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Abstract: In recent years, with the continuous growth in China’s economy, the continuous advance-
ment of urbanization and industrialization, the contradiction between rapid economic development
and the continuous reduction in traditional fossil energy reserves such as coal, oil, and natural
gas, the continuous aggravation of environmental pollution has become increasingly prominent.
In this era, clean energy power generation technologies such as hydropower, wind power, and
solar power generation, which have the advantages of renewability, environmental protection, and
economy, have developed rapidly. However, wind and photovoltaic power plants are often located
in remote areas, which means significant losses in the transmission process. High-voltage direct
current (HVDC) transmission technology becomes the best choice to solve this problem. The HVDC
transmission system based on a grid commutator is widely used in China’s AC-DC hybrid power
grid. When an AC fault occurs on the inverter side, the line-commutated converter high-voltage
direct current (LCC-HVDC) system is more prone to continuous commutation failure, which brings
serious harm to system operation. To better suppress the problem of continuous commutation failure
on the contravariant side, this paper analyzes the mechanism of continuous commutation failure
from multiple angles. The DC current command sensitivity of a voltage-dependent current order
limiter (VDCOL) in the LCC-HVDC system is low, which will lead to different degrees of continuous
commutation failure. In addition, the rapid rise in DC current and the drop in commutation voltage
during the fault will cause the turn-off angle to drop, and the probability of continuous commutation
failure of the system will increase significantly. Based on the above theoretical analysis, a new con-
trol strategy combining the dynamic compensation of the turn-off angle of a virtual inductor and
the suppression of continuous commutation failure by dynamic nonlinear VDCOL is proposed. A
dynamic nonlinear VDCOL control strategy is proposed for the low sensitivity of current command
adjustment under conventional VDCOL control. Secondly, two concepts of virtual inductance and
DC current change rate are introduced, and a control strategy based on virtual inductance is proposed
to comprehensively ensure that the switching angle has sufficient commutation margin during fault
recovery. Finally, based on the CIGRE standard test model in PSCAD/EMTDC, the accuracy of the
correlation mechanism analysis and the effectiveness of the suppression method are verified.

Keywords: continuous commutation failure; LCC-HVDC; dynamic nonlinear VDCOL; extinction
angle; DC rate of change

1. Introduction

In the context of the rapid development of the global economy and the increasing
population, the increasing demand for resources and the sustainable use of resources have
become an important global issue. We have always relied on fossil fuels to meet our energy
needs, but there are limits to how much can be obtained. In recent years, the development
of new energy has exerted a great impact on the sustainable development of human society
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and alleviated the problem of energy sustainability to a certain extent [1,2]. However, wind
and photovoltaic power plants are often located in remote areas, which means significant
losses in the transmission process. China is a big country with a large population, so it
is urgent to develop new energy to alleviate the increasingly tight energy problem. As
China accelerates the transformation of its energy system to conservation and efficiency
and its energy structure to a green and low-carbon transformation strategy, renewable
energy sources such as wind power and solar power are developing rapidly. While energy
bases are mostly located in the west and north (for example, 80% of coal resources are
distributed in the northwest and 80% of hydropower resources are concentrated in the
southwest), China’s energy demand center is located in the economically developed eastern
provinces, whose electric energy consumption accounts for more than half of the national
power generation, thus forming a pattern of inverse distribution of energy centers and load
centers in China [3]. In this context, the DC transmission technology, which is suitable for
large-capacity, long-distance energy transmission and makes it easy to connect new energy
to the grid, has become a research hotspot in the industry. HVDC transmission technology
has become the best choice to solve this problem. The line-commutated converter high-
voltage direct current (LCC-HVDC) system has the advantages of large capacity, long
distance, low active power loss, etc. At present, more than ten LCC-HVDC projects have
been completed and put into operation in China, forming an increasingly perfect AC-DC
hybrid power grid, and some areas have formed a new pattern of DC multi-feed. It plays a
crucial role in China’s power grid architecture [4,5].

The LCC-HVDC system takes the thyristor without self-shutdown function as the core
device. When the system fails, it risks continuous commutation failure. If appropriate and
timely control measures are not taken, subsequent commutation failures can occur easily, which
will cause repeated power shocks to the AC system, resulting in the locking of the converter
station. When the carrying capacity of the AC system is weak, the locking of the converter
station may cause the transfer of active power flow, which makes the protection of the AC
transmission line in normal operation malfunction, resulting in cascading faults. At the same
time, the locking of the converter station causes a power imbalance in the power grid at the
sending and receiving ends, which may force the system to switch the machine to reduce the
load or even automatically detrain [6]. To ensure the system’s safe and stable operation, it is
crucial to investigate an effective method for suppressing these failures in communication.

