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Abstract—Current Error Control (CEC) is vital for
suppressing subsequent commutation failures (SCF) in Line-
Commutated Converter High Voltage Direct Current (LCC-
HVDC) systems. However, conventional CEC strategies, relying
solely on commutation voltage, suffer from over-/under-
compensation and inadequate SCF suppression during
asymmetrical faults. This paper proposes a novel CEC strategy to
address these limitations. Firstly, a commutation capability index
(Sccr) is defined based on Critical Commutation Area Theory
(CCAT). Secondly, leveraging Scci, a dynamic CEC slope
calculation method is proposed to eliminate over-/under-
compensation. Finally, simulation studies on the CIGRE
benchmark HVDC model within PSCAD/EMTDC validate the
effectiveness of the proposed strategy in significantly enhancing
SCF suppression.

Keywords—HVDC, subsequent  commutation
commutation capability index, current error controller

failure,

I. INTRODUCTION

With the rapid growth of power loads and renewable
energies, Line-Commuted Converter High Voltage Direct
Current (LCC-HVDC) has become prevalent in modern power
grids for long-distance power transmission [1]-[3]. Nevertheless,
due to the lack of self-turn-off ability, thyristors based LCC-
HVDC systems usually suffer from commutation failure,
adversely affecting the safe operation of the power system [4]-
[6]. Specifically, improper interactions of the controllers in
LCC-HVDC would induce subsequent commutation failures
(SCF) during the recovery process, potentially causing DC
blocking and interrupting power transmission [7]. Hence, it is
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necessary to investigate strategies that can effectively suppress
SCF [8].

For this purpose, some literature studied the mechanism and
influencing factors of SCF. It is figured out in [9] that small
variations in commutation voltage can lead to SCF when both
the inverter and rectifier are in constant current control (CC)
mode. In [10] and [11], the influence of the inverter bus’s
harmonic voltage and reactive power consumption on SCF are
analyzed separately. Moreover, according to [12] and [13], the
main factor leading to SCF is the uncontrolled decrease in the
extinction angle when transitioning from CC to constant
extinction angle control (CEA). Therefore, it is necessary to
improve the coordination between CC and CEA controllers,
taking into account the influencing factors of SCF.

It's worth noting that current error control (CEC) focuses on
the control switch between the CC and CEA [14]. When the DC
current is lower than the reference value, CEC can compensate
for the extinction angle to accelerate the control switching from
CC to CEA, thereby increasing the commutation margin [15].
From this perspective, improving CEC is an effective way to
suppress SCF. A control strategy that dynamically adjusts the
extinction angle increment through CEC is presented in [15],
considering the severity of AC faults. Expanding on [15], the
upper limit and the start voltage of CEC are further modified to
enhance DC power transmission during fault [16]. An adaptive
method is proposed for adjusting the slope of CEC based on
changes in the system state [17]. A method to improve the
coordination between controllers is proposed in [18],
accelerating the control switching from CC to CEA.

However, researches about CEC still have some limitations
for suppressing SCF. Firstly, in order to effectively suppress
SCF, the index for evaluating the demand and capability of
commutation is needed. Nevertheless, the existing indexes fail
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to consider the fluctuations of the variations during the
commutation process, thus leading to inaccurate evaluation
[19]-[21]. Furthermore, the existing CEC strategies set
parameters according to specific conditions rather than
adaptively adjusting, which may impede the recovery process
and further result in poor effectiveness on SCF suppression.

Addressing the existing research gaps, this work presents an
improved CEC strategy for SCF suppression. Firstly, based on
the critical commutation area theory (CCAT), an index (Sccr) to
evaluate the system commutation capability is proposed.
Moreover, a dynamic calculation method for CEC slope is
further proposed based on Scci. Finally, simulation experiments
are tested to validate the effectiveness of the proposed strategy.
The main contributions of this work can be summarized as
follows:

1) To accurately evaluate the system's commutation
capability, this paper introduces an index Scci, considering the
fluctuations of variations during the commutation process.

2) To address the challenges of over-compensation and
under-compensation, a dynamic CEC slope calculation method
is proposed based on the proposed Scci. This method enables
adaptive adjustment of the CEC output to meet the system's
commutation requirements, effectively suppressing SCF.

3) The proposed strategy was tested under multiple operating
conditions, demonstrating its effectiveness in suppressing SCF.

The remainder of this paper is organized as follows. Section
IT first introduces the critical commutation area theory, then
defines the Sccr index to evaluate commutation capability.
Section III first analyses the issue of over-compensation and
under-compensation, then proposes a dynamic calculation
method of CEC slope. Section IV conducts simulations to verify
the effectiveness of the improved CEC control. Finally, Section
V provides the conclusion of the paper.

