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Abstract: HVDC is widely used in power systems today. Different from AC transmission systems, HVDC systems have their
special capabilities and characteristics. As more HVDC systems are integrated into power systems, startup strategies based on
HVDC systems have to be carefully evaluated. In this paper, two kinds of most widely used HVDC technologies, i. e., LCC-
HVDC and VSC-HVDC, are introduced. After a brief introduction of structures and control strategies of different HVaDC sys-
tems, the black-start capability and black-start sequence are discussed. Moreover, the black-start process of wind farms using
LCC-HVDC with STATCOM, as well as VSC-HVDC, is simulated with PSCAD/EMTDC to demonstrate the dynamic per-
formances of the two technologies.
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Many climate change-related extreme weather
events are occurring with increasing frequency and
intensity, causing catastrophic outages that serve as a
powerful reminder of the vulnerability of current power

systems' ' .

Power system restoration has been well
identified as one of the critical strategies to enhance
system resilience. Generally, the objective of system
restoration is to re-supply load as quickly as possible

after an outage. To this end, for large-scale power
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systems, the generating units have to be restarted first;
and then, the delivery systems should be energized to
pool and transfer electric power to the demand side;
As the

most critical operating strategy, restoration strategies

the final stage picks up loads sequentially'>’.

meet all operating constraints by fully using the
available resources. As one of the most widely used
HVDC'’s
contribution for system restoration should be carefully
identified.

emerging  transmission  technologies,

HVDC
strategy at present, although the importance has been
well identified. To fulfill this critical gap, the black-

Few study addresses the restoration

start capability of various HVDC system needed to be
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identified ; and then the operating strategies should be
designed. At present, there are two types of HVDC
with different power electronic devices, i.e., LCC-
HVDC and VSC-HVDC.

LCC-HVDC can’t act as a

restoration source in a blackout condition when serious

Traditionally ,

faults occur in one side of the AC systemsm. The

classical line-commutated current-source converter
(LCC-HVDC ) based on the thyristor technology,
which has been used for some decades and proven to
be superior to the AC transmission in terms of
operating cost and reliability”**'. Since LCC-HVDC
requires commutation current supplied by strong AC
systems and the receiving end system should be an
active system. However, the latest development
demonstrates that LCC-HVDC may be extended with
restoration control

capability by  sophisticated

strategies .

With the development of power electronics
technology, novel HVDC technology is available. By
using the insulate gate bipolar transistor ( IGBT )
( VSC)
technology are proposed. For VSC-HVDC projects,

up until now, DC voltage has reached *320kV and

components, Voltage Source Converter

the transmission power reaches about 1000MW. VSC

transmission favorable control

ability "’

system  provides
By PWM technology, the desired output
voltage amplitude is controlled by modulating the
width of constant DC voltage pulses. VSC-HVDC can
be restarted without external support. As a result,
VSC-HVDC is suggested as a tie line to provide
energy for system restoration'’’ . When the VSC-
HVDC link is charged, the DC voltage across the
capacitor rises. VSC can convert the DC voltage into
the desired AC voltage by switching on or off
converter bridges according to the pre-determined
switching mode. By use of PWM, VSC will produce
the AC voltage,

component equal to the AC reference voltage in

which contains a fundamental

magnitude, frequency and phase.
HVDC connections doesn’t not play a major role

in wind power integration so far. The main reason is

the traditional LCC-HVDC does not have black-start
capability without auxiliary device. Due to the
characteristics of VSC-HVDC, it can be used for wind
farm restoration. Since wind farms usually behaves as
a load during startup, this technology may be critical
for the future power systems. A voltage waveform
with appropriate amplitude and frequency has to be
established to integrate the generators. Recently, it is
reported that VSC-HVDC has full black-start capability
for wind farms'"’.

This paper comprehensively discusses the
potential contributions for restoration of HVDC
systems, including LCC-HVDC and VSC-HVDC.
The wind farm restoration with VSC-HVDC will be

studied as well.

1 Restoration with LCC-HVDC systems

1.1 LCC-HVDC system operation strategies

The low losses and high power level enable LCC-
HVDC to serve as the most economical connection for
bulk power transmission over long distance at present.
The application of HVDC at 800 kV has been found
efficient, environmentally friendly and economically
attractive for point to point power transmissions with
6 400 MW and more than 1 000 km.

The fast regulation and multiple control modes
could be implemented by controlling the trigger phase
of the converter. This control strategies provide high
flexible for LCC-HVDC operation''" .
control modes employed by HVDC are as follows.

The major

1) DC current control mode : maintaining the DC
current constant.

2) DC voltage control mode: keeping either the
sending terminal voltage or the receiving terminal
voltage in a given range or a constant.

3) Firing angle control in the rectifier mode:
keep the firing angle small during normal operation to
reduce the reactive power consumption as well as
holding certain regulation margin.

