
Received 3 December 2023, accepted 30 December 2023, date of publication 2 January 2024,
date of current version 9 January 2024.

Digital Object Identifier 10.1109/ACCESS.2023.3349294

Design of a Parallel All-DC Wind Power System
With Turbine-Side Boost Based on a New DC
Conversion
HAIYANG HAN 1, ZHANLONG LI2, HAIYUN WANG 1, QITA FENG2,
RUI GUO2, ZHIQIAN YANG2, AND XIANGPING LIU2
1College of Electrical Engineering, Xinjiang University, Ürümqi 830017, China
2Beijing Goldwind Science and Creation Wind Power Equipment Company Ltd., Beijing 100176, China

Corresponding author: Haiyun Wang (why@xju.edu.cn)

This work was supported in part by the National Key Research and Development Program of China under Grant 2021YFB1507005.

ABSTRACT All-DC wind power system is one of the important directions of wind power development in
the future, and its safe and reliable topology and stable control strategy are the key to the stable operation
of the system. In order to solve the problems of poor control flexibility, difficulty of self-starting and low
reliability of DC fault crossing in the current all-DC wind farm, this paper presented a topological structure
of the parallel all-DC wind power system with turbine-side boost based on a new DC conversion. Based on
the dynamic connection mode that each bridge arm of the new DC converter was charged in parallel on the
low voltage side and discharged in series on the high voltage side, this paper designed the control strategy of
the all-DC wind farm and analysed the operation mode of the all-DC wind farm in the steady state operation
stage, the self-starting stage and the DC fault crossing period. Based on PSCAD/EMTDC, the simulation
model of the parallel all-DC wind power system with turbine-side boost based on a new DC converter was
established. Through the simulation of all-DC wind farm under normal operating conditions, such as steady
state and dynamic operation, and fault conditions, such as dynamic cut-in and cut-out of faulty wind turbine
and short circuit of DC bus, it was verified that the topology structure of the proposed parallel all-DC wind
power system with turbine-side boost based on a new DC converter could improve the control flexibility,
reduce the difficulty of self-starting, and ensure the high reliability of DC fault crossing under the premise
of feasibility.

INDEX TERMS All-dc wind power system, new dc converter, parallel, topological structure, control
strategy.

I. INTRODUCTION
With the further development of renewable energy power
generation technology, the wind power industry is in a period
of vigorous development, and the scale of wind power base
continues to expand [1], [2], [3]. In order to effectively solve
the problems of harmonic resonance [4], [5], [6] and over-
voltage caused by reactive power [7] existing in the wind
power system and realize the efficient transmission of electric
energy [8], the advantages of the all-DC wind power system
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scheme that adopts DC collection and DC transmission are
gradually obvious [9], [10].

The topology of all-DC wind power system can be divided
into series [11], [12] and parallel [13], [14] networks accord-
ing to the differentmodes of electric energy collection inwind
farms. Due to the strong coupling characteristics among the
DCwind turbines in the series all-DCwind power system, the
outlet voltage and output power of theDCwind turbines inter-
act with each other, and the phenomenon of wind curtailment
occurs during voltage limit period of DC wind turbine [15],
[16], which not only greatly improves the control difficulty of
the topology structure [17], but also restricts the realization of
DC series wind farm [18]. However, the parallel all-DC wind
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power system has a flexible structure due to the fact that the
DCwind turbines are in parallel with each other, whichmakes
the topology of the topology more scalable, more conducive
to the decentralized control of the DC wind turbines, and the
coupling of electrical parameters is smaller than that of the
series all-DC wind power system [19]. Therefore, it has the
characteristics of high reliability and easy implementation
to use the parallel all-DC wind power system topology to
construct all-DC wind power system.

The topology structure of the parallel all-DC wind power
system can be divided into one cluster step-up type, two
step-ups type and turbine step-up type according to the posi-
tion and number of DC step-up converters [20], [21]. The one
cluster step-up topology will directly convert the low voltage
electric energy collected by the wind farm to high voltage
through one boost. Although the loss caused by the one
cluster step-up topology in the step-up process is relatively
small [22], the maximum generator-side line voltage of the
wind turbine is only 5kV [23], and the topology requires a
high capacity of a single DC step-up converter [24], [25],
which leads to the high energy loss of this topology in
the process of DC collecting [26] and has great difficulty
in engineering implementation of this topology. Although
the two step-ups topology reduces the ratio of DC step-up
converter, the energy loss in the process of electric energy
collection [19] through the two step-ups way, the topology
causes a large energy loss in the step-up process [14], which
greatly affects the efficiency of energy transmission [22].
In the turbine step-up topology not only reduces the step-up
loss and energy loss in the process of power collection by
directly realizing high ratio voltage conversion at the outlet of
DCwind turbine [22], but also realizes independent control of
turbine-side voltage and power through turbine-side DC step-
up converter [19]. According to the comparative analysis of
the above studies, in order to realize the efficient operation
of the all-DC wind power system, the parallel all-DC wind
power system topology with turbine-side boost has more
obvious advantages.

The topology of DC/DC converter and the operation con-
trol of wind power system are very important in order to
realize the safe and stable operation of the parallel all-DC
wind power system. In the topology of DC converter [27],
[28] applied to wind power system, [29] proposes a kind
of DC converter based on IPOS, but the topology has the
problem of voltage balancing or current balancing due to the
direct series or parallel connection of multiple subunits; [30],
[31], [32] propose an M2DC converter based on MMC, but
due to the large number of modules in the topology and the
existence of intermediate frequency transformer, the switch-
ing loss and manufacturing cost are increased; [33] proposes
a DC autotransformer with fault isolation function, but the
system takes a long time to restart after theDC fault is cleared;
[34] proposes a modular hybrid cascade DC/DC converter
with bi-directional power transmission capability, but this
topology only has unidirectional fault blocking capability and

cannot block short-circuit faults on the high-voltage side;
[35] proposes a new topology of DC converter. However, due
to the facts that the energy flow in this topology cannot be
reversed by using diodes at the input and output sides, and
the DC voltage on the low voltage side is directly set through
the voltage source, and the voltage control on the low voltage
side cannot be realized, the application of this topology in the
all-DC wind power system needs further study.

