
Ouyang et al. 
Protection and Control of Modern Power Systems            (2023) 8:46  
https://doi.org/10.1186/s41601-023-00323-9

ORIGINAL RESEARCH Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Protection and Control of
Modern Power Systems

An improved prediction method 
of subsequent commutation failure 
of an LCC‑HVDC considering sequential control 
response
Jinxin Ouyang1*   , Xinyu Pan1, Junjun Ye1, Chao Xiao2, Yanbo Diao3 and Qingwu Zhang4 

Abstract 

Subsequent commutation failure (SCF) can be easily generated during the first commutation failure (CF) recovery 
process in a line-commutated converter-based high voltage direct-current system. SCF poses a significant threat 
to the safe and stable operation of power systems, and accurate prediction of CF is thus important. However, SCF 
is affected by the operating characteristics of the main circuit and the coupling effects of sequential control response 
in the inverter station. These are difficult to predict accurately. In this paper, a new SCF prediction method considering 
the control response is proposed based on the physical principle of SCF. The time sequence and switching conditions 
of the controllers at different stages of the first CF recovery process are described, and the corresponding equations 
of commutation voltage affected by different controllers are derived. The calculation method of the SCF threshold 
voltage is proposed, and the prediction method is established. Simulations show that the proposed method can 
predict SCF accurately and provide useful tools to suppress SCF.

Keywords  Line-commutated converter based high-voltage direct-current (LCC-HVDC), Subsequent commutation 
failure (SCF), Converter station, Prediction

1  Introduction
Line-commutated converter-based high-voltage direct 
current (LCC-HVDC) is widely used in long-distance 
transmission and asynchronous network connection 
because of its advantages of large transmission capac-
ity and low power loss over long transmission distances 
[1, 2]. LCC-HVDC adopts thyristor valves without 

self-turning off capability, and thus, commutation fail-
ure (CF) can occur after faults at the receiving-end grid. 
CF can cause DC voltage drop, DC overcurrent, and sig-
nificant transmission power reduction. Although LCC-
HVDC can usually recover after the first CF, a subsequent 
commutation failure (SCF) could occur if the control of 
the converter is inappropriate or the fault lasts for a long 
time [3]. SCF can cause large power disruptions and even 
DC blocking. These bring serious challenges to the safe 
and stable operation of the power system.

CF prediction is beneficial because it enables taking 
measures in advance to prevent CF and ensure stable 
operation. The reason for CF is that the extinction angle 
(EA) is less than the minimum angle required for the 
valve to restore forward voltage blocking capability. Thus, 
EA is a direct criterion to estimate CF. However, the 
calculation of EA is updated after the complete voltage 
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waveform measurement, i.e., only at the point where the 
commutation voltage crosses zero. Therefore, the use of 
EA cannot predict CF correctly [4]. On the other hand, 
the transient process of DC current is closely related to 
the commutation process, and thus some researchers use 
the variation and mutation rate of DC current to predict 
CF [5, 6]. However, here accuracy depends on the fine-
ness of the model, which is limited by parameters. The 
prediction in [7] based on a commutation area considers 
the influence of commutation voltage, DC current, and 
firing angle on the commutation process, but the com-
mutation area is affected by many factors which reduce 
prediction accuracy [8].

Commutation voltage drop is usually the source of CF. 
Therefore, the commutation voltage can be used as an 
intuitive basis for CF prediction, while the voltage of the 
converter bus dropping to 90% is usually used to predict 
the first CF in practice [9]. However, this criterion lacks a 
theoretical basis and has limited effect. Some researchers 
calculate the CF threshold voltage based on the operating 
state and structure parameters of the power system with 
consideration of the transient change of DC current [10]. 
A CF prediction method combining the stability fac-
tor and interaction factor of voltage is proposed, which 
can quickly identify the risk area of CF [8, 11]. However, 
these studies aim at predicting the first CF after a grid 
fault, while the influencing factors on SCF are complex 
[12]. The first CF is mainly dominated by the response 
of the main circuit of the inverter station, while SCF is 
also affected by the sequential control response because 
SCF occurs when the control of the inverter station is 
fully functioning [13]. As the existing research on the first 
CF prediction ignores the control response, it cannot be 
directly used for SCF prediction.

