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Parallel Converter-based Hybrid HVDC System
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Abstract—In this study, a novel parallel converter-based hy-
brid high-voltage direct current (HVDC) system is proposed for
the integration and delivery of large-scale renewable energy.
The rectifier uses the line commutated converter (LCC) and
low-capacity modular multilevel converter (MMC) in parallel,
while the inverter uses MMC. This configuration combines the
economic advantages of LCC with the flexibility of MMC. First-
ly, the steady-state control strategies are elaborated. The low-ca-
pacity MMC operates in the grid-forming mode to offer AC
voltage support. It also provides active filtering for the LCC
and maintains the reactive power balance of the sending-end
system. The LCC efficiently transmits all active power at the
rectifier side, fully exploiting its bulk-power transmission capa-
bility. Secondly, the fault ride-through strategies of both the AC
faults at two terminals and the DC fault are proposed, in which
the MMCs at both terminals can remain unblocked under vari-
ous faults. Thus, the proposed system can mitigate the impact
of the faults and ensure continuous voltage support for the
sending-end system. Finally, simulations in PSCAD/EMTDC
verify the effectiveness and performance of the proposed system.

Index Terms—Line commutated converter (LCC), modular
multilevel converter (MMC), grid-forming, parallel converter,
high-voltage direct current (HVDC), renewable energy.

I. INTRODUCTION

N response to the challenges of climate change and ever-

increasing energy demand, China has strategically
planned several large-scale renewable energy bases (REBs)
in its western regions. Given that load centers in China are
predominantly situated in the eastern regions, the high-volt-
age direct current (HVDC) technology is envisioned to play
a pivotal role in the long-distance and bulk-capacity trans-
mission for these REBs [1], [2].

Presently, two collection schemes are available for REBs:
AC collection [3] and DC collection [4]. The AC collection
scheme uses the grid-connected inverter as the interface for
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the generation unit, which can then be connected to the recti-
fier station of the HVDC system via AC lines. In the DC
collection scheme, pure DC configurations are adopted for
the REB. Under current technical conditions, the AC collec-
tion scheme is a more mature option and is thus studied in
this paper. As for the HVDC systems, the line commutated
converter (LCC) and modular multilevel converter (MMC)
are two mainstream types of converters implemented in prac-
tical projects. The LCC features technological maturity, cost-
effective investments, and low energy losses. However, it re-
lies on the external AC voltage source to provide its commu-
tation voltage and is not capable of offering voltage support
for REBs [5], [6]. Although REBs can theoretically operate
in the grid-forming mode [7], there are few such installa-
tions worldwide and the associated operational experience re-
mains relatively limited. Grid-following converters are likely
to remain the primary choice for renewable energy genera-
tions in short-term future projects [8], [9]. Additionally, the
LCC has issues of excessive reactive power consumption,
poor power quality, and potential commutation failures. In
contrast, the MMC has independent grid-forming capability
and does not suffer from commutation failures [10]. This
technology also eliminates the massive harmonic filters and
reactive power compensation devices. However, it does
come with higher power losses and investment costs, mak-
ing it less economically viable for GW-level power transmis-
sion [11]. Therefore, the pure LCC- or MMC-HVDC system
is not the best choice for the integration and delivery of
large-scale renewable energy. To fully utilize the advantages
of both converters, various hybrid HVDC systems have been
proposed, categorized as the terminal-based hybrid, the pole-
based hybrid, and the converter-based hybrid schemes
[12]-[14].

In terminal-based hybrid schemes, LCC and MMC are
used at different terminals [15]. It has been applied in the
Wudongde project in China, where an LCC terminal oper-
ates as the rectifier and two MMC terminals operate as the
inverters [16]. In this project, the hybrid-submodule MMC
that combines full-bridge submodules and half-bridge sub-
modules is adopted. It can deal with DC faults compared to
the half-bridge submodule MMC, while its manufacturing
cost and operation loss are lower than those of the full-
bridge submodule MMC. This configuration (LCC used as
the rectifier) does not suffer from commutation failures. Nev-
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ertheless, if it is applied to transmitting large-scale renew-
able energy, the absence of voltage support for REBs will
cause operation issues.

The pole-based hybrid scheme uses LCC and MMC in dif-
ferent poles. A typical application is the Skagerrak HVDC
project connecting the Norwegian grid and the Danish grid
[17]. For this scheme, the risk of commutation failures still
exists on the inverter side of the LCC link. This scheme can
be used to upgrade the existing monopolar LCC-HVDC sys-
tems but is not particularly suitable for the power transmis-
sion of newly planned large-scale REBs.

