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Abstract: With the increase in a number of online high-voltage direct current (HVDC) systems in China, a big question for their
use as black-start and restoration of power system outages arises. Line-commutated converters (LCC)-HVDC systems can
significantly reduce recovery time. The black-start-up and recovery conditions for LCC-HVDC systems and the connected AC
systems are discussed in this study. The appropriate start-up and recovery modes are identified and the results of the control
characteristics of LCC-HVDC systems are analysed in detail. The stability requirements of AC systems in terms of LCC-HVDC
system effects are evaluated. Furthermore, the restoration using LCC-HVDC systems, including the priority sequence index of
the multi-HVDC links and the optimisation model of the mentioned problem, is discussed in detail. Compared to the
conventional black-start strategy, the applicability and effectiveness of the proposed method are illustrated using a part of the

actual Guangzhou power system as a test system.

1 Introduction

With the development of power networks, the interconnection of
power grids through line-commutated converters (LCC)-high-
voltage direct current (HVDC) transmission lines becomes
necessary, especially in China. This increases security risks, such
as recent major blackouts including the blackout in Australia on 28
September 2016, and the power outage in India on 30 July 2012
[1-3]. The aim of post-blackout restoration is to ensure the quick
restoration and safe operation of the system [4]. To date, most
research and applications are focused on power system restoration
of the AC grid. In-depth analyses have explored the selection of the
black-start power source, the black-start path, load recovery, and
security verification [5-8]. Current black-start modes use self-
starting generators and self-priming hydropower units as power
sources, following by gradual online return of large conventional
power plants. However, such conventional restoration is slow and
produces large spikes as auxiliary engines fire up, compromising
load recovery. An optimised two-step start strategy was proposed
in [9]; the generator recovery sequence was obtained using the
maximum generator capacity as the objective function. The
recovery path was optimised by reference to the relative
importance of buses and the synchronisation recovery mode.
HVDC systems are highly controllable, afford rapid start-up &
adjustment and permit transmission of bulk amount of power.
Today a bulk number of HVDC links have been constructed.
However, conventional black-start models do not involve LCC—
HVDC systems. The reasons come from two aspects: (i) power
grids in the early stage of black-start is vulnerable, which strength
is generally considered as ‘weak’ relative to the capacity of the DC
link [10]; (ii) research on the practical control of LCC-HVDC
systems used for black-start and restoration is insufficient. The
question arises: how can LCC-HVDC systems be used to enhance
restoration and start-up speed? The conditions that are necessary to
start an LCC-HVDC system, the black-start path, and the methods
of a start-up are roughly discussed in [11], considering the £500 kV
Tian-Guang and +800 kV Yun-Guang HVDC systems. The rare
paper discusses the start-up and recovery method of LCC-HVDC
transmission system in black-start. Considering the feathers of
LCC-HVDC systems, the following problems should be answered:
(i) the cooperation between LCC-HVDC system and power plants
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when restarting; (ii) the necessary requirements for the AC and
LCC-HVDC systems to reduce start-up time as well as keep stable.

To solve these problems, a start-up and recovery method with
LCC-HVDC systems participation during AC/DC system black-
starts is presented in this study to explore whether HVDC systems
can be used for black-starting reliably or not. The start-up and
recovery of systems featuring both LCC-HVDC systems and
conventional power plants are considered. Section 2 discusses
control methods for LCC-HVDC systems during start-up and
recovery. In Section 3 the details of the features required by
HVDC-linked AC systems participating in black-start are
discussed. Section 4 is a detailed analysis and calculation method
of a black-start involving LCC-HVDC systems. Section 5 proves
the utility of the proposed method and Section 6 draws
conclusions. In this study, HVDC systems refer to LCC-HVDC
systems.

2 Requirements for HVDC

restoration
2.1 HVDC start-up mode

start-up and

As the AC systems connected HVDC links are weak during
restoration, it is important to guarantee voltage stability of the joint
bus, so the stable bus can help to keep the HVDC system operating
normally during black-start [12]. Several control modes are
available during the process of black-start: (i) the constant power
(CP) at rectifier and constant extinction angle (CEA) at inverter
control mode. In this control mode, when the AC voltage drops at
the inverter side, the increase in reactive power absorbed by the
inverter compromises the recovery process of the bus voltage; (ii)
the constant current (CC) at rectifier and CEA at inverter control
mode. In this control mode, when the AC voltage drops at the
inverter, the fall in DC transmission power compromises frequency
stability [11]; (iii) the CP or CC at rectifier and constant voltage
(CV) at inverter control mode. The extinction angle of the inverter
decreases when the AC voltage drops. Therefore, the reactive
power of the inverter will not increase too much, which could
facilitate the voltage stability of the AC/DC joint bus.