Existing research on SCF focuses on the principal 
analysis and suppression measures, while there are few 
studies on SCF prediction. Researchers have used data-
driven methods to search the variation law of electrical 
quantities to predict SCF. However, the training features 
are such that it is difficult to reflect the mapping rela-
tionship between data [14]. An SCF prediction method 
based on data-physical fusion is proposed in [15], but the 
error needs to be corrected continuously. Some propose 
a prediction method based on CF risk factor and phase 
detection [16], whereas others use the DC current [17], 
and commutation voltage [18] and voltage–time commu-
tation area [19] after CF to predict the risk of SCF. How-
ever, the influence of the control response is ignored.

An improved prediction method of SCF considering 
the sequential control response of the inverter station is 
proposed in this paper. The equations of the commuta-
tion voltage are deduced by describing the time sequence 
and switching conditions of controllers at different stages 

of the first CF recovery process. A SCF threshold voltage 
considering the control response is modeled, one which 
considers the transient characteristics of DC current, 
firing angle, and EA. The threshold voltage depicts the 
coupling effect of sequential control response and com-
mutation voltage during the first CF recovery process. 
Therefore, improved SCF prediction is realized by com-
paring the commutation voltage with the SCF threshold 
voltage.

The main contents of the paper are as follows: Sect. 2 
analyzes the control response characteristics during the 
first CF recovery process, while Sect. 3 presents the pre-
diction principle of SCF based on the commutation volt-
age. In Sect.  4, the commutation voltages at different 
stages of the first CF recovery process are derived, and a 
calculation method of the SCF threshold voltage is pro-
posed. Section 5 verifies the proposed method using the 
CIGRE benchmark HVDC test system, and Sect. 6 draws 
conclusions.

2 � Characteristics of subsequent commutation 
failure

A typical control system of the inverter station of an 
LCC-HVDC is shown in Fig. 1. It is generally equipped 
with a constant current controller (CCC), constant 
extinction angle controller (CEAC), voltage-dependent 
current order limiter (VDCOL), and current error con-
troller (CEC) which is used to achieve smooth switch-
ing between the CEAC and the CCC. Ud and Id are 
the DC voltage and DC current of the inverter station, 
respectively. γ is the EA and γ0 is the initial EA. Idr-ord 
is the DC current command value transferred from 
the inverter station to the rectifier station. This is the 
smaller value of the current references provided by the 
VDCOL and the master control. β is the firing angle, 
and βccc and βcea are the firing angles provided by the 
CCC and CEAC, respectively. The larger value between 

Fig. 1  Control system of the inverter station



Page 3 of 11Ouyang et al. Protection and Control of Modern Power Systems            (2023) 8:46 	

the firing angles provided by the CCC and CEAC is typ-
ically selected as the command value of the firing angle.

CF is a dynamic event where a converter valve that 
is supposed to turn off but continues to conduct with-
out transferring current to the next valve in the firing 
sequence [20]. The control of an inverter station causes 
the consumption of the reactive power to rise continu-
ously and the commutation voltage to drop after the 
first CF, and this can cause SCF. The evolution pro-
cess of SCF is shown in Fig. 2, where the process of the 
EA dropping to zero in a step is the first CF, while the 
process of the EA overshooting to dropping to 0 again 
is the first CF recovery process. The first CF recovery 
process can be divided into two stages according to 
the switching of CEAC and CCC. The inverter station 
is controlled by CCC in Stage 1 and by CEAC in Stage 
2. The action of CEC in Stage 2 makes the EA drop 
sharply and leads to SCF.

Stage 1: the inverter station operates under CCC 
and VDCOL. The commutation is recovered in Stage 
1, and the EA steps significantly higher than the nor-
mal EA at the moment of the first CF recovery because 
the continuous rise of the deviation of EA detected by 
the CEAC changes from a positive to a negative value, 
causing βcea to drop rapidly. CEAC is switched to CCC 
when βcea is less than βccc as shown by Switching 1 in 
Fig.  2. The measuring object of the control system 
switches from EA to DC current, and the DC current is 
controlled and restored gradually to the rated value by 
the VDCOL. During the DC current recovery process, 
the EA and DC voltage can be expressed as:

where Xr is the converter reactance, UL is the effec-
tive value of the line-to-line commutation voltage of 
the inverter station, and N is the ratio of converter 
transformer.