In the converter-based hybrid scheme, LCC and MMC are
combined in the same pole of the same converter station,
which can be connected in series or in parallel. The series
converter-based hybrid scheme has been studied widely [18]-
[21] and applied in the Baihetan-Jiangsu project in China
[22], [23]. For the transmission of large-scale renewable en-
ergy, [19] proposes the scheme of using series hybrid con-
verter comprising LCC and MMC for both the rectifier and
inverter. In this scheme, the DC fault ride-through can be re-
alized with the LCC force retardation. However, the risk of
commutation failures cannot be avoided completely. To ad-
dress this problem, [20] proposes the scheme of using series
hybrid converter comprising LCC and MMC only in the rec-
tifier, while using MMC in the inverter. It installs diodes on
the overhead lines to cut off DC fault currents from the in-
verter, but this causes additional power losses. In [21], di-
odes on the overhead lines are eliminated and hybrid-sub-
module MMCs are used in the inverter to deal with the DC
fault. Overall, the above series schemes ensure the AC volt-
age support for the sending-end grid and improve the perfor-
mance of the HVDC system. However, the power reversal
for these systems is inconvenient since the current direction
of the LCC cannot be changed, and the black start of the
sending-end system that consists of pure REBs is difficult.

The static synchronous compensator (STATCOM) may al-
so be used in cooperation with the LCC for the integration
of REBs. But it also has difficulties in the black start. Be-
sides, the STATCOM needs to adopt the grid-forming con-
trol mode on the AC side and the DC voltage (submodule ca-
pacitor voltage) control mode on the DC side, which is more
complex, and the performance under large disturbances has
yet to be evaluated. By contrast, the parallel converter-based
hybrid system allows LCC and MMC to flow different DC
currents. Therefore, the black start can easily be realized by
making the MMC at the sending-end operate in the inverter
mode. It can enhance the flexibility of the HVDC system
while fully utilizing the transmission capability of the LCC
[12]. Unfortunately, little research has focused on the paral-
lel scheme, and several challenges remain in connecting dif-
ferent types of converters to the single bus. On the one
hand, the parallel MMC should be reliable enough, to contin-
uously provide commutation voltage for the LCC on the
same bus and the voltage reference for the grid-connected in-
verter in the REB. It should remain unblocked as much as
possible under different operating conditions. On the other
hand, the classical control strategies for each converter have
different mechanisms and effects. Thus, the control strategies
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must be redesigned to ensure the coordinated operation, in-
cluding the desired steady-state power distribution between
different converters and fault ride-through. Therefore, this pa-
per aims at the parallel converter-based hybrid HVDC sys-
tem suitable for the integration and delivery of large-scale re-
newable energy. The main contributions are summarized as
follows.

1) For the scenario where the sending-end system is pure
REB, a parallel converter-based hybrid HVDC system is pro-
posed. Its rectifier uses LCC and low-capacity MMC in par-
allel, while its inverter uses MMC. Fixed capacitors are also
equipped on the AC side of the rectifier to provide partial re-
active power compensation for the LCC. This configuration
combines the technical and economic advantages of LCC
and MMC, demonstrating potential feasibility for engineer-
ing implementation under current technological conditions.
Besides, the selection method of the rated capacity of the
converter is elaborated.

2) The steady-state and fault ride-through control strate-
gies are designed for this system. In the steady state, the
LCC efficiently transmits all active power on the rectifier
side, since its manufacturing cost and power losses are low-
er than the MMC; the MMC in the rectifier station offers
AC voltage support for the sending-end system. Under AC
or DC temporary faults, the MMCs at both terminals can re-
main unblocked, which reduces the impacts of faults and en-
sures continuous voltage support.

The rest of this paper is structured as follows. Section II
introduces the basics of the proposed system, including the
system topology and the rated capacity selection of convert-
ers. Section III proposes the control strategies of the pro-
posed system. In Section IV, case studies are conducted
based on PSCAD/EMTDC. Section V draws the conclusions.

II. BASICS OF PROPOSED SYSTEM

A. System Topology

Figure 1 illustrates the topology of the proposed system.
For simplicity, only the positive pole is presented.

i—H
G e | D] K[ [ DCTRE z&}
AC line 0y — |
REB LCC rectifier MMC  AC grid
inverter

AC braking “@@‘4@ DC braking

resistor i ist

L Parallel MMC resistor |

Fig. 1. Topology of proposed system.

