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ABSTRACT Modular multilevel converter-based high-voltage direct current (MMC-HVDC) transmission
is becoming a trend in offshore wind-farm integration. However, the large DC-side energy dissipation
equipment, which is utilized to dissipate surplus wind power under grid fault conditions, will largely increase
the cost of MMC-HVDC systems. To reduce the cost, a novel low voltage ride-through (LVRT) strategy is
proposed in this paper. When a grid fault occurs and the DC voltage exceeds the limit, the sending end
converter is controlled to reduce the AC voltage of the wind farm. The LVRT of the wind generators will be
activated, and the output active power of the wind farm is reduced. With this coordination, the DC-side
energy dissipation equipment only needs to dissipate surplus power in the early stage of the grid fault
before the output active power of the wind farm drops. Therefore, the heat generated by braking resistors
can be significantly reduced. On this basis, the braking resistors can be distributed into the submodules
of the receiving end converter (REC) station. The LVRT problem can be solved without building an
individual energy dissipation station. Using the proposed coordination strategy, the construction cost of the
MMC-HVDC system with offshore wind farm integration can be significantly reduced.

INDEX TERMS HVDC transmission, low voltage ride-through, modular multilevel converters, offshore
wind farm.

I. INTRODUCTION current withstand capability of power electronic devices, the

Offshore wind power is regarded as an effective solution to
the energy crisis[1]. For distant offshore wind farms (OWFs),
the modular multilevel converter-based high-voltage direct
current (MMC-HVDC) transmission is becoming a compet-
itive choice compared to its high-voltage AC (HVAC) trans-
mission counterpart [2], [3], which has capacitive charging
effects of HVAC submarine cables.

In recent years, the scale, voltage level, and capacity of
MMC-HVDC projects with OWF integration have rapidly
increased [4], [5]. However, owing to the low voltage and
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low voltage ride-through (LVRT) of the MMC-HVDC system
and the OWF under grid fault conditions becomes a vital
problem [6]. After a grid fault occurs, the active power out-
put capacity of the receiving end converter (REC) decreases
substantially, and the surplus power accumulates on the DC
transmission line. The DC bus voltage increases rapidly [7],
which triggers overvoltage protection and causes the system
to stop operating.

In most practical projects, energy dissipation equipment is
used to deal with surplus wind power under grid-fault con-
ditions. There are two different types of energy-dissipation
equipment. The AC-type energy dissipation equipment
generally adopts thyristors, which are installed on the AC side
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FIGURE 1. Overall LVRT strategy of MMC-HVDC system with wind farm integration.

of the sending end converter (SEC) and occupy a large area of
the offshore platform. Therefore, they are not suitable for oft-
shore wind farms. The DC-type energy dissipation equipment
generally adopts IGBTs, which are installed at the DC side
of the REC. The early energy dissipation equipment is com-
posed of a series-connected IGBT valve and a braking resistor
[8], [9]. The resistor is inserted and bypassed according to the
DC voltage. However, with the increase in the voltage level,
the voltage balancing of a large number of series-connected
IGBTs has become a technical bottleneck. Recently, the
dynamic braking system (DBS) [10], [11], [12], [13], [14]
has been widely utilized in HVDC projects, in which the
series-connected IGBT valve is replaced by series-connected
submodules. The DBSs have three different types according
to the arrangement of braking resistors: centralized DBS
(applied in the Rudong Project), distributed DBS (applied in
the Borwin2 project), and hybrid DBS.

Considering the worst case, that is, the output active power
of the REC drops to 0 and the wind power is rated, the
capacity of the energy dissipation equipment should be equal
to the rated wind power, which is very large. Therefore,
an independent station is required for DBS. Capacitors in the
DBS also increase the volume and cost of the station. As a
result, the construction cost of the energy dissipation station
is approximately 1/7—1/6 that of the main REC station.