Because of the problem of continuous commutation failure of the LCC-HVDC system,
many theoretical analyses and experimental verifications have been carried out by schol-
ars in China and abroad, and great results have been achieved. To be clear, faults in the
inverter-side AC system are mostly caused by failures in compensating the HVDC trans-
mission system [7]. The authors in [8,9] detailed the influencing factors of commutation
failure in DC systems and proposed a method to suppress commutation failure, but did
not propose a detailed control strategy to suppress commutation failure. A sine—cosine
component detection method based on a fast digital signal processor was proposed in [10].
In the event of an AC system failure, this strategy intervenes to quickly determine the
AC system failure and avoid the occurrence of commutation failure. Based on the voltage
rms value algorithm with three samples at the same time, the author in [11] proposes an
improved predictive control strategy for commutation failure, which has more advantages
in detection speed and sensitivity than [10] and the probability of commutation failure
is low. For the commutation fault detection method, a sine—cosine component detector
has been proposed to measure the single-phase voltage [12] that can quickly detect the
commutation voltage. The author in [13] suggests that the transmitter AC failure may
lead to commutation failure during the recovery process of the inverter after the failure,
revealing the potential mechanism of this new commutation failure phenomenon through
the theoretical analysis of the different drop degrees of the commutator bus voltage on the
rectifier side. Based on the theoretical analysis of different drop degrees of commutator bus
voltage on the commutator side, a method has been proposed to reduce the turn-off angle
by improving the instantaneous recovery of commutator bus voltage [14]. Reference [15]
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proposed a technique based on power parts. However, the approach does not mention the
continuous commutation mitigation method. A DC prescient control methodology has
been proposed to prevent commutation failures [16]. Though the methods proposed in the
above literature can effectively prevent the occurrence of the first commutation failure of
the LCC-HVDC system, the problem of inhibiting the failure of continuous commutation
still needs to be solved urgently.

In terms of suppression of commutation failure, most studies consider the addition of
additional auxiliary equipment, inverter topology transformation, and control and protec-
tion. The author in [17] proposes a new type of power grid commutator with controllable
turn-off capability. Compared with the LCC-HVDC commutator, the new type of converter
can actively turn off the current of the bridge arm to achieve forced commutation, pro-
vide reactive power support, and solve the commutation failure problem of a multi-feed
DC system, but its topology has certain resonant risks. Reference [18] suggested the effect
of voltage source converter-based HVDC (VSC-HVDC) feeding on LCC-HVDC feeding on
the same bus. The results show that VSC-HVDC increases the maximum available power,
reduces TOV, and makes LCC-HVDC less prone to commutation failure. A dynamic series
voltage compensator (DSVC) scheme is proposed in [19]. The DSVC is an electrical device
that helps with the commutation process in high-voltage direct current (HVDC) systems. It
consists of three coordinated door-commutated thyristor (IGCT)-based full-span submod-
ule (FBSM) chains that match the mass power transmission of the LCC-HVDC. The DSVC
superimposes the transient voltage to the AC line voltage, increasing the inverter valve’s
commutation margin. It is inserted between the transformer and the inverter’s AC port.
The above references mainly start from the addition of additional auxiliary equipment and
inverter topology transformation so as to further suppress commutation failure and con-
tinuous commutation failure. Next, we will focus on the continuous commutation failure
of LCC-HVDC to suppress from the direction of the control strategy. In reference [20], it
was suggested that the control technique for the voltage-dependent current order limiter
(VDCOL) slant could be changed by altering the control connection of the remuneration
voltage. Reference [21] advanced the postponement of the steady state of VDCOL and
hurried the recompense recuperation. For changing the DC current request, a DC current
prescient control (DCPC) was introduced in [16]. The DCPC reduces the DC current request
from the VDCOL when a potential commutation failure (CF) is detected by the CFPREV.
The authors of [22] thoroughly investigated the VDCOL parameter setting method, con-
sidering the HVDC system’s reactive power characteristics. In [23], the authors surveyed
VDCOL control methodologies, demonstrating the DC framework recuperation qualities.
In [24], a fuzzy control-based variable slope VDCOL controller was proposed. The re-
search focus of [25] was to optimize the VDCOL control parameters to improve the fault
recovery performance of HVDC links with weak receiving AC systems. A novel VDCOL
control strategy was proposed in [26] to improve its coordination with current deviation
control and further suppress commutation failures, but the effect is not obvious when
severe system failures occur. Based on the low sensitivity of the traditional VDCOL DC
current regulation command, a control strategy based on the nonlinear dynamic VDCOL
design scheme was proposed in [27], which is more effective in suppressing continuous
commutation failures than conventional VDCOL. Reference [28] analyzed the mechanism
of subsequent commutation failure in detail and identified the improper interaction of
the inverter side controller as the main inducement. It is found that after the inverter
side is switched from constant current control to constant off-angle control, the rapid
decrease in the output of the current deviation controller will cause the shutdown angle
to be uncontrolled quickly, which may lead to subsequent commutation failure. Based
on the voltage—current characteristics of VDCOL, the operating characteristics of a DC
transmission system with VDCOL were analyzed in detail [22]. On this basis, the setting of
the VDCOL parameter range was analyzed by taking the VDCOL parameter and AC bus
voltage as the independent variable and the reactive power exchange of the DC converter
station as the dependent variable. Based on the transmutation mechanism of traditional
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DC transmission, the concept of a virtual inductor is introduced in [29], which is combined
with VDCOL control to suppress the continuous commutation failure of multi-feed systems.
Reference [30] proposes a virtual resistor current-limiting control method that can suppress
the continuous commutation failure of traditional DC transmission. The proposed virtual
resistor current limit controller can suppress the continuous communication failure of the
HVDC system in the case of single-phase fault and three-phase fault to a certain extent, so
its fault recovery characteristics can be improved.

Based on the above analysis, this paper proposes a joint control strategy for sup-
pressing commutation failure by fusing turn-off angle compensation and dynamic nonlinear
VDCOL. This work’s main contributions are highlighted as follows.

