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Abstract——The introduction of fully controlled devices to 
build hybrid line commutated converter (H-LCC) has become a 
new idea to solve the commutation failure. However, existing H-
LCC has not considered the implementation of a targeted firing 
angle control strategy during AC faults, with the objective of 
enhancing their power transmission and fault response perfor‐
mance. For this reason, this paper proposes an optimized con‐
trol method for firing angle of H-LCC, designated as flexible 
virtual firing (FVF). This method first analyzes the influence of 
alterations in firing angle on reactive power, commutation pro‐
cess and associated action paths. By combining prediction and 
dynamic search, it optimizes the natural commutation process 
through the utilization of dynamic boundary and minimum 
commutation area difference. This can mitigate the impact of 
AC faults on H-LCC and DC system, thereby improving power 
transmission and defense to commutation failure, which is bene‐
ficial for improving the stability of AC/DC power grids. Finally, 
the simulation results in PSCAD/EMTDC verify the effective‐
ness of the proposed method.

Index Terms——Commutation failure, fully controlled device, 
firing angle optimization, optimal control, hybrid line commu‐
tated converter.

I. INTRODUCTION 

LINE commutated converter based high-voltage direct 
current (LCC-HVDC) has been widely utilized in the 

field of large-capacity and long-distance power transmission 
due to the numerous advantages, including low loss, low 
cost, high transmission capacity and mature technology [1]. 
LCC-HVDC uses semi-controlled device that requires a cer‐
tain degree of commutation support from the AC system. 
Therefore, it is inevitable that certain problems emerge, espe‐
cially the commutation failure (CF) cannot be avoided all 
the time [2]. Once the CF occurs, the DC current increases 
rapidly, and the DC voltage and transmission power decrease 
rapidly. In severe cases, it causes DC system lockout [3]. As 
the number of DC points integrated into existing load cen‐
ters continues to increase, the risk probability of CF and cas‐
cading failure have increased sharply in the multi-feed DC 
transmission system. This has become a significant problem 
that endangers the secure and stable operation of AC/DC 
power grids [4].

In order to solve the aforementioned problems, related re‐
searches have primarily concentrated on two aspects for 
modifying LCC-HVDC. One is to improve its control and 
protection system. For example, commutation failure preven‐
tion (CFPREV) control is improved from different perspec‐
tives to enhance the ability to defense CF as much as possi‐
ble [5], [6]. However, such method has limited effect in the 
presence of severe fault conditions. Furthermore, it also in‐
creases the reactive power consumption of the converter and 
results in further reduction in AC voltage, which may have a 
detrimental impact on the commutation process [7]. In com‐
parison, the topology modification of LCC has been investi‐
gated due to its obvious effects. Reference [8] proposes ca‐
pacitor commutated converter (CCC) based HVDC, which 
increases the steady-state commutation angle by inserting a 
fixed series capacitor between the secondary winding part of 
the transformer and the bridge arm of the converter. Howev‐
er, the addition of capacitors may lead to charging overvolt‐
age, causing the inverter to lose its self-recovery ability. Con‐
trolled series capacitor converter (CSCC) changes the posi‐
tion of the series capacitor between the system and the con‐
verter transformer [9], but the harmonic characteristics of 
this topology are complex and there is a risk of resonance. 
Similarly, there are evolutional line commutated converter 
(ELCC) [10], evolved capacitor commutated converter 
(ECCC) [11], serially connecting resistors on capacitor 
branch [12], etc.
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Although some of the above methods involve fully con‐
trolled devices, their ultimate purpose is to use capacitors or 
resistor-capacitor to provide auxiliary commutation voltage 
and suppress fault current, thereby achieving auxiliary commu‐
tation. However, the utilization of fully controlled devices to 
directly turn off current has more significant advantages in 
solving CF. Therefore, [13] adopts double-terminal hybrid DC 
transmission, where the inverter side is modified to modular 
multilevel converter (MMC) structure based on the insulated 
gate bipolar transistor (IGBT). However, the technology route 
of MMC for UHVDC is characterized by high equipment 
costs, low power density, and high operating loss. Further‐
more, it is also difficult to increase the capacity of IGBT, and 
the power matching contradiction is prominent. Besides, the 
coordination of control and protection between converters 
with different characteristics is complicated. Therefore, the 
technology route of MMC for ultra high-voltage direct current 
(UHVDC) is not obvious in large-capacity and long-distance 
power transmission [14].