In the research of the operation characteristics and con-
trol strategy of the parallel all-DC wind power system, [36]
proposes a grid-connected structure of the parallel all-DC
wind power system with turbine-side boost based on MIDC
DC converter with high efficiency and high energy density.
However, the MPPT control of PMSG output power in the
wind farm control strategy only considers the small difference
in wind speed between wind turbine units; [37] proposes a
two step-ups parallel all-DC wind power system structure.
However the ideal controlled current source is used to replace
the wind turbine, which leads the actual characteristics of
the wind turbine are not fully considered; [38] proposes
a topology structure of one cluster step-up parallel all-DC
wind power system based on single-phase full-bridge DC
converter. However, the single-phase full-bridge DC con-
verter used in this system cannot realize energy return, which
leads the wind power system does not have the ability of
self-starting; [39] proposes a power-reduction control strat-
egy (PRCS), which improves the transient performance of
offshore wind farms when the voltage of onshore AC grid
drops. However, the DC bus voltage of the wind turbine
rises too high during the fault period, which may exceed
the capacitance withstand voltage value; [14] proposes a
fault protection method for DC wind farms based on bipolar
transmission lines, but only the offshore converter is blocked
when the fault occurs, and the capacitor is still discharged to
the fault point

In view of the above problems existing in the current
all-DC wind power system, this paper proposes a parallel
all-DC wind power system topology with turbine-side boost
by applying a new DC converter to the all-DC wind power
farm. By improving the topology structure of the new DC
converter and putting forward a new control strategy of the
DC converter, the application capability of the DC converter
in all DC wind farms is improved, and the problems of
poor control flexibility, difficult self-starting and low relia-
bility of fault crossing are effectively solved in all-DC wind
farms. The rest of this paper is organized as follows: In
Section II, the topology, steady-state operation character-
istics, and self-starting of the parallel all-DC wind power
generation system are analysed. The III Section introduces
the steady-state control strategy of the parallel all-DC wind
power generation system in detail. In IV Section, the fault
handling strategy of the parallel all DC wind power system
is proposed. In V Section, the operation advantages of the
proposed topology are compared and analyzed. In VI Section,
a simulation study is carried out to verify the effectiveness
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of the proposed parallel all-DC wind power system topology
and its control strategy. Finally, the VII Section gives the
conclusion.

II. PARALLEL ALL-DC WIND POWER SYSTEM
A. TOPOLOGY OF THE PARALLEL ALL-DC WIND POWER
SYSTEM
This paper proposes a topology structure of the parallel
all-DC wind power system with turbine-side boost based on
a new DC conversion. The system scheme is shown in Fig. 1.
Each DCWT in the wind farm first converts the AC low
voltage from the generator into DC low voltage through the
generator-side AC/DC converter, and then converts the DC
low voltage into DC high voltage through the DC converter,
and finally outputs the DC electric energy. The power is col-
lected on the HVDC busbar by connecting multiple DCWT
units after boost conversion in parallel, then is transmitted
to the specified MMC converter station through the HVDC
transmission line. Finally, it is integrated into the AC grid
through the AC transformer to realize the stable transmission
of energy.

FIGURE 1. The parallel all-DC wind power system.

In Fig. 1, DC wind turbine (DCWT) after step-up con-
version is the basic unit of the parallel all-DC wind power
generation system, and its topology is shown in Fig. 2.

FIGURE 2. DCWT topology based on DC step-up conversion.

DCWT based on DC step-up conversion is mainly com-
posed of fan blade, permanent magnet synchronous gener-
ator, AC/DC converter, energy dissipation circuit (TR, RC),
support capacitor C, new DC converter, charging circuit
(Rlim, Q1, and Q2), isolation switch (K1, K2.) and so on.
In Fig. 2, the AC/DC converter adopts a two-level voltage

source converter, as shown in Fig. 3, where uas, ubs, and ucs
are the AC input voltage of the rectifier;UL is the DC voltage
output after being rectified on the machine side.

In order to ensure that the output voltage of DCWT can
be stably transformed from low voltage to high voltage DC,
a new non-isolated DC converter [35] is adopted in this paper.
Based on this topology, by adding reverse thyristors to the
input and output sides, the improved topology has the ability
of energy reverse flow. The topology is shown in Fig. 4.

The topology consists of three phases (phase A, phase B,
and phase C.) in parallel, each phase of the circuit structure
is exactly the same. Each single-phase circuit contains n half-
bridge arms, n full-bridge arms and n diode valvesDik (i =A,
B, and C; k = 1, 2. . . , n.) and a diode valve DHi (i =A, B,
and C.) directly connected with the high voltage DC port, n
thyristor valves Tik (i =A, B, and C; k = 1, 2. . . , n), and
the low voltage side and high voltage side reverse parallel
thyristor TLi and THi (i =A, B, and C.) to control the reverse
flow of energy. The full bridge arm is formed byN full bridge
submodules FB and a bridge arm inductor L in series, and
the half bridge arm is formed by N half bridge submodules
HB and a bridge arm inductor L in series. In Fig. 4, UL
and IL represent the voltage and current at the low-voltage
DC port; UH and IH represent the voltage and current at the
high-voltage DC port, respectively.

FIGURE 3. Voltage source type two level converter.

FIGURE 4. New DC converter.