The following expression can be obtained from (1), 
as:

where UdN and IdN are the rated DC voltage and current 
of the inverter station, respectively. µ is the commutation 
overlap angle and µ0 is its initial value.

The DC current is small during the first CF recovery 
process and the time to complete the current transfer 
is relatively short. Therefore, the commutation overlap 
angle in the fault should be small, but the difference is 
not significant, i.e., µ < µ0.

There is usually a 0.1 pu current margin between the 
rectifier side and inverter side under the CCC. There-
fore, the DC current can be expressed as [21]:

Substituting (3) into (2) yields the following expression:

VDCOL is triggered when Ud ≤ 0.9UdN, and thus, 
0.09UdN − 0.1Ud ≥ 0. So the value of (4) is greater than 
or equal to 1, and the EA should satisfy:

The EA is constantly greater than the rated value dur-
ing Stage 1, according to (5). Therefore, SCF cannot 
occur during Stage 1.

Stage 2: the inverter station operates under the CEAC 
and CEC. The output of the CCC gradually decreases 
as the EA decreases and the DC current increases. The 
CCC switches to CEAC when the EA returns to the 
steady-state value [3], as shown by Switching 2 in Fig. 2. 
The CEC maintains the stability of the electrical quanti-
ties to guarantee the smoothness during the switching, 
and the control equation of the CEC can be written as:

(1)
γ = arccos

√
2NIdXr

UL
+ cosβ

Ud =
3
√
2

π
NUL cos γ −

3

π
XrId

(2)

UdN + 3
π
XrIdN

Ud +
3
π
XrId

=
IdN

Id

cosγ − cos (γ + µ)

cosγ0 − cos (γ0 + µ0)

cos γ0

cos γ

(3)Id =
(

0.9
Ud

UdN

+ 0.09

)

IdN

(4)UdIdN + 3
π
XrIdIdN + (0.09UdN − 0.1Ud)IdN

UdIdN + 3
π
XrIdIdN

=
1− cosµ + tanγ sinµ

1− cosµ0 + tanγ0 sinµ0

(5)tan γ ≥ tan γ0

Fig. 2  Evolution process of commutation failure
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where �γcec is the EA increment of the CEC, and �γmax 
is its upper limit. �IH is the saturation value of the DC 
current deviation given as ΔIH = 0.1. Id0 is the DC current 
command value of the rectifier station, �Id = Id0 − Id , and 
Kcec is the slope of the CEC.

The CEC ensures a smooth transition of the DC cur-
rent to the target current at the rectifier station and pro-
vides an EA increment to the CEAC. The DC current 
increases briefly under the CEC and ΔId > 0.1pu during 
Stage 2 [4]. The EA drops below the steady-state EA, and 
the output of the CEC decreases after Switching 2. The 
CEAC cannot respond effectively to the change in EA, 
and the firing angle still increases when the EA decreases. 
Meanwhile, the control switching causes the DC cur-
rent to rise. The EA drops sharply under the CEC as it 
decreases with the increase of the DC current, and this 
may lead to SCF.

3 � Prediction principle of subsequent commutation 
failure

Figure 3 shows the schematic diagram of SCF prediction. 
t0, t1, and t2 are the start times of the first CF, first CF 
recovery, and SCF, respectively. The commutation volt-
age is affected by the EA, DC current, and firing angle 
during the first CF recovery process. Therefore, the com-
mutation voltage depends on the fault severity and the 
control response, which corresponds to the EA under 

(6)�γcec =







0 �Id > 0
Kcec(Id0 − Id) 0 ≤ �Id ≤ �IH

�γmax �Id > �IH

certain control parameters. SCF occurs in Stage 2 when 
the EA falls below the critical EA, and the commutation 
voltage is called the SCF threshold voltage when the EA 
is equal to the critical EA. It is noted that the commuta-
tion voltage should be less than the SCF threshold volt-
age, which is the necessary and sufficient condition of 
SCF.