The construction of hybrid line commutated converter (H-
LCC) benefits from the recent rapid development of power 
electronic devices. H-LCC has been developed by modifying 
the LCC with fully controllable devices. This converter has 
the ability to self-shutdown and has lower operating losses 
and costs than the MMC. Reference [15] proposes an H-
LCC structure in which thyristors and fully controllable de‐
vices are connected in series. IGBTs with reverse-parallel di‐
odes are used in the fully controllable device. However, the 
difference in characteristics between IGBTs and thyristors 
causes new problems when they are turned off. Therefore, 
[16] proposes an H-LCC structure based on the double-
branch parallel connection of thyristors and IGBTs, named 
controllable line-commutated converter (CLCC). In this to‐
pology, the bridge arm is divided into two sub-branches. The 
thyristor and IGBT are connected in series to form the main 
branch to carry large currents. The other auxiliary branch 
composed of IGBT is connected in parallel with the main 
branch in order to break current transferred from the main 
branch. Different from IGBT, integrated gate commutated 
thyristor (IGCT) is a fully controllable device developed on 
the basis of thyristor, both of which are current mode devic‐
es. The characteristics of the devices are similar to thyristor, 
with which series voltage balance is easier to achieve and 
the conduction voltage is also much lower than that of other 
fully controllable devices [17]. Following the release of the 
2500 V/3000 A reverse blocking IGCT (RB-IGCT) by ABB 
in 2019 [18], the forward and reverse blocking voltage capa‐
bilities of RB-IGCT, as well as its high current conduction 
and maximum turn-off current capability in similar device, 
are ideal for constructing H-LCC [19]. Therefore, [20] pro‐
poses a novel H-LCC topology wherein RB-IGCTs are con‐
nected in series to replace the thyristors in the bridge arms 
according to a certain proportion. On this basis, [21] deeply 
analyzes the key factors such as device characteristics and 
shutdown principle, and provides a detailed application of 
this topology in the transformation of LCC-HVDC. The ex‐
periment results have demonstrated that this topology is high‐
ly economical and efficient, with considerable potential for 

further development [22].
The above research works on H-LCC primarily concen‐

trate on the turn-off characteristics, aiming to use fully con‐
trollable devices to turn off the current when CF is about to 
occur. Although CF can be greatly alleviated or suppressed 
by this way, traditional LCC-HVDC control is still used, par‐
ticularly the firing angle control. During AC faults, the con‐
stant extinction angle control might result in H-LCC being 
unable to fully leverage the advantages of controllable com‐
mutation, further enhancing the ability of fault response per‐
formance and suppressing CF. Therefore, this paper proposes 
a flexible virtual firing (FVF) control based on optimizing 
the firing angle of H-LCC. This optimized control method 
can better reduce the reactive power consumption of H-LCC, 
 achieve DC transmission power during AC faults, and en‐
sure the performance recovery and stability of the AC sys‐
tem. With the same ratio of fully controllable device, the CF 
suppression ability of H-LCC can also be improved.

II. INFLUENCE OF FIRING ANGLE ON H-LCC COMMUTATION 
PROCESS

A. Basic Principles of H-LCC Commutation Process

As H-LCC is modified based on LCC, the commutation 
process from VT6 to VT2 on the inverter side of LCC-
HVDC is first analyzed as an example, as shown in Fig. 1. 
The equivalent circuit of the inverter is also presented.

The KVL equation of the two commutation circuits is:

ub - uc = Lc( )di2

dt
-

di6

dt
(1)

where ub and uc are the phase-B and phase-C voltages on 
the AC side, respectively; Lc is the equivalent commutation 
inductance; and i2 and i6 are the currents passed on VT2 and 
VT6, respectively.

The commutation voltage provided by the AC system on in‐

verter side is ubc = 2 E sin(ωt), where E is the root mean 
square (RMS) of AC line-to-line voltage and ω is the angular 
frequency. The DC current during commutation is Id = i2 + i6. 
These two equations are substituted into (1) and integrated on 
both sides of the equation:

2 E ∫ α + μωα
ω

sin(ωt)dt = Lc( )Id

α
ω

+ Id

α + μ
ω (2)

where α is the firing angle; μ is the overlap angle; Id
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Fig. 1.　Commutation process on inverter side.
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the value of Id at time 
α
ω

; and Id

α + μ
ω

 is the value of Id at 

time 
α + μ
ω

.

The right side of (2) is defined as the required commuta‐
tion area SN of the inverter during the commutation process:

SN = Lc( )Id

α
ω

+ Id

α + μ
ω

(3)

The left side of (2) is defined as the actual commutation 
area SG that the AC side voltage can provide during the com‐
mutation process:

SG = 2 E ∫ α + μωα
ω

sin(ωt)dt (4)

Therefore, the essence of the commutation process is the 
exchange of current between the commutation bridge arms 
through the equivalent commutation inductance, driven by 
the commutation voltage. The commutation process can be 
described by SG and SN. When SG = SN is satisfied under the 
condition of π - α - μ ³ γmin (γmin is the minimum extinction 
angle), the commutation process can be successfully complet‐
ed. Otherwise, CF will occur.