Also, because of the requirements for bulk capacity and
high-voltage level, each converter in Fig. 1 may actually con-
sists of multiple basic units in cascade. The REB is repre-
sented by the AC collection photovoltaic (PV) systems in
this paper. It uses the single-stage inverter [24] and is con-
nected to the rectifier station through AC lines. Then, the ac-
tive power is transmitted to the receiving-end AC grid by
the LCC rectifier, the DC lines, and the MMC inverter. An-
other MMC is connected in parallel with the LCC at the rec-
tifier side. To reduce the cost while retaining the technical
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advantages of full-bridge submodules, both MMCs in the
rectifier and the inverter adopt the hybrid-submodule MMC.
Under the control of LCC, no active power from the REB
needs to be transmitted through the parallel MMC on the rec-
tifier side, reducing its rated capacity and minimizing con-
verter power losses. The functions of the parallel MMC are
as follows:

1) The AC voltage of the sending-end AC grid is con-
trolled by the parallel MMC. Therefore, the commutation
voltage for the LCC is available, and the grid-following con-
verters with high technological maturity can be applied in
the REB.

2) The reactive power balance of the sending-end AC grid
is maintained by the parallel MMC. Specific capacity selec-
tion methods are described in the next subsection.

3) The parallel MMC also behaves as an active power fil-
ter on the AC side, and the AC harmonic currents generated
by the LCC are filtered by it. As a result, the bulky AC fil-
ter banks can be eliminated.

Additionally, for fault ride-through purposes, DC braking
resistors and AC braking resistors are installed at the DC
side of the inverter and the AC side of the rectifier, respec-
tively. Specific configuration principles and control strategies
for these braking resistors are introduced in Section III-C
and Section III-D.

B. Rated Capacity Selection of Converters

1) LCC Rectifier and MMC Inverter

The LCC rectifier and MMC inverter are required to trans-
mit the full active power, and their rated capacities are se-
lected as the rated capacity of the REB.
2) Parallel MMC

The rated capacity of the parallel MMC can be expressed
as:

SMMC:SQ+Sh+kSLCC (D
where S, and S, are the capacities for reactive power bal-
ance and harmonic suppression, respectively; and kS|, de-
notes the capacity margin using the capacity of the LCC
S cc as the reference, and the margin coefficient & can be tak-
en as 0.1.

In the sending-end system, the reactive power is mainly
consumed by the LCC. As a compromise, and considering
that the MMC can both supply or consume the reactive pow-
er, S, is designed based on the principle that the maximum
reactive power consumption of the LCC is supplied by half
of the parallel MMC and half of the fixed capacitors. In this
way, the capacity of the parallel MMC can be reduced and
the reactive power balance of the system can be achieved
flexibly at different power levels. For example, when the re-
active power consumption is low, the parallel MMC can also
absorb reactive power to achieve balance. Note that although
the AC lines may also consume or generate reactive power,
it is not very high and there is sufficient capacity margin left
for the parallel MMC. Therefore, the reactive power balance
can still be achieved.

The reactive power consumption of the LCC rectifier O, .
is:
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3U;
4nX, T?
where U, is the root mean square value of the sending-end
AC voltage; X, and T are the leakage reactance and the
transformer ratio of the LCC converter transformer, respec-
tively; and a and y are the firing angle and overlap angle of
the LCC, respectively, and u can be calculated by:

V2 I,X,T
£ "

Orcc= 2u+sin(2a)—sin(2a + 2u)) )

=T — 0,—arccos T—a

€)

where [, is the DC current flowing through the LCC; and E
is the line-to-line voltage of the sending-end AC bus.

The analysis results in [25] show that 5% of the capacity
of the LCC is sufficient for harmonic suppression. It should
be noted that the AC filter banks are much cheaper than the
MMUC, but they have a larger footprint. For some REBs such
as the PV bases in the desert of western China, the area suit-
able for the construction of the rectifier station may be se-
verely constrained by the challenging terrain. Therefore,
eliminating the AC filter banks in such scenarios can save
the investment cost of the whole station.

Take a bipolar HVDC system with the rated capacity of
10000 MW as an example. Its basic parameters are listed in
Table I, and both the positive pole and negative pole consist
of two series 12-pulse LCCs.

TABLE I
BASIC PARAMETERS OF A BIPOLAR HVDC SYSTEM

Parameter Value
DC voltage +800 kV
AC voltage 500 kV

Capacity of transformer 1500 MW (for each 6-pulse LCC)
500 kV/165 kV

0.15 p.u.

Transformer ratio

Transformer leakage reactance

Assume that « is set to be 15°. In this case, the active
power transmitted is approximated to be 10000 MW. Accord-
ing to (2) and (3), the total reactive power consumed by
LCCs in the positive and negative poles is 4895 Myvar,
which is about 50% of the system capacity. Therefore, S, is
about 0.25S, .. and Sy, can be selected as 0.4S, .. in this ex-
ample.