To reduce the cost of energy dissipation equipment, some
scholars have proposed that the output power of a wind farm
can be rapidly reduced to match the output power limit of the
REC when the power grid fails. The communication-based
coordination method is adopted from literature [15], [16].
When low-voltage faults occur in the power grid, the wind
farm can rapidly reduce its output power by sending instruc-
tions via communication. Considering the cost, reliability,
delay, and other problems of communication methods, the
fault ride-through strategy without communication has been
adopted in the literature [17], [18], [19], [20]. In these
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methods, when the DC-link voltage exceeds the threshold,
the SEC reduces the AC voltage or increases the frequency
of the wind farm. Then the wind turbines are controlled to
reduce the active power output. However, owing to the small
inertia of the DC system, DC-side overvoltage may trigger
protection within tens of milliseconds. Therefore, the time
requirement for wind farm power reduction is very strict,
which makes it difficult to guarantee the reliability of such
methods.

To balance the cost and reliability, a novel LVRT strategy
is proposed in this paper. The “‘buffer” braking resistors are
distributed in the submodules of the REC. These resistors are
only required to dissipate surplus power at the early stage of
the LVRT process (<200ms). Simultaneously, the wind farm
voltage is rapidly reduced by the SEC, triggering the LVRT
protection of the wind turbine. The output active power of
the wind farm can be reduced, and the braking resistors in
the REC submodules are gradually bypassed. This method
does not need to build additional energy dissipation stations
and greatly reduces the cost. Finally, an MMC-HVDC trans-
mission system with OWF integration is constructed in the
RT-Lab platform. The effectiveness of the proposed LVRT
strategy is verified.

Il. THE OVERALL COORDINATED LVRT STRATEGY OF THE
MMC-HVDC SYSTEM AND WIND FARM
The overall coordinated LVRT strategy is illustrated in Fig. 1.
When a fault occurs at t = 71, the rapid increase in the DC
voltage activates two different control loops:
1) The energy dissipation equipment is activated and uti-
lized to dissipate the surplus power;
2) The SEC rapidly reduces the AC voltage, which trig-
gers the LVRT of the WGs. The output active power of
the WGs is reduced at t = 1.
It can be observed that the energy-dissipation equipment
operates only between #; and #,. With this coordination
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strategy, the surplus wind power absorbed by the energy-
dissipation equipment is significantly reduced. Therefore,
the braking resistors of the energy-dissipation equipment
can be integrated and distributed into the submodules of
the REC station, as shown in Fig.2. A “buffer” circuit is
parallel connected to the submodule capacitor of the REC.
The “buffer” circuit consists of an IGBT, a braking resistor,
and a free-wheeling diode. When the IGBT S3 is switched on,
the submodule capacitor discharges and the braking resistor
dissipates the surplus power. The total dissipated power can
be flexibly controlled by varying the total number of inserted
braking resistors.
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FIGURE 2. Topology of MMC-based REC station with original submodules
and modified submodules with distributed braking resistors.

With the proposed LVRT strategy, the large energy dissi-
pation station is replaced by distributed braking resistors in
the submodules of the REC, which can significantly reduce
the construction cost of the MMC-HVDC system with OWF
integration.

The rest of this paper is organized as follows: The design
and control of the distributed braking resistors are introduced
in Section III. The active power reduction control of the
MMC-HVDC system and the wind farm is introduced in
Section IV. The feasibility of integrating the braking resistors
into the REC submodules is studied in Section V. Section VI
compares the proposed method with different kinds of exist-
ing energy dissipation equipment. Simulation verification
based on the RT-Lab platform is shown in Section VII.
Section VIII draws some conclusions.

lll. THE DESIGN AND CONTROL OF DISTRIBUTED
BRAKING RESISTORS

Given that the number of submodules per bridge arm of the
REC station is N, where the number of redundant submodules
is VR, the maximum DC voltage is ugcmax (usually 1.1 times
the rated DC voltage), and the rated power is Pyon, it is known
that the maximum voltage of each submodule capacitor is
Udemax/(V-NR). There are 6 (N -NRr) power buffer submodules
to handle the surplus wind power, and the remaining 6 Nr
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submodules are used for redundancy. Considering the worst
case, that is, the surplus wind power equals the rated power
of the MMC-HVDC system, the surplus power to be handled
by each submodule is Pnom/6(N-NRr), and the value of the
distributed buffer resistor is

2
(”dcmax N — NR)

R="5
nom/s N — Ng)

ey

In normal operation, the REC controls the DC voltage.
However, during grid fault conditions, the active power output
capability of the REC is largely decreased. If the wind power
is greater than the active power output capability of the REC
station, the DC voltage will rise rapidly. When the DC voltage
exceeds 1.05p.u., the buffer resistor in the submodule is put
into use and takes over the control of the DC voltage instead
of the REC, as shown in Fig. 3.
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FIGURE 3. Control strategy of the distributed braking resistors.