The commutation voltage tends to decrease during the 
first CF recovery process, while it rises slightly because of 
the sudden increase of the EA after the converter restores 
commutation at t1. The inverter station absorbs reactive 
power from the grid for a considerable period as the DC 
current is being restored. Thus, the commutation voltage 
drops again after the gird fault [18]. The commutation 
condition in Stage 2 cannot be satisfied because the com-
mutation voltage decreases continuously if in Stage 1 it is 
lower than the SCF threshold voltage. At this point, SCF 
occurs in Stage 2. As the commutation voltage in Stage 2 
is close to that at the end of Stage 1 because of the short 
duration of Stage 2, therefore SCF can be predicted in 
advance by comparing the commutation voltage in Stage 
1 with the SCF threshold voltage.

The prediction method of SCF is shown in Fig.  4. As 
seen, the firing angle in Stage 1 and the SCF threshold 
voltage are calculated by the controller in advance. The 
commutation voltage and EA of the inverter station are 
measured in real-time after the first CF. The SCF pre-
diction is initialized when the EA is detected to increase 
rapidly after a grid fault. The commutation voltage is col-
lected and compared with the SCF threshold voltage in 
real-time, and the SCF in Stage 2 is detected in advance 
if the commutation voltage in Stage 1 is smaller than the 
SCF threshold voltage. The data acquisition, related cal-
culation, and command determination modules are acti-
vated after a grid fault. The prediction can be executed in 
a fast DSP with an execution cycle of about 80 μs. There-
fore, the control can be applied in real-time to avoid the 
occurrence of SCF or alleviate the influence of SCF based 
on the SCF prediction.

Fig. 3  Schematic diagram of SCF prediction Fig. 4  Implementation of SCF prediction
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4 � Threshold voltage of subsequent commutation 
failure

4.1 � Stage 1
The CCC adjusts the firing angle during Stage 1. It can be 
written as:

where Kp-ccc and Ti-ccc are the proportional coefficient 
and integral time constant of the CCC, respectively. �I is 
the current deviation and �I = Idro − id − 0.1 , Idro is the 
reference value of the rectifier DC current, and id is the 
measured inverter DC current.

The integral function is reserved in (7) and the deriva-
tion process, so the nonlinear characteristics caused by 
the integral link are considered.

The DC current follows the reference value of the recti-
fier side with a small difference, and thus �I can be con-
sidered to be constant.

The derivation (7) of can be obtained as:

Equation (8) can be transformed as:

Because of the rapid transient response, Eq. (9) can be 
linearized based on the minimum deviation method as 
[22]:

where Udor indicates the ideal no-load DC voltage of the 
rectifier station, RL is the DC resistance, while Rcr and Rci 
are the equivalent commutation resistances of the recti-
fier and inverter, respectively.

The dynamic equation of the firing angle can be obtained 
from (9) as:

According to (11), the firing angle under the CCC can be 
calculated by:

and

(7)βccc = Kp-ccc

{

�I +
1

Ti-ccc

∫

�Idt

}

(8)
dβccc

dt
=

Kp

Ti
(Idro − id − 0.1)

(9)
dβccc

dt
=

dβccc

did
·
did

dt
=

dβccc

did
· ki

(10)ki =
Udor

Rcr + RL − Rci

(11)
dβccc

did
=

Kp-ccc

kiTi-ccc
(Idro − id − 0.1)

(12)

βccc = −
Kp-ccc

2kiTi-ccc
i
2
d +

(Idro − 0.1)Kp-ccc

kiTi-ccc
id + C1

where Udoi is the ideal no-load DC voltage of the inverter 
station, α is the firing angle of the rectifier station, and C1 
is the integral constant.

The current command provided by the VDCOL gradu-
ally rises because of the recovery of the DC voltage dur-
ing Stage 1. When the DC current closes to the command 
value, the CCC adjustment of the rectifier station is largely 
over, and the firing angle of the rectifier station closes to 45° 
[22]. The CCC plays a leading role in the inverter station, 
and the DC current can be written as:

From the state equations of the inverter station, the rela-
tionship between the DC voltage and DC current can be 
written as:

Substituting (14) into (15), the DC voltage considering 
the effect of the VDCOL can be expressed as:

The DC voltage can be written as:

From (16) and (17), the commutation voltage considering 
the effect of the CCC and VDCOL can be obtained by:

According to the parameters of LCC-HVDC [23], the 
sensitivity of commutation voltage with change of EA 
should meet:

Equation  (19) reflects the influence of the variation of 
EA on the commutation voltage under the effects of the 
CCC and VDCOL in Stage 1. The commutation voltage 
decreases with the reduction of EA during the first CF 
recovery process according to (19).