(1) The traditional LCC-HVDC system adopts linear VDCOL on the inverter side.
When AC failure occurs on the inverter side of the system, VDCOL will be put into
operation when the DC voltage drops to the setting value due to the characteristics of linear
regulation. However, the conventional VDCOL cannot adapt to severe faults, which makes
it difficult to recover the AC voltage and DC current of the inverter station and cannot
inhibit continuous commutation failure. A dynamic nonlinear VDCOL control strategy
is proposed for the low sensitivity of current command adjustment under conventional
VDCOL control. The dynamic nonlinear VDCOL control method proposed in this paper
can obtain a smaller DC current command value at the same DC voltage, thus speeding up
the DC current command regulation and realizing the rapid constraint of DC current and
the effective suppression of continuous commutation failure. At the same time, when the
DC voltage reaches a higher level, the current can reach a higher DC current instruction
value and increase at a faster rate. The reactive power consumption of the DC system can
be reduced rapidly, and the voltage recovery ability of the system can be improved.

(2) When the commutator fails due to an AC system fault, the DC current will increase,
resulting in a decrease in the turn-off angle. When the turn-off angle is lower than the
limited turn-off angle, a commutation failure will occur in the DC system. Therefore, the
concept of the virtual inductor is introduced, which can sense the DC current change
rate in real time and control the fixed turn-off angle. Finally, a control strategy based on
virtual inductance dynamic compensation of the turn-off angle is proposed to ensure that
the turn-off angle has a sufficient commutation margin during fault recovery to avoid
continuous commutation failure of the system.

2. Mechanism Analysis of the LCC-HVDC Commutation Process

A single-bridge inverter is shown in Figure 1 [1]. Under the power frequency condition
of 50 Hz, there is one thyristor on the upper and lower bridge arms during normal operation.
When the inverter starts commutation, one of the thyristors of the upper arm or lower arm
of the inverter that has been turned on will be turned off, the thyristors in the shutdown
state will be turned on in order, and the process of alternate conduction of the thyristors in
the upper and lower bridge arms is the commutation process [2].

During normal operation, the six valve arms of the six-pulse inverter will be turned
on by the trigger pulse in order, and this article will start the analysis with the situation
of the on state, where it can be seen that the next cycle will be converted to the state of
simultaneous conduction. Before the valve is opened, only two valves are turned on, and
now when the valve is triggered, they are all turned on at the same time. The equivalent
circuit is shown in Figure 2b [3].
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Figure 1. Equivalent circuit diagram of single bridge inverter.
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Figure 2. (a) Topology diagram of commutation process; (b) Commutation process equivalent circuit
diagram. When analyzing a circuit containing a valve, it can be considered a special linear circuit.
Before the commutation begins, it is in the conduction state. After a while, the LCC-HVDC system
applies a trigger pulse to the valve in a certain order. Because the voltage added to the valve is
positive, it is opened immediately once triggered, and the valve is commutated under the action
of commutation voltage and current. In this process, the current of the valve gradually increases,
and the current flowing through the valve gradually decreases. The commutation overlap angle is
the electrical angle that corresponds to this period. When the process of commutation is finished,
the converter valve must be under the action of the reverse voltage for a long enough time, and
the corresponding electrical angle during this time is called the shut-off angle. The corresponding
electrical angle is about 7°. When the inverter is in operation, the thyristor closing angle must
be greater than this value; otherwise, the valve will turn on again without triggering due to the
incomplete recovery of the blocking ability, and the system will have its first commutation failure [5].

The equivalent circuit is shown in Figure 2b, In order to quantitatively analyze the LCC
commutation process, assume that the current flowing through V3 in the commutation
process is i3 and the current flowing through Vs is i5, and at the same time, the direction
of the current flow from the thyristor anode to the cathode is positive. The Kirchhoff
voltage equation for phase B and phase C of the commutation branch in parallel is shown
in Equation (1):

L dis +U, =1L dis + U, (1)
“dr TP edr e

DC current satisfies Equation (2) in the commutation process:

i3+1i5 = Iy 2)
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Because of commutation reactance, it is considered that the DC current remains
constant during commutation, and Equation (1) is integrated:

v (dis di -
'/_By Le (dlf - df)d(wt) - /_[:(uc — Up)d(wt) 3)

giving the solution:
2X.Iq = v2Uy (cosy — cos B) 4)

Further simplification of Equation (4) yields the mathematical expression of the off

angle as follows [30]:
2X. Iy )
= arccos + cos 5
v ( VU, B ()

It can be seen from Equation (5) that the size of the arc extinguishing angle is closely
related to the AC voltage, DC current, leading trigger angle, and equivalent commutation
reactance. In the case of the constant, only the ratio will affect the on state. The essence of
commutation failure is that it is less than its intrinsic limit value, i.e., the ratio is too large to
cause the value to be too small. Therefore, excessive current and AC voltage drop are the
most important reasons for continuous commutation failure.

3. Analysis of LCC-HVDC Commutation Failure Mechanism
3.1. LCC-HVDC Control Structure Composition

Taking a typical LCC-HVDC system as an example, the rectifier side and inverter side
control structures are shown in Figure 3 [28].

rectifier-side control system

Min

I,
—Filter| : Pl

ﬂCC
/i cEc Max] 2
{ fs
e Min in et Ay
cycle ) @ E
inverter-side control system ;/r;:

Figure 3. CIGRE HVDC system control block diagram.

