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A Novel Recovery Strategy to Suppress
Subsequent Commutation Failure
in an LCC-Based HVDC

Changsheng Su, Chunya Yin, Member, IEEE, Fengting Li, and Lu Han

Abstract—A subsequent commutation failure (SCF)
can easily occur during the recovery process after a first
commutation failure (I1st CF). This paper analyzes the
interaction mechanism of extinction angle, AC voltage,
DC current and firing angle, and reveals that the complex
coupling relationship during the dynamic process after
the 1st CF has a significant effect on the SCF. The
mathematical equations when considering different fault
durations, fault severities and AC system strengths are
then established. An AC fault voltage detection method
based on reactive power and fault duration is also pro-
posed to measure the fault severity, and an SCF inhibition
control strategy (SCFICS) based on AC fault detection
and reactive power control is subsequently proposed. This
can not only inhibit the SCF, but also enhance the DC
recovery speed effectively. Finally, based on the SCFICS,
a simulation model is built, and the simulation results
with different cases indicate that the SCFICS can effec-
tively inhibit the SCF with good recovery performance,
for three-phase-to-ground (TPG) and sin-
gle-phase-to-ground faults, and with a fault inductance
range of 0.01 H to 1 H.

Index Terms—Commutation failure, LCC-HVDC,
reactive power, AC system fault, control strategies.

I. INTRODUCTION

he line commutated converter (LCC) HVDC is

widely used in large capacity and long-distance
power transmission across regions all over the world [1].
However, because of the strong coupling between the
AC and DC systems, an AC system fault can easily
cause commutation failure (CF) of the inverter [2], [3].
After the 1st CF, during the recovery process, subse-
quent commutation failure (SCF) can also easily occur
because of the interaction of electrical quantity and
control quantity. Multiple-CFs may lead to DC blocking,
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and the risk of a cascading fault is high [4], [5]. There-
fore, study on a suppression strategy of the SCF, also
clarifying the mechanism of SCF, is key to preventing a
cascading fault.

To date, much research has focused on the mecha-
nism of and suppression strategy for the Ist CF. A
mathematical model of extinction angle is proposed in
[6], and that reveals that AC voltage drop and DC cur-
rent rise are the main factors that affect CF. The influ-
ence of the harmonic and superconductive current lim-
iter (SCL) on the CF is further analyzed in [7], [8]. A
series of control strategies have been proposed to inhibit
CF, based on the DC current predictive [9], SCF [10],
fuzzy controller [11], advanced triggering [12], DC
current limit [13], predictive controller [14] and overlap
area real-time measurement [15].

At present, the mechanism and influencing factors of
the 1st CF are clear, and the CF is an inherent property
of thyristors due to the rapid dynamics of electrical and
control quantity after AC faults. In addition, for the
delay characteristic of the HVDC controller, the CF
cannot be fully suppressed in the case of serious faults
(deep voltage drop), while an improved HVDC con-
troller can only reduce the probability of the 1st CF.
Since an SCF generally occurs during the recovery
process, the controller has not sufficient time to sup-
press the SCF, while the mechanism of SCF is different
from that of the 1st CF. Hence, the influence factors of
the two are also different, and the 1st CF suppression
strategy cannot be directly applied to the SCF. A new
CF recovery method and current limiter based on AC
voltage are proposed in [16], [17]. However, the inter-
active coupling relationships among firing angle, DC
current and AC voltage during the recovery process
after the 1st CF are not considered. The SCF mechanism
is unclear and the effect on the SCF suppression is not
significant, and whether the controller with fixed pa-
rameters can be applied to the system with other pa-
rameters needs to be further discussed. Reference [18]
analyzes and concludes that the control switching in the
inverter is the main factor that affects the SCF and on
this basis, by increasing the firing angle, an SCF strat-
egy is proposed. However, the controllers of the CIGRE
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HVDC system are different from actual HVDC systems,
so the applicability of the proposed method to actual
systems needs to be studied. Reference [19] proposes an
SCF suppression strategy based on valve voltage re-
al-time detection, although valve voltage detection re-
quires high accuracy. Based on the HVDC output im-
pedance through real-time detection of DC voltage and
current, an SCF suppression strategy is proposed in [20],
but the SCF mechanism is not discussed. An SCF early
warning and suppression strategy based on increasing
the firing angle is proposed in [21], but the simulation
results show limited suppression effect. Reference [22]
proposes an SCF suppression strategy by reducing the
DC current order value during the recovery period, but
it can lead to the problem of slow recovery speed. Ref-
erence [23] analyzes the influence of fault duration and
severity, and SCR on the SCF. However, the mechanism
analysis is simple and lacks a theoretical basis for SCF
suppression strategy. In [24], the influence of firing
angle deviation on the subsequent commutation failure
is analyzed, and a dynamic adaptive compensation of
the firing angle deviation method is proposed. A general
self-adaptive DC current control method is proposed to
eliminate the SCF in [25]. This can improve the dy-
namic reactive power support capability. In [26] and
[27], a DC current limited method is proposed. While it
can suppress SCF effectively, it also leads to a slow
recovery.