Two typical start-up modes are used by HVDC systems, i.e.
zero-voltage and zero-current modes. In the zero-voltage mode, the
DC current quickly attains its rated value. Initially, the DC voltage
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increases a little faster and is limited to 0.5 p.u. until the DC
current reaches its rated value. Then, the voltage rises gradually to
the rated voltage during the slow increase of generator outputs. The
zero-voltage mode involves three key issues: (i) the rise in
generator output is slower than the rise of HVDC power can be
controlled by the converter so that co-operation is essential; (ii) the
DC current may overflow during the start; (iii) the converter valve
must meet the requirements for zero-power operation. In the zero-
current mode, the DC voltage is set to the required value and the
DC current increases according to the transmission power required.
In this mode, DC current intermittence may develop [13]; this can
be avoided by choosing an appropriate, minimum DC current. The
start-up mode varies with the converter operation situation. The
zero-current start-up mode is employed in this study to ensure
voltage stability of the weak power grid.

Therefore, the CC—CV mode is used at starting. During the
power lifting, the control mode at rectifier is switched to CP mode.
In the zero-current mode, the DC voltage may be the rated voltage
or 80 or 70% of that voltage or the voltage of power used to melt
ice. During black-starting, the power grid cannot accept a sudden
power surge because the grid is weak and the load light.

As the black-start begins, the HVDC system delivers reactive
power to the grid when a filter detects a light load in the DC links.
As the load increases, the reactive power consumed by the HVDC
system will increase with the rise in active power supply; the
HVDC system is activated when the voltage attains almost 70% of
the rated voltage.

In [11], it was shown that a unipolar voltage of 70% was
optimal during black-starting, reducing the impact of DC power on
the system, which increases the capacity of the HVDC system to
absorb reactive power. As the real minimum continuous current is
5-10% of the rated value, the start current is chosen to be 10% of
the rated value to avoid DC intermittence.

2.2 DC power increases during the restoration

When the voltage is stable, a change in HVDC transmission power
principally affects the frequency of the system. An imbalance in
active power will cause frequency fluctuation, especially in the AC
systems that adjust poorly to power loading during black-start.
When HVDC system power increases too rapidly or excessively,
the frequency of the connected AC system is being compromised.
Therefore, in this study, it is considered that the increase in HVDC
power should satisfy [11]

7.At M

where APgyr is the increase in DC power, Hy is the sum of the
inertial constants of the generators by reference to the base power
Sg, Af is the frequency fluctuation deviation, f; is the rated
frequency, and At is the delay time for a load pickup.

During the restoration, the increased value of the DC power for
a certain time is calculated according to the frequency fluctuation.

2.3 DC voltage increases during the restoration

At the beginning of black-start, the reactive power supplied by the
input filters is greater than that consumed by the converter. The DC
power and DC voltage increase should ensure that no over-voltage
phenomenon develops in the converter bus when determining the
reference DC voltage control. Therefore, the reference value of the
DC voltage controller Uy, should satisfy (2) during the black-start

[11]

AU
S 2

O — Py = —1’ )

where S, is the short-circuit capacity of the converter bus; U is the

voltage of the converter bus before the connection converter start-
up; AU is the maximum deviation of the voltage amplitude (here
0.1 p.u); QOr is the reactive power provided by the filter with the
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required minimum capacity (in general, two sets of double-tuning
filters should be used to remove the 12/24 and 3/36 harmonics,
respectively); Py is the active power transmitted by the HVDC
system; Uy is the ideal no-load DC voltage; and || is the absolute
value.

2.4 Required power constraints

To ensure system stability during black-start involving an HVDC
system, the effective short-circuit ratio (ESCR) needs to be
considered. The active and reactive powers of the HVDC system
should ensure that ESCR is >2 [14], rendering the system
sufficiently strong to weather disturbances, as described in

ESCR = Sac = Qe 3)
Py

where Q. is the reactive compensation capacity.