The process of H-LCC turning off current during AC 
faults can be divided into direct shutdown and transfer shut‐
down, depending on different topologies, as shown in Fig. 2.
The direct shutdown directly turns off current when re‐
quired. The transfer shutdown firstly transfers the current 
from the original branch to another branch, subsequently 
turning it off. Affected by the degree of AC faults, the cur‐
rent that the H-LCC needs to turn off has the following two 
situations, as shown in Fig. 3.

When 0 < γ < γmin, the current in the bridge arm has a zero-
crossing moment. However, the thyristor is unable to with‐
stand the reverse voltage for the insufficient time, thus the 
blocking ability is not restored. When the forward voltage 
comes, the thyristor turns on again. In response to this situa‐
tion, the gate drive unit of the fully controllable device de‐
tects the zero-crossing moment when the current in the 
bridge arm crosses zero, thereby initiating a self-shutdown 
signal to restore the blocking capability of the bridge arm. 
This situation can be regarded as an auxiliary shutdown 
mode, as shown in Fig. 3(a). When γ < 0, the bridge arm is 
always in the commutation stage with current flowing. When 
the forward voltage arrives, the current moves back to the 
bridge arm again, causing the current to turn and rise. If the 
gate drive unit of the fully controllable device detects an ab‐
normal change in di/dt, an active shutdown signal is trans‐
mitted to force the current to zero, thereby completing the 
commutation. This mode can be regarded as forced shut‐
down mode, as shown in Fig. 3(b). 

H-LCC needs to be governed by the natural commutation 
process of thyristor first, and reduces the turn-off current as 
much as possible. Then, fully controllable device is used to 
complete the commutation process at the last moment. The 
overall principle of the commutation process is not funda‐
mentally different from LCC, which will not be distin‐
guished in this paper.

B. Relationship Between Firing Angle and Reactive Power

The H-LCC adopts the same firing principle as LCC. Since 
the thyristor must be triggered to conduct after the correspond‐
ing natural commutation point, there is inevitable a lagging 
power factor on the AC side of the H-LCC. The correlation ref‐
erence direction is adopted to analyze reactive power ex‐
change. The 12-pulse inverter side is taken as an example, as 
shown in Fig. 4(a). The equivalent circuit on the inverter side 
of HVDC is shown in Fig. 4(b).

In the case of symmetrical operation and ignoring the reac‐
tive power generated by harmonic components, the total re‐
active power Qi consumed by the 12-pulse inverter can be 
expressed as:

Qi =Pd tan φ =Ud Id tan φ (5)

where Pd is the DC power; φ is the fundamental power fac‐
tor angle; and Ud is the DC voltage. Ud of the two bridges 
in series can be expressed as:

Ud = 2(Ud0 cos γ -Rc Id )=Ud0 (cos γ - cos α) (6)

where Rc = 3ωLc /π is the equivalent commutation imped‐
ance; and Ud0 = 3 6 E/(kπ) is the ideal no-load DC voltage, 
and k is the converter transformer ratio. The reactive power 
compensation part of the AC filter and capacitor bank can 
be concentrated and equivalent to a three-phase capacitor 
bank with capacitive reactance Xf per phase. The reactive 
power can be expressed as:

Qf =
3E2

Xf
(7)

The reactive power balance at the AC bus is considered as:
Qs =-Qi -Qf (8)

+

�

Hybrid bridge arm 

Direct shutdown

Transfer shutdown

H-LCC

Thyristor

RB-IGCT

Thyristor

IGBT

Fig. 2.　Two typical topologies of H-LCC
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Fig. 3.　Circuit shutdown mode of H-LCC. (a) 0 < γ < γmin. (b) γ < 0.
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where Qs is the reactive power delivered by the AC system 
to the inverter-side commutation bus.

Due to μ = π - α - γ and φ =
1
2

[cos γ + cos(γ + μ)], the reac‐

tive power delivered by the AC system to the inverter-side 
commutation bus can be obtained as:

Qs =-(cos γ - cos α)tan ( )π
2
+
α - γ

2
Ud0 Id -

3E2

Xf
(9)

α in (9) is derived as:

¶Qs

¶α
=-

cos γ - cos α
2 ( )1 + tan2( )π

2
+
α - γ

2
Ud0 Id0 < 0    (10)

When the AC-side system fails, the system needs to pro‐
vide more reactive power to the inverter. Taking the phase 
of the AC voltage as reference, the direction of power trans‐
fer to the bus is set to be positive. The relationship between 
the start-end voltage of the line and transmission power en‐
ables us to obtain:

E = (UG +DU)2 + (δU)2 = ( )UG -
ωLsQs

3UG

2

+ ( )-
ωLs Pd

3UG

2

(11)

where UG is the effective value of the phase voltage of the 
AC system; ΔU is the vertical component of the voltage; δU 
is the transverse component of the voltage; and Ls is the 
equivalent inductance of the AC bus.