The DC voltage ugc can be controlled by adjusting the
number of buffer resistors Npuffer inputs using a proportional-
integral (PI) controller. The feedforward Ny is introduced
to speed up the insertion of distributed braking resistors at
the initial stage of fault occurrence to avoid DC voltages
exceeding the protection threshold. N¢y can also help cut off
distributed braking resistors after the power reduction of the
wind farm.

By integrating the braking resistors into the REC submod-
ules, the MMC-HVDC system does not require an individ-
ual energy dissipation station, which takes up a large area.
However, the operating time of the braking resistors should
not be too long, or the dissipated power will significantly
influence the thermal design of the REC submodules. There-
fore, coordinated control of the MMC-HVDC system and the
OWEF is proposed to rapidly reduce the output active power
of the WGs.

IV. THE FAST ACTIVE POWER REDUCTION CONTROL OF
THE MMC-HVDC SYSTEM AND WIND FARM

For full-scale converter-based WGs, a DC chopper is widely
used to solve the LVRT problem when the WGs are connected
to the grid via AC transmission. The chopper is utilized
to absorb excess power and is activated when the DC-link
voltage surpasses the predefined threshold. However, when
the WGs are integrated into the onshore AC grid via the
MMC-HVDC transmission system, they cannot sense the
grid fault, and the DC choppers in the WGs do not work.
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Therefore, the LVRT capability of the choppers is not fully
utilized.

As shown in Fig. 1, to make full use of the de-loading
capabilities of the WGs, the SEC is controlled to reduce its
AC voltage when the HVDC voltage exceeds the threshold.
This triggers the LVRT control of the WGs, and the DC
choppers in the WGs are inserted to consume the surplus
power. The details of the coordinated active power reduction
control are introduced in this section.

A. ACTIVE POWER LIMIT OF THE REC UNDER GRID FAULT
The control of the REC is shown in Fig.4. ug. and ugcref
are the measured and reference values of the DC voltage,
respectively. Q and Oyt are the calculated and reference value
of the output reactive power, respectively. upcc is the AC
voltage at the point of common coupling. irgc is the output
current of the REC. iypep and iypen are the three-phase arm
current at the upper arm and lower arm, respectively. The
conventional double-closed-loop control is utilized to control
the DC voltage and the output reactive power. The nearest
level modulation (NLM) is applied to generate the gate signal
for the submodules of the REC [24]. The sorting method
based on the direction of arm current is utilized to ensure
the balancing of the submodule capacitors. The circulating
current suppressing controller (CCSC) utilizes a PI controller
in a double-frequency rotating reference frame to suppress the
second-order circulating current [25].

Upcc IREC J
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FIGURE 4. Control diagram of the REC.

When a grid fault occurs, the REC is required to provide
reactive current support to the grid, according to the standard
such as [21]:

. u
igref =1.5inom(0.9 — —2—)0.2ugnom < g <0.9Ugnom  (2)

Ugnom
where i,om is the rated current of the REC.
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Therefore, the upper limit of active current igmax is:

. [2 2
ldmax = /Yim ~ lgref 3)

where ijjp, is the maximum output current of the REC, which
is usually 1.2p.u.. The active power limit of the REC is

Prax = “gidmax 4

Considering the worst condition in the standard, that is,
the grid voltage drops to 0.2p.u., the minimum output active
power of the REC is approximately 0.12p.u..

During the fault, the active power output capability of the
REC is largely reduced, especially when the reactive current
support is applied. The surplus power leads to the increase of
the DC voltage. Then the distributed braking resistors will be
put in. At the same time, the AC voltage reduction control of
the SEC will be activated.