II. COMMUTATION CAPABILITY INDEX

A. Critical Commutation Area Theory

The critical commutation area theory CCAT establishes the
energy equilibrium principle for commutation processes through
energy demand and energy supply. Considering the
commutation process from the 6-pulse bridge converter’s valve
VTI1 to VT3 in Fig. 1, the commutation process follows:

di, (1) dis (t) -
(ljt —LC#:\/EUJI- sin wt (1)

LC
Where, U, represents the magnitude of the AC bus voltage on
the inverter side, @ represents the system frequency.

The commutation process starts at t;=a/w, and ends at
tL=(a+u)/w=(m-y)/w [22], where a, p, and y represent the trigger
angle, commutation angle, and extinction angle. In the following
part, CCAT will be presented in two parts with the left and right
parts of (1).

To analyze the energy demand for commutation, under
steady operating conditions, the integration of the left side of (1)
during commutation is:

L,
e~
A T iVTZ
v v, Y v, ¥ L Va
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y

Fig. 1. The model of 6-pulse three-phase bridge.
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The integration in (2) yields a constant value when the DC
current /q is maintained. The integration of the AC bus voltage
on the inverter side over time is referred to the commutation
voltage-time area and is represented by the abbreviation S.. Thus,
the result derived from (2) serves as the critical commutation
area that fulfills the DC system's requirements during steady
operating conditions. Consequently, the demand of
commutation area Sy, demand 1 defined as:

S 211, 3)

,demand = c

The physical meaning of Sy demand 1S the external energy
required by the valve inductor to establish the magnetic chain
and commutate from VT to VTs.

To analyze the energy supply for commutation, under steady
operating conditions, the integration of the right side of (1)
during commutation is:

J.: V2U, sinetdt =\2U,, (cosy +cosa) 2 S, (4)

The supply of commutation area, denoted as S, supply
represents the actual commutation area accumulated by Us.
From an energy perspective, S, supply corresponds to the energy
stored in the magnetic chain formed within the valve inductor.

If Sy supply 18 greater than or equal to Sy demand, the requirement
of commutation area is satisfied, enabling successful
commutation of the DC system. Otherwise, if Sy supply 1S smaller
than Sy demand, the DC system would experience commutation
failure.

In summary, CCAT establishes the relationship between
commutation failure and the equilibrium of S, dgemand and Sy supply-
The system's prerequisite for successful commutation is that the
supply of commutation area satisfies the requirement.

B. Commutation Capability Index Sccr

To quantitatively evaluate DC system’s commutation
capability, this subsection proposes a commutation capability
index considering the variant's fluctuations based on the
modified CCAT.
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The equations in (3) and (4) are derived based on the
assumption that the /g and U maintain constant during
commutation process. To accurately evaluate the demand and
supply of S, the fluctuations of /4 and Ui need to be taken into
account [23]. Thus, the modified demand and supply of S, are
as follows:

S, semana =2L. (1, + AI)

p,demand

. %)
S supply =2(U, +AU,) (cosy +cosa)

Where, Aly and AUj; is the expression for the Taylor expansion
of the /4 and Us; at the moment of fault occurrence #y, neglecting
the second order and higher residual terms.

Aly and AU;; can be expressed as:

d’1,(t,) AF
" d20 ar

di, (¢
Alyan= dd(tO)At a2

(6)

2 2
AU, (At) = dU(Llfto) A+l Z;(t‘)) ATt

Where, At can be taken as 1.11ms, referring to the time
corresponding to the lower limit of a (20°) with /=50Hz.

Besides, to ensure normal commutation, y needs to be larger
than the limit extinction angle yo. In practical engineering, yo is
typically set to 7.2° [24]. In this case, the maximum of S}, is
given by:

S:,Supp,y’max =2 (Ui +AU)(cos 7, +cosa) (7)

To avoid the occurrence of commutation failure, S,qpp.max
should be no less than S}, gemand , 1.€., satisfy (8):

V2(Ug +AU, ) (cos 7y +cosa)=2L (I, +AI) 20 (8)

The evaluation of DC system’s commutation capability aims
to determine its ability to mitigate commutation failure. Thus,
by utilizing (8), the commutation capability index Sccr can be
formulated based on the system's ability to deliver sufficient
energy. Sccr is defined as follows:

See =N2(U, +AU,

S

22X, +Al)

i)(cos ¥, +cos a)

)

The Sccr reflects the interrelationship and constraint among
the three factors, Uy, a, and I, which addresses the under-
compensation issue caused by using single influencing factor as
a control criterion.