3 Requirements of the AC system considering
the HVDC effects

When DC transmission commences at 10% of the rated current and
70% of the rated voltage, there are two requirements of the AC
system during black-start: (i) the fundamental voltage magnitude of
the steady state should not exceed 1.1 p.u. and (ii) the frequency
fluctuation should be between 49 and 51 Hz. To satisfy these
requirements, the conditions that must be imposed on the AC
system are discussed in the following sections.

3.1 Requirement for short-circuit capacity

As the reactive power provided by the filters at the converter
station cannot entirely be consumed by the HVDC system at the
start stage that power will be injected into the weak AC power grid,
increasing the AC bus voltage. Therefore, to ensure that the voltage
does not exceed 1.1 p.u., the short-circuit capacity of the converter
bus should satisfy

Sue 2 307 (0~ Q) @

where Qy is the reactive power consumed by the converter when
the HVDC system starts up.

Taking the inverter as an example, the reactive power can be
calculated by

s _ po Vo _
Qd—Pd( U 1) Q)

Us = Uncosy — X,y ©)

where Uy and /4 are the DC voltage and current when the HVDC
system starts up, y is the extinction angle, and X; is the equivalent
commutation reactance. For an HVDC transmission system
operating at 10% of the rated current and 70% of the rated voltage
when starting, Q4 ~ 1.05 Py.

3.2 Requirement for effective HVDC inertial constant

When an HVDC system connects to a weak AC system, the large
injection of active power causes frequency fluctuations. The
system inertia reflects the ability to stabilise frequency. To
represent the relationship between system inertia and the active
power imparted by the HVDC system, CIGRE defines the effective
inertial constant Hy. of the HVDC system [10] as

Hye = Hzp—d @)
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where Sg is the total capacity of the corresponding weak AC
system and Hy is the sum of the inertial constants of generators by
reference to the base power Sg, as seen in

n S ;
Hy= Y Hrc! (®)

i=1

where H; is the inertial constant of the ith generator and Sy; is the
ith generator's capacity.

With respect to the relationship between active power and
frequency fluctuation, HVDC demand power and AC system
capacity can be obtained by

Pi_Ar
3G SKfN ©)

where K is the comprehensive frequency factor, Af'is the frequency
fluctuation deviation, and fy is the rated frequency.

The effective inertial constant of HVDC system Hy. is
determined by (7)—(9) combined with the characteristics of the
generators in the system.

3.3 Black-starting with LCC-HVDC systems

The requirements of the HVDC and AC systems, their interaction,
the start path, and the minimum generator output limit, as well as
generator ramping speed, are considered for black-starting with
HVDC systems. The process of black-start involving HVDC
systems can be described as follows:

(i) The black-start units are the power sources that are initially
restored [15]; other generators and the HVDC system are then
started.

(i) Considering the requirements of HVDC and AC system, a
priority start-up sequence which indicates the situation when
HVDC systems can be injected is developed. A Dijkstra algorithm
(which does not use backtracking technology [16]) is used to
obtain the transmission paths from power sources to the HVDC
system waiting to be started.

(iii) An optimal model for black-start is established by considering
the requirements of both the AC and HVDC systems.

4 Calculations for black-start in which LCC-
HVDC systems participate

4.1 Priority sequence for LCC-HVDC systems

The shortest recovery path to the AC/DC joint bus and the
requirements of HVDC start-up both be considered during priority
sequencing. A Dijkstra method [15] is used to define the shortest
recovery path (from sources to targets) based on the network
topology and branch weight. The shortest power recovery path of
the AC/DC joint bus is obtained using the method proposed in
[16]. The modelling of HVDC systems in this study is based on the
static converter equations and functional effects of the controls in
[10].

During the black start-up process, the transmission lines are
always light loaded. Hence, the reactive power injected from the
shunt branch of the transmission line would lead to overvoltage.
Therefore, a high-voltage reactor is always used when starting the
line to absorb the extra reactive power to eliminate the overvoltage
phenomenon. The total weight of the shortest recovery path of the
kth bus is defined as

W(k) = 2 W,

(10)
W; = max {mT; + (Qc; — QL) 0}

where W; is the weight of branch 7, 7; is the start time weight of

branch i, m is a time-to-weight coefficient ensuring that the lines
have higher priority than the transformers, Q¢; is the per-unit
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charging power of branch i, and Q;; is the per-unit high-voltage
reactance.