When an AC fault occurs on the inverter side of the system, due to the characteristics
of linear adjustment, when the DC voltage drops to the setting value, VDCOL begins
to be put into operation, and the output value of the DC current command is reduced,
which accelerates the commutation process of the system, can reduce the probability of
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commutation failure of the system, reduce the reactive power consumption of the inverter
station, and is conducive to the recovery of the converter bus voltage and accelerates
the recovery speed of DC active power. The equation for the corresponding VDCOL
characteristic curve is expressed as follows in Equation (6) [22]:

Idl u< Udl
Ly —1. Ugn g — Ugilan .
lora = w=ta U+ —, =g Y <U = Udn (6)
Iaqn dh dl , Ugn < U

In Equation (7), Uy and Uy are the upper and lower limits of DC voltage, I3 and Iy,
are the upper and lower limits of the current command value, U is the starting voltage of the
VDCOL control link, and I,4 is the output current command value of the conventional VDCOL.

3.2. LCC-HVDC Continuous Commutation Failure Mechanism
Figure 4 shows a simulation experiment of continuous commutation failure based on
the PSCAD/EMTDC standard CIGRE test model. A single-phase ground fault occurs in the

standard test model at 1 s for a duration of 0.3 s. From Figure 4, the process of continuous
commutation failure can be divided into four stages.

éDCOL (p.u)

12

Time/s

Figure 4. Waveform diagram of continuous commutation failure mechanism.

Stage 1: A single-phase ground fault occurs on the inverter side, resulting in a large
increase in the DC current on the inverter side, a rapid decrease in the VDCOL output
current command value, a rapid reduction in the shutdown angle, and the first commutation
failure of the inverter. The command value of the DC current on the rectifier side is less
than the actual DC current value on the inverter side.

Stage 2: The DC current command value on the rectifier side is greater than the
actual DC current value on the inverter side, the current deviation control is started, and
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the inverter station maintains control of the fixed shutdown and break angle. Improper
interaction between the inverter side controllers in stages 3 and 4 is the key reason for the
subsequent commutation failure [28].

Stage 3: The trigger angle command on the inverter side is changed from constant
turn-off angle control to constant current control. In phase 3, the current deviation control
is always active.

Stage 4: The inverter side is converted to the fixed shutdown angle control, because
the DC current command value on the rectifier side is smaller than the actual DC current
value on the inverter side, so the current deviation control is turned off, the output of the
shutdown angle ycgc compensation is 0, and the shutdown angle margin is reduced. At
this time, the system has not resumed normal operation, and continuous commutation
failure occurs on the inverter side.

In summary, due to the low sensitivity of the conventional VDCOL DC current regula-
tion command in the LCC-HVDC system, the system will fail to continuously communicate
to different degrees, that is, the sudden drop and rapid rise in the VDCOL output current
command will increase the risk of continuous commutation failure in the LCC-HVDC sys-
tem. From the analysis in the first section, the large increase in DC current and the sharp
drop in AC voltage during the fault period will also lead to a decrease in the shutdown
angle, thereby increasing the probability of continuous commutation failure. To solve the
above problems, this paper proposes a suppression strategy for continuous commutation
failure by combining turn-off angle compensation and dynamic nonlinear VDCOL.

4. Joint Control Strategy to Suppress Continuous Commutation Failure of LCC-HVDC System
4.1. Dynamic Nonlinear VDCOL Control Strategy

According to the analysis of the continuous commutation failure of the LCC-HVDC sys-
tem in the previous chapter, when the system has a serious AC failure, the conventional
VDCOL system is very prone to continuous commutation failure due to the insufficient
sensitivity of DC command adjustment. Therefore, it needs to be optimized on a regular
basis. Based on the above theoretical analysis, a continuous commutation failure sup-
pression strategy based on nonlinear VDCOL was designed. According to the analysis in
Section 2, to reasonably design a dynamic nonlinear VDCOL control link, the following
two requirements should be met [22].

(1) When the DC voltage or AC voltage on the inverter side is low, the reactive power
supplied by the system is very small during this time, so the current should be increased
slowly to reduce the reactive power loss of the converter station and promote the bus
voltage to return to the normal level.

(2) After VDCOL adjustment, the voltage reaches a very high value. At this time,
the system can produce greater reactive power and the current should be increased more
rapidly, which is conducive to the reestablishment of the transmission capacity of the DC
power grid and can also promote the recovery of the transmission power of the DC system
so that the system can resume normal operation as soon as possible.

Firstly, considering the situation where the commutation voltage will drop before and
after the commutation failure, to dynamically adjust the sum of the upper and lower limits
of the control voltage Uy, and Uy, according to the fault severity of the AC system, the fault
coefficient k [27] and the commutation voltage change coefficient ky; are introduced, as shown
in Equation (7):

0<g<], =ku (7)
acn uacn

where: U, indicates the effective value of the phase voltage of the AC system on the
inverter side, and U, represents the rated value of the phase voltage. The sum of the
upper and lower limits of the new voltage Uy and Ugp. is shown in Equation (8):

Uge = Ug + 0.1k 8)
Ugne = Ugn + 0.1k
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When a fault occurs, considering the two principles of (1) and (2), after theoretical
analysis, the function y = a(U + Gky)" + b (a and b are non-zero constants) is selected
and the basic curve is optimized. Given ky suitable gain G in this function, the dynamic
nonlinear VDCOL control operation characteristics are shown in Equation (9):

Iy , U< Uge
Iord = { a(U + Gky)* +b, Ugie < U < Ugnc ©)
Ign , Ugne < U

The dynamic nonlinear VDCOL design is shown in Figure 5.