The above review shows that previous research has
mostly focused on SCF suppression strategies by re-
ducing DC current or increasing firing angle. However,
during the recovery process after the 1st CF, the dy-
namic changes and the coupling relationships of AC
voltage, DC current, reactive power, fault severity, fault
duration and firing angle have significant effects on the
extinction angle, and thus how to clarify the mechanism
and dominant factors of an SCF is the key to suppress-
ing strategies.

The main contributions of this paper are:

1) Considering different fault durations, fault severi-
ties and AC system strengths, the mathematical expres-
sion of the converter bus voltage is established, and the
main influencing factors on an SCF are clarified.

2) Considering the recovery speed and SCF suppres-
sion ability, a self-adaption SCF inhibition control
strategy which can support the AC voltage is proposed.

This remainder of the paper is organized as follows.
In Section II, the communication failure influencing
factors are analyzed, and the main control strategies are
introduced. In Section III, the interaction mechanism of
the extinction angle, DC current, AC voltage, reactive
power and firing angle is analyzed, and the SCF influ-
ence factors are obtained. In Section IV, an SCF inhi-
bition control strategy (SCFICS) based on AC fault
detection and reactive power control is proposed, while
in Section V, the SCFICS is built with different cases. In

Section VI, the applicability of the proposed method is
discussed. Section VII concludes the paper.

II. COMMUTATION FAILURE AND EXISTING CONTROL
STRATEGIES
A. Commutation Failure Influence Factors

The topological structure of a six-pulse inverter
(Graetz Bridge) is shown in Fig. 1 [28].

In Fig. 1, U, represents the DC Voltage at the in-
verter side; /g represents the DC current; L. represents
commutation inductance; u, , u, , and u_, represent the
instantaneous values of commutation voltage.
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7 7 y

X
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Ty

Fig. 1. The topological structure of a Graetz Bridge.
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As can be seen in Fig.1, the inverter is composed of
six valves ( V;, — V), which are sequentially con-
nected in a certain order. The thyristor is the basic
component in the inverter, and to make the thyristor
conduct, two conditions need to be met, i.e., a positive
voltage and a firing pulse. However, to turn off a thy-
ristor, a reverse voltage for a certain period (i.e., the
extinction angle y ) is necessary. Meanwhile, because
of L, the commutation process will take a finite time
(i.e., the overlap angle ).

From Fig. 1, Fig. Al in the Appendix A depicts the
commutation voltage, DC voltage, and valve voltage
waveforms of the Graetz bridge. B —F, is the firing
pulse of the six thyristor valves. During the commuta-
tion process from V., to V,,, because of L , V,,
cannot be turned off instantaneously, and hence, the
valve voltage on V,, remains at 0. When V., is com-
pletely conducting, as can be seen in Fig. Al, the valve
voltage on V., is the line voltage (u,, ). Therefore, V.,
will withstand a negative voltage for a certain time
(which is defined as the extinction angle, y ), and then
the valve voltage on V., will turn positive.

If the valve is just withdrawn from conduction before
it fails to regain its blocking capacity, the valve will turn
on itself when the voltage applied on returns to positive.
This is called commutation failure. Hence, for suc-
cessfully turning off a valve, the time for the valve to
withstand the reverse voltage needs to be greater than
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the minimum time ( y,, ) required for the valve to turn
off. Otherwise, commutation failure occurs.

The most commonly used extinction angle mathe-
matical model can be expressed as [6]:

21
4 X, +cosf) (1)

i~ Li
where U, represents the converter bus voltage of the
inveter; S represents the advanced firing angle of the

¥ = arccos(

inverter; 7, represents transformation ratio at the in-
verter side; X; represents the commutation reactance
of L ,and X, can be expressed as [29]:

X. TU,.
X — ci,pu”i~ LiIN (2)

ci \/E IdN
where [, is the DC current at rated condition; U, is

the converter bus voltage at rated condition; X, is
the commutation reactance in per unit.
Based on (1) and (2), ¥ can be expressed as:
lam_y 3
ipu T€OSf5) 3)

C

y = arccos(
Li,pu

where [

4pu Tepresents the DC current in per unit; and
U

Lipn Tepresents the converter bus voltage in per unit.