The higher effective inertial constants of HVDC systems
indicate that such systems supply more active power to networks
with the same Sg values. An AC system with a greater short-circuit
capacity can withstand more reactive power from an HVDC
system. Therefore, D(k) is defined as a performance measure of the
HVDC system to be started, as calculated by

Hdc(k)

D) =575 (11)

Considering the effects of both the shortest recovery path to the
AC/DC joint bus and the performance of the HVDC system to be
started, the priority sequence of the HVDC system is

Rp(k) = W(k) + D(k) (12)

The HVDC system with the lowest priority sequence value is
preferred for early starting. W(k) and D(k) are linearised and
normalised coefficients, respectively. An HVDC system is of
higher priority when the priority index Rp is smaller.

4.2 Optimisation of black-starting

After the blackout, the primary task of power system restoration is
to start all generators as soon as possible, to restore the full
generating capacity of the system while avoiding any subsequent
outage. The objective function is obtained by minimising the ramp
time of all generators when starting a single generator or an HVDC
system [17] in

P—P

rpl

(13)

1=

m
min f(x) = max
I=1

where P; is the active power of the /th generator, Pl is the previous
active power of the /th generator, ry; is the ramp rate of the /th
generator, and # is the adjustment time required by the /th
generator. The constraint equations, as shown in (14), pertain
principally to power flow and the characteristic constraints on the
active and reactive power relationships of the HVDC system

j=n
PGi+ Pdi - PDi - U,' Z Uj(G,'jCOS@ij-i‘ BUSIIIQIJ) =0
=
j=n
Oci+ Qi — Opi — Qi — U; 2 U{(G;jsin6;; — Bjjcos 6;j) = 0 (14)
=1

U?
Qi =P<215'(73 - 1)

where i is the bus index, U and 0 are the amplitude and phase angle
of the bus voltage, Pg and Qg are the active and reactive powers of
the generators, P4 and Oy are the active and reactive powers of the
HVDC system, Q.. is the reactive compensation, Ppy and Qp are the
active and reactive loads, and Uy is the DC voltage.

The inequality constraints include bus voltage, the active and
reactive powers of the generators, the active and reactive powers of
the HVDC system, and the active and reactive loads and the
capacity of the reactive compensation equipment. The upper and
lower limits of HVDC active and reactive powers are determined
by reference to the power recovery requirements discussed in
Section 2. The active power constraints on the HVDC system are
determined principally by the ESCR of the system studied in
Section 3. The reactive power consumed in the HVDC system is
affected principally by the voltage fluctuation requirements. The
inequality constraints are shown below:
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Uinin < U < Ul
PGimin < Pgi < PGimax
PDimin £ Pp; < PbDimax
Pimin £ Pai < Pdimax
OGimin < 06i £ OGimax
Obimin < Obi £ ODimax
Quinin < Qi < Olimax
Ocimin < Oci £ Ocima

(15)

where Ujpax and Ujpniy, are the upper and lower limits of the ith bus
voltage amplitude, respectively; Pgimax and Pgimin the upper and
lower limits of the active generator power for the ith bus,
respectively; OGimax and OGimin are the upper and lower limits of
reactive generator power in the ith bus, respectively; Op;max and
Obimin are the upper and lower limits of active load power on the
ith bus, respectively; Ogimax and QOgimin are the upper and lower
limits of reactive DC system power for the ith bus, respectively;
and Qcjmax and Qcimin are the upper and lower limits of the reactive
compensation capacity of the ith bus, respectively

Pd,'mi“ = O'IPdNi
P _ Sac‘i - Qcinxin (16)
dimax = ESCRmi“

Qdimax = 10Sac.i + Qcimax

amn
Qdimin = Qcimax - 1OSac‘i
The non-linear interior-point method [18, 19] is used to solve the
optimisation model. If, within the ranges of the inequality
constraints, no power flow solution is possible, the optimal power
flow (OPF) will diverge because of the mismatch between the
equality and inequality constraints, regardless of the type of OPF
used [16]. When the OPF diverges, the next HVDC in the start-up
sequence will attempt to start. If no HVDC in the start-up sequence
has been successfully started, an effort will be made to start the
highest-priority generator. The flow chart for black-start recovery
optimisation involving HVDC systems is shown in Fig. 1.
In addition, the minimum HVDC power in China is 10% of the
rated power. Hence, the active power of the HVDC system should
increase to 0.1 p.u. as soon as possible after starting.