III. CONTROL STRATEGIES OF PROPOSED SYSTEM

A. Steady-state Control

1) LCC Rectifier

The control block diagram of the LCC rectifier is shown
in Fig. 2, where P, is the active power flowing from the
AC side into the parallel MMC; and 7., and i .. are the
reference and measured values of the DC current of the
LCC, respectively. Firstly, the classical DC current control
and the minimum firing angle (5°) control for the LCC recti-
fier are adopted. Then, the active power control is used to
keep the active power of the parallel MMC at zero, which
means that all active power on the rectifier side can be trans-
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mitted through the LCC. Additionally, for the bipolar HVDC
system, since each LCC only aims at controlling the active
power of the parallel MMC in its respective pole to zero,
the power balance between the positive and negative poles
cannot be ensured. To deal with this problem, the power bal-
ance control depicted in Fig. 3 is applied in the steady state,
where P, and P, are the active power of the positive
and negative LCCs, respectively. The power difference is
passed through a proportional-integral (PI) controller to gen-
erate a modified value of the DC current reference, i.e.,
Al oo The inputs of the positive and negative DC current
controllers of the LCC are subtracted or added to A Te-
spectively.

P e

|
|

|

e oo |

P, iy < g ~ a
MMC nlLecref T 50 |
0 " ILcce T I

Fig. 2. Control block diagram of LCC rectifier.
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P, LCCneg

Fig. 3. Control block diagram of power balance control.

2) Parallel MMC

Figure 4 presents the control block diagram of the parallel
MMC. u,, and i are the references for the AC voltage of
the rectifier station and the AC output current of the parallel
MMC, respectively. Their corresponding measured values
are u,, and iy, respectively. i is the measured value of
AC current flowing out from the rectifier station, including
the LCC and the parallel MMC. The subscripts d and ¢ de-
note the d-axis and g-axis components of corresponding vari-
ables, respectively. The fundamental phase 6, is the integral
of the fundamental angular frequency w,. / is the order of

the harmonic. m,, is the differential mode modulation signal
of the MMC.

h

e

Harmonic current control

1

Fig. 4. Control block diagram of parallel MMC.

On the one hand, the AC voltage control and the output
current control compose the dual closed-loop control to es-
tablish the voltage amplitude and frequency of the sending-
end AC grid.

On the other hand, the harmonic current control is de-
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signed to make the total output current of the rectifier sta-
tion i, free of harmonics. Figure 5 presents the mechanism
of harmonic current control. i .., is the AC current of the
LCC. For the 12-pulse LCC, its main harmonic currents on
the AC side are of the (12k+1)" order (k=1,2,...). There-
fore, the parallel MMC will actually generate harmonic cur-
rents of the (12k+1)™ order, whose phases are opposite to
those in i ... That is, the filtering of the total output cur-
rent of the rectifier station is achieved by compensating for
the harmonic currents of the LCC.

i, |recae <D Zii DC line
WT @O T |
LCC
HL 4@
=
ame -
Parallel MMC

<—Total current; «—Fundamental current; «<—Harmonic current

Fig. 5. Mechanism of harmonic current control.

Besides, sequences of the (3k—2)", (3k—1)", and (3k)" har-
monics are positive, negative, and zero, respectively. There-
fore, the transformation matrix expressed as (4) is adopted to
extract the 4™ harmonic current. It can transform variables in
the three-phase static frame to the d”¢™ rotating frame,
where the rotating direction depends on the sequence of the
A" harmonic.

Tabc-dq (iheo ):

cos(xhf,) cos

+h6, - %n) cos(ih60+ %n)

—sin(£h0,) —sin(ih@o— %n) —sin(ih&ﬁ%n)
4)

After the transformation in (4), the 4™ harmonic current
becomes a DC component in the d*"¢*" rotating frame,
while other currents become AC components and can be fil-
tered by the low-pass filters (LPFs). PI controllers are then
used to generate the corresponding modulation signals to re-
alize the current compensation.

Other basic controllers for MMC, such as the circulating
current control, are omitted in Fig. 4.

3) MMC Inverter

The MMC inverter adopts the regular dual closed-loop
constant DC voltage control. Its control block diagram can
be found in [18] and will not be repeated in this paper.

B. AC Fault Control at Sending End

When a short-circuit fault occurs at the sending-end AC
grid, the AC voltage of the rectifier station drops rapidly.
This leads to a drop in the DC voltage of the LCC, as well
as a reduction in its power transmission capability.