Iord A

original VDCOL
dynamic nonlinear VDCOL

[dl

]
| >
Uy Uy Ugn Ug, U

Figure 5. Dynamic nonlinear VDCOL curve variation diagram.

The DC current command for normal operation of the system in conventional VDCOL
is 1.0 pu. Ig = 055 p.u,, Iyp = 1p.u, Uy = 04 p.u, Ugy = 0.9 p.u.. When the actual
operating voltage Uy < 0.9 p.u., VDCOL adjusts the DC current command in real time
according to the DC voltage, and when Uy < 0.4 p.u., the DC current command is main-
tained at 0.55 p.u. The control strategy regulates the instruction value of DC current to a
certain extent, but the mathematical model adopted is fixed, resulting in the fixed start-
ing voltage value of each current instruction section, and the linear relationship between
voltage and current in the recovery trend of conventional VDCOL leads to a fixed slope,
so the adjustment sensitivity of the current command is not high and the variable voltage
before and after the commutation failure is not considered. The dynamic nonlinear VDCOL
control method proposed in this paper can dynamically adjust the upper and lower limits
of the DC voltage according to Equations (7) and (8) with the amplitude of the AC voltage
drop, as can be seen from Figure 5. When Uy < Uy, the DC current instruction was
taken as 0.55 p.u. When Ug. < Uy < Ug, at the initial stage of the fault, the improved
VDCOL under the same DC voltage can obtain a smaller DC current command value,
which can speed up the adjustment speed of the DC current instruction and realize the
rapid suppression of DC current and the effective suppression of continuous commutation
fault. At the same time, when the DC voltage reaches a higher level, the current can reach a
higher DC current command value and increase at a faster rate. It can quickly reduce the
reactive power consumption of the DC system and improve the voltage recovery ability of
the system. On this basis, the commutation voltage change coefficient is increased to further
suppress the drop in VDCOL input voltage, improve the sensitivity of dynamic nonlinear
VDCOL, and further improve the flexibility of the system. At the same time, due to the
increase in dynamic nonlinear VDCOL input voltage, the decrease in the turn-off angle is
suppressed to a certain extent based on the increase of DC current to better suppress the
continuous commutation failure caused by system failure.
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4.2. Shutdown Angle Compensation Control Strategqy Based on Virtual Inductance

When a converter fails due to an AC system failure, the DC current increases, resulting
in a decrease in the turn-off angle, and when the turn-off angle falls below the limit turn-off
angle, the DC system experiences a commutation fault. Therefore, drawing on the role
of the inductor in the circuit to limit the current, according to its physical expression, the
first-order differential link is used to simulate and a virtual inductor is introduced to induce
the change of current on the DC side, and this change is reflected in the control link of the
fixed off and broken angle. In this way, when the AC system fails, the virtual inductor can
quickly sense the change of DC current and convert the current change into a turn-off angle
compensation amount, which acts on the fixed-off angle control, and the combination of
the two can jointly achieve the purpose of reducing the DC side current during the fault.

The concept of virtual inductance is introduced into the DC transmission control system,
which is used as the carrier of the current change rate on the DC side in real time to reflect the
dynamic change process of DC current, and its mechanism is described as follows.

In the case of a fault-free AC system, that is, during normal operation, the DC side
current is constant, and its rate of change is 0, so the amount of off-angle compensation
carried on the virtual inductor is also 0, as shown in Equation (10):

) (10)

where L, is the set virtual inductance value. It can be seen from Equation (10) that when
the system is running at a steady state, the voltage drop of the virtual inductor is 0, which
does not affect the control of the fixed off angle, so the operating parameters of the system
will not be affected.

When the AC system fails, the DC side current changes, acts on the virtual inductor, in-
duces the DC current change rate in real time, converts it into a turn-off angle compensation
amount, and acts on the fixed turn-off angle control, as shown in Equation (11):

dly;

Ars = Lo

(11)

The off-angle compensation control is shown in Figure 6.

Figure 6. Control block diagram of turn-off angle compensation.

During the period from the failure of the system to the return to normal, the DC side
current will drop from the maximum value under the fault condition to the normal value,
and the DC current change rate will be negative, so Equation (11) is corrected:

dlg;

Ave = L35

(12)
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A7y, is calculated from Equation (12), from the beginning of the fault to the full recovery
of the AC voltage period: Ay, > 0is constant which is conducive to the stable recovery of
the commutation process.

In summary, this paper proposes a joint strategy for continuous commutation failure
suppression by fusing turn-off angle compensation and dynamic nonlinear VDCOL, as
shown in Figure 7.

Lo Fillr - TR 2,
* +
T
I
,,,,,,,,,,,,, 1: e,f,,, I dr_ord
: + A | nonlinear VDCOL i Min
U, . | |
g \MI ! equation (10) |
IS}
X

extinction angle compensation

strategy

| I
L ]|dt L, 1+5sT.
Min in

Y
cycle

Figure 7. Block diagram of joint control strategy.