In the existing [35], this topology cannot realize the reverse
flow of energy and the voltage control of the low voltage
side, which leads to the limitation of the application of this
topology in the all-DC wind power system. Compared with
the existing topology, this paper improves the topology of the
newDC converter by parallelling reverse thyristors at the high
and low voltage sides, which can lay a foundation for the real-
ization of the energy reverse flow in this topology. In addition,
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in order to improve the control coordination of the topology
in the all-DC wind power system, this paper proposes a
control strategy based on the number of control submod-
ules and the voltage of the submodules (as shown in (2) of
Section B of Part III), so that the topology can control the
DC voltage on the low voltage side, which greatly improves
the application of the topology in the all-DC wind power
system. In addition, compared with the phase-shifted dual
three-level DC/DC converters, phase-shifted multiple high-
voltage M2DC converters [37], and the dual-active-bridge
(DAB.) modular DC solid-state transformers (DCSST.) [40]
currently used in all-DC wind farms, The topology structure
of the DC converter used in this paper not only has the
ability of energy reverse flow, but also avoids the circulation
influence caused by the uneven voltage distribution of the
DAB modular DCSST when energy reverse flow [41].

B. STEADY-STATE OPERATION OF THE PARALLEL ALL-DC
WIND POWER SYSTEM
Since a parallel all-DC wind farm is formed by DCWT units
in parallel, the operation mode of a single DCWT is the basis
of stable operation of the whole wind farm.When the parallel
all-DC wind power system is in steady operation, the wind
energy is converted into mechanical energy by the fan blade
in the DCWT, which is converted into AC electric energy
(usge.) by the wind generator, and then converted into the low
DC electric energy (UL.) by the AC/DC converter. Finally, the
low DC voltage is stepped up by the new DC converter and
then output to the high voltage DC port to get the high voltage
DC voltage UH. The output energy of all DCWT inside the
wind farm is collected in parallel, and then transmitted to the
grid-side MMC by DC transmission. The AC energy (usgr.)
is obtained through conversion, and finally it is transferred
to the AC grid after transformer. The topology structure of
the parallel all-DC wind power system during steady-state
operation is shown in Fig. 5. At this time, the switching device
in AC/DC converter is normally on and off, the isolation
switch K1 and K2 are closed, the DC switch Q1 and Q2 are
closed, the switch tube TR in the energy dissipation circuit is
disconnected, and all the power emitted by the wind turbine
is transmitted to the high voltage DC port. The new DC con-
verter steady-state operation mode is very important for the
stable operation of DCWT. The new DC converter includes
two operating modes in normal operation. Fig. 6 shows the
parallel charging mode of the newDC converter. Fig. 7 shows
the series discharge mode of the new DC converter.

In Fig. 6 and Fig. 7, UChb and UCfb are the capacitance
voltage of half-bridge submodule and full-bridge submodule
respectively; UHB and UFB are the output voltage of half
bridge submodule and full bridge submodule respectively;
IHB and IFB are half-bridge arm current and full-bridge arm
current, respectively; Rhb and Rfb are the charging resistors
of the half-bridge submodule and the full-bridge submodule,
respectively.

FIGURE 5. The topology structure of the parallel all-DC wind power
system during steady-state operation.

FIGURE 6. The parallel charging mode of the new DC converter.

FIGURE 7. The series discharge mode of the new DC converter.

In steady-state operation, the new DC converter uses the
series and parallel switching of submodule bridge arms to
share the high current stress on the low voltage side and the
high voltage stress on the high voltage side, and uses the
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three-phase staggered operation of 120 degrees to offset the
current fluctuations. Each phase circuit operates in twomodes
of parallel charging and series discharge through the nearest
level modulation. In parallel charging mode, by controlling
Dik(i =A, B, and C; k=1, 2, . . . , n.) and Tik(i =A, B, and
C; k=1, 2, . . . , n.) on, and DHi (i =A, B, and C.) are forced
to turn off. At this time, n half bridge arms and n full bridge
arms are connected in parallel with the low voltage side, and
the capacitor voltage of the submodules in each bridge arm is
charged to the given value UCref, and the DC current IL input
on the low voltage side is evenly divided by all bridge arms.
In series discharge mode, by controlling Dik(i =A, B, and C;
k=1, 2, . . . , n.) and Tik(i =A, B, and C; k=1, 2, . . . , n.) off,
and reversing the voltage of all full bridge submodules in n
full bridge arms, n half bridge arms are connected to n full
bridge arms in series and DHi (i =A, B, and C.) are forced to
be switched on, so that all bridge arms are discharged in series
to the high voltage side together, and stable high voltage DC
is output. Finally, the energy inside DCWT can be transmitted
stably and efficiently after DC converter. At this time, the DC
current IH output by the high voltage side is the same as the
current of all the bridge arms.

Then nDCWTunits based on the above operationmode are
connected in parallel to form a all-DC wind farm, as shown
in Fig. 8. ULj (j = 1, 2. . . , n.) is the DC voltage output by the
rectifier in the DCWT#j(j = 1, 2. . . , n); UHj and IHj (j = 1,
2. . . , n.) are respectively the output voltage and output current
of the new DC converter in the DCWT#j(j = 1, 2. . . , n). UHP
and IHP are the voltage of the high voltage DC bus and the
current of the high voltage DC transmission line.

FIGURE 8. Parallel all-DC wind farm.

In Fig. 8, since the output voltage of each DCWT after
step-up conversion reaches the level of DC transmission volt-
age, the DC bus voltageUHP of the parallel all-DC wind farm
can be expressed as:

UHP = UHP(j=1,2. . . ,n) (1)

Set the output power of the DCWT#1 after step-up conver-
sion as PHj (j = 1, 2. . . , n), then the active power collected by
the DC bus of the parallel all-DC wind farm and the current

of the HVDC transmission line meet (2) and (3) respectively.

PHP =

n∑
j=1

PHj = UHPIHP (2)

IHP =

n∑
j=1

IHj (3)

In (2), PHP is the active power collected by the DC bus of
the parallel all-DC wind farm.

Since the outlet voltage of each DCWT after the step-up
conversion is equal to the DC bus voltage, PHj can be
expressed as:

PHj = UHjIHj = UHPIHj (4)

It can be seen from (4) that when the system is in steady
state operation, UHP is constant, and the output current IHj
of each DCWT after step-up conversion is only related to its
output active power. This means that the higher the output
active power of a single DCWT is, the larger its output current
will be; the lower the output active power of a single DCWT
is, the smaller its output current will be.