Fig. 2 proves the effectiveness of the Sccr on indicating the
occurrence and severity of commutation failure, which is
supported by the consistent among Scci, extinction angle, and
valve current. It is known that the extinction angle falling to zero
indicates the occurrence of commutation failure, and the
amplitude of valve current is related to the energy demand of

Commutation Failure

60t | |
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40 + | |
I I
| |
I I
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20
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Valve Current/kA

Scar

Fig. 2. System responses during subsequent commutation failure

commutation [19]. Therefore, from the consistent between Scci
and extinction angle, it is proved that Sccr can serve as an
indicator to determine the occurrence of SCF: when Scci > 0, the
DC system is able to commutate; when Sccr < 0, commutation
failure occurs. From the consistent between Scci and valve
current, it is proved that a smaller Sccr value indicates a larger
shortage in the energy required for commutation within the
system. This characteristic is also consistent with the description
of system commutation margin in [20], and is more
comprehensive and accurate than solely focusing on the y angle.

The real-time calculation of Scc; must balance accuracy with
computational feasibility. While smaller Af values theoretically
improve derivative estimation in (6) and index precision,
practical implementation is constrained by the sampling
frequency (f;) of control systems. The nominal Ar=I.11ms
corresponds to f;=600Hz for single-rate sampling. However, the
computation in (6) requires three times sampling per step to
calculate the second-order terms, corresponding to f=1800 Hz.
Modern HVDC controllers typically operate at f~2kHz.
Therefore, At is deliberately assigned a value of 1.11 ms, which
sufficiently accounts for device constraints while ensuring
adequate accuracy. Computational burden is minimal: a
conservative estimate of (6) and (9) requires 25 FLOPs per
cycle, and about 22.5 kFLOPS per second. For industrial
hardware, this represents < 0.0003% of processing resources,
confirming real-time feasibility.

III. IMPROVED CEC STRATEGY BASED ON COMMUTATION
CAPABILITY INDEX

CEC plays a crucial role in suppressing SCF as it facilitates
the rapid switch between CC and CEA by compensating
extinction angle. Nevertheless, the existing CEC methods,
which solely rely on commutation voltage drop AUs as a control
criterion, encounter challenges of over-compensation or under-
compensation in extinction angle [15], [16]. Moreover, these
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Fig. 3. Block diagram of Scci-based CEC slope dynamic calculation

methods show diminished effectiveness when dealing with
asymmetrical faults.

In order to address the issues of over-compensation and
under-compensation, this subsection introduces a dynamic
calculation method for determining the CEC slope according to
the evaluation of Scci to commutation capability.

Based on the traditional CEC control, the proposed strategy
changes the slope of CEC by adjusting Al to obtain a more
rational Aycgc for satisfying the requirement of commutation
capability. The relationship between Aly and Aycgc is given in

(10).

0, Al <0
AYcpe =3kyAl;,  O0<Al <Al —Al
AV ALy >AL—AL (10)
AY o
" AIds _AIH

Where, ki is the modified slope of the CEC ramp function, and
Al is the adjustment of Alys.

The red curve in Fig. 3 represents the modified CEC ramp
function curve. To ensure the economic operation of the system,
this paper sets Aymax as a constant value of 16° [15].

From the above analysis, it can be observed that increasing
the slope of CEC enhances the value of Aycgc, which facilitates
the commutation recovery. Thus, the adjustment value Aly is
defined as:

ALy = kgAS,,, (11)

Where ks is a proportional coefficient, and AS.q represents the
difference between the actual value and the required value of
Sccr during fault:

ASreq = SCCIO - SCCIreal (12)

Where Sccio represents the value of the Sccr under normal
operation of the system, Sccrea represents the calculated value
of Sccr in real-time.

A larger ASiq indicates a more severe fault in the system
increasing the risk of SCF. From (12), ASyq can be used to
describe the energy deficit required for commutation during

normal system operation. This energy deficit can be considered
as the deficit in commutation voltage:

AS. =U, At (13)

req ~ ~ demand

Where, Ugemand 1s the AC commutation voltage demand, At is
the fault duration.

To obtain the adjustments from DC control system, the AC
commutation voltage demand should be converted to the DC
voltage demand. From the expression for the average value of
the DC voltage, the DC voltage demand can be derived as:

202

dc,demand =

Udemand cos j/ref (14)

Where Uy demand represents the deficit in DC voltage, and the
reference value for y is chosen to correspond to the deficit in
DC voltage under normal operating conditions, typically set at
15°. The adjustment value of DC current reference Alger is
calculated by VDCOL. In CIGRE benchmark HVDC model,
Algrer is calculated as follows:

I

-1 U
A]dref =m L}imax L;mm d;emﬂﬂd (1 5)
high — dB

low

Where m represents the proportion of the DC voltage deficit
Uldc,demand Within the startup voltage range, lymax is the maximum
command value of VDCOL, Ijmin is the minimum command
value, Unign is the high voltage threshold of VDCOL, Uy is the
low voltage threshold, and Uy is the startup voltage, and Ugg is
the DC voltage reference.