5. Simulation Results and Discussion

To verify the effectiveness of the proposed control method in suppressing the con-
tinuous commutation failure of the LCC-HVDC system and to determine the relevant
parameters in the proposed method, a simulation model (Figure 8) was built and verified
in PSCAD/EMTDC based on the CIGRE-HVDC standard test model. The main parameters
of the system are shown in Tables A2 and A3.

Rectifier station Inverter station

Figure 8. LCC-HVDC system structure.

5.1. Determination of Virtual Inductance Parameters

In the simulation experiment, because of the large current change at the beginning of
the system, the virtual inductance is set to avoid playing a role in this process and only
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make it work after the system is stable and normal. When the value L, is small, the impact
on the DC current on the inverter side is small, resulting in a weak response to the DC
terminal current, which affects the recovery effect of the system after the fault. However, if
the selected value is too large, it will be too sensitive to the current fluctuation on the DC
side, so the system will oscillate in the event of a fault and the stable operation of the system
cannot be guaranteed. Therefore, the selection of an appropriate value is crucial for the
effectiveness of the proposed control strategy [29].

Since the specific value L. cannot be accurately obtained theoretically, a series of
simulation experiments will be carried out to obtain the fault recovery characteristic data
of the system to determine the optimal value L, for the shutdown angle compensation
control strategy based on virtual inductance (Table 1). The specific scheme is to build the
model shown in Figure 8 in PSCAD/EMTDC and set a single-phase grounding fault at the
AC bus on the inverter side (the fault occurrence time is 1 s, the transition inductance is
0.63 H, and the duration is 0.5 s).

Table 1. System failure characteristics are based on different virtual inductance value.

Coefficient L+/p.u. Number of Commutation Failures Failure Recovery Time/s
0.002 2 0.581
0.004 2 0.582
0.006 1 0.571
0.008 1 0.583
0.009 1 0.573
0.01 1 0.584

Compare the number of commutation failures and the system failure recovery time of
the DC system at different times L. This determines an optimal value.

Through the analysis of the simulation results in Table 2, it can be found that setting
the parameter value of the virtual inductor too large or too small will weaken the sys-
tem’s ability to suppress continuous commutation failures and increase the recovery time
of the system to varying degrees, which is also consistent with the previous analysis.
Comparing the data in the table, it is more reasonable to take 0.006 as the value L..

Table 2. System fault characteristics with different values of G.

Coefficient G Value Number of Commutation Failures Failure Recovery Time/s
0.05 3 0.735
0.06 2 0.586
0.08 2 0.584

0.1 2 0.596
0.12 2 0.609
0.14 1 0.608
0.16 2 0.620
0.18 2 0.633

0.2 1 0.582
0.22 1 0.614

5.2. Gain Coefficient G Is Determined

Because this value cannot be accurately derived theoretically, a series of simulation
experiments are set up in this paper, and the control variable method is used to simulate
and analyze it to determine the optimal value of the gain G of the commutation voltage
change coefficient. By setting a single-phase grounding fault (the occurrence time is 1 s, the
transition inductance is 0.6 H, and the duration is 0.5 s) at the AC bus on the inverter side,
the number of commutation failures and the system fault recovery time of the DC system
at different G values in Table 3 are compared to determine an optimal value.
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Table 3. Total number of system commutation failures under different fault levels.

Single-Phase Fault Three-Phase Fault

Fault
Level/%  Control Strategy 1 Control Strategy 2 Control Strategy 3 Control Strategy 1 Control Strategy 2 Control Strategy 3
5 0 0 0 0 0 0
10 0 0 0 0 0 0
15 0 0 0 2 1 1
20 3 1 1 2 1 1
25 3 2 1 2 1 1
30 3 2 1 2 1 1
35 4 2 1 2 1 1
40 2 1 1 2 2 1
45 3 2 1 2 3 1
50 3 2 1 3 3 1

Through the analysis of the simulation results in Table 3, it can be found that setting
the gain parameter G of the commutation voltage change coefficient too large or too small
will weaken the ability of the system to suppress continuous commutation failure and will
increase the recovery time of the system to varying degrees, which is also consistent with
the previous analysis. Comparing the data in the table, it is more reasonable to take 0.2 as
the G value.

5.3. Simulation Analysis and Verification

The operating characteristics of conventional VDCOL and dynamic nonlinear VDCOL
during normal operation are shown in Figure 9.

IF T
’; E V original VDCOL
% original VDCOL = 0 dynamic nonlinear VDCOL |
D dynamic nonlinear VDCOL .
03 05 1 I 2 0 05 i 15 2
Time/s Time/s
(a) (b)
100 T T T ] _af T T T
é’) original VDCOL 2_ original VDCOL
< 50 — dynamic nonlinear VDCOL =0.5) dynamic nonlinear VDCOL |
% 0.5 I 15 2 O 0.5 ] 15 2
Time/s Time/s
() (d)
3 1
s,
= original VDCOL
~§ dynamic nonlinear VDCOL
0.5 ' ' '
0 0.5 1 1.5 2
Time/s
(e)

Figure 9. Operating characteristics of the system under normal working conditions: (a) DC voltage;
(b) DC current; (c) Turn-off angle; (d) Active power; (e) DC current instruction.