C. Action Path After Firing Angle Changes

This paper further analyzes the impact of alterations in fir‐
ing angle on the commutation process. The result of the com‐
mutation process can be characterized by γ. By changing (2), 
we can further obtain:

Id (α)+ Id (α + μ)=V
cos γ + cos α

k
(12)

where V is the inverter-side phase voltage amplitude. As‐
sume β is the leading firing angle, β = π - α. And when β <
60°, β = γ+ μ.

From (12), we can know that the partial derivative ∂γ/∂β >
0. The decrease of α is used as an example. Reducing α can 
increase γ, which has a positive benefit on the commutation 
process. This direct action path is shown as path ① in Fig. 5.

Concurrently, there are two other indirect action paths in‐
fluenced by the interaction between the AC and DC systems. 
According to the analysis in Section II-B, the decrease of α 
increases φ and leads to the increase of reactive power ab‐
sorbed by the inverter. This reduces the AC bus voltage and 
SG, as shown in path ② in Fig. 5. It cannot be ignored that 
the decrease of α also reduces the DC voltage on the invert‐
er side. This consequently leads to an increase in DC current 
and further affect γ. The influence can be divided into three 
aspects.

1) The increase in DC current directly increases SN.
2) According to Fig. 4(b), E can also be expressed as:

Ė =


ZfZi

Zf + Zi

ZIE

İ +


Zf

Zf + Zi

ZEU

U̇G (13)

where Zf is the filter impedance; Zi is the Thevenin equiva‐
lent impedance of the AC system; İ is the AC current pha‐
sor; U̇G is the voltage phasor of AC system; Ė is the bus 
voltage phasor; ZIE is the transfer coefficient from İ to Ė; 
and ZEU is the transfer coefficient from U̇G to Ė.

Separate the real part and imaginary part of (13), we can 
obtain:

ì
í
î

ïï

ïï

Ecos θB = || ZIE Icos(θB + φ + θZIE )+ || ZEU UGcos θZEU

Esin θB = || ZIE Isin(θB + φ + θZIE )+ || ZEU UGsin θZEU

   (14)

where θB is the phase of Ė; and θZIE and θZEU are the phase 
angles of ZIE and ZEU, respectively.

The relationship between Id and inverter output current I is:

I =
4 3
πk

Id
(15)

According to (14) and (15), I will also increase as the in‐
verter-side Id increases. The increase in the AC current am‐
plitude will reduce E and increase the AC voltage phase θE, 
thereby reducing SG. In addition, the reduction of E will fur‐

(a)

(b)
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Fig. 4.　Exchange of reactive power and equivalent circuit on inverter side. 
(a) 12-pulse inverter side. (b) Equivalent circuit on inverter side of HVDC.
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ther reduce Ud, creating a positive feedback loop 
Ud→ Id→E→Ud.

3) Due to the tracking error of the phase locked loop 
(PLL), the increase in  θE will make the actual firing angle 
larger. This effect of the indirect path ③ of the DC current 
has an important influence on the effectiveness of the firing 
control.

Therefore, the decrease of α has three main action paths 
on γ, namely one positive benefit path that increases γ and 
two negative benefit paths that decrease γ. The increase of α 
is just the opposite. The final impact result is determined 
comprehensively by the three action paths. In this paper, the 
result of γ increase caused by α change is called commuta‐
tion positive benefit Be +, otherwise, it is called commuta‐
tion negative benefit Be -.

III. SELECTED ANALYSIS OF H-LCC FIRING ANGLE 

The firing angle has an important influence on the commu‐
tation process, this paper chooses to optimize the firing an‐
gle provided by the original control system. According to 
the analysis in Section II-C, it should be ensured that Be + is 
greater than Be - after the adjustment of firing angle. This 
paper defines three boundaries and four states for the possi‐
ble situations after changes in firing angle. The positions of 
these boundaries and the distance between each other are dy‐
namically changed. They are not only related to the short-cir‐
cuit ratio of the AC system and the current dynamics of the 
DC system, but also closely related to various factors such 
as the fault degree. Among them, state II and state III repre‐
sent Be + is greater than Be -. State I and state IV represent 
Be - is greater than Be +. The left side of boundary 2 repre‐
sents the direction in which the firing angle provided by the 
original control system is decreased, and the right side repre‐
sents the direction for increasing the original firing angle, as 
shown in Fig. 6(a).