B. AC VOLTAGE REDUCTION OF THE SEC

The SEC usually operates in the V/f control mode, that is,
by controlling the AC voltage and frequency of the wind
farm. Commonly used strategies include open-loop, AC volt-
age single closed-loop, and AC voltage-AC current double
closed-loop. Although the open-loop and AC voltage single
closed-loop control can reduce the AC voltage more quickly,
the absence of a current loop can easily lead to SEC overcur-
rent. Double closed-loop control can protect the REC from
overcurrent. However, a physical capacitance is required at
the AC side of the SEC to decouple the outer AC voltage
loop and the inner AC current loop in the double closed-loop
control. For the MMC, there is no filter capacitance on the AC
side. Thus, the performance of the double-closed-loop control
may degrade [22], [23].

To solve this problem, AC current-loop control with virtual
impedance is utilized, as shown in Fig.5. The AC voltage
error is divided by the virtual impedance to obtain the AC
current reference value. A circular current limiter is used
to restrict the AC current reference to avoid exceeding the
current limitation. Then a current loop is utilized to generate
the output AC voltage reference uwrpape of the SEC. The
modulation method, submodule capacitor balancing method,
and CCSC of the SEC are the same as the REC.

FALT-

Sorting

Lapep | faben

WIN

WFq iwrq| twpqt@Liwr
Uwrq Circular current limiter q d O wr

FIGURE 5. AC voltage reduction control of the SEC.
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uwr ref and uwp are the reference and measured values
of the wind farm voltage. iwr is the measured value of the
current of the SEC. L, and R, are the value of the virtual
reactance and virtual resistance, respectively. wwrrer is the
reference frequency of the wind farm. The detailed structure
of the circular current limiter is shown in Eq. (5). ijim i
usually set to 1.2~1.5 p.u., according to the overcurrent

capability of the SEC.
if ,/ it&%Fd + it’\%Fq < Ilim

. Ak
IWFdref = lywEq

. o
IWFqref = lwFq

Ryrglli
. o WEJHim
IWFdref = ——=——
" »
v 'WEd T twEg it [m2 ;
. . 1 1 1 > 1
By lim WFd T fWEq ~ Him

iWquef = T
l'*2 4 i*z
WFd WFq
Q)

When the DC voltage exceeds the limit, e.g., 1.05p.u.,
the SEC changes the reference of the AC voltage to 0.2p.u..
To further avoid overcurrent to both the SEC and WGs, the
rate of AC voltage reduction is limited by the 1% order filter.
The time constant 77 is set to 50ms, which is slower than that
of the control loop of the SEC and wind power converters.
In addition, a hysteresis unit is also used to avoid oscillations
and misoperation. Considering the stability and the overcur-
rent capability of the SEC, the AC voltage reduction process
is set to last for 150ms.

C. ACTIVE POWER REDUCTION OF THE WG

Taking the permanent magnet synchronous generator-based
WG as an example, the grid-side converter controls the DC
bus voltage of the converter Uy wt, and the machine-side
converter follows maximum power point tracking (MPPT)
control. When the AC voltage uwr of the wind farm drops
below 0.9 p.u., the active power reduction of the WG starts.
According to the calculations in Section IV.A, the minimum
active power output of the REC is 0.12p.u.. To match this
limit, the maximum output power of the WG is set to 0.12p.u..
At this time, the grid-side converter of the WG almost does
not output active power, and surplus wind power is accu-
mulated on the DC-link capacitor of the wind power con-
verter, which increases the DC-link voltage. At this time, the
DC choppers in the WGs are activated to dissipate surplus
wind power, and the distributed braking resistors in the REC
can be bypassed. From the occurrence of grid faults to the
completion of the WGs’ power reduction, it takes less than
200ms, i.e., the distributed braking resistors need to work less
than 200ms.

D. COORDINATION SEQUENCE OF THE MMC-HVDC
SYSTEM AND THE OWF

This subsection introduces the coordination sequence among
the REC, the SEC, and WGs. When detecting the dip of the
PCC voltage, the REC provides reactive current to the grid
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according to the standard. If the wind power is greater than
the residual power limit of the REC at this time, the DC
voltage will continue to rise until it is higher than 1.05p.u.
and the distributed braking resistors in the REC are inserted.
At this point, the “buffer”” loop takes over the control of the
DC voltage and sets the reference value of the DC voltage
to 1.06p.u..