4) Extinction angle control in the inverter mode:
maintain extinction angle above the given turn-off margin

angle so as to lower the commutation failure risk.
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1.2 LCC-HVDC black-start capability exploration

For a long time, it was well known that the LCC-
HVDC cannot supply a dead load. As a result, it
cannot be used for restoration. However, the recent
development of Siemens showed that the LCC-HVDC
might be able to supply a dead load with a novel
control

control strategy by

strategies'*’ .

implemented some
In these method, when the inverter
connected to a passive load, the firing pulses for
inverters are synchronized to an independent sinusoidal
signal, such as 60 Hz or 50 Hz. This is the major
difference between the conventional control strategies
of HVDC. Besides, the equivalent circuit on the
inverter side presents capacitive feature at fundamental
frequency to guarantee the normal commutation of the
converter. The AC voltage at the inverter maintains
constant with variable loads by means of controlling
the DC currents of the converter.

The black-start sequence of LCC-HVDC is (1)
the inverter filters are connected first, and (2) the
inverter and the rectifier are deblocked in sequence.

During this process, the AC voltage of the
inverter is raised slowly. The DC current must be
large enough to enable the inverter to absorb all the
The DC

voltage is kept at a low level to ensure the rectifiers

reactive power generated by the filters.

and inverters operate at the firing angles close to 90°.
As a consequence, the converter shall be designed in a

range of 90° operation.

2 Restoration with VSC-HVDC Systems

2.1 VSC-HVDC system operation strategies
During restoration processes, the AC voltage
reference could be achieved according to the pre-
determined magnitude, phase angle and frequency.
The HVDC link disconnects the de-energized grid
from the operating grid and starts up the de-energized
Besides, VSC-

HVDC can not only energize transmission lines at a

grid step-by-step after a blackout.

lower voltage level and avoid severe over-voltage, but
also allow remote end connection of transformers/

reactors at a safe voltage level.

If the VSC-HVDC is connected with the passive
network , the converter connected to the active network
will charge the local and remote capacitors. When the
DC voltage is promoted to the setting value, the
converter will begin to start the primary devices such
as the transformer and long distance line. Therefore,
the voltage imposed on the transformer and the
transmission line is established gradually. By this
means, the inrush current during the energization of
the transformers and the over-voltage during the
closure of the long overhead transmission lines can be
reduced.

At present, two VSC-HVDC projects, the Estlink
HVDC Light in Norway and Eagle Pass project in the
U.S. A., applied the VSC-HVDC as the black-start
power source in the case of a weak AC system cut-off.
black-start is implemented in Estlink for the Estonian
side and this feature enables it to start parts of the
Estonian network within minutes after a total blackout.
During restoration, Estlink provides auxiliary power to
selected power units. After restarting such a unit and
connecting it to the network island, more generation
Estlink and the

generation will share the load through the droop

can be connected. connected
characteristic. When sufficient generation is connected
to the network, the mode of operation of the converter
can be changed from frequency/voltage control to
power/voltage control.

There are three control modes for VSC-HVDC
systems ;

1) Constant DC voltage control; maintaining the
DC side voltage of VSC is achieved by controlling
charges in the large capacitors located on each side of
the voltage source converters. At one of the
converters, power flow import or export from a
converter can be regulated to keep DC voltage constant
on each capacitor. A simple PI controller can control
the power flow by adjusting the phase angle.

2) Constant AC current or active power: if the
phase angle is used to control DC voltage by controlling
power import or export from the receiving end inverter,

the other available signal at the sending end VSC can



50 BT heR A

H3E

be applied to control the total power flow.

3) Constant AC voltage or reactive power control ;
reactive power control can keep a fixed reactive power
exchange independently with the active power exchange.
For constant AC voltage control, the converter supplies
reactive power up to its limits to keep the grid voltage
stable during disturbances and load changes. A simple PI
controller can be used to regulate AC side voltage,
reactive power import or export from VSC. The output of
the PI controller adjusts the modulation index to meet its
control objective.

2.2 Benefit of VSC-HVDC for system restoration

VSC-HVDC systems provide more alternative

methods for system restoration'''’ .

Compared with
traditional system restoration, the benefits of VSC-
HVDC systems can be summarized in follows

1) Since VSC has black-start capability, it has
been proved to be initial energy resource for system
restoration. In the traditional power system
restoration, only black-start units can be employed for
this duty.

2) AC voltage in a VSC-HVDC system is
controllable. It can provide a flexible resource for
voltage and reactive power regulation during system
restoration. In the traditional power system
restoration, only the excitation system of generating
units can implement this task.

3) VSC-HVDC

frequency directly. This characteristic might benefit

system can control system
system restoration during load pick-up.

4) Due to the controllability during energizing
VSC-HVDC, the over-voltage problem resulting from
electromagnetic transients can be avoided during

system restoration process.
3 Wind Farm Restoration with HVDC

3.1 Wind farm restoration with LCC-HVDC
Usually, LCC-HVDC is used for offshore wind
power integration at the locations without strong AC
systems. In those systems, the corresponding auxiliary
service is needed to enable the operation of the LCC-

HVDC even during periods with little wind. Possible

solutions may be the installation of a STATCOM or a
diesel-driven generator to ensure black-start capability.
For the system illustrated in Figure 1, the STATCOM
is equipped to provide the commutation voltage for
converter and fast reactive power support. These
additional components made LCC-HVDC possible for

wind farm integration.