5 Examples and results
5.1 Test system

Regions of the Guangdong power grid, including the Guangzhou
and Dongguan grids with multi-infeed HVDC systems, are used to
verify our restoration strategy. There are 192 buses, 39 generators,
315 power transmission lines, and 3 HVDC-receiving ends. The
brief construction of the test system is shown in Fig. 2, where the
diagrams are labelled.

The black-start generators are located in the Hengyun D plant
having a capacity of 2 x 330 MW; the ramp rate is 2.4 and cos ¢ =
0.914. During black-start, one generator in that plant is chosen to
provide the active and reactive powers of 18 MW and 8 MVar,
respectively.

It should be mentioned that the test system is also built in PSD-
BPA, which is an electromechanical transient simulation software
developed by China EPRI. Each step is verified in PSD-BPA, and
the results show that the control characteristics of LCC-HVDC
systems can reach the steady-state operation point calculated by the
proposed algorithm.

5.2 Black-start without LCC—-HVDC system participation

The calculated recovery sequence on black-start without an HVDC
system [16] is shown in Fig. 3.

In Fig. 3, the circular blocks represent areas with generators and
the other blocks represent areas without generators. The number on
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ng as the number of generators
to be started, set no as the

Import datum of power grid(set
number of HVDC sysytem)

Define the number of black-
|__start generating units ns: |

P

Outport results FL = ns >07

Y

Topology analysis, branch-weight
calculation and dijkstra method utilization

N The 'réijﬁ}émcm of ACSystem_
~——_consideration? _—

I
b A X

Identify the Ith N _ = 'T‘}lé'feﬁ\;iremcnt orfr"I"IVVDC —
Generator tobe |[€—Z—— & s =
o ~—System consideration? —

|
| 1+
A Y
Calculate the priority sequence index ng=ng-1
. Ro(K) of HVDC system | X
—OPF diverges?—
Yl
. ]
Resolve the A
| optimization problem

~—OPF diverges? ———

N

———>_Renew the power grid status %

Fig. 1 Flow chart for black-starting using LCC-HVDC systems

HVDC converters

@  Generators
ow eD Transformers|

Fig. 2 Brief construction of the test system

the arrow lines represent the start sequence and direction. The
restoration started from the power station named ‘HEY”, and then
the LUNTOU substation is started, then ZENGCHEN station, and
SO on.

5.3 Black-start with HVDC system patrticipation

When the system satisfies the requirements for HVDC start-up, the
proposed methods are utilised. The model of HVDC systems
provided in [10] is utilised here. The power order and current order
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Fig. 3 Black-start sequence without an HVDC system
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Fig. 4 Black-start sequence involving HVDC systems

LUNTOU } [ ZENGCHEN I

N Chu-Hui HVDC system starts

50 75 100 125 150 175 200 225 250 275 300 325 350
Time/min

Fig. 5 Change in the effective inertial constants of each HVDC system

are determined in (1) and (2). The reference of ignition delay angle
and extinction angle are set as 15° and 18°, respectively. Also, the
reference of power is set as 100 MVA. The first HVDC line is
started with 10% of the rated current and 70% of the rated voltage
after seven generators (of indices 13-19) are started. With the
increase in load, the second HVDC system starts. After this,
generators labelled 22, 24, 25, 26, 27, and 28 get started, followed
by the third HVDC system. The optimised recovery sequence is
shown in Fig. 4.

In Fig. 4, the circular blocks represent areas with generators, the
diamond-shaped blocks represent HVDC converter stations and the
other blocks areas without power sources.

The start sequence given by the proposed method is shown in
Fig. 4 as seen by the direction and index of the arrow lines. The
first HVDC system to join is the Tian-Guang HVDC system in
areas GZ-HLZ, which starts at the seventh step after BEIJIAO
substation started. The second HVDC system is the Chu-Hui
system located in areas GZ01-HLZ, which starts at the eighth step.
The third HVDC system is the Niu-Cong system in areas GD04—
HLZ at the 14th step after HUADU substation started.