When AC fault is relatively slight, the reduction in com‐
mutation voltage and the increase in DC current are not sig‐
nificant at this time. If proper advanced firing is carried out 
on the basis of the original control, there is a situation that 
Be + increased by the direct path is greater than Be - brought 
by the indirect path, which belongs to state II. If the firing is 
too early and enter state I across boundary 1, the result will 
be the opposite. In this case, the grounded inductance value 
of the AC side is set to be in the range of [HxHy ], as shown 
in Fig. 6(b). As the fault severity increases, the range of 
state II continues to decrease until it disappears and loses ef‐
fect to suppress CF. At this time, after lagging firing is exe‐
cuted on the basis of the original control, Be + brought by 
the indirect path begins to surpass Be - brought by the direct 
path, and state III appears. It is obvious that when the firing 
comes too late, the start time of the commutation process 
will be too close to the arrival time of the forward voltage. 
Therefore, even if the lagging firing brings an increase in 
the commutation voltage, SG will still be greatly reduced due 
to the short action time, and there must also be a bound‐
ary 3. Once crossing the boundary 3 and entering state IV, 
Be - brought by the lagging firing will be greater than Be + 
again, which renders the lagging firing ineffective. 

In this case, the AC-side grounded inductance value is set 
to be in the range of [HyHz ], as shown in Fig. 6(c). When 
the AC-side grounded inductance value is in the range of 
[HxHy ], advanced firing is effective, which is the principle 
of CFPREV. When the fault degree is a certain value Ha in 
the range of [HxHy ], although the advanced firing is still in 
state II, the positive benefit obtained is not enough to meet 
the requirement of γmin. This will cause CF of LCC. Howev‐
er, H-LCC has the ability to self-shutdown the current, and 
it is not necessary to meet γmin to ensure the smooth comple‐
tion of commutation. Even when the fault level enters a 
more severe range of [HyHz ], the situation in state III can 
still be exploited to defend against CF by lagging firing.

In actual LCC-HVDC projects, the control system adopts 
a combination of constant extinction angle, constant voltage, 
and constant current controls on the inverter side. If H-LCC 
adopts constant extinction angle control in primary control‐
ler, when AC fault occurs, the controller will maintain the 
mode of constant extinction angle. This will cause the firing 
angle to decrease continuously. When the fault degree is in 
the range of [HyHz ], if the firing angle is not optimized ac‐
cordingly, the control system may operate the H-LCC in 
state I. This will be detrimental to the bus voltage and make 
the H-LCC less effective in suppressing CF, which means 
that even if H-LCC has self-shutdown capability, the power 
transmission of the DC system will be affected. The deterio‐
ration of the commutation process will also impose higher re‐
quirement on the shutdown performance of H-LCC. At the 
moment of shutdown, if the maximum overvoltage that the 
fully controllable devices can withstand under the mixing ra‐
tio is exceeded, CF cannot be suppressed.

When the fault level only requires the H-LCC to execute 

Boundary 1 Boundary 2 Boundary 3 

Be+>Be�Be+<Be� Be+<Be�

State Ⅰ State Ⅱ State Ⅲ State Ⅳ 

Be+>Be�

α decrease direction α increase direction

(a)

(b)

(c)

Boundary 1 Boundary 2 

α decrease direction α increase direction

Be+>Be�Be+<Be� Be+<Be�

State Ⅰ State Ⅱ State Ⅳ 

[Hx
�Hy]:

α decrease direction α increase direction

Boundary 3 

State Ⅲ State Ⅳ 

Be+>Be� Be+<Be�Be+<Be�

State Ⅰ 

Boundary 2 

[Hy
�Hz]:

Fig. 6.　Different states after firing angle is changed. (a) Two situations for 
firing angle optimization. (b) Advanced firing appropriate situation. (c) Lag‐
ging firing appropriate situation.
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auxiliary shutdown, the significance of optimizing the firing 
angle is minimal. The objective of this paper is to optimize 
the firing time in the forced shutdown mode. Lagging firing 
has become a major firing mode suitable for H-LCC. When 
SG = SN cannot be satisfied under the condition of (π - α - μ)³
γmin, the possible situations of SG and SN  during the commuta‐

tion process are presented, as shown in Fig. 7, where J is the 
moment when γ= 0. Figure 7(a) is for a normal situation, and 

Fig. 7(b) and Fig. 7(c) are for two situations that exist in AC 
fault. Figure 7(b) represents that commutation process can ul‐
timately be completed, but thyristor cannot restore blocking 
ability. Figure 7(c) represents that commutation  process is 
still incomplete when the forward voltage is reached. In both 
situations, there is a value difference between SN and SG at 
γmin. When this difference is smaller,  it indicates that the thy‐
ristor is closer to completing natural commutation by itself, 
and the commutation process is less affected by AC faults.