According to the analysis of (2) and (4), in a parallel all-DC
wind farm, each DCWT after step-up conversion is indepen-
dent of each other, and the change of operation condition of a
single DCWT only affects the total active power PHP output
by the wind farm and the current of the HVDC transmission
line IHP, but has no influence on the output parameters of
other DCWT units in the wind farm.

Finally, the total active power PHP sent by the parallel wind
farm is transmitted to the grid-side MMC converter station
via the HVDC busbar, and then the energy is transferred to
the AC grid through the AC transformer, so as to realize the
efficient steady-state operation of the parallel all-DC wind
power system.

C. SELF-STARTING OF THE PARALLEL ALL-DC WIND
POWER SYSTEM
When the parallel all-DC wind power system starts up,
it needs to send energy back from the power grid to the wind
farm. First, DC bus voltage UHP is established through the
grid-side MMC converter station, and then the low voltage
side voltage UL of the DCWT is established through the
reverse flow of the DC/DC converter energy. The direction
of energy flow during system startup is shown in Fig. 9. PHj.s
(j = 1, 2. . . , n.) is the active power absorbed by the DCWT#j
when it starts up, and Pgrid.s is the total active power returned
from the grid side when the system starts up.

When the energy transmitted from the grid side is collected
on the DC bus, the voltage of the high voltage side port
of the DC converter is UHj (j = 1, 2. . . , n.) is equal to
the DC bus voltage UHP established by the MMC converter.
In order to realize the reverse flow of DC converter energy,
this paper makes the topology capable of bidirectional energy
flow by inversely parallel controllable thyristors at the diodes
of the input and output ports of each phase circuit of the
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FIGURE 9. Energy flow direction of the parallel all-DC wind power system
at start-up.

new DC converter. When the DCWT is started in the parallel
all-DC wind power system, the energy circuit of the new
DC converter is shown in Fig. 10. The isolation switches K1
and K2 are closed, the DC switch Q1 is closed and Q2 is
disconnected, the switch tube TR in the energy dissipation
circuit is disconnected, and the switch device in the AC/DC
converter at the machine side is locked. The electric energy
flows in from the positive terminal of the high voltage DC
port of the DCWT, and then flows out from the negative
terminal of the high voltage DC port through the current
limiting resistor Rlim in the charging circuit of the new DC
converter, the high voltage side thyristor valve THA, n half-
bridge bridge arms and n full-bridge bridge arms. At this time,
n half bridge arms are connected in series with n full bridge
arms, and the capacitor on the low voltage side is connected
in parallel with the first half bridge arm through thyristor
valve TLA, realizing the establishment of the low voltage side
voltage UL in DCWT and completing the self-starting of the
parallel all-DC wind power system.

FIGURE 10. The energy flow direction of the new DC converter at start-up.

III. STEADY STATE CONTROL STRATEGY FOR THE
PARALLEL ALL-DC WIND POWER SYSTEM
A. THE OVERALL CONTROL SCHEME OF THE SYSTEM
The system control block diagram of the parallel all-DCwind
power system with turbine-side boost based on a new DC
conversion is shown in Fig. 11. The system control block
diagram mainly includes two parts: the DCWT unit based on
the boost transformation and the grid-side MMC.

The generator-side AC/DC converter mainly controls the
active power Pge and reactive power Qge of the generator to
ensure the maximum capture of wind energy [37] and the

FIGURE 11. Control block diagram of the parallel all-DC wind power
system.

stable operation of DCWT. The DC/DC converter is mainly
used to control the stability of the low voltage side DC voltage
UL [42], and adjust the high voltage side outlet voltage of
DCWT, which not only ensures the stable operation of the
machine side converter, but also makes the outlet voltage of
DCWT dynamically follow the change of the DC bus voltage.
The grid-side MMC is mainly responsible for controlling
the stability of the high voltage DC bus voltage UHP and
providing certain reactive power Qgrid support for the AC
grid, so as to ensure that all the total active power output of
the wind farm is transmitted to the AC grid [43].

B. CONTROL STRATEGY OF DCWT BASED ON STEP-UP
CONVERSION
1) GENERATOR-SIDE AC/DC CONVERTER CONTROL
STRATEGY
The generator-side AC/DC converter uses voltage source type
two-level converter (VSC) and adopts d-q current vector
control strategy with feedforward decoupling to control the
active power Pge and reactive power Qge on the machine
side. The active power and reactive power output of the wind
generator are controlled by real-time control of the feedback
current components of axis d and q, and voltage modulation
signals ud and uq are calculated by current feedback control,
and then the voltage modulation signals are obtained by coor-
dinate transformation to the three-phase modulation signal,
and finally the control signal of the switch tube is output
by PWM modulation, so as to control the steady operation
of DCWT. The control strategy diagram of generator-side
AC/DC converter on generator side is shown in Fig. 12.

In Fig. 12, Ia, Ib, and Ic are three-phase AC current of the
converter; Ea, Eb, and Ec are three-phase AC voltage of the
converter; Id and Iq are the d and q axis components of
three-phase AC current respectively; Ed and Eq are the d and
q axis components of three-phase AC voltage respectively;
Id _ref and Iq_ref are the given values of d and q axis of
the three-phase AC current respectively; ud and uq are the
d and q axis components of the three-phase modulated sig-
nal respectively; uga_ref , ugb_ref , and ugc_ref are three-phase
modulation signals; PLL is phase-locked loop controller;
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FIGURE 12. The control strategy block diagram of generator-side AC/DC
converter.

θPLL is the phase angle of A-phase voltage at AC side; wL
is the reactance value of the single-phase line on the AC side.

2) NEW DC CONVERTER CONTROL STRATEGY
In the steady operation of the parallel all-DC wind power
system, the new DC converter is mainly responsible for con-
trolling the stability of the low voltage side voltage UL in the
DCWT, and regulating the outlet voltage of the high voltage
side, so as to ensure the stable operation of the DCWT after
the step-up conversion. The control strategy block diagram
for each phase circuit of new DC converter is shown in
Fig. 13.