As can be seen from Figure 9, when a slight short-circuit fault occurs on the inverter
side of the system, no commutation fault will occur on the three control strategies. The
results showed that the inhibition strategy proposed in this paper did not cause adverse
reactions. In addition, in the case of control strategy 2 and control strategy 3, the DC current
fluctuation amplitude of the system is smaller and the DC power drop is lower, that is, the
response to the fault is more sensitive.
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The following three methods are contrasted and analyzed to confirm the superiority
of the continuous commutation failure suppression strategy presented in this paper.

Control strategy 1: Control strategy using the CIGRE standard test model.

Control strategy 2: Because of 1, the ordinary low-voltage current-restricting control is
supplanted by the proposed dynamic nonlinear VDCOL control.

Control strategy 3: Because of 2, a shut-off angle compensation control strategy based
on virtual inductance is added.

The inductor grounding is set at the converter bus on the inverter side to simulate
single-phase or three-phase short-circuit faults in LCC-HVDC systems in practice. The
smaller the value, the closer the short-circuit location is to the converter bus and the greater
the degree of fault.

In case 1, a single-phase grounding fault is set at the AC bus on the inverter side, the
grounding inductance is Ly = 1H, the fault duration is 0.5 s, and the dynamic characteristics
of the system under different schemes are shown in Figure 10.

T T
control strategy 1

control strategy 2

8;; 0.8 control strategy | control stralegy_“;
D control strategy 2 T
0.6 ) ; control strategy 3 | | | | | | | |
0.8 09 1 .1 12 13 14 15 16 1.7 18 08 09 1 L1213 14 15 16 1.7 18
Time/s Time/s
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= L control strategy 3 | =} 1F AARARRRRRARAARA
< 20 —] o, L control strategy 1 |
0.8
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Figure 10. System operating characteristic diagram under single-phase ground fault (L = 1H):
(a) DC voltage; (b) DC current; (c) Turn-off angle; (d) Active power; (e) DC current instruction.

As can be seen from Figure 10, in the case of the original control strategy, because the fault
occurs far away and is relatively slight, the DC current did not rise significantly, only rising
to 1.23 p.u. The DC power only fell to 0.6 p.u. The inverter side of the LCC-HVDC system
will not have a commutation failure, and the system will return to normal operation after the
fault is eliminated. In the case of control strategy 2, there will be no commutation failure on
the inverter side of the LCC-HVDC system. However, in the case of control strategy 2, the
amplitude of the system’s DC current fluctuation is smaller, and the DC power drop is lower,
i.e., the response to faults is more sensitive. When control strategy 3 is used instead, the DC
current command value of the system decreases more, and the shutdown angle increases more.
After a large number of simulation analyses, it can be seen that for the lighter AC system fault,
the inverter side of the LCC-HVDC system will not fail to commutate by using control strategy
1, control strategy 2 and control strategy 3, and the fault recovery ability of the three control
strategies is similar, but the performance of control strategy 2 and control strategy 3 in terms of
commutation failure immunity is better.

In case 2, set a single-phase grounding fault at the AC bus on the inverter side, with
ground inductance L¢ = 0.6H and duration of failure 0.5 s. The dynamic characteristics of
the system under different control strategies are shown in Figure 11.
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Figure 11. System operating characteristics diagram under single-phase ground fault (L; = 0.6H):
(a) DC voltage; (b) DC current; (c) Turn-off angle; (d) Active power; (e) DC current instruction.

It can be seen from Figure 11 that when using control strategy 1, because the fault is
more serious, the system has the first commutation failure and then a continuous commu-
tation failure. The shut-off angle on the inverter side drops to 0 three consecutive times,
and in the process of the first two commutation failures, the DC current is increased to
2 p.u., the voltage fluctuation amplitude on the DC side is also greater, and the system
does not resume normal operation until the fault is removed. When control strategy 2 and
control strategy 3 are adopted, it can be seen from Figure 11 that the first commutation
failure of the system is still unavoidable, but there is no subsequent commutation failure on
the inverter side of the LCC-HVDC system after that. The DC current can be constrained
more quickly according to the change in DC voltage, which has better stability in the fault
recovery phase of DC current and DC voltage and can also greatly reduce the fault recovery
time. The DC current fault recovery time of control strategy 2 is 0.3 s shorter than that of
control strategy 1, and the current fault recovery time of control strategy 3 is 0.34 s shorter
than that of control strategy 1. This method enables the system to quickly return to a steady
state after the first commutation failure, which improves the reliability of the system. In
addition, control strategy 3 has a smaller increase in DC current and a greater increase in
the shutdown angle when the system fails for the first commutation failure, resulting in
increased commutation failure immunity.

In case 3, set a three-phase grounding fault at the AC bus on the inverter side, with
ground inductance L¢ = 0.6H and duration of failure 0.5 s. The dynamic characteristics of
the system under different control strategies are shown in Figure 12.

As can be seen from Figure 12, the system has a continuous commutation failure when
control strategy 1 is used, during which the shutdown angle on the inverter side drops
to 0 two consecutive times and the DC current rises to 2 p.u. when the first and second
commutation failures occur. The voltage fluctuation on the DC side is relatively large, and
the LCC-HVDC system does not start working again until the fault is eliminated. When
control strategy 2 and control strategy 3 are adopted, it can be seen from Figure 12 that the
three control strategies still cannot avoid the first commutation failure of the system, but
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there is no subsequent commutation failure on the inverter side of the LCC-HVDC system
thereafter. The DC current fault recovery time of control strategy 2 is shortened by 0.24 s
compared with control strategy 1, and the current fault recovery time of control strategy
3 is shortened by 0.19 s compared with control strategy 1. The DC current stability and
recovery speed of the two control strategies are better than those of control strategy 1, and
the recovery speed and stability of the system are better than those of control strategy 2
under the condition of a three-phase severe fault.