During the restoration, the change in the effective inertial
constants of each HVDC system is shown in Fig. 5, where H| 4. is
the required minimum inertial constant when starting an HVDC
system as calculated by (7)—(9), with K=3 for the China Southern
Power Grid, as determined by practical experience [20]. Hyc,
Hyey, and Hyare the Hy. values of HVDC systems 1-3.

The variation in the short-circuit capacities of each HVDC
system during restoration is shown in Fig. 6, where Syac1, SpLacos
and Sp,c3 represent the lowest limits of S,.;, Sacp, and Sy,

366

Tian-Guang HVDC
system starts

Niu-Cong HVDC
system starts

=]

Time/min

Fig. 6 Variation in the short-circuit capacities of each HVDC system

300 350 400 450 500 550
Time/min

Fig. 7 Changes in the active power of the three HVDC systems

150 200 250 300 350 400 450 500 550
Time/min

Fig. 8 Variations in the reactive power of the three HVDC systems

respectively, for starting the corresponding HVDC systems, as
calculated by (4). The system power reference is set as 100 MVA.

As can be observed from Figs. 5 and 6, the key constraints for
deciding where to insert the Tian-Guang and Niu-Cong HVDC
systems are their short-circuit capacities while the key constraint
for deciding where to insert the Chu-Hui HVDC system is the
effective inertial constant. When S,.; =Spac, the Tian-Guang
HVDC system starts and when S,.3 =S 4¢3, the Niu-Cong HVDC
system starts. When Hycp=Hiq., the Chu-Hui HVDC system
starts.

It should be noted that the output power of an HVDC system
cannot reach the rated value during black-start. In order to achieve
minimum starting DC power and provide the necessary power for
the AC/DC system, the active power of the three HVDC systems
increases fast in the beginning under the zero-current stat-up mode
and the CC-CV control mode. Then the active power plateaus in
the rest of the restoration proceed as some main generators have
been started. That is also related to the stability of the power
system. The changes in the active power of the three HVDC
systems are shown in Fig. 7.

The variations in the reactive power of the three HVDC systems
are shown in Fig. 8. When an HVDC system starts, the reactive
power is positive in the beginning because the filter is on. As the
DC load increases, the reactive power consumed by the HVDC
system also increases, thus the output reactive power decreases to
negative. According to the proposed start-up and recovery method,
the reactive compensations are inserted to increase the stability of
the system when the converter absorbs reactive power.

5.4 Comparison of the two black-start processes

The total ramp time indicates the speed of power system
restoration. Shorter time means better for the restoration. The total
ramp time for each generator as the start power source is shown in
Fig. 9. The x-axis represents the index of the generator. With the
HVDC systems participating in, the total ramp time of most
generators decreases; thus, the start-up is accelerated and
restoration time is reduced.
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Fig. 9 Total ramp time of each generator during the two black-start
processes
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Fig. 10 Active loads of the two black-start processes and the contribution
of HVDC power

Furthermore, the pick-up load of the power system is also an
indicator of the power system recovery effect. The active power
loads of the two black-start processes, and the contributions of
HVDC power are shown in Fig. 10. The curves show that the load
is improved by the HVDC systems.

6 Conclusion

The method for AC/DC system black-start and recovery using
LCC-HVDC systems is presented in this study. It is proved that
HVDC systems can be used in specific situations. The main
contributions of this work are as follows:

(i) It is observed that when HVDC systems engage themselves in
black-start by analysing the start-up mode, the DC power and
voltage increases, and power constraints.

(i) The short-circuit capacity of the AC system, the effective
inertial constant of the HVDC system, and AC system conditions
in terms of HVDC black-starting are explored.

(ii1) During black-start, a priority sequence is developed, which
indicates the situation when HVDC systems should be started. The
calculations for requirements of the HVDC system's insertion are
performed, and both the HVDC system start-up and recovery are
analysed.

The proposed method enables LCC-HVDC systems to join in
black-start when various constraints are met. Compared to
conventional black-start, insertion of LCC-HVDC systems
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stabilises the grid, shortens the recovery time, and reduces the
economic and social losses caused by large blackouts. However,
the details of load pick-up, transformer charging times, and the
response times of reactive compensation and the circuit breakers
are not considered in this study.
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