The control strategy for each phase circuit of new DC
converter is an open loop control strategy based on the nearest
level modulation (NLM). Suppose there are n full bridge
arms and n half bridge arms in each phase circuit, and there
are N full bridge or half bridge submodules in each bridge
arm. In order to ensure the continuity of the low voltage side
current and high voltage side voltage, the new DC converter
adopts the operation mode with a three-phase difference of
120 degrees, that is, the phase difference between the parallel
charging mode or the series discharge mode between each
phase circuit is 120 degrees. Under this operation mode, the
parallel charging mode and series discharging mode in each
phase circuit account for 120 degrees respectively. In order
to make the charging and discharging modes of each phase
circuit connect stably, an intermediate transition state is intro-
duced in the control period of each phase circuit.

In the parallel charging mode, n full bridge arms are con-
nected to n half bridge arms in parallel. By means of the

FIGURE 13. Control strategy block diagram for each phase circuit of new
DC converter.

nearest level modulation, the capacitor voltage of all submod-
ules in each bridge arm reaches the reference voltage UCref,
and the number of conducting submodules on each bridge
arm is controlled as N1, so that the voltage on the low voltage
side reaches the given valueULref. In parallel charging mode,
the relation between capacitor voltage Uc of submodules, the
number of conducting submodules each bridge arm N1, low-
voltage side voltage UL, half-bridge arm voltage Uhb, and
full-bridge arm voltage Ufb can be expressed as:

N1Uc = UL = Uhb = Ufb (5)

In the intermediate transition state, n full bridge arms and
n half bridge arms are disconnected from the circuit, and
the number of conducting submodules on each bridge arm is
controlled as N2, so that the half-bridge arms and full bridge
arms output the intermediate state voltageUhz andUfz respec-
tively. In the intermediate transition state, the relationship
between the capacitor voltage Uc of submodules, the number
of conducting submodules each bridge arm N2, the voltage of
half-bridge arm Uhz, and the voltage of full-bridge arm Ufz
can be expressed as:

N2Uc = Uhz = Ufz (6)

In series discharge mode, n full bridge arms are connected
in series with n half bridge arms, and the number of conduct-
ing submodules on each bridge is controlled to be N3, so that
the sum of capacitor voltage of all conducting submodules
in series follows the DC bus voltage UHP. At this time, the
relationship between the outlet voltageUH of DCWT, DC bus
voltageUHP, capacitor voltageUc of submodules, the number
of conducting submodules each bridge arm N3, half-bridge
arm voltage Uhc, and full-bridge arm voltage Ufc can be
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expressed as: 
nUhc + nUfc = UH

N3Uc = Uhc = Ufc

UH = UHP

(7)

C. CONTROL STRATEGY OF THE GRID-SIDE MMC
When the system runs in a steady state, the grid-side MMC
converter mainly controls the voltage of the high voltage DC
bus UHP, so that all the active power output from the wind
farm is transferred to the AC grid, and provides a certain
reactive power Qgrid for the AC grid to ensure the stable
operation of the AC grid [44].

The grid-side MMC converter adopts double closed-loop
control strategy [45], including voltage outer loop and current
inner loop control, with fast current response characteristics
and good internal current limiting ability. In this strategy,
the outer loop mainly generates the d-axis reference current
instruction Id 1_ref by controlling the DC bus voltage UHP to
reach the given value, and controls the reactive power Qgrid
to generate the q-axis reference current instruction Iq1_ref.
Then the three phase voltage modulation signal is obtained
by the inner loop current control. The control strategy block
diagram is shown in Fig. 14, where UHPref is the given value
of DC bus voltage; UHP is the voltage feedback value of DC
bus; Qgrid_ref is the given value of reactive power transmitted
to the grid side; Ud is the amplitude of AC phase voltage
at the grid side; Id 1_ref and Iq1_ref are the given values of
d axis and q axis of the three-phase current at the grid side
respectively; Id 1 and Iq1 are respectively the feedback values
of d and q axis components of three-phase AC current at
the grid side; Ed 1 and Eq1 are the d and q axis components
of three-phase AC voltage at the grid side respectively; ud 1
and uq1 are respectively the d and q axis components of
the three-phase voltage modulated signal; ua_ref , ub_ref , and
uc_ref are three-phase modulation signals; wL1 is the reac-
tance value of the single-phase AC line on the grid side.

FIGURE 14. Control strategy block diagram of the grid-side MMC.

IV. FAULT HANDLING STRATEGY OF THE PARALLEL
ALL-DC WIND POWER SYSTEM
A. FAILURE OF DCWT
When aDCWT in the parallel all-DCwind power system fails
due to internal mechanical components, transmission lines or
control systems, the DCWTneeds to be taken out of operation

and repaired to avoid influence on the stable operation of the
system. The switching logic of the faulty DC wind turbine is
shown in Fig. 15.
In this paper, a bypass switch is added at the high voltage

outlet of the DCWT based on the boost voltage transforma-
tion, so that the faulty DCWT unit can be stably removed,
so as to improve the reliability of the system operation.

As can be seen from Fig. 15, when a DCWT fails, the
switching logic of the faulty turbine mainly includes the
following steps:
Step 1: by disconnecting isolation switches K1 and K2 and

closing DC switches Q1 and Q2 in the charging circuit, the
DC wind turbine is cut off.
Step 2: by locking the switching device in AC/DC con-

verter, cutting out the submodules in the new DC converter,
and closing the switching tube TR in the energy dissipation
circuit, the electric energy in the DC wind turbine is released
through the energy dissipation circuit.
Step 3: If the faulty DCWT can be started by reset, TR and

Q2 will be disconnected, K1, K2, and Q1 will be closed, and
DCWT will resume to start.
Step 4: If it cannot be started by reset, the DC wind

turbine needs to be repaired. After the maintenance of the
faulty DCWT is completed, the DCWT can be restarted by
disconnecting TR and Q2, and closing K1, K2, and Q1.