As can be seen in (3), increasing /; and decreasing
U,; will increase the CF risk.

B. Existing HVDC Control Strategies

In existing research, there are three commonly used
control strategies at the inverter side [15], [30]: 1) ABB
control strategies; 2) SIEMENS control strategies; and
3) CIGRE HVDC control strategies. The control
structures of the three commonly used inverter control
strategies are shown in Fig. 2.

In Fig. 2, o, represents the firing angle of the inverter;

&, and « ;. represent the maximum and minimum

firing angle of the inverter respectively; y,, represents
the reference value of the extinction angle; AU, , Al;,
Ay represent the error of DC voltage, DC current and
extinction angle, respectively.

As can be seen in Fig. 2, both the ABB and
SIEMENS control strategies consist of three controllers:
1) extinction angel; 2) constant current; and 3) constant
voltage. The difference between the ABB and
SIEMENS control strategies is in the extinction angle
controller, i.e., a predictive constant extinction angle
control strategy (PCEA) is adopted in ABB, which can

be expressed as:
2X,1
[ = arccos(—cosy,, + % +h(ly —1,)) (D)

Li
where [, ; is the DC current order value; and & is a

fixed parameter.

_+
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e Ay
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Fig. 2. Control structure diagram of inverter. (a) ABB control
strategies. (b) SIEMENS control strategies. (c) CIGRE HVDC
control strategies.

In the ABB control strategy, a commutation failure
prevention (CFPREV) module is used. The main idea is
to detect an AC fault quickly, so as to achieve the action
of the controller in advance. However, it will result in an
insufficiently accurate firing angle. For the SIEMENS
and CIGRE control strategies, measured constant ex-
tinction angle (MCEA) control strategies are adopted.
When y is decreasing, the proportion integration (PI)

controller will increase f to resist CF. However, the

coupling relationships between electrical and control
quantities are not considered.

In addition, the voltage-dependent current order lim-
iter (VDCOL) is adopted. When the DC voltage is de-
creasing, the VDCOL will reduce the DC current. At
present, almost all control strategies for inhibiting CF or
CCF are based on Fig. 2, while the core idea is to in-
crease f when the CF risk is detected. However, ac-

cording to (3), U,; and I, will change dramatically
during a transient process, and so will influence an SCF.

M. SUBSEQUENT COMMUTATION FAILURE INFLUENCE
FACTORS

A. The Interaction Mechanism of Extinction Angle, AC
voltage, DC current and Firing angle

As smoothing reactors are configured at both ends of
DC transmission lines, the DC current will not increase
or decrease suddenly under a sudden change of DC
voltage. The DC transmission line equivalent circuit is
shown in Fig. 3 [31].
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Fig. 3. The equivalent circuit of DC transmission line.

In Fig. 3, R, is the equivalent resistance of the DC
line; C is the equivalent capacitance of the DC line; L is
the equivalent reactance of the smooth reactor; U, is

the DC voltage at the rectifier side.

C has only a limited effect on the DC current, e.g., for
the CIGRE HVDC Benchmark mode, C is only 26 pF.
When C is ignored, according to Fig. 3, the DC current
differential equation can be expressed as [32]:

d
2L d—;‘ +I,R =U, —U, =AU, (5)

From (5), 1, is:
Uy -Uy
Rd
In (6), AU, has a significant effect on /. For a case
with 7,(0 )=2kA, R, =5Q, and L=0.5H, the
response curves of /, with different AU, are shown in
Fig. 4.

(6)
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Fig. 4. The response curves of 7, with different AU, .

As can be seen in Fig. 4, when AU, >0, I, will
increase nonlinearly with the increasing AU, . When
AU, <0, I, will decrease nonlinearly with the de-
creasing AU, .

U, can be expressed as [33], [34]:

32

Uy =——NIUcosf + 3N)(ci[d (7
T T

where N is the number of the six-pulse inverter.
0, can be expressed as [33], [34]:

Oy :Id\]Ujio_Uji (®)
where U, is the no-load DC voltage of the inverter;
0, 1s the reactive power consumed by the inverter.

From (8), assuming that U, remains unchanged,
dQ, /dt can be calculated as:

d(]di
dei _ dld \/W ] Ug dt 9
T N T ©)
di0 di
From (9), during the dynamic process, there is:
dUdi

dz, 2 2 Ys dt

— s —Ug = 1, B > (10)

de UdiO - Udi

Thus, for dQ,,/dt >0, Q, increases, and it will lead
U,; to decrease, and thus the SCF risk increases.