Then, when the DC voltage detected by the SEC exceeds
1.05p.u., the AC voltage of the SEC will be gradually reduced
to 0.2p.u., triggering the LVRT of the WGs and reducing the
output active power of the wind farm. When the REC detects
the DC-side power decline, the braking resistors are gradually
bypassed and return the control of the DC voltage to the main
control loop of the REC. Before the PCC voltage recovers,
the REC needs to control the DC voltage at 1.06p.u to ensure
that the SEC controls the AC voltage at 0.2p.u..

If the grid fault is recovered within a specified time, the
REC adjusts the DC voltage to 1p.u., and the SEC gradually
increased its AC voltage to 1p.u.. The MMC-HVDC system
and wind farm can resume their normal operation. If the grid
fault is not recovered within the specified time, the REC and
SEC open the AC-side breaker, and the pulse will be blocked.
The entire system stops its operation.

V. FEASIBILITY ANALYSIS OF INTEGRATING BRAKING
RESISTOR INTO THE REC

According to the coordinated control strategy of the wind
farm, the distributed braking resistor can be cut off when
the DC chopper of the wind turbine is in operation. Thus,
the distributed braking resistor only needs to operate for a
short period to deal with the surplus power at the beginning of
the grid fault. Therefore, the calorific value of the distributed
braking resistor is very small.

Taking the parameters in the appendix as an example,
when the HVDC transmission system works in the full-power
mode, the surplus power in every MMC module can be
calculated as follows:

According to the analyses in Section II, the distributed
braking resistor needs to work for 200ms before the DC
chopper of the wind turbine is operated. The calorific value
is calculated as follows:

0 = Pt ~ 87.5kJ 7

According to the existing HVDC project, the allowable
time interval of the braking resistor is 20 min. Therefore, the
heat can be released in 20 min, and the average dissipation
power can be calculated as

87.5kJ

1200s
The loss rate of receiving-end MMC is approximately
1.5%. Thus, the average dissipation power of every MMC
submodule can be calculated as
0.015Ppom

" 6(N — Ng)

dis = = 0.073kw ®)

Psm = 6.56kW )
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Comparing equations (8) and (9), the thermal power of the
braking resistor is approximately 1/90 of that of the original
MMC submodule. Therefore, it can be concluded that the
distributed braking resistor has little influence on the thermal
management of the MMC submodule, and the feasibility of
the distributed braking resistor is confirmed.

To further avoid the influence on the thermal management
of the MMC module, the braking resistor is wrapped into a
material with high heat capacity, that is, ceramic or mica, and
the heat is released slowly. If ceramic is selected as the heat-
barrier material, the specific heat capacity is 850J/(kg-K).
To limit the temperature to 500 °C to protect the resistor, the
weight of the ceramic needs to be higher than 0.2 kg, which
is not very large for a submodule.

VI. COMPARATIVE ANALYSIS WITH THE EXISTING
DYNAMIC BRAKING SYSTEM

Three types of dynamic braking systems (DBSs) for MMCs
are illustrated in Fig. 6. As the series-connected IGBT valve
faces significant challenges in high-voltage application con-
ditions, it is not analyzed in this section. All three topologies
in Fig. 6 increase the voltage level and capacity of the DBS
using a modular multilevel topology. In addition, du/dt and
di/dt are restrained.

T 5+ y L
Resistor
SM;
SM,

A L 7y

= R Y
SMy

(b)

FIGURE 6. Typical topologies of energy dissipation equipment:

)
(a) Centralized DBS (b) Distributed DBS (c) Mixed-type DBS.

Resistor

~

a

As shown in Fig. 6(a), the submodules and centralized
braking resistor are connected in series in the centralized
DBS. Both half-bridge (HB) and full-bridge (FB) submodules
can be utilized. In Fig. 6(b), the braking resistors are dis-
tributed in every submodule in the distributed DBS. In mixed-
type MMC-DBS in Fig. 6(c), both centralized and distributed
braking resistors are utilized.

For a centralized DBS, the dissipation power is controlled
by adjusting the voltage on the centralized braking resis-
tor, which depends on the number of inserted submodules.
Assuming that there are N submodules in each arm of the
REC, more than 2N IGBTs and N capacitors are needed in
centralized HB-DBS. In addition, 4N IGBTs and N capaci-
tors are required in centralized FB-DBS.