(13)id =
Udor cosα − Udoi cos γ

Rcr + RL − Rci

(14)Id = kUd + b

(15)Ud =
3
√
2

π
NUL cos γ −

3

π
XrId

(16)Ud =
3
√
2

π
NUL cos γ −

3

π
Xr(kUd + b)

(17)Ud =
3
√
2

2π
NUL(cosγ + cosβccc)

(18)

UL1 =
3
π
Xrb

3
√
2

π
N cos γ − 3

√
2

2π N

(

1+ 3
π
kXr

)

(cosγ + cosβccc)

(19)
∂UL1

∂γ
> 0
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4.2 � Stage 2
The inverter station is switched to the CEAC at the 
moment that the EA reaches the rated EA when the firing 
angle provided by the CCC is less than that by the CEAC. 
The target of the CEAC is to keep the firing angle of the 
inverter station at rated value [3], and the control equa-
tion is given by:

where Kp-cea and Ti-cea are the proportional coefficient 
and integral time constant of the CEAC, respectively.

The EA of the inverter station is measured when the 
CEAC works. The control system is usually updated 
every 1.67 ms and the integral time constant of the CEAC 
is usually 54.4 ms. The interval between the action of the 
CEAC and the occurrence of SCF is generally 4–8 ms 
[12]. Therefore, the output of the integral controller of 
the CEAC can be approximated to 0 before SCF occurs 
[3]. The CEC plays the leading role in the meantime. At 
the moment of Switching 2, �γcec is at its maximum and 
βcea can be expressed as:

where β ′ is determined by βccc when γ = γ0 in (12).
From (6), the EA under the effect of CEC can be 

expressed as:

where Id0 is the current setting value of the rectifier sta-
tion, and K�i is the proportional coefficient of the CEC.

Under the CEC, the DC current can be expressed as:

By substituting (23) into (15), the DC voltage can be 
obtained as:

Under the CEAC, the DC voltage can be obtained by:

Combining (24) and (25), the commutation voltage 
considering the effects of the CEAC and CEC can be 
expressed as:

(20)

βcea = Kp-cea







[γ0 − γ +�γcec]+
1

Ti-cea

�

[γ0 − γ +�γcec]dt







(21)βcea = β ′ + Kp-cea(γ0 − γ +�γcec)

(22)γ = γ0 + K�i(Id0 − Id)/Id0

(23)Id = Id0 + (γ0 − γ )
Id0

K�i

(24)

Ud =
3
√
2

π
NUL cos γ −

3

π
Xr

[

Id0 + (γ0 − γ )
Id0

K�i

]

(25)
Ud =

3
√
2

2π
NUL

(

cosγ + cos
[

β0 + Kp-cea(γ0 − γ +�γcec)
])

where

The sensitivity of UL2 with the change of EA can be cal-
culated according to (26) as:

According to (28), the commutation voltage decreases 
with the reduction of EA in Stage 2. By substituting the 
critical EA, the SCF threshold voltage can be obtained as:

βccc under the effects of the VDCOL and CCC can be 
calculated by (12) according to the circuit and controller 
parameters of the LCC-HVDC. Therefore, β ′ at Switch-
ing 2 can also be calculated by (12). The SCF threshold 
voltage can be obtained by (29) through βcea and Id under 
the effects of the CEAC and CEC from (21) and (23). 
Compared with the CF threshold voltage in [24, 25], the 
SCF threshold voltage contains the control response of 
the VDCOL and CCC in Stage 1, and the CEAC and CEC 
in Stage 2, while also considering the effect of DC current 
rise and the change of firing angle on the EA.