To date, most control strategies for inhibiting CF are
to increase [, as can be seen in (1), (6)—(8). However,
there is a strong coupling relationship among 7 , U,;,
S and I, , e.g., although the increase of £ can lead to
y increase directly, according (6) and (7), it will lead to
Ui decrease and /; increase, which will cause y to
decrease. Also, from (8), a O, increase will cause U,
decrease, and consequent y decrease. The compiling
relationship is shown in Fig. 5.

Figure 5 depicts the coupling relationship among 7 ,
U,, , p and I, during the dynamic process after the

Ist CF, and shows a complex and significant effect on
y . For different operational conditions, simply in-

creasing or decreasing f may lead to an SCF.

Eq. (7) Eq. (6) Eq. (1)
fincrease Ua =i L I 7 decrease
decrease increase
l A
) 0, N U, 7 unknown
increase decrease
Eq. (8)
» 7 Increase

Fig. 5. Coupling relationship among y, U, , # and ;.

B. Subsequent Commutation Failure with Fault Dura-
tion and Fault Severity

To analyze the mechanism and influence factors of
SCEF, the recovery process needs further analysis.
As a decreasing U,; is the significant reason for the

CF, in order to analyze the trend of U, , we define ¢, as
the fault initiation time, ¢

, t. as the CF duration, and ¢,
as the fault duration.

Figure 6 depicts the simulation curves of U,  inthe

Li,pu
event of a three-phase-to-ground (TPG) faultat 7, =15,
with L,=05H and ¢, =01s , ¢,=015s ,
iy =025

As can be seen in Fig. 6, for ¢,

url

=0.1s, only the 1st
=0.15s and 0.2 s
(green and red lines), an SCF occurs. O, will influence

CF occurs (blue line), while for ¢,

ur2
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U during the whole dynamic process, while the

Li,pu

influence of the fault on U ; , is related to ¢

dur *

1.1

0.9

—ty =015

b —i,, =025

Uy p(pu)

"du\
—>

O OutFa s St [
b 0, +Eu
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Fig. 6. The simulation curves of U, for a three-phase fault
with different fault durations.

From the above analysis, for the different #,,., U;,
can be expressed as:
ULif,pu + Al]LiQ,pu H t < tf + Z‘dur (1 1)
Li,pu =
1+ AU 605 1>t 4+t

where U, are the converter bus voltage

LiQ,pu * U
caused by reactive power and AC fault, respectively;
AU 4, 18 the transient overvoltage rise caused by
reactive power.

To analyze the effect of fault duration and fault se-
verity on an SCF, it is assumed that ¢, , >, >,

Lif,pu

i.e., t,, represents longer fault duration and ¢, rep-
resents shorter fault duration. It also assumes
Ubipat = Upip » 1€, Uy, rtepresents that the fault

severity is less serious, and U,;,, represents that the

fault severity is more serious. Based on this, the analysis
of cases is shown in Table I and Fig. 7.

TABLE I
EVALUATION DATA AND RESULT (PORTION)

Fault Fault Lines in Fig 7
Cases R K
severity duration Ui U,
1 Ubiput - C1-F1-G1 D2-F2-G2-F2
2 Uipun Lz Cl1-J1K1 D2-F2-K2-M2
3 Utipa - DI1-E1-Gl1 D2-E2-H2-12
4 Utipa Lau DI-HI-K1 D2-E2-J2-M2

In Fig. 7, during the 1st CF, U, decreases to 0. For
any cases in Table I, the recovery process of U, after
the 1st CF will go through two stages. One is from 0 to
U, or U,,, and the otheris from U, or U, to Ug,.
From (7), after a CF, in stage 1, U, will recover to a
fault steady state ( U, ) rapidly, and from (9),
dU,/dt > 0. As U, increases rapidly, because of the
delay time of the PI controller, the controller cannot act
to adjust U, and [, immediately, so I, will decrease

(df,/dt <0). Since the change of /, relies on the DC

voltage and [, . (DC current order value) is determined
by the VDCOL, the change of I, lags behind U, .
Therefore, in this stage, from (9), it will lead to
dQ,/dt <0, and U,; , will not decrease.