For a distributed DBS, the dissipation power can be
adjusted flexibly by changing the number of inserted resis-
tors. The burden of the submodule’s water-cooling system is
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heavy in this topology, which enlarges the equipment size
and increases the cost. In a distributed DBS, N IGBTs and
N capacitors are needed.

The characteristics of centralized DBS and distributed
DBS are combined in mixed-type MMC-DBS. The central-
ized resistor undertakes the main dissipation power, and every
submodule contains a small resistor to maintain the balance of
the capacitor voltage. 2N IGBTs and N capacitors are needed
for mixed-type DBS.

From the analyses above, it can be seen that many capaci-
tors are needed in all three kinds of DBSs, which will enlarge
the equipment and increase the cost. Additionally, indepen-
dent valve towers must be built. Therefore, the construction
cost of the existing MMC-DBS is very high.

The proposed fault ride-through strategy uses the DC chop-
per of the WGs to consume surplus power by decreasing
the SEC voltage during grid faults. Therefore, the operation
time of the braking resistor can be effectively decreased,
and the braking resistor has little influence on the thermal
management of the MMC submodule, which lays the foun-
dation for the resistor to be integrated and distributed into
the REC submodules. Compared with the conventional DBS,
the proposed LVRT strategy does not require extra capacitors
or valve towers. In addition, the MMC submodule voltage is
more stable when the braking resistor is put into operation
during a grid fault, which further ensures the reliability of the
system. Although the number of IGBTs used in the proposed
strategy is much larger, which is 6N, the rated current of
every IGBT is very small (i.e., only Prom/6Uq4c). Pnom and
Uy, are the rated active power and DC voltage, respectively,
of the REC.

Therefore, it can be concluded that the proposed LVRT
strategy for the MMC-HVDC transmission system with OWF
integration based on distributed braking resistors is cheaper
and more reliable than the existing MMC-DBS.

TABLE 1. Comparison of different types of energy dissipation equipment.

Rated Rated

Number Number of
Type of IGBTS voltage of current of canacitors

each IGBT _ eachIGBT _ %P
Centralized
HB.DBS >2N UsdN Puon/Ude >N
Centralized FB-
DBS 4N Uy /N Poom/Ude N
Distributed
DBS N Us/N Puom/Use N
Mixed-type
DBS 2N Us/N Puom/Use N
Proposed
distributed
braking 6N Us/N Prom/6Use 0

resistors

VII. SIMULATION VERIFICATION

A. INTRODUCTION TO THE SIMULATION MODEL

To verify the effectiveness of the proposed LVRT strategy,
a real-time simulation model based on Fig. 1 is built in the

87865



IEEE Access

X. Wang et al.: Coordinated LVRT of MMC-HVDC Transmission System and Wind Farm

RT-Lab platform in Fig. 7. The simulation model consists of
two MMC stations, and the wind farm is aggregated into a
1000 MW PMSG. The detailed parameters of the MMC and
PMSG can be found in Tables 2-3.

TABLE 2. Parameters of the HVDC converters.

Parameters Value
Number of SMs per arm 412
Number of redundant SMs 31
SM capacitor 11mF
Rated DC voltage +320kV
Rated AC voltage 333.13kV
Rated active power 1000MW
Rated reactive power OMvar
Arm reactance 80mH
DC side current limiting reactance 30mH
Transformer ratio (REC) 500kV/333.13kV
Rated power of the transformer (REC) 1400MVA

Leakage reactance of the transformer (REC)  16%
Transformer ratio (SEC) 230kV/333.13kV
Rated capacity of the transformer (SEC) 1400MVA
Leakage reactance of the transformer (SEC) 14%

TABLE 3. Parameters of the aggregated PMSG.

Parameters Value

Rated capacity of the PMSG 1000MW

Rotor speed of the PMSG 4.2~11.9rad/s
Rated AC voltage 0.69kV
Rated wind speed 11.4m/s
Equivalent inertia of wind turbine 5.54s

Inertia of the generator 0.84s
DC-link voltage 1.1kV

Transformer ratio 0.69kV/35kV
Rated capacity of the transformer 1100MVA
Leakage reactance of the transformer 10%

DC chopper resistor 0.00125Q

FIGURE 7. RT-LAB experiment platform.