5 � Case study
The CIGRE benchmark HVDC test system [26] is 
used to verify the theoretical analysis using PSCAD/
EMTDC. The operational parameters are as follows: 
Udr0 = 219.16 kV, i0 = 277.58 kV, Rd = 5 Ω, Rcr = 12.96 Ω, 
Rci = 12.72*2 Ω, Xc = 13.32 Ω, Id = 2 kA, N = 211.42/230 
kV, KΔi = 0.15. The proportional coefficient of the CCC 
is 0.7506, and the integral time constant is 0.0544. In 
the VDCOL, the upper and lower limits of DC current 
are 1.0 pu and 0.55 pu, respectively, while the upper 
and lower thresholds of the DC voltage are 0.9 pu and 
0.4 pu, respectively. the voltage of the converter bus is 
230 kV, the DC current is 2 kA, the EA is 15.2° and the 
firing angle is 38.3° at the inverter station under normal 
operation.

(26)UL2 =
3
π
Xr

[

Id0 + (γ0 − γ )
Id0
K�i

]

3
√
2

π
N cos γ − 3

√
2

2π N (cosγ + cosβcea)

(27)βcea = β ′ + Kp[γ0 − γ +�γcec]

(28)
∂UL2

∂γ
> 0

(29)

Uth-SCF =
3
π
Xr

[

Id0 + (γ0 − γmin)
Id0
K�i

]

3
√
2

π
N cos γmin − 3

√
2

2π N (cosγmin + cosβcea)



Page 7 of 11Ouyang et al. Protection and Control of Modern Power Systems            (2023) 8:46 	

5.1 � Recovery characteristics
A single-phase fault is set at the inverter bus with the 
fault inductance of 0.6 H. The fault occurs at 1  s and 
has a duration of 0.1  s. As shown in Fig.  5, the EA 
decreases and the valve current reduces to 0 during 
the first CF. The firing angle determined by the CEAC 
gradually increases after the fault. Stage 1 begins when 
the commutation restores, and the control of the 
inverter station is switched from the CEAC to CCC at 
1.042 s. The DC current changes with the command 
value of the VDCOL, and the commutation voltage 
drops again. During Stage 1, the EA of the inverter 
station is always above the critical EA, and there is no 
SCF. The command value determined by the CEAC 
then gradually increases during the first CF recovery 
process. The EA is restored to the rated EA, and the 
control is switched back to the CEAC when the EA is 
15°. During Stage 2, the EA drops below the steady-
state EA and continuously decreases to below the 
critical EA under the effect of the CEC. Consequently, 
SCF occurs at 1.125 s. The evolution process of the CF 
obtained by the simulation is consistent with the previ-
ous theoretical analysis.

5.2 � Subsequent commutation failure prediction
To verify the effectiveness of the proposed SCF predic-
tion, the following three methods are compared.

Method 1: the threshold voltage considering DC cur-
rent rise and AC voltage drop in [24] is adopted, and is 
calculated by:

where γmin is the critical extinction angle.
Method 2: the threshold voltage considering the 

change of DC current in [25] is adopted, and is calcu-
lated by:

where ULN is the rated effective value of the line-to-line 
commutation voltage of the inverter station.

Method 3: the SCF threshold voltage proposed in this 
study is adopted, and is calculated by (29).

The comparison of the relationships between the 
commutation voltage and EA for Methods 1, 2 and 3 is 
shown in Fig. 6, in which the slopes of the curves reflect 
the degree of change in EA caused by commutation 
voltage drop. The threshold voltages of Methods 1 and 
2 are 223.6 kV and 216.2 kV, respectively, when γ = γmin 
as indicated in the red dashed line in Fig. 6. In compari-
son, the SCF threshold voltage of Method 3 is 202.1 kV. 
The firing angles are assumed not to change abruptly in 
Methods 1 and 2, while the control responses during 
the first CF recovery process were also not considered 
by Methods 1 and 2. The curves show that the thresh-
old voltages calculated by the three methods are clearly 
different, indicating that the ‘negligence’ and simplifica-
tion of Methods 1 and 2 have significant influence on 
the calculated commutation voltages.