FIGURE 15. The switching logic of the faulty DCWT.
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B. DC BUS SHORT CIRCUIT FAULT
When the HVDC line short circuit fault occurs in the parallel
all-DC wind power system, the voltage at the fault point
will drop rapidly and the current will rise rapidly, which will
seriously harm the safe operation of each part of the converter
devices in the system [46], [47]. Therefore, the DCWT and
the grid-sideMMCmust be able to clear the short-circuit fault
current at the DC side to ensure that the switch components
in the system are not burned during the fault.

1) DC BUS SHORT CIRCUIT FAULT HANDLING OF DCWT
a short circuit fault occurs in the high voltage DC side of the
DCWT based on the step-up conversion, the submodules of
all the bridge arms in the new DC converter in the DCWT are
locked. The flow path of fault current in DCWT is shown in
Fig. 16.

In Fig. 16, Uc.Hi (i = 1, 2. . . , N.) are the capacitance
voltage of the submodules of the half-bridge arm; Uc.Fi (i =

1, 2. . . , N.) are the capacitance voltage of the submodules of
the full-bridge arm; UFq is the full-bridge arm voltage and
UHq is the half-bridge arm voltage.

FIGURE 16. The flow path of fault current in DCWT.

As can be seen from Fig. 16, the short circuit current
only flows in series mode of the new DC converter and
only passes through the capacitance of the full bridge arm
submodule. In addition, the direction of short circuit current is
the same as the direction of capacitor voltage of the full bridge
submodule, which is the direction of capacitor charging of
the full bridge submodule. As a result, the full bridge arm
outputs positive voltage along the direction of short circuit
current, whereas the output voltage of the half bridge arm is
zero, so as to drive the fault current to rapidly decay to zero.
Half-bridge arm voltageUHq and full-bridge arm voltageUFq
can be expressed as:

UHq = 0

UFq =

N∑
i=1

Uc.Fi
(8)

In addition, since the output power of the high voltage side
of the DCWT drops to zero during the short circuit fault of
the DC bus, in order to consume the active power emitted by
the DCWT during the fault period and prevent the voltage
of the low voltage side from increasing due to power surplus,
the switch tube TR in the energy dissipation circuit should
be closed during the fault period, and the energy dissipation
resistor RC should be put in to consume the power emitted by
the wind generator.

If the DC bus short-circuit fault is cleared within the allow-
able failure time of the wind turbine, it is necessary to unlock
the DC/DC switching device in the DCWT and disconnect
the TR in the energy dissipation circuit, so that the DCWT
can restore normal operation. If the DC bus short-circuit fault
cannot be cleared within a short time, the fault is considered
as a permanent fault, and all wind turbines in the wind farm
must be shut down.

2) DC BUS SHORT CIRCUIT FAULT HANDLING OF THE
GRID-SIDE MMC
In order to suppress the fault current when the DC bus is short
circuit, the grid-side MMC adopts the hybrid topology of full
bridge and half bridge submodules [48], [49]. The flow path
of the fault current in the MMC at the grid side is shown in
Fig. 17.
In Fig. 17, Uc.aF1, Uc.aF2, Uc.bF1, Uc.bF2, Uc.cF1, and Uc.cF2

are the capacitance voltage of the full bridge submodule in
the three-phase bridge arm respectively; Uapn is the A-phase
bridge arm voltage. During the fault period, the switching
device of the grid-side MMC is locked, and the short circuit
current only passes through the capacitor of the full bridge
submodule, whose direction is the same as that of the capac-
itor charging of the full bridge submodule, so that the output
voltage of the MMC bridge arm is opposite to the direction of
the short-circuit current, forming negative pressure and pro-
viding back electromotive force to suppress the fault current.
Taking the A-phase bridge arm voltage as an example, it can
be expressed as:

Uapn = −(Uc.aF1 + Uc.aF2) (9)

If the DC bus short-circuit fault is cleared within the allow-
able failure time of the wind turbine, it is necessary to unlock
the MMC switch on the grid side, so that the output power
of the wind farm can be normally transmitted to the grid.
If the DC bus short-circuit fault cannot be cleared within a
short time, the fault is considered as a permanent fault, and
the converter station needs to stop.

V. OPERATION ANALYSIS OF THE PROPOSED WIND
POWER SYSTEM TOPOLOGY
In terms of operational flexibility and safety reliability,
a series wind farm topology is proposed in [42] and [50]
by respectively using DC/DC converters based on H-bridge
structure and single-phase hybrid modular multilevel con-
verter type DC transformers. However, due to the series of
wind turbines, the coupling effect between wind turbines
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FIGURE 17. The flow path of fault current in grid-side MMC.

is increased, which greatly improves the control difficulty
of the system and limits the control flexibility of its topol-
ogy. In order to solve the overvoltage problem, a topology
structure of wind power system based on modular multi-
phase PMSG is proposed in [51]. However, the designed
power-voltage coordinated control strategy of wind farm is
complicated, and the safety and reliability of its topology
need to be further studied. Compared with the above research,
the proposed parallel all-DCwind farm topology based on the
new DC converter avoids the problems of coupling and outlet
overvoltage of the wind turbine in the above topology, and
greatly improves the control flexibility and safety reliability
of the wind farm.

In terms of self-starting mode, compared with the wind
farm topology based on DAB modular DCSST topology
adopted in the current [40], the DC wind farm topology
based on the new DC converter adopted in this paper can
realize the energy return from the high voltage side and low
voltage side of each phase circuit by controlling the bridge
arms in series with each other in each phase circuit, and
conducting the anti-parallel thyristors on the low and high
voltage sides, which not only avoids the circulation problem
caused by the imbalance of DAB power distribution [41]
during the self-start of the wind farm based on DAB mod-
ular DCSST, but also reduces the difficulty of the self-start
control of the wind farm. In addition, compared with the
self-starting method of wind farm based on energy storage
charging adopted in [52], this paper reduces additional equip-
ment investment and the difficulty of coordinated control of
various converters during operation of wind farm through the
advantages of topology itself.