For Case 1 in Table I, when the fault is not serious,
will remain at a high value (U}, ), and ¢, is not

Li,pu

ULi,pu dur

long (#,,). The change trend of U, can be seen as
C1-F1-G1 in Fig. 7. During the time of [ # +¢, ,
t; +1,,, |, assuming U, remains unchanged (from point
F2 to G2), dU,/dt=0 and I, increases (i.e.,
d/,/dt > 0) because of the /,, increase. From (9),
dQ,/dt >0, so the inverter will consume lots of reac-
tive power, which will lead to an U, , decrease in this

stage. Consequently, U, = will be smaller than U

Li,pu Li,pul »
and the SCF risk will increase. With the increase of fault
duration (when ¢, =t, , ), forCases2and 4 in[¢, +17,,
t. +1,,, 1, because of the U, , decrease, the SCF risk

will further increase. For Case 3, for the serious fault,
the lower U, , (U,;,,,) will lead to a lower U, (Uy, ).

Since U U

and the influence of U

Li,pu

Li,pu

Lipn 18 lower than Uy; ,, Uy, will decrease,

Lipu ON the extinction angle is the

main factor for the SCF.

«———
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Fig. 7. The diagram of U,; and U, with different fault severi-

ties and fault durations.

C. Subsequent Commutation Failure with Reactive
Power and AC System Strength

To quantitatively analyze the effect of O, on U
with different ¢, and U
U

Li,pu

Litpu » the relationship between

and AQ, can be expressed as [33]:
AU. = AG

LiQ,pu S
Ci

Li,pu

(12)
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where S, is the short circuit capacity at the converter

bus; AQ is the unbalanced reactive power between the
AC and DC system, and can be expressed as:

AQ, = Ufi,pu Ocin = Ouein — i (13)
where Q.. is the reactive power exchange between the

AC system and the inverter in rated power; and Q.. is
the rated reactive power in the inverter station.
Substituting (13) into (12), AU\, is:

2
_ ULi,pu QCiN - QaciN - Qdi

A(]LiQ,pu - Sci (14)
From (11), when t St +1,,, Uy, is:
U;, N — Ouin — O
(]Li " — Ll,quC1N Qac1N le + ULifpu (1 5)
3] SCl 3]
Based on (15), U,;,,, can be solved as:
. S U, , ‘ .
l/'Li’p‘1 :_\/( SCI )2 _ _Gi~ Lifpu + QaClN +Qd1 + SC1 (16)
2 QC iN QCiN QC iN 2 QC iN
When f >1, +1,, , combining (15) with (11), Ui 18

ULi)pu — _\/( SCi )2 _ SCi + QaciN + Qdi + SCi
2QCiN QCiN QCiN 2Q CiN
As can be seen in (16), when U, =1p.u., equation

(16) is the same as (17). Then, for an AC/DC hybrid
system with S, =3000 MVA , Q. =540 Mvar and

O,.n =0, for different U, ;;, , the relationship between
U

(17

and Q, is shown in Fig. 8, while for different

Li,pu
O, » the relationship between Uy, , and U, is
shown in Fig. 9.
1.4
12} 1
1.0k 1
208 \
£ oef
< 04
02F U, . (pu)=Tpu
0F U p(pu)=08pu  — Uy (pu)=06pu. — Uy (pu)=04pu.’]
Lo
T0 100 200 300 400 500 600 700 800
Oy (Mvar)
Fig. 8. The relationship between Uy, , and Q, under different
ULif,pu °
1.4
12F  — =0
—— 0, = 200 Myar
. Lor —— 0, =400 Mvar
Z 08 —— 0, =600 Mvar

0.6

02 03 04 05 06 07 08 09 10
U P
Fig. 9. The relationship between U, = and U, under dif-

ipu Lif,pu
ferent Q..

In Fig. 8 and Fig. 9, the increase of O, will lead to

the decrease of U while the decrease of U, will

Li,pu

cause U,,  to decrease nonlinearly. It is indicated that

Li,pu

0, will have a big influence on U,; , for the serious

Li,pu

fault. When a fault occurs, U, can be seen at a cer-

tain value, and in order to avoid U, , decreasing, from

Li,pu

(8), Oy can be controlled by /7, and U, .

The short circuit ratio (S, ) can be expressed as [33]:

S (18)

_ ¢
SCR -

B
where P, is the rated DC power.
Combining (16) with (18), U, ,, is:

2QCiN QCiN QCiN
SCR ])dN
20:ix

2
3 (SCR Py ] ScrFnUvispn | Quein + Qs
Lipu — - + *

(19)
When P, =1000 MW , the relationship between

Ui and Sg, with Uy =0.2 p.u. and different O,

is shown in Fig. 10.