The impedance of high voltage lines is mainly induc-
tive, and the resistance component in the transition 
impedance is generally much smaller than the line 
inductance in the HVDC system fault analysis. Thus, the 
grounding impedance at the converter bus can be set to 
inductive to simulate the grounding fault on the remote 
lines. Single-phase, two-phase and three-phase faults are 
set at the converter bus of the inverter station with the 
fault inductances varying from 0.35 H to 0.80 H. With the 
decrease in fault inductances, the equivalent fault loca-
tion is closer to the AC bus, i.e., the fault is more severe. 
From Fig.  4, β ′ calculated by (12) is 37.9° when γ = γ0 . 
Thus, the SCF threshold voltage of Method 3 calculated 
by (29) is 0.879 pu, whereas the SCF threshold voltages 
of Methods 1 and 2 calculated by (30) and (31) are 0.94 
pu and 0.97 pu, respectively. The EA and commutation 
voltage of the inverter station under single-phase, two-
phase and three-phase faults are obtained by simulation 
as shown in Fig. 7, 8 and 9, respectively.

(30)

Uth1 =

√
2XrUdr0 cosα

6Xr
π

+ Rcr + Rd − Rci

·
1

cos γmin −
Rcr+Rd−Rci

6Xr
π

+Rcr+Rd−Rci

(31)Uth2 = ULN

√

cos2 γ0 − cos2 β

cos2 γmin − cos2 β

Fig. 5  Electrical quantities under single-phase fault
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As shown in Fig.  7, the minimum commutation volt-
ages during the first CF recovery process are 0.935 pu, 
0.922 pu and 0.91 pu when the fault inductances are 0.7 
H, 0.75 H and 0.8 H under the single-phase fault, respec-
tively. As the commutation voltages are higher than 
the SCF threshold voltage of Method 3, it predicts that 
SCF will not occur, which matches the situation shown 
in Fig.  7a. However, the minimum commutation volt-
age is lower than the threshold voltages of Methods 1 
and 2, and thus, wrong prediction would be provided by 

Fig. 7  Electrical quantities under single-phase fault with different 
fault inductances. a Extinction angle b commutation voltage

Fig. 8  Electrical quantities under three-phase fault with different 
fault inductances. a Extinction angle b commutation voltage

Fig. 9  Electrical quantities under two-phase fault with different fault 
inductances. a Extinction angle b commutation voltage

Fig. 6  Relationship between commutation voltage and EA
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Methods 1 and 2. In Fig.  7b, the commutation voltages 
drop to the SCF threshold voltage obtained by Method 
3 at 1.052 s, 1.056 s and 1.058 s, and decrease continu-
ously under the single-phase fault when the fault induct-
ances are from 0.55 H to 0.65 H. According to Fig.  7a, 
SCF occurs at 1.11 s, 1.12 s, and 1.13 s, respectively. Thus, 
Method 3 has correctly predicted SCF for different fault 
inductances.

As shown in Fig.  8, the minimum commutation volt-
ages are 0.921 pu, 0.915 pu, and 0.902 pu when the fault 
inductances are from 0.5 H to 0.6 H under the three-
phase fault, respectively. The commutation voltages 
are higher than the SCF threshold voltage obtained by 
Method 3, which correctly predicts that SCF will not 
occur. In contrast, Methods 1 and 2 predict the occur-
rence of SCF because the commutation voltages are 
lower than the threshold voltage, resulting in misjudg-
ment. According to Fig.  8b, the commutation voltages 
drop to the threshold voltage of Method 3 at the begin-
ning of recovery when the fault inductances are from 
0.35 H to 0.45 H, and consequently, Method 3 is able to 
correctly predict SCF, as shown in Fig. 8b.

As shown in Fig.  9, the minimum commutation volt-
ages are 0.901 pu, 0.918 pu, and 0.928 pu when the fault 
inductances are from 0.5 to 0.6 H under the two-phase 
fault, respectively. The commutation voltages are higher 
than the SCF threshold voltage obtained by Method 3, 
which correctly predicts that SCF will not occur. How-
ever, Methods 1 and 2 predict the occurrence of SCF 
because the commutation voltages drop to the thresh-
old voltage, resulting in misjudgment. The minimum 
commutation voltages are 0.801 pu, 0.812 pu, and 0.835 
pu when the fault inductances are from 0.35 H to 0.45 
H, respectively, which are all less than 0.879 pu. Conse-
quently, Method 3 correctly predicts that SCF will occur, 
which is in line with the actual situation.