The active power output of the wind farm is set to 800 MW.
As shown in Fig.8, the grid voltage suddenly drops from 1 p.u.
to 0.2p.u. at ¢ = 0.6s, and recovers to 1 p.u. at t = 1.2s. Two
different cases are simulated and compared.
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FIGURE 8. Grid voltage.

In Case A, only the fast active power reduction control is
applied. In Case B, both fast active power reduction control
and the distributed braking resistors (DBRs) are applied.

B. SIMULATION RESULTS

The responses of the REC and SEC in both cases are shown
in Fig. 9 and Fig. 10. When the fault occurs at + = 0.6s,
the active power output capability of the REC is largely
reduced (see Fig. 9(c)). Without using DBRs, the DC voltage
will rise quickly (see Fig. 9(a)). The DC-side overvoltage
triggers the AC voltage reduction control of the SEC (see
Fig.10(a)). Then the LVRT control of the wind turbine is
activated. The output active power of the wind farm is reduced
in approximately 200ms (see Fig.10(c)), and the DC voltage
will stop increasing (see Fig. 9(a)). During this process, the
AC side input current of the SEC does not exceed the limit.
It can be found that the active power reduction control of the
SEC and the wind farm is effective.

However, without using DBRs, the DC voltage increases
to around 1000kV in 200ms, which largely exceeds the limit
value of the overvoltage protection. Therefore, using only the
active power reduction method cannot realize LVRT under
severe grid faults.

When the DBRs are utilized, it can be found that the rising
of DC voltage is constrained (see Fig. 9(a)). The DC volt-
age is controlled to 1.06p.u. This value does not trigger the
overvoltage protection but triggers the AC voltage reduction
control of the SEC (see Fig.10(a)). After 200ms, the output
active power of the wind farm is reduced. The internal DC
choppers of the wind turbines are activated to dissipate the
surplus power, and the DBRs are gradually deactivated. With
both DBRs and the active power reduction control, the DC
voltage can remain stable during the LVRT process. When
the grid fault recovers, the DC voltage recovers first. Then
the AC voltage of the wind farm is controlled back to the
rated value. And the output active power of the wind farm also
recovers. The system can be restored to normal operation. The
effectiveness of the proposed coordinated LVRT strategy is
verified.

During the LVRT process, the number of the inserted DBRs
is shown in Fig. 11. It can be found that the DBRs are only
inserted in the beginning 200ms, which coincides with the
analysis in Section II. The active power reduction control of
the SEC and the wind farm can reduce the inserted time of
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the DBRs, thus making it possible to put the DBRs into the
submodules of the REC.

()
nt (c) SEC input and reactive power. (Upper panel: without
In addition, the p citor voltage waveforms of three dif-
ferent s bmdl n phase A of the REC are shown in

Fg 12. It can be f nd that the ltg ppl fthesub-
module capac t s are similar in bth under normal and
fault conditions. The insertion of DBRs does not increase the
voltage ripple of the submodule capacitors.

VIil. CONCLUSION

Aimin g tth OWEF integrated into the grid via MMC-HVDC
transmission, this paper pr p n LVRT strategy based on
the d ation of “‘buffer b k ng resistors distributed in
REC submodu 1 and WGs’ DC choppers, which have the
following characteristics:

1) High reliability: Th rpl pw s consumed by the
distributed ‘‘buffer tth lytg of the
grid fault, thtth WGh relativ lyg
time to d its output active power, avoidin gDC

Vervoltage.

2) Low cost: the “buffer” r e distributed in the
submodules of the REC, a dth ey o lyw rk for a short
pe 'dep red with the t g nergy dis pt

equ pm nt, no extra p citor is neede d nd n
vidual e gyd sipation station is required, Wh h
significantly reduce the cost.

indi-
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3) Protection of submodules: Buffer resistors are installed

in each submodule of the REC, which can protect the
capacitor of each submodule from overvoltage during
not only the grid fault but also the normal operation of
the REC.

Finally, simulation studies in RT-Lab show that the pro-
posed strategy can control the DC voltage stably and realize
areliable LVRT of the OWF and MMC-HVDC system during
the grid fault.

The RT-Lab simulation results have shown the effective-
ness of the proposed method under symmetrical grid faults.
The feasibility of the method under unbalanced grid faults
will be further studied in the future.
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