Li,pu

0.20

015//

0.10F 1
—— 0, = 200 Mvar

— (O = 400 Mvar
—— 0, =600 Mvar

Ui (pu)

0.05F

3 4 5 6 7 8
S( R

Fig. 10. The relationship between U,
Qdi :

and S, with different

i,pu

In Fig. 10, for a serious fault (U, = 0.2 p.u.), with

if,pu
the decrease of S.; (the AC system strength changes
from strong to weak), the change of O, consumed by

the inverter has a big effect on U

Li,pu *

IV. PROPOSED CONTROL STRATEGIES

From (19), during the recovery process, U, can

2
_ (U _ Scr P ] Ocin
Li,pu
’ 2QCiN SCR[ZIN

(20)

=U\,, » the maximum reactive

be calculated as:

_ SCR})dN + QaciN + Qdi
Lifpu —
P 4QCiN S CR EIN

In (20), when U,

power (O, ) can be expressed as:

ipu
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Ser P
Qdimax ULlf pu SCR IDdN + {ULif,pu 2 Q \] QLlN
CiN (2 1 )
( AMYCRTAN/ dN)
Qaci
40, )
In (8), U, can be expressed as:
32

UdiO . NUL1 puULlN (22)

Combining (8) with (22), /,
calculation value) is:

(the DC current order

ref,c

2
S P,
ULif,puSCRPdN + (ULif,pu - 2CR ™ J QCrN -
QCiN
(ScxPn)’
QaciN
4QCiN

(23)

dref,c =

2
\/(3\/_ NULI puULlN ] - Uji

operation state), the minimum converter bus voltage at
the inverter side (U} ;,,;, ) can be calculated as:

imin
U _ Xci,puld,pu

Limin

— 24
cosy, —cos 3

For the HVDC system to recover quickly from the 1st
CF, an AC voltage bias controller is designed as:

Alyer =, Ulitpy = UlLimin)

if,pu (25)
where k, is a fixed parameter, and k =0

, SO 1.,

increases when U > U, and decreases when

ULif,pu < U
From the above analysis, this paper proposes a sub-
sequent commutation failure inhibition control strategy
(SCFICS), as shown in Fig. 11.
As seen in Fig. 11, the proposed SCFICS consists of
modules for AC fault voltage detection (FVDM), AC

fault duration detection (FDDM), AC voltage bias con-
trol (VBCM), DC current reference calculation

imin >

Limin *

(CRCM). [ is the DC current value given by the

From (3) when y =y, (extinction angle in normal VDCOL

Ui Min in A selector E i Ugo

' 7 bl b . 22 »

] g EUTT) e N I

: ) g b ;

! 1B b Uy —»| Eq. (23)

i . Mono- - 1o 7

i/min_)‘ Bk N stable b 1 ! "(“L Eq (21) U
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Fig. 11. The control block diagram of the proposed SCFICS.

The purpose of FVDM is to calculate U, . By

measuring O, and U based on (20), U, can be

Li,pu »

calculated. However, as U and Q, will change

Li,pu

dramatically, this may cause U to have a large

Lif,pu

fluctuation. So to obtain a stable U the minimum

Lif,pu »

value of U, calculated by (20) during the Ist CF is
takenas Uy, -

The purpose of FDDM is to detect the fault duration.
The main idea is that the fault duration has an obvious
influence on the AC voltage (according to (16) and (17)),

and hence, the error between U, (calculated by (16))

Li,pu
and U, is compared and if it is bigger than a preset

value (0.05 in Fig. 11), it implies that a fault has oc-
curred in the AC system.

The main idea of VBCM is to improve the recovery
time after the 1st CF. Considering the suppression of the

SCF in (24), comparing Uy, .. (calculated by (24)) and
ULitpu provides an error value (from (25)). Based on (21)
and (23), by dynamically controlling the reactive power
consumed by the inverter so as to keep the AC voltage at
a stable value (U, ) during the whole AC fault dura-

tion, /. is obtained, and the final 7, of the pro-

posed control strategy can be expressed as:

= Idref,c + AIclref (26)

As can be seen in Fig. 11, [, . is dependent on the
AC voltage, DC voltage and AC system strength, and
these are the main reasons for an SCF. By controlling
the reactive power consumed by the inverter, the effect
of the coupling relationship among /,, O, and S on
extinction angle is decreased, so the proposed SCFICS
can effectively inhibit the SCF.