The time point corresponding to γmin can be selected as 
the reference line. The area difference DS = SN - SG at this 
moment is used to represent the relationship between Be + 
and Be - after firing. When the change of the firing angle 
causes DS to continue to decrease, it means that Be + of com‐
mutation is greater than Be -. Therefore, this paper defines 
the minimum value DSmin of DS as the optimal commutation 
area difference. Then, the firing angle can exert the best abil‐
ity of the inverter.

IV. FVF METHOD

A. Commutation Area Difference Prediction for Next Com‐
mutation Process

In order to obtain the impact of the change of firing angle 
on the next commutation process of H-LCC, it is necessary 
to obtain the prediction values of commutation voltage and 
DC current in advance to calculate the corresponding SN and 
SG. Equation (11) reflects the relationship between reactive 
power and commutation voltage, but it cannot be directly 
used to calculate the relationship between the two after a cer‐
tain time interval. Therefore, this paper proposes a conve‐
nient prediction method based on correction coefficients.

The specific values   of relevant parameters are obtained ac‐
cording to the last completed commutation, which are then 
substituted into (16).

Qe =-Pdl tan ( )π
2
+
αl - γ

2
-

3El
2

Xf
(16)

where Pdl is the DC power of the last completed commuta‐
tion at the time of firing; αl is the firing angle of the last 
completed commutation; El is the commutation voltage 

when fired; and Qe is the reactive power value obtained.
Qe and the commutation voltage value Ef after commuta‐

tion are substituted into (11). Then, ωLs /3 term in the equa‐
tion is regarded as the unknown quantity M and M can be 
obtained by inverse calculation. M is brought into (17) to ob‐
tain the commutation voltage correction coefficient C1.

C1 =M
3
ωLs

(17)

In addition, every time a commutation process is complet‐
ed, C1 is updated again. For the next commutation process, 
we set αpre as the firing angle, and substitute the relevant pa‐
rameter values   at this firing angle moment into (18).

Qe(pre)=-Pdn tan ( )π
2
+
αpre - γ

2
-

3E 2
n

Xf
(18)

where En, Pdn, and Qe(pre) are the commutation voltage, DC 
power, and reactive power corresponding to αpre, respective‐
ly. Qe(pre) and C1 obtained from the last completed commuta‐
tion process are substituted into (19), so as to obtain the pre‐
dicted equivalent commutation voltage value Epre after αpre is 
fired.

Epre = (UG +DU)2 + (δU)2 =

           ( )UG -C1

ωLs

3

Qe(pre)

UG

2

+ ( )-C1

ωLs

3
Pd

UG

2

    (19)

The DC current prediction aims to obtain the average 
change rate of DC current after firing. When the DC current 
changes, the KVL equation of the inverter-side part of the 
DC system is:

Uc = Ld

did

dt
+Ud +Rdid (20)
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1
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Fig .7.　Changes in commutation area after firing. (a) Normal commutation area. (b) Auxiliary commutation area. (c) Forced commutation area.
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where Uc is the average voltage of the equivalent capaci‐
tance of the DC line to ground; Ud is the average DC volt‐
age of the inverter-side port; and Ld and Rd are the equiva‐
lent inductance and resistance of the line, respectively.

The instantaneous change rate of DC current obtained by 
(20) cannot be directly used for prediction. Therefore, the 
same method for the commutation voltage prediction process 
is adopted. The average change rate ka of the DC current is 
obtained based on the last completed commutation process.  
Uc and Id corresponding to the firing moment and Ud after 
commutation are substituted into (20). Then, 1/Ld is replaced 
by the unknown quantity N, and N can be obtained by the in‐
verse calculation. The DC current correction coefficient C2 
can be obtained as:

C2 =NLd (21)

Every time a commutation process is completed, C2 is up‐
dated again. For the upcoming commutation process, the rele‐
vant parameter values at the moment corresponding to αpre and 
C2 obtained from the last completed commutation process 
are substituted into (22). Then, the average change rate ka(pre) 
of the DC current can be predicted after firing.

ka(pre)=
C2

Ld

(Uc -Ud -Rdid ) (22)

The subsequent DC current can be obtained as:

Id (pre)= Id

αpre

ω
+ ka (pre)Dt (23)

where ∆t is the time difference between αpre and γmin.
When CF does not occur, C1  and C2 within a certain 

range can be used to correct the bias effect in prediction 
based on the quasi steady-state equations. Once CF occurs, 
the correction coefficients of adjacent commutation process 
will undergo significant changes, making them no longer ap‐
plicable for predictive correction.