In terms of dealing with DC short circuit faults, the
wind farm topologies based on DAB modular DCSST
topology [40] and the wind farm topologies using dual
phase-shifted three-level DC/DC converters [53], [54] are
often connected with additional inductors and switching cir-
cuits [55] at the outlet of the DC converter in order to clear
DC short circuit faults. By blocking the secondary capacitor
discharge circuit and increasing the secondary inductance
during the DC short-circuit fault, the topology can realize
fault crossing without locking. However, due to the use of
additional switching devices and inductors in the above DC
short circuit fault handing method, not only increases the
investment in circuit design and the loss of switching devices
during steady-state operation of the circuit, but also increases
the breaking voltage stress of the active switch tube at the
wind turbine outlet, and reduces the reliability of dealing
with DC short circuit faults. The topological structure of the
wind farm based on the new DC converter proposed in this
paper does not need additional auxiliary circuit to isolate the
DC fault, and only needs to lock the switching tube of the
new DC converter to cut off the fault current. Compared with
the above approach, the topology proposed in this paper not
only reduces the extra investment and operating loss, but also
greatly improves the reliability during the DC short-circuit
fault ride-through period. Comparedwith themethod of using
energy storage to solve DC short circuit fault [56], the topol-
ogy proposed in this paper reduces the additional equipment
investment of the system according to its own advantages and
avoids complex fault control operations.

VI. SIMULATION STUDY
In order to verify the feasibility and effectiveness of the pro-
posed parallel all-DC wind power system topology scheme
and its control strategy, a simulation model of the parallel
all-DC wind power system with turbine-side boost based
on a new DC conversion of 10WM was built based on
PSCAD/EMTDC, as shown in Fig. 18. In the system, the
generator-side AC/DC converter of DCWT adopts a two-level
voltage source converter, the DC/DC converter adopts a new
DC converter with parallel charging and series discharge,
and the grid-side DC/AC converter at the grid side adopts a
modular multilevel converter.

FIGURE 18. Simulation model of the parallel all-DC wind power system.

The main parameters of the system in Fig. 18 are shown
in Table 1, where PHPref is the rated capacity of the wind
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TABLE 1. Main simulation parameters of the system.

farm; n is the number of DCWT in the wind farm; PHref is
rated capacity of the DCWT; fv is the switching frequency
of AC/DC converter on the machine side; UCref is the rated
voltage of the new DC converter submodule; ULref is the
reference value of DC voltage on the low voltage side of the
new DC converter; UHPref is the reference value of DC bus
voltage; fm is the switching frequency of MMC at the grid
side; Us is the effective value of the AC line voltage at the
grid side.

A. THE DCWT RUNS IN STEADY STATE
Fig. 19 shows the system simulation waveform when all
DCWT units in the wind farm are running stably at rated
working conditions.

As can be seen from the simulation results in Fig. 19, when
all DCWT units operate stably at rated operating conditions,
the low-voltage side voltage, high-voltage side output volt-
age, output current, and output active power of all DCWT
units are stabilized at 2.5kV, 10kV, 0.2kA, and 2WM respec-
tively, and the relationship between output current and output
active power of each DCWT satisfies (4). The collecting
current of the DC bus is 1kA, and the relation between it
and the output current of each DCWT satisfies (3). The
total output active power of the wind farm is 10MW, and
the relation between it and the output active power of each
DCWT satisfies (2).

B. THE DCWT RUNS DYNAMICALLY
Fig. 20 shows the system waveform when the active power
output of two DCWT units (No. 1 and No. 2) in the wind
farm changes dynamically. The output power of DCWT#1
and DCWT#2 changed from 2.0MW to 1.2MW at 1.5s, and
from 1.2MW to 1.6MW at 2.5s.

By observing the simulation results in Fig. 20, it can be
concluded that:

1) When the active power output of DCWT changes, the
DC voltage on the low voltage side and high voltage side
of the DC/DC converter of DCWT does not change, and the
voltage on both sides can be stable at the rated value.

2) The output current of the high voltage side of the DCWT
in dynamic operation changes with the change of the output

FIGURE 19. System waveform when all DCWT units are stable under rated
operating conditions.

active power, and finally reaches a new equilibrium after a
short period of fluctuation, which conforms to the dynamic
operation characteristics of the parallel all-DC wind farm.

3) Changes in the active power output of a single DCWT
unit in the parallel all-DC wind farm will not affect other
DCWT units rated for operation, which proves that the oper-
ation of each DCWT has independent controllability. When a
DCWT is in dynamic operation, the collecting current of the
DC bus and the active power output of the wind farm change
correspondingly, which conforms to the output characteristics
of the wind farm.

Therefore, it can be concluded from the above analysis
that this topology scheme can not only maintain the safe and
stable operation of the wind power system, but also send out
all the active power output of all DCWT units when the active
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FIGURE 20. System waveform when DCWT is running dynamically.

power output of multiple DCWT units changes due to wind
speed or control reasons.

C. THE FAULTY DCWT CUTS OUT AND IN
Simulation waveform of the parallel all-DC wind power gen-
eration system when DCWT#1 fails is shown in Fig. 21.
Before 2s, all DCWT units in the all-DC wind farm operate at
rated state. At 2s, DCWT#1 is removed due to a fault. At 3s,
the DCWT#1 will be redeployed through self-starting after
being repaired.

By observing the simulation results in Fig. 21, it can be
concluded that:

1) Before 2s, all DCWT units run at rated state, and the
voltage of the low voltage side, the output voltage of the high
voltage side, the output active power, and the output current

FIGURE 21. System waveform when the DCWT1 is faulty.

of the high voltage side are stabilized at 2.5kV, 10kV, 2MW
and 0.2kA respectively. The total active power delivered by
the wind farm to the grid side is 10MW, and the collecting
current of the DC bus is 1kA.