1 dref
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V. CASE STUDY respectively. By comparing the Cases B, C and E, the

effect of different fault durations (z,, =0.2s, 0.1 s and

0.15 s, respectively) on the SCF can be clarified. Cases
F, G and H indicate the performance of the proposed

A. Comparison of Simulation Results between the
Original System and SCFICS

Based on the SIEMENS control strategy (Fig. 2) and

CIGRE HVDC Benchmark model parameters [35], the
SCFICS is built in PSCAD/EMDTC.

OVERVIEW OF THE SIMULATION CASES

TABLEII

In Fig. 11, the »_, and y,are 7° and 15°, respectively. Cases  Faulttypes L, (H) Ly (8) Figs.
The different cases are shown in Table II, and the serial A TPG 0.1 02 12 (a)
number settings in the figures are shown in Table 111, e.g., B PG 0.5 0.2 12 (b)
A1 represents the simulation results of y in Case A. ¢ PG 09 02 12(9

) ) ] ) D TPG 0.5 0.1 12 (d)

Figures. 12 and 13 depict the simulation results based E PG 05 0.15 13 (a)
on Table II. Cases A, B and C have the same fault type F SPG 0.2 0.2 13 (b)
(TPG) and fault duration (¢, =0.2s), with different G SPG 0.5 0.2 13 (c)

. H SPG 0.8 0.2 13(d
fault inductances (L;) of 0.1 H, 0.5 H and 0.9 H, @
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Fig. 12. The performance of the proposed control strategy in different cases. (a) Case A: A1-A6, TPG fault with L. =0.1H and
.. =0.2s. (b) Case B: B1-B6, TPG fault with L, =0.5H and ¢, =0.2s. (c) Case C: C1-C6, TPG fault with L. =09H and
t,, =0.25s.(d) Case D: TPG fault with L, =0.5H and #,, =0.25s.
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control strategy by applying a single-phase-to-ground
fault (SPG) with ¢, =0.2s and L. =0.2H, 0.5 Hand
0.8 H, respectively. For all cases, the proposed control
strategy (SCFICS) shows good performance, i.e., when
the SCFICS is not applied, all cases have SCF, whereas
by applying the SCFICS, there is no SCF in any case.

TABLE III
THE SERIAL NUMBER SETTINGS IN THE FIGURES

Serial numbers Setting Serial numbers Setting
1 e 4 Uy
2 Lo 5 5
3 1 6 FDDM

dref

From the simulation results of y in Figs. 13 (Al),
(B1) and (C1), y decreases to 0 twice, and an SCF

PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 9, NO. 1, JANUARY 2024

applying the SCFICS, CF only occurs once (the 1st CF),
and y remains at a high value during the recovery

process. With the increase of L., from the simulation
results of y and I, , the time of the SCF is shifted
backward. The DC current ( /, ) and DC power ( P, ) rise

adaptively according to the change of the AC voltage
(fault severity). This indicates that the proposed control
strategy is beneficial to CF recovery.

For Case D, ¢, =0.1s, as can be seen in Fig. 12 (D1),
only the 1st CF occurs, although with the increase of
ty:» an SCF occurs for ¢, =0.15s and 0.2 s. In con-
trast, there is no SCF occurrence in Case D after ap-
plying the SCFICS, while /, has a noticeable rise

during the recovery process, promoting rapid system

occurs without applying the SCFICS. However, after  recovery.
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Fig. 13. The performance of the proposed control strategy in different cases. (a) Case E: E1-E6, TPG fault with L. =0.5H and
t,. =0.15s. (b) Case F: F1-F6, SPG fault with L, =02H and ¢, =0.2s. (c) Case G: G1-G6, SPG fault with L, =0.5H and

t,, =0.2s . (d) Case H: HI-H6, SPG fault with L, =0.8 H and ¢,

ur

=0.2s.
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For Cases A, B and C, sine the SCFICS has consid-
ered the fault severity, with the increase of L., /, .
also increases during the recovery process. In the early
recovery period after the 1st CF, the SCFICS will output

a lower [, than that of the original system. This can

dref
decrease the reactive power consumed by the inverter

and maintain AC voltage at a high level. The lower I,

and higher U,; are beneficial in resisting extinction

angle decrease. In the later stage, after detecting the
disappearance of the fault, the AC voltage will recover
to the normal value, and hence, the SCFICS will output
a higher I, . than that of the original system to enhance
the recovery speed.

For Cases F, G and H, the simulation results prove
that the SCFICS has good performance with the SPG
fault and different fault inductances. In all cases, re-
gardless of the fault duration, the FDDM can output a
high-level value during the fault. This indicates that the
FDDM can effectively detect the fault duration. Within
the fault duration, /, can be controlled at a lower value
based on the fault severity. This can effectively inhibit
the SCF. After the AC fault, /, can be controlled at a
high value to improve system recovery.