On the one hand, the drop in the DC voltage of the LCC
may cause a drop in the DC current or even a reversal of its
direction. The power transmitted from the sending-end to the
receiving end can thus be reduced or even reversed. To
avoid reverse power transmission as much as possible and
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mitigate the impact on the receiving end, the backup DC cur-
rent control shown in Fig. 6 is adopted in the MMC inverter.
It uses i, ..., Minus a margin as its reference and generates
the DC voltage reference u,,, based on the deviation of the
DC current. By reference to the backup DC current control
of the inverter in the classical LCC-HVDC system, this mar-
gin is taken to be 0.1 p.u. [18], [26]. The smaller value be-
tween u,, ., and u, ., (provided by the upper-level control-
ler) is selected for the following DC voltage control. In the
steady state, the measured value of DC current (injected into
the inverter) i, is greater than 7, .q0.1, SO u, . 1S its up-
per limit value and will not be selected. The backup DC cur-
rent control is not effective at this time. When i, decreases
due to the sending-end AC fault, u, ., also decreases and is
selected. Consequently, the inverter is able to reduce the DC
voltage to maintain the DC current.

ILCCref + + PI Udcref2
0.1 ige min

Ugerefl
—

Ugeref
——

Fig. 6. Backup DC current control of MMC inverter.

On the other hand, the surplus power will cause the DC
voltage of the grid-connected inverters in the REB to in-
crease. However, the PV units can reduce their output power
quickly in response to changes of the DC voltage, so that se-
vere overvoltage will not occur. In view of this, no addition-
al power dissipation measures are needed.

C. AC Fault Control at Receiving End

When a short-circuit fault occurs at the receiving-end AC
grid, the AC voltage of the MMC inverter drops rapidly
which impedes its power output to the AC side. The surplus
power results in the increase of the DC voltage. Given the
inevitable long delay in the long-distance transmission of the
fault detection signal, it is challenging to coordinate the
sending-end system to reduce the power, resulting in a con-
strained performance. Therefore, the chopper-controlled brak-
ing resistor, with a total capacity equal to the rated DC pow-
er of the system, is installed at the DC side of the MMC in-
verter. It is inserted to dissipate the surplus power when the
DC voltage exceeds the preset upper threshold, and is
blocked when the DC voltage drops below the preset lower
threshold.

D. DC Fault Control

For the DC fault, two issues need to be addressed. On the
one hand, the power delivery capability of the HVDC sys-
tem is degraded and the surplus power of the sending-end
AC grid needs to be dissipated. On the other hand, the con-
trol strategies of the converters need to be designed to
achieve DC fault clearing and system recovery. For the first
issue, braking resistors are installed at the AC side of the
rectifier, which are set in groups with a total capacity equal
to that of the REB. They are inserted and blocked according
to the DC fault detection signal. For the second issue, the
fault ride-through strategies are as follows.

1) Rectifier

Both the LCC and the parallel MMC that consists of hy-
brid-submodules can generate negative DC voltages to clear
DC fault currents. However, due to their different control
mechanisms and schemes, it is difficult to coordinate them
to output the same DC voltage during the fault. In view of
this, this paper adopts the strategy of blocking the LCC dur-
ing the DC fault and clearing fault currents only with the
parallel MMC.

For the LCC, it is immediately blocked when the DC
fault is detected. After the fault has been cleared, it remains
blocked for another 200 ms waiting for the deionization.
Then, it is unlocked and the firing angle is controlled to de-
crease linearly from 45° to 15° within 200 ms. Finally, it is
switched to the steady-state control strategy. The fault occur-
rence is judged by detecting the DC current exceeding 1.5
p-u..

As for the parallel MMC, its fault ride-through strategy
under DC fault is shown in Fig. 7. When the DC fault is de-
tected, the DC current control is enabled. It generates the
DC voltage reference u,,, for modulation based on the DC
current reference (set to be zero) and its measured value i,.
m,, is the common mode modulation signal. m, and m, are
the modulation signals for the upper arm and lower arm, re-
spectively. The subscript j (j=a,b,c) indicates the corre-
sponding phase.

Fig. 7. Fault ride-through strategy of parallel MMC under DC fault.

In addition, to maintain the submodule capacitor voltage
of the parallel MMC in the fault pole during the fault, one
group of AC braking resistors is selected for control accord-
ing to the average voltage of the submodule capacitors u
which is calculated by:

1
ucavezw z z

cN j=ab,ck=ulx=

cave?