2) DCWT#1 fails at 2s. Firstly, the DCWT#1 is discon-
nected by isolating switches K1 and K2. Then the switching
devices in the rectifier are blocked, and the submodules in
the new DC converter are cut out. Finally, the internal power
of the DCWT is released by closing the switch tube TR in
the energy dissipation circuit. At this time, the DC voltage
on the low voltage side of the new DC converter drops to
zero because of the capacitor discharge. In addition, because
all the submodules in the new DC converter are cut out, the
output voltage and current of the DCWT are reduced to zero,
making the output active power of the DCWT drop to zero.
Moreover, because DCWT#1 was cut out due to failure, the
total active power delivered by the DC wind farm to the grid
side decreased to 8MW, resulting in the collecting current of
the DC bus decreased to 0.8kA after a short fluctuation. The

VOLUME 12, 2024 3065



H. Han et al.: Design of a Parallel All-DC Wind Power System With Turbine-Side Boost

output active power and low-voltage side voltage of other
DCWT units in normal operation are restored to the rated
value after a brief fluctuation.

3) DCWT#1 will be put back into operation after mainte-
nance at 3s. Firstly, the isolation switch K1 and K2 are closed
and the switch tube TR in the energy dissipation circuit is dis-
connected. Then, by turning the DC switch Q1 on and Q2 off,
the charging resistor Rlim is put in. Finally, by re-putting the
submodule in the newDC converter, the DC support capacitor
on the low voltage side builds voltage, so that DCWT#1 can
absorb active power to realize self-starting. Restore DCWT#1
to normal operation at 3.05s by unlocking the switch tube of
AC/DC converter. During the self-starting of DCWT#1, part
of the total active power output of other 4 DCWT units in
normal operation is transmitted to DCWT#1 for self-starting,
and the remaining active power is transmitted to the grid side.
At this time, the active power output of and RMS current
output of DCWT in the wind farm can be expressed as:

5∑
j=2

PHj = PHP − PH1 + PRl (10)

5∑
j=2

IHj = IH1 + IHP (11)

In (10), -PH1 is the active power absorbed by DCWT#1
during its self-starting; PRl is the active power consumed by
charging resistance Rlim when DCWT#1 starts up. PHP is the
total active power transmitted by the wind farm to the grid
side.

In (11), IH1 is the effective value of output current during
the startup of DCWT#1; IHP is the effective value of the
collecting current of the DC bus.

From the above analysis, it can be seen that when a DCWT
in the all-DC wind farm fails, the whole wind farm can
quickly adjust the output and maintain the stable operation
of the wind farm. During the self-starting period of the
faulty DCWT, the faulty DCWT can successfully realize
self-starting by absorbing part of the active power output
of other DCWT units in normal operation, which not only
ensures the stable operation of other DCWT units, but also
realizes the safe transmission of active power output of wind
farm.

D. DC BUS SHORT CIRCUIT FAULT
When DC busbar short-circuit fault occurs, the grid-side
MMC can realize the rapid removal of short circuit current
through the locking submodule, and the wind farm can realize
the rapid removal of short circuit current at the turbine-side
and the reasonable consumption of surplus power through
the internal processing of all DCWT units. When DC bus
short-circuit fault occurs, the simulation waveform of output
parameter of all DCWT units is shown in Fig. 22.
By observing the simulation results in Fig. 22, it can be

concluded that:

FIGURE 22. Output parameter waveform of all DCWT units in case of DC
bus short circuit fault.

1) Before 1.5s, all DCWT units run at rated state with
output active power of 2MW, voltage of low voltage side of
2.5kV, output voltage of high voltage side of 10kV, and output
current of 0.2kA.

2) During the period from 1.5s to 3.0s, DC bus has short
circuit fault. The switching devices of the new DC converter
in all DCWT units are closed, and the all resistances RC
input in the energy dissipation circuit. At this time, the output
voltage, the outlet circuit current, and the output active power
of all DCWT units quickly become zero. As the output active
power of all DCWT units become zero, the input current and
input power of all new DC converters both drop to zero. The
all resistances RC of the energy dissipation circuit consume
the active power emitted by the wind generator, and the
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current, voltage, and active power consumed on the each RC
reach a stable value of 0.895kA, 2.235kV, and 2MW respec-
tively after a short fluctuation. This indicates that the above
measures can not only quickly cut off the short circuit current
during the short circuit of the DC bus, but also eliminate the
influence of the rise of low voltage side voltage in all DCWT
units due to power surplus.

3) At 3.5s, DC bus short circuit fault is cleared. At this time,
by unlocking the switching devices of the grid-sideMMC and
the new DC converters of all DCWT units in the wind farm,
and removing all resistances RC in the energy dissipation
circuit, the parallel all-DC wind power generation system
resume normal operation.

VII. CONCLUSION
In order to improve the control flexibility of all-DC wind
farms, reduce the difficulty of self-starting control, and ensure
the high reliability of DC fault crossing, this paper first
proposed a topological structure of all DC wind power sys-
tem based on a novel DC transform. Then, the operation
characteristics of the parallel wind farm were analyzed, and
the control strategies under different operating conditions
were designed. Finally, the feasibility of the topology and
the effectiveness of the control strategy were verified by
simulation. The theoretical analysis and simulation results
show that:

1) The parallel all-DC wind farm with turbine-side boost
based on a new DC conversion can effectively realize flexible
control during steady and dynamic operation of the wind
farm on the premise of ensuring the stable operation of each
conversion device in the wind farm.

2) By controlling the connection mode of each bridge
arm of the new DC converter, the wind farm can realize
self-starting under low control difficulty.

3) When a DC short-circuit fault occurs at the DC bus bar,
by blocking the switching device of the newDC converter, the
parallel all-DC wind farm with turbine-side boost based on a
new DC conversion not only realizes the rapid removal of DC
fault current, effectively guarantees the safety of the all-DC
wind farm during the DC fault period, but also enables the
wind farm to resume normal operation after the fault removal,
greatly improving the reliability of the wind farm in the DC
fault crossing.
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