B. Implementation of FVF

Under normal circumstances, H-LCC still utilizes the fir‐
ing angle given by the original control system. During the 
serious AC fault on the inverter side, it is necessary to opti‐
mize the firing angle by finding the optimal time to reduce 
the impact on the DC system. Therefore, FVF method is pro‐
posed to solve the problem, which is illustrated by taking 
the firing of the hybrid bridge arm VT_Y1 as an example, as 
shown in Fig. 8. 

The remaining 11 hybrid bridge arms also follow the simi‐
lar process, and FVF is divided into 5 parts.

1) Part ①: after the commutation voltage UVT1Y of the Y1 
bridge arm enters the range that can be fired, PLL is used to 
obtain the synchronization phase value PH_Y1 of UVT1Y. The 
specific selection range AOI_Y1 of the firing angle is delin‐
eated by θmin and θmax, which are then passed to other corre‐
sponding modules, respectively. This section is updated ac‐
cording to the set sampling frequency. Meanwhile, every 
time AOI_Y1 is updated, the entire process in Fig. 8 will be 
re-executed.

2) Part ② : its function is data retention. In order to pre‐
dict the relevant parameters in the next commutation pro‐
cess, it is necessary to calculate the correction coefficients 
from the data of the last completed commutation process. 
Relevant data are retained by controlling Pluse_Set signal to 
help calculate the correction coefficients. The data are updat‐
ed until a new firing pulse is transmitted.

3) Part ③: its function is the prediction of DSY1, which is 
the commutation area difference associated with Y1 bridge 

arm. The firing angle corresponding to the synchronization 
phase is αpre. It is assumed that bridge arms are triggered at 
αpre, and the commutation voltage UbusPre_Y1 and DC current 
IdPre_Y1 of the subsequent commutation process are predicted 
according to (19) and (23). In addition, due to the occur‐
rence of AC faults, the equivalent commutation inductance 
will change. The new equivalent commutation inductance 
can be calculated from the commutation area based on the 
last completed commutation process. With the above steps, 
DSY1 can be obtained in the upcoming commutation process.

4) Part ④ : its function is to perform firing according to 
the real-time predicted value of DSY1, which is a dynamic 
search process. If DSY1 does not meet the judging condition 
of DSmin at this time, the pulse emission unit will be disabled 
through Block_Y1 signal. This means that the firing behavior 
is virtually performed. Considering the remaining commuta‐
tion time, this function waits for the AOI_Y1 to update 
again, and will not perform actual firing until it is deter‐
mined that DSmin is reached. The specific judgment condition 
is that if DSY1 changes from decreasing to increasing, actual 
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firing can be performed near the turning point. Or when 
DSY1 = 0, the actual firing can also be performed. The above 
process is further illustrated using Fig. 9 as an example. The 
time point corresponding to t1 - tn - 1 belongs to virtual firing 
process without actual firing. If it is fired at time tn - 1, the 
change curves of SN and SG during the commutation process 
are represented by gray lines. The predicted result does not 
meet the judging condition of DSmin, and the firing pulse 
sending function is blocked as a virtual firing. Then, the 
module continues to calculate the next firing moment accord‐
ing to the sampling frequency. When firing at tn, the change 
curves of SN and SG are represented by the blue line in the 
subsequent commutation process. If the predicted result at 
this firing angle meets the judging condition of DSmin, the 
blocking is released and the actual firing pulse Flex_Y1 is is‐
sued. Then, the commutation process begins. 

5) Part ⑤: when the detection module detects that the AC 
fault occurs and firing angle needs to be optimized, Flex_Y1 
given by the FVF will replace the firing pulse LCC_Y1 in 
the original control system. Pluse_Y1 is the final firing pulse 
received by the device in the bridge arm.

V. EXAMPLE VERIFICATION AND ANALYSIS 

The analysis performed above is not affected by H-LCCs 
of different topologies. Therefore, based on the CIGRE stan‐
dard model in PSCAD/EMTDC software, this paper trans‐
forms the inverter side by taking the H-LCC topology of se‐
ries RB-IGCT as an example. The proposed FVF method is 
added to the original control system for related verifications.

1) Case 1 represents the simulation results obtained using 
the original firing method, while Case 2 represents the simu‐
lation results obtained using the FVF method. 