PCC

............

Trc Tiv
o1 A Vi
Grid
STATCOM

Fig. 1 LCC-HVDC for Wind Farm Integration
and Black-start

|[HVDC Bus|

DFIG-based
wind farm

After a partial or complete outage occurs in a
system with DFIG-based wind farm and the HVDC
system, this system can be restored with the aid of the
STATCOM. Usually, STATCOM should be equipped
about 30% ~ 40%

offshore wind farms,

of the system -capacity. For
due to the difficulties of
maintenance, self-recovery capability is more
important.
3.2 Wind farm restoration with VSC-HVDC

The topology of a VSC-HVDC for offshore wind

farm integration is shown in Figure 2.

Offshore Onshore
rectifier inverter
Dﬂ'nk -
I 1v
@~at — T
T T
—
DFIG-based :I: Grid

wind farm

Fig.2 VSC-HVDC for Wind Power Integration

The VSC-HVDC connects the offshore DFIG-
based wind farm to an AC grid. The link includes two
converters ( the offshore converter and onshore
converter) , each converter includes a VSC, two AC
cables, an interface transformer, DC capacitors and
AC filters.

With VSC-HVDC, the system can be restarted
even in the case of weak onshore AC grid connection.

Since the current flowing IGBT can be switched off
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and an active commutation voltage is unnecessary.
Furthermore, the active and reactive power supply can
be controlled independently.

There is no difference for a wind turbine being
connected to a strong AC system or to a VSC-HVDC
converter station. The VSC-HVDC offshore converter
behaves as a slack bus in the offshore grid, absorbing
the produced active power of the wind turbines,
hereby controlling the offshore frequency and
delivering the required reactive power to control the

AC voltage.
4 Case Studies

4.1 LCC-HVDC Restoration

To verify the black-start capability of LCC-
HVDC with STATCOM, an HVDC system is modeled
using twelve-pulse converters according to the CIGRE
benchmark model in PSCAD/EMTDC'"”'. The wind
farm is represented by the lumped model of the single
DFIG with rated power 1 000 MVA, connected to the
PCC through the 33 kV/132 kV transformer. The DC
link voltage of the STATCOM is 35 kV and the
capacitor is 20 000 wF. The 10kV/132 kV step up
transformer is adopted to connect the STATCOM to
PCC. In the model, the voltage base value is 500 kV
and the power base value is 1 000 MW.

Fig. 3 (a) ~ (d) show the system responses
during the black-start of the HVDC system with wind
farm. At the first stage, i.e., 0 ~0.1 s, the DC link
voltage of the STATCOM will be supplied by the
standby generator and rises to the rated value. The
STATCOM is put into operation and the AC voltage at
PCC will be established. At 0.3 s, the inverter will be
deblocked and the HVDC system DC voltage could be
brought up. The excitation for the DFIG could be
realized under the stable AC voltage and the wind farm
outputs the active power gradually from 0.6 s. The
rectifier is deblocked to transfer the active power from
the wind farm. At the same time, the auxiliary
generator will be cut out. Due to the relatively slow
controller, STATCOM has to absorb the temporary

excess power produced by wind farm, resulting in the

DC link voltage fluctuation. The HVDC system DC
current climbs up and DC voltage reaches the rated
value. The DC power is sent to the inverter as
schedule and the black-start process is completed.
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Fig. 3 System Responses During the black-start of the
HVDC System with Wind Farm

4.2 VSC-HVDC for Wind Farm Restoration

Simulation studies of the black-start of VSC-
HVDC integrating a wind farm are carried out. The
rated capacity of the wind farm is 200 MW, connecting
to the IGBT based VSC-HVDC through 100 km cable.
The DC transmission voltage is +150 kV.

Fig. 4 (a) ~(d) show the dynamic response of
VSC-HVDC during the start-up period. At 0.15 s, the
inverter is firstly deblocked. Then the power grid of the
receiving end will charge the DC network through the
converter, boosting the DC voltage to the rated value at

0.3 s as shown in Figure 4 (b). Meanwhile, by
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deblocking the rectifier, the AC voltage at PCC will be
enhanced gradually and is well controlled. The DFIG
based wind farm will connect to the grid. With the aid
of the controller, the active power from the wind farm
is totally absorbed by the rectifier and is fed into the
receiving end grid. During the start-up, the DC power
is injected slowly so as to reduce the transient
oscillation in the HVDC and avoid the over-voltage.
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Fig. 4 Dynamic Response of VSC-HVDC During
the Start-up Period
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5 Conclusions

Many HVDC projects have been in operation
worldwide. It is critical to study the role of HVDC for
system restoration. Traditionally, LCC-HVDC does not
have the black-start capability. Recent researches found
that its black-start capability can be implemented with

appropriate control strategies applied and auxiliary

devices. This capability contributes to wide utilization
of LCC-HVDC with the renewable energy for the
blackstart. Moreover, the latest development of power
electronic components enhances the application of VSC-
HVDC, which has the critical black-start capability and

is a preferable choice in system restoration.
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