N
luc(j, k. x) (5)
where u, (j,k x) is the voltage of the x" submodule capacitor
on arm k in phase j; N is the number of submodules in one
arm; and u is the nominal voltage of the submodule capaci-
tor. The selected group of AC braking resistors is inserted
when u_ . exceeds the preset upper threshold, and is blocked
when u_ . drops below the preset lower threshold. In this
way, the parallel MMC can remain the grid-forming mode
during the DC fault, thus mitigating the impact on the AC
systems and offering continuous voltage support for the REB.
2) Inverter

The MMC inverter also adopts the DC current control
shown in Fig. 7 to clear fault currents. Besides, since it oper-
ates in the grid-following control mode, its d-axis control
can be switched to the capacitor voltage control without hav-
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ing to utilize the braking resistor. The complete ride-through
strategy of the MMC inverter under DC fault is illustrated in
Fig. 8, where u_ is the reference for the average voltage of
the submodule capacitors; and Q. is the reference for the re-
active power control. The capacitor voltage control employs
the PI controller and generates the reference for the d-axis
current based on the deviation of the average voltage of the

submodule capacitors.
Udcref

+
L+ freta | Mgy,
: Ucave ¥ | -
| Uerer /| Output my,
,,,,,,,,,,,,,,,,,,,, )
current .
lQref ) control
- i
+ refg +
+
7O - ’ Memj—>(D—>my;
+

DC current control

oo}
: lae :

Ride-through strategy of MMC inverter under DC fault.

Fig. 8.

IV. CASE STUDY

To verify the effectiveness and performance of the pro-
posed system, a simulation case is established in PSCAD/
EMTDC. In the case system, the PV-based REB is rated at
10000 MW and the HVDC system is a 10000 MW/£800 kV
symmetrical bipolar system. Each pole of the rectifier station
consists of two series 12-pulse LCCs and two series hybrid-
submodule MMCs, while each pole of the inverter station
consists of two series hybrid-submodule MMCs. Note that
with the maximum capability of insulated gate bipolar tran-
sistor (IGBT) in existing projects, each pole of the inverter
station requires two series 1250 MW/400 kV MMCs (as a
set) and then two sets in parallel. Since the MMCs at the re-
ceiving end are located in the same inverter station and
share the same AC bus of the inverter station (joint station
construction scheme), each pole is represented by two equiv-
alent series 2500 MW/400 kV MMCs in the simulation to
improve the simulation efficiency. The length of DC over-
head lines is 2000 km and the frequency-dependent (phase)
model is adopted in the simulation. Other main parameters
of the simulation system are listed in Table II.

A. Power Fluctuation of Renewable Energy

Figure 9 presents the system response when the output
power of the REB fluctuates, where an equivalent 1000 MW
PV generation unit is tripped at t=2.0 s.

According to Fig. 9, the LCC absorbs all the fluctuating
active power and controls the active power injected into the
parallel MMC to keep it at zero. The parallel MMC can pro-
vide the reactive power compensation for the LCC and keep
the reactive power balance of the sending-end AC grid auto-
matically. Overall, the system can smoothly transition to a
new stable operating point when the active power generated
by the PV system fluctuates, which verifies the effectiveness
of the proposed steady-state control strategies.
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TABLE 11
MAIN PARAMETERS OF SIMULATION SYSTEM
Item Parameter Value
LCC rectifier Rated capacity of transformer 1500 MVA
(each 6-pulse Transformer ratio 500 kV/165 kV
LCO) Transformer leakage inductance 0.15 p.u.
Rated capacity of converter 1000 MVA
Rated capacity of transformer 1200 MVA
Rated DC voltage 400 kV
Parallel Transformer ratio 500 kVv/210 kV
MM?ﬂ(}one Transformer leakage inductance 0.15 p.u.
of the
series Number of full-bridge submodules per arm 140
MMCs)  Number of half-bridge submodules per arm 60
Submodule capacitor 16.7 mF
Arm inductance 30.4 mH
DC inductor 03 H
Rated capacity of converter 2500 MVA
Rated capacity of transformer 3000 MVA
Rated DC voltage 400 kV
MMC .
inverter Transformer ratio 500 kV/210 kV
one of Transformer leakage inductance 0.15 p.u.
ﬂ;\i;fge)s Number of full-bridge submodules per arm 140
s
Number of half-bridge submodules per arm 60
Submodule capacitor 41.7 mF
Arm inductance 122 mH
Rated AC voltage 500 kV
Sending- Capacity of compensation capacitor banks 2500 Mvar
end AC grid
Length of AC lines 50 km
Rated AC voltage 500 kV
Receiving- Lo .
end AC grid Short-circuit ratio 5
Impedance angle 80°
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An equivalent 1000 MW PV
generation unit is tripped
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B. AC Harmonic Filtering at Sending End

The AC harmonic currents generated by the 12-pulse LCC
are mainly of the 11", 13", 23", and 25" orders. Therefore,
the harmonic current control in the parallel MMC is de-
signed for these four orders of harmonics. Figure 10 pres-
ents the harmonic characteristics of the positive-pole rectifier
without and with the application of the harmonic current con-
trol.
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Fig. 10. Harmonic characteristics of positive-pole rectifier without and
with application of harmonic current control. (a) Without application of har-
monic current control. (b) With application of harmonic current control.