Fault severity can be characterized by the commuta-
tion voltage, fault inductance, and rated power [27]. The 
fault time changes from 1 s to 1.024 s, and the fault type 
includes single-phase, two-phase and three-phase faults. 
The fault duration is 0.15 s. The results of SCF predic-
tion obtained by the proposed method are shown in 
Fig.  10 when the fault severity changes from 0 to 70%. 
The abscissa is the fault time, and the ordinate is the fault 
severity, whereas the number is the minimum commu-
tation voltage during the first CF recovery process. The 
green color indicates that only the first CF occurs, and 
the yellow and purple colors indicate that SCF occurs.

The commutation voltage is greater than the SCF 
threshold voltage, and SCF does not occur when the fault 
severity is from 0 to 40%, as shown in Fig. 10. However, 
SCF occurs when the fault severity is from 40 to 70%. 
The commutation voltage in the yellow grid is less than 

Fig.10  Accuracy of the SCF prediction
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the SCF threshold voltage, thus indicating that the pro-
posed method has predicted SCF accurately. The accu-
racy of the proposed method in predicting SCF is 92.8% 
in 98 fault tests. In contrast, Methods 1 and 2 have cases 
of misjudging one CF as SCF, and the accuracies are only 
78.6% and 61.2%, respectively.

Methods 1 and 2 do not consider the influence of the 
controller response, whereas the threshold voltage of 
Method 3 takes into account the controller response 
and accounts for the transient change characteristics of 
DC current, α, β, and γ. Thus, Method 3 can predict the 
occurrence of SCF more accurately. The shortcoming of 
the proposed Method 3 is that it ignores the effect of the 
rising current on the EA during the CEC action period, 
which leads to the fall of the EA. Because the response of 
CEC has a delay, the EA may fall sharply in Stage 2, and 
thus, Method 3 may misjudge.

Table 1 shows the prediction results and advance time 
of SCF for the three methods with different fault severi-
ties. "T" indicates correct prediction, and "F" indicates 
wrong prediction. When the fault severity is 15–35%, 
SCF does not occur, so the occurrence time and advance 
time are blank, but Methods 1 and 2 judge that SCF will 
occur. When the fault severity is from 45 to 75%, the 
threshold voltages of Methods 1, 2, and 3 are 0.94 pu, 
0.97 pu, and 0.879 pu, respectively. The threshold volt-
ages of Methods 1 and 2 are larger than that of Method 3, 
and there is a delay in the voltage drop. Methods 1 and 2 
can get the prediction results earlier in the same correct 
prediction, but the difference in advance time compared 
with Method 3 is small. The accuracies of the three meth-
ods with different severities are also shown in Table 1. As 
seen, the system does not have SCF when the fault sever-
ity is low, but Methods 1 and 2 may still misjudge SCF 
occurrence. In contrast, the prediction of Method 3 is 
correct.

With the increase in fault severity, the commuta-
tion voltage drops more significantly, i.e., the threshold 

voltage time is earlier. The longest advance time is 72.1 
ms, the shortest is 60.3 ms, with the average being 66 ms. 
The SCF prediction provides sufficient time for adjust-
ment to mitigate CF.

6 � Conclusion
SCF can be easily triggered by the improper interaction 
of controllers during the first CF recovery process of 
LCC-HVDC. Prediction of SCF provides a powerful tool 
for the control and protection of LCC-HVDC and the 
power grid. However, the influencing factors on SCF are 
complex. In particular the effects of the sequential con-
trol response cannot be easily quantized. Therefore, the 
time sequence and switching conditions of the control-
lers of inverter station at different stages of the first CF 
recovery process are analyzed in this paper. A new SCF 
threshold voltage considering the control response is 
deduced, and an improved method for predicting SCF 
is proposed. The method can effectively predict SCF and 
has the advantages of clear physical concept and high 
accuracy. This method can also provide a reference for 
research on and implementation of CF suppression, and 
control and protection of the power grid. The prediction 
of SCF helps the development of control strategies in 
advance, and this enables HVDC to satisfy commutation 
requirements.
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