From (11), (14), and (15), the proportional coefficient ky is
defined as:

k _ 2‘\/5}7’[ Cos 7ref (Idmax B Idmin )
’ U AUy, —Uygy, )

(16)

igh

Where, prr represents the reference value of the extinction
angle, and At represents the duration of the fault.

The specific calculation process of the proposed method is
shown in Fig. 3. By utilizing the proposed dynamic calculation
method, the slope of CEC can be adaptively adjusted based on
Sccr to satisfy the demand of commutation. The control effect is
further examined through simulations in Section IV.

IV. CASE STUDY

This section tests the effectiveness of the proposed control
strategy under different fault severity levels within the CIGRE
HVDC benchmark model [4]. Different fault severity levels
were simulated by varying the grounding inductance.

The three control strategies used for simulation validation
are as follows:

Control Strategy 1: CIGRE benchmark model control.
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Fig. 4. System recovery characteristics under single-phase grounding
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Control Strategy 2: Based on Control Strategy 1, CEC
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Fig. 6. Commutation failure times under three control strategies.

adopts the control method proposed in reference [16].

Control Strategy 3: Based on Control Strategy 1, CEC adopts
the method proposed in this paper.

A. Case 1: Slight Asymmetric Fault

In case 1, a single-phase grounding fault occurs at the
inverter station's AC bus at 2 seconds. The grounding inductance
is set to Ly = 1H, and the fault duration is 0.05 seconds. The
simulation results are depicted in Fig. 4. Case 1 simulates a
slight AC fault that occurs in equivalent practical engineering.
Fig. 4 indicates that, in case of this fault, the DC system has not
experienced SCF, and Control Strategy 3 exhibits highly
consistent system recovery characteristics with Control Strategy
1. This indicates that the control strategy proposed in this paper
is only activated when there is a risk of SCF in the system and
does not affect the fault recovery capability of the DC system.
This case demonstrates the accuracy and reasonableness of the
initiation criterion proposed in this paper for the dynamic CEC
control strategy.

B. Case 2: Severe Asymmetric Fault

In case 2, a three-phase grounding fault occurs at the inverter
station's AC bus at 2 seconds. The grounding inductance is set
to Lt = 0.45H, and the fault duration is 0.05 seconds. The
electrical quantity simulation response characteristics are
depicted in Fig. 5. Case 2 simulates a severe symmetric AC fault
occurring in equivalent practical engineering. Fig. 5 shows that
Control Strategies 2 and 3 can improve the margin of y and
enhance the system's recovery performance during the fault
period. However, after fault clearance, the recovery
performance of Control Strategy 2 deteriorates. Through
comparative analysis, it is found that the improved CEC control
strategy stops operating after Sccy is restored to positive, without
affecting the subsequent recovery process of the system. In
contrast, Control Strategy 2, which uses voltage magnitude drop
as the startup criterion, cannot determine the actual commutation
demand. As a result, it excessively compensates y after fault
clearance, leading to a negative impact on the fault recovery
process. During fault recovery, Strategy 2 exhibits a minimum
voltage of 0.85 p.u., whereas the proposed Strategy 3 maintains
0.90 p.u., indicating superior recovery performance. The
simulation results of this case validate the superiority of the
AS;eq based dynamic adjustment of the CEC slope function's
slope method.

C. Different Severity Levels

To further validate the inhibitory effect of the proposed
control strategy on SCF, it is necessary to conduct simulation
experiments with a variety of AC faults of different severity
levels. The fault level, denoted as F, can be defined as follows
[25]:

UZ
F=—L
LfPN

x100%

amn

Simulation experiments were conducted to verify the effects
of different severity levels of single-phase and three-phase AC
faults within an Fi range of 5% to 50%. The number of
commutation faults is shown in Fig. 6. From Fig. 6, it can be
observed that for different fault levels and types of faults,
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Control Strategy 3 effectively suppresses the occurrence of SCF
in the HVDC system.

In conclusion, the control strategy proposed in this paper
demonstrates superior control performance compared to the
other two strategies. This method not only enhances the margin
of y during faults but also improves the system's fault recovery
characteristics, thereby reducing the risk of SCF.

V. CONCLUSION

This paper proposes an index, Scci, to evaluate the DC
system’s commutation capability. On the basis of Scci, an
improved CEC strategy is proposed for SCF suppression. The
conclusions of this paper can be summarized as follows.

1) Based on CCAT, the proposed index Sccr can accurately
evaluate the system’s commutation capability due to
considering the fluctuations of the electrical variations.

2) The proposed dynamic CEC slope method, based on Sccr,
effectively suppresses SCF and enhances post-fault recovery
performance.

3) Case studies confirm the strategy's robustness,
demonstrating significant SCF suppression across fault
severities (5%-50% F1), improved y margin during faults, and
superior recovery characteristics.
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