Without the application of the harmonic current control,
the AC current of the rectifier station is severely distorted.
In the IEEE Std 519, the maximum distortion limit is ranged
from 0.5% to 1.5% for the 11™ and 13™ harmonic currents,
and from 0.15% to 0.45% for the 23™ and 25" harmonic cur-
rents, depending on the operating conditions [27]. Therefore,
the harmonic currents generated by the rectifier seriously ex-
ceed the limits, which is detrimental to the operation of the
REB. In contrast, the waveform quality is greatly improved
with the application of the harmonic current control in the
parallel MMC. The distortion rates of each harmonic current
are limited to a satisfactory level. Figure 11 is the harmonic
characteristics of the positive-pole parallel MMC with the ap-
plication of the harmonic current control. It can be observed
that the parallel MMC does effectively absorb the harmonic
currents output from the LCC.
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Fig. 11. Harmonic characteristic of positive-pole parallel MMC with appli-

cation of harmonic current control. (a) AC current waveform of positive-
pole parallel MMC. (b) Harmonic distortion rate.

In conclusion, the proposed harmonic current control for
the parallel MMC is effective and can compensate for the
harmonic currents output from the LCC well.
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C. AC Fault at Sending End

The sending-end AC faults, including balanced and unbal-
anced faults, are assumed to occur on the AC side of the rec-
tifier and the AC side of the PV inverter. The system re-
sponses are shown in Fig. 12 and Fig. 13. In both scenarios,
the system operates stably before =2 s. Then, the solid sin-
gle-phase and three-phase faults occur at =2 s. The fault du-
rations are both 100 ms.
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Fig. 12. System responses to AC faults at AC side of rectifier. (a) Scenario
1: phase-a-to-ground fault. (b) Scenario 2: three-phase-to-ground fault.

Based on Fig. 12 and Fig. 13, after the fault occurs, the
voltage of the fault phase drops to zero. Due to the voltage
relationship between the AC and DC sides of the LCC, the
DC voltage of the rectifier station also drops and causes a
drop in the DC current. However, the MMC inverter
equipped with the backup DC current control is able to auto-
matically reduce its DC voltage after the drop in DC current
is detected. As a result, even in the case of a three-phase
fault at the sending-end, there is no high reverse DC current,
i.e., the HVDC system would not suffer from a large reverse
power transmission. After the fault is cleared, the parallel
MMC is able to reconstruct the voltage of the sending-end
AC grid, and the system is able to return to steady-state op-
eration quickly. Therefore, the proposed system can cope
with various temporary faults of the sending-end AC grid.

D. AC Fault at Receiving End

The system responses to receiving-end AC faults, includ-
ing balanced and unbalanced faults, are illustrated in Fig. 14.
In both scenarios, the system operates stably before =2 s.
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Then, the solid single-phase and three-phase faults occur at
t=2 s. The fault durations are both 100 ms. The upper and
lower thresholds of the DC chopper in the simulations are
set to be 800 kV and 736 kV, respectively.

Phase-a-to-ground
. fault occurs

Three-phase-to-ground
. fault occurs

s —Phase a s ‘ —Phase a
« = 1000 ! —Phase b « & 1000 ! —Phase b
°Z 500 Phase ¢ o | Phase ¢
< 9
Bl P =
=0 0 = ©
S o S o
> £ > g
[ @Ry L T
<5 <5

CA
f = [NV
o o O
=] o O

= 1000r s
T2 300 B2
o jo)
22 6000 W 23 ‘
S o 400 —Rectifier S o 400 —Rectifier
=2 00r ——Inverter =2 0or | —Inverter
Q2 2000 g 200 |
g 0 I L L L 1 & 0 I L L L 1
~ 8 i ~ 8 i
< | < |
“ X 6 i “ 2 6 i
é% 4+ iv é% 4 !
=N 2 —Rectifier s 2 —Rectifier
° = ! —Inverter ° .z ! —Inverter
Z 0 23z 0
8_ _2 A: 1 1 1 ] 8_ _2 A: 1 1 1 ]
— 6000F o 6000F
B w2 ! = !
55 & 4000f 5 & 4000
ERA ; —LCC  Z 5w
22§ 20000 e 225 2000
°Z 5 | 225
zZ 2z o—A/ N —— 28 > 0
S a5 ! S a5
DT 114 S ——— O 010)
1.5 2.0 2.5 3.0 3.5 4.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (s) Time (s)
(@) (b)

Fig. 13. System responses to AC faults on AC side of PV inverter. (a) Sce-
nario 1: phase-a-to-ground fault. (b) Scenario 2: three-phase-to-ground fault.