The simulation results based on Table II validate that
the SCFICS can effectively inhibit an SCF, and also
shows a good recovery performance after the 1st CF.

Figure 14 depicts the performance of the SCFICS
with different fault initiation times, fault types and fault
inductances, with 7, of 0.2s. In Fig. 14 (a) and (b),
from 0.01 H to 1 H, the fault initiation time is from 1 s
to 1.09 s (half of one cycle). An SCF occurs in most
cases when SCFICS is not applied. However, after ap-
plying the SCFICS, the SCF can be completely sup-
pressed.
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Fig. 14. The performance of the proposed strategy with different
fault initiation times, different fault types and fault inductances.
(a) TPG fault without SCFICS. (b) SPG fault without SCFICS.
(c) TPG fault with SCFICS. (d) SPG fault with SCFICS.
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B. Comparison of Simulation Results between the Ex-
isting Method and SCFICS

The performance of the SCFICS is compared with the
current-limit control strategy in [17]. The case is set as:

TPG fault (L, =0.5H) and SPG fault (L, =0.2H,
respectively, ¢, is1.0s,and ¢, is 0.2 s. The simulation

results are shown in Fig. 15.
From Fig. 15(a), it can be seen that the SCFICS with
TPG fault has a better performance with a larger extinc-

tion angle and converter bus voltage (U, ) during fault
recovery than that of the current-limit control strategy
[17]. Fig. 15(b) also shows that P, and U, after apply-
ing SCFICS with SPG are bigger than those from [17].

The current-limit control strategy in [17] cannot
self-change based on the fault severity, and the coupling

relationship between the extinction angle, /, and U,
is not considered. Even so it can also inhibit an SCF, but
the SCFICS is more effective in improving system re-
covery speed.
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Fig. 15. The performance of the proposed strategy (SCFICS) and
current-limit control strategy. (a) TPG fault with L, =0.5H..

(b) SPG fault with Z, =02H.

VI. DISCUSSION

For an AC-DC hybrid system, the topological struc-
ture of the inverter, DC control strategy and AC system
strength are key factors that affect steady-state and
transient performance.

As shown in Fig. 2, during the transient period, the
DC current control and extinction angle control have
significant influence on the recovery process after the
Ist CF. The SCFISCS proposed in this paper is to re-
place the DC control strategy of the original system
after the 1st CF, and hence, the recovery performance is
related to the SCFICS and not the DC system. Since the
SCFICS is based on (21), which takes into account the
impact of AC system strength (SCR), the proposed
SCFICS can adapt to different AC/DC systems. For the
same fault type and duration, the SCFICS will have a
better performance than the existing approaches.

However, as (21) is based on [29] and the influence of
the equivalent resistance of AC system and active
power on transient voltage (ULi), when the
LCC-HVDC is connected to a weak AC system (SCR is
very small), the SCFICS proposed in this paper may
have a different result.

In addition, the converter structure used in this article
is a single LCC-HVDC, while for multi-infeed HVDC:s,
the interaction relationship between one inverter and
another inverter will also impact on the SCFICS pro-
posed in this paper.

VII. CONCLUSION

Given the problem of an SCF caused by AC system
fault, this paper proposes a novel recovery strategy to
suppress SCF in an LCC-HVDC, and the conclusions
can be summarized as:

1) Based on the analysis of coupling relationship
between extinction angle, AC voltage, firing angle and
reactive power, it is concluded that there is a strong
coupling relationship among them during the dynamic
process, one which has a significant impact on an SCF.

2) Considering the reactive power interaction be-
tween the AC and DC systems, a mathematical expres-
sion of AC transient voltage is established, indicating
that fault duration, fault severity and AC system
strength are the main factors affecting SCF. Based on
this, a novel recovery strategy to suppress SCF is pro-
posed, one which can dynamically adjust the DC current
order value.

3) Different from the commonly used control strate-
gies, the SCFICS proposed in this paper can not only
inhibit SCF more effectively, but also enhance the
performance of system recovery.

4) In this paper, only the single LCC-HVDC system
is used, while multi-infeed HVDCs and LCC-VSC
hybrid systems have more complex reactive power
interaction characteristics. How to extend the proposed
control strategy to other systems needs further research.

5) The proposed transient voltage expression con-
sidering the fault duration and fault severity has uni-
versality, and can also be used in the sending-AC sys-
tem transient voltage analysis.
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