The single-phase grounded inductance value Lf of the AC 
bus on the inverter side is set to be 0.1 H. The fault duration 
is 0.1 s. The RB-IGCT mixing ratios adopted by H-LCC in 
Case 1 and Case 2 are both 65%. The change of firing angle 
during the fault period is shown in Fig. 10, which belongs to 
lagging firing. Figure 11(a) presents the DC current and Fig. 
11(b) presents the DC voltage during AC fault. It can be ob‐
served that both schemes can successfully suppress the CF 
occurrence. However, the FVF method can effectively stabi‐
lize the fluctuations of DC voltage and current during fault 
period, maintaining DC power transmission, as shown in 
Fig. 11(c). Specifically, the shortage of DC power has de‐
creased from 38.30% to 5.49%. Compared with Case 1, the 
reactive power absorbed by the H-LCC from the AC bus is 

reduced by 38.85%, as shown in Fig. 11(d). The longer the 
fault duration, the more obvious the difference between the 
two firing schemes. This effect helps maintain the bus volt‐
age on the inverter side and recover the performance of the 
receiving-end system, as shown in Fig. 12. During the fault 
period, the total harmonic distortion (THD) of the three-
phase bus voltage of the receiving-end system drops from 
23.49%, 24.67%, 24.66% to 6.36%, 7.30%, 15.16%, respec‐
tively. At the same time, the peak overvoltage excess of the 
bus at the sending-end system is also reduced from 21.13% 
to 3.17%, as shown in Fig. 13, which is conducive to the se‐
curity and stability of the sending-end system, especially 
when there is a high proportion of new energy access.
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The three-phase grounded inductance value Lf of the AC 
bus on the inverter side is set to be 0.3 H. The fault duration 
is 0.1 s. The RB-IGCT mixing ratios adopted by H-LCC in 
Case 1 and Case 2 are both 65%. The change of firing angle 
under three-phase fault is shown in Fig. 14, which belongs 
to lagging firing.
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Fig. 14.　Change of firing angle under three-phase fault.

Figure 15 shows that the FVF method can also achieve 

the expected results. The DC power transfer deficit during 
fault period is reduced from 32.31% to 3.36%, as shown in 
the Fig. 15(c). The absorption of reactive power has been re‐
duced by 46.30% compared with that of Case 1, as shown in 
the Fig. 15(d). The THD of the three-phase voltage of the 
bus at the receiving end is reduced from 27.24%, 25.80%, 
26.36% to 12.26%, 14.84%, 8.48%, respectively, as shown 
in the Fig. 16. The peak overvoltage excess is reduced from 
19.37% to 5.98% in the sending-end system, as shown in 
the Fig. 17.

2) We then explore the critical fault inductance value that 
can cause CF and DC voltage drop to zero in different mod‐
els. The smaller the critical fault inductance value, the stron‐
ger the ability of the model against CF. Case 1 represents 
the model with RB-IGCT mixing ratio of 30%. Case 2 repre‐
sents the model with RB-IGCT mixing ratio of 30% using 
FVF method. Case 3 represents the model with RB-IGCT 
mixing ratio of 60%. Case 4 represents the model with RB-
IGCT mixing ratio of 60% using FVF method. Phase-to-
ground inductive faults are used at the inverter bus to investi‐
gate the performance of H-LCC and optimization method on 
CF mitigation. 
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The fault duration is 0.1 s and is applied at different time 
in steps of 20° . The simulation result for single-phase fault 
condition is presented, as shown in Fig. 18. Lf of the CIGRE 
standard model is around 1.0 H [23]. Therefore, the H-LCC 
can significantly improve the defense ability of the converter 
against CF. The higher the mixing ratio, the stronger the de‐
fense ability. At the same time, it can be observed that the 
FVF method proposed in this paper can further enhance the 
defensive ability of H-LCC to withstand CF under the same 
mixing ratios.

VI. CONCLUSION 

This paper takes the lack of a targeted firing angle meth‐
od for H-LCC as the starting point of the research. By ana‐
lyzing the influence mechanism of firing angle on the com‐
mutation process, the comprehensive action results of multi‐
ple paths are considered in the selection of firing angle. 
Combined with the characteristics of H-LCC, the concepts 
of dynamic boundary division and optimal commutation area 
difference are proposed. 

And the selection of firing angle is optimized by using the 
FVF method during the AC fault by means of prediction. 
The simulation results show that during the AC fault on the 
inverter side, the FVF method achieves smoother changes in 
DC current and voltage, which significantly improves the 
power transmission capability of the DC system and has a 
positive impact on the performance recovery of the receiv‐
ing-end AC system and the stability of the sending-end AC 
system. At the same time, the FVF method can also improve 
the ability of the H-LCC to defense CF with the same mix‐
ing ratio, which is conducive to better exerting the advantag‐
es of H-LCC. In addition, the FVF method is only applica‐
ble to situations where CF has not occurred. In the future, 
we will study how to better handle the problems after CF in 
H-LCC.
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