According to mode 3 in Section 2.3.2, if the VSC that has quit adopts
the constant DC voltage control mode, another VSC in the VSCB
needs to be selected to control the DC voltage (VSC2 is selected in
this example), while the control modes of the other converter
stations remain unchanged.

Step 2: After selecting a control strategy combination, according
to Eq. 6, the control variables for the VSCB are calculated. VSCs
adopting constant power control increase the reference value based
on control instructions and absorb excess active power. In addition,
according to Eq. 1, the voltage reference values of the positive and
negative VSCBs are adjusted simultaneously so that the
transmission power of LCC2 remains unchanged; the calculated
control instructions are shown in Table 3:

Step 3: Based on the control strategy combination selected in
step 1, assign the corresponding control variables according to the
calculation results in step 2 to obtain the actual operating point of
the system. As shown in Figure 10, under the permanent fault,
according to the scheduling strategy under the fault, the system
adjusts the voltage and power reference values to transfer the faulty
pole power part to the VSCs in the normal pole, achieving steady
operation of the system.

The simulation results in Figure 10 indicate that when
VSC1 quits operation due to a fault, the calculation method for
abnormal control can achieve reasonable transfer of power flow
under faults, reduce the risk of exceeding limits in various parts of
the MTDC, and improve the transmission capacity of the system
under permanent faults.

3.5 Scenario 4: Bipolar fault of LCC2 during
the wind power peak period in winter

Scenario 4 is set to verify the effectiveness of the decision-
making method for abnormal control in the scenario of high wind
power generation in winter.

Step 1: Similar to scenario 2, there is excess wind energy in the
AC power grid in winter, which is connected to the receiving
converter station VSC1, and power is fed back to the DC power
grid. If a fault occurs at t = 6s, the transmit power from LCC1 cannot
be transmitted to VSCB because LCC2 in the series part of the
hybrid cascade system has quit operation. According to mode 1 in
Section 2.3.2, LCC1 and LCC2 should quit operation, VSC1 can be
used to support the operation of VSCB, and the operation mode of
VSCs remains unchanged.

Step 2: After selecting a control strategy combination, control
variables for VSCB are calculated according to Eqs 3, 4. VSCs using
constant power control reduce the reference value based on control
instructions; the calculated control instructions are shown in
Table 4:

Step 3: Based on the control strategy combination selected in
step 1, assign the corresponding control variables according to the

TABLE 4 Calculation results of the decision-making method in scenario 4.

Parameter Original After fault

α/° 26.42 \

Idc/kA 2.55 \

U3/kV 400.00 400.00

Pvsc1/MW \ −500

Pvsc2/MW 759.37 250

Pvsc3/MW 759.37 250
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calculation results in step 2 to obtain the actual operating point of
the system. As shown in Figure 11, the operating status of the system
positive pole is displayed under the fault.

The simulation results in Figure 11 indicate that when
LCC2 quits operation due to a fault, calculation and decision-
making methods for abnormal control can achieve the stable
operation of VSCB independently after the faults in the sending
end of VSCB.

4 Conclusion

This paper proposes a decision-making method that is used for
flexible operation of a hybrid cascaded MTDC system. Simulation
results based on PSCAD/EMTDC verify the effectiveness of the
proposed method with the following contributions:

1) For normal control, a two-stage analysis method for the selection
of control strategy combinations selecting the hybrid cascaded
MTDC system is proposed. In the first stage, VSCs are
considered VSCBs, and the control strategies of series LCCs
are determined. In the second stage, station-level control
strategies for VSCs are determined, which solves the problem
of difficulties in decision-making.

2) The control instruction calculating method and decision-making
process for normal control are proposed. According to the
calculation method, under normal conditions, the control
instructions are accurately calculated, and based on the
decision-making process, the system can achieve precise and
stable operation control of the MTDC system.

3) For abnormal control, abnormal conditions that lead to the
quitting operation of converter stations are classified. A
method for selecting control strategy combinations is also
proposed, including three control strategy combinations,
which can deal with the quitting operation of converter
stations, resolving operational issues under system failure.

4) The control instruction calculating method and decision-making
process for abnormal control are proposed. Under abnormal
conditions, reasonable instructions for converters in bipolar
MTDC systems are calculated, and the transfer of active

power in the fault pole is achieved, improving the safety
operation margin of the system.
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FIGURE 11
Simulation results of different operation modes in scenario 4. (A) DC voltage of each converter. (B) Active power of each converter.
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