According to Fig. 14, after the fault occurs, the AC volt-
age of the fault phase drops to zero, so the power output
from the inverter to the receiving-end AC grid is impeded.
Since the power of the REB is still continuously delivered to
the HVDC system, the DC voltage rises and the DC dynam-
ic braking resistors are put in. It can be observed that the
braking resistors have frequent switching processes accord-
ing to their current waveforms. The DC voltage also fluctu-
ates due to the frequent switching processes of the braking
resistors but is generally maintained within the appropriate
range. In addition, the DC current flowing into the inverter
drops significantly when the braking resistors are inserted
and the energy delivered from the rectifier is absorbed. If
the fault is severe, e.g., the three-phase-to-ground fault, the
inverter may also output DC current to the braking resistors
to release its surplus power, which corresponds to the nega-
tive part of the DC current of the inverter. The rectifier side
is only minimally affected, as the braking resistors compen-
sate well for the decrease of the power consumption of the
inverter during the fault. The fluctuations in the DC current
and active power of the rectifier, as well as the sending-end
AC voltage, are relatively small. After the fault is cleared,
the system can return to steady-state operation rapidly. Over-
all, the proposed system can cope with different temporary
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faults of the receiving-end AC grid.
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Fig. 14. System responses to receiving-end AC faults. (a) Scenario 1:

phase-a-to-ground fault. (b) Scenario 2: three-phase-to-ground fault.

E. DC Fault

The DC faults are assumed to occur at the DC side of the
rectifier, the midpoint of the DC lines and the DC side of
the inverter, and the system responses are shown in Fig. 15.
In all scenarios, the solid pole-to-ground faults occur at =2
s at the positive pole, before which the system operate sta-
bly. The fault duration is 100 ms. The upper and lower
thresholds for the AC braking resistors used to maintain the
submodule capacitor voltage of the parallel MMC are 1.1
p.u. and 1.05 p.u., respectively.

According to Fig. 15, the DC fault current can be con-
trolled to be zero by the hybrid-submodule MMCs in differ-
ent scenarios, requiring a response time of approximately
200 ms at most. Once the fault has been cleared and the in-
sulation at the fault point has been restored, the system can
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return to steady-state operation quickly. The non-fault pole is
able to maintain power transmission during the fault. Since
the AC dynamic braking resistors at the sending-end AC
grid can dissipate the surplus power of the fault pole, the
system does not experience serious overvoltage or overcur-

Fault occurs at DC side of
positive rectifier

Fault occurs at midpoint of
positive DC lines
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rent during this process. In addition, with the power balance
control, there is no unbalanced power between the positive
and negative poles following a fault recovery. Overall, the
proposed system can cope with temporary DC faults success-
fully.

Fault occurs at DC side of
positive inverter
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Fig. 15. System responses to positive-pole DC faults. (a) Scenario 1: fault at DC side of positive rectifier. (b) Scenario 2: fault at midpoint of positive DC

lines. (c) Scenario 3: fault at DC side of positive inverter.

V. CONCLUSION

This paper proposes a novel parallel converter-based hy-
brid HVDC system for the integration and delivery of large-
scale renewable energy. The main conclusions are summa-
rized as follows.

1) By paralleling the low-capacity MMC at the rectifier
side, the system can provide voltage support for the sending-
end AC grid. This feature makes the proposed system suit-
able for the integration and delivery of pure REBs.

2) The active power control of the LCC enables it to un-
dertake all the active power transmission on the rectifier side
and to absorb the fluctuating active power, thereby fully uti-
lizing its bulk-power transmission capability.

3) The parallel MMC can maintain the reactive power bal-
ance of the sending-end AC grid. Besides, it can compensate

for harmonic currents of the LCC with the harmonic current
control, significantly reducing the harmonic currents injected
into the REB from the rectifier station.

4) The effectiveness of the proposed fault ride-through
strategies is verified by the simulations. No severe overvolt-
age or overcurrent occurs during these processes. Besides,
the MMCs at both terminals can remain unlocked under vari-
ous faults, which mitigates the impacts of the faults and en-
sures continuous voltage support for the REB.

The proposed system also has some limitations. Firstly, al-
though the capacity of the sending-end MMC is significantly
reduced, the number of its submodules is still high to with-
stand the DC voltage. In addition, this paper only discusses
the basic operating principles and designs the steady-state
and fault ride-through strategies. The stability characteristics



GUO et al.: PARALLEL CONVERTER-BASED HYBRID HVDC SYSTEM FOR INTEGRATION AND DELIVERY OF LARGE-SCALE...

of the system under small and large disturbances still need
to be further investigated. These issues will be studied in our
future work.
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