’;. 1 — 2 control strategy 1
30.5 control strategy 1 a 2r control strategy 2
= —— control strategy 2 :; 1 control strategy 3
05 ‘ ‘ cont‘rol strategy 3 ‘ / ‘ ‘
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Figure 12. System operating characteristics under three-phase ground fault (L = 0.6H): (a) DC
voltage; (b) DC current; (c) Turn-off Angle; (d) Active power; (e) DC current instruction.

To test the inhibition effect of the optimal solution on commutation failure at different
fault levels, the fault severity is simulated by changing the ground inductance value in the
CIGRE benchmark model. The fault level proposed in reference [28] is used for comparison,
and the calculation formula is shown in Equation (13):

_ U
fL B waPd

% 100% (13)

In Equation (13), Uy, is the effective voltage value of the AC bus on the inverter side, L¢
is the value of the grounding inductance, Py is the rated power of the DC transmission sys-
tem, fi represents the severity of the ground fault that will occur in the LCC-HVDC system
when the system has an AC fault, and the higher the f;, the more serious the AC fault in
the system.

At the AC bus on the inverter side, the inductor grounding fault is set, the fault time is
1 s, the fault duration is 0.5 s. This is simulated, and analyzed in detail. The total number
of system commutation failures in control strategy 1, control strategy 2 and control strategy 3
under various fault severity are analyzed in detail, and the specific situation is shown in Table 3.

It can be seen from Table 3 that when the fault level is low, that is, when the fault level
ranges from 5% to 15%, none of the three control strategies will have continuous commuta-
tion failure in the case of a single-phase grounding fault. When the fault level ranges from
5% to 10%, none of the three control strategies will have continuous commutation failure in
the case of a three-phase fault. When the fault level is between 20% and 50%, in the case
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of a single-phase grounding fault, the control protection strategy proposed in this paper
can achieve a larger protection range and better protection effect in restraining continuous
commutation failure. According to the statistical results of three-phase grounding faults,
both methods can effectively prevent continuous commutation failure under mild faults.
Moreover, the suppression effect of control strategy 3 under the three-phase serious ground
fault is better than that of control strategy 2. In summary, the control strategy proposed in
this paper can effectively reduce the probability of continuous commutation failure in the
fault recovery stage of the LCC-HVDC system and can effectively suppress it.

6. Conclusions

Based on the problem of continuous commutation failure when an AC fault occurs on
the inverter side of an LCC-HVDC system, this paper studies the mechanism of continuous
commutation failure from multiple perspectives and designs a new multi-objective cooperative
control method based on this to effectively suppress continuous commutation failure. The
control strategy considers the low sensitivity of the DC current command of the conventional
VDCOL in the LCC-HVDC system and the problem that the rapid rise of DC current and the
decrease of commutation voltage during the fault will lead to the decrease of the shutdown
angle. Through theoretical and simulation analysis, the following conclusions can be obtained.

(1) Because of the low sensitivity of current command regulation under the conven-
tional VDCOL control mode, a dynamic nonlinear VDCOL control method is designed,
in which a new mathematical model is proposed to change the operation characteristics
of the conventional VDCOL voltage and current fixation. Firstly, the voltage before and
after the commutation failure is dynamically adjusted by the degree of AC voltage drop,
and considering the variable voltage before and after the commutation failure, the fail-
ure coefficient is introduced to modify the voltage. Secondly, the conventional VDCOL
is designed as a nonlinear control structure and the DC current command is reasonably
regulated. Compared to traditional VDCOL, dynamic nonlinear VDCOL control has better
immunity to single-phase ground faults. The nonlinear dynamic VDCOL control proposed
in this paper can effectively suppress the increase in DC current to improve the stability
of the system. At the same time, the shutdown angle compensation mechanism based on
virtual inductance is introduced to improve the commutation margin of the shutdown
angle, which effectively solves the problem that VDCOL cannot suppress the commutation
failure when a three-phase grounding fault occurs.

(2) The joint control method proposed in this paper is only for the VDCOL components
in the control system, is more compatible with other optimal control strategies, and does not
require additional auxiliary equipment, making it cheaper and easier to implement. In addition,
a shut-off angle compensation control strategy based on virtual inductance is proposed, which
is also a control method in the control link, not the real inductance, which reduces the hardware
investment and site occupation. This is adaptable, economical, and practical.

(3) This method can more effectively reduce the possibility of continuous commutation
failure of the LCC-HVDC system under various fault levels, shorten the recovery time of
the LCC-HVDC system under faults, and make the system enter the stable operation mode
faster, which has obvious advantages compared with the conventional control mode. The
continuous commutation failure suppression strategy proposed in this study by fusing
turn-off angle compensation and dynamic nonlinear VDCOL provides a new idea for
preventing and suppressing commutation faults, significantly reduces the transmission loss
caused by renewable energy access to the power grid, alleviates the energy sustainability
problem to a certain extent, and has important theoretical guiding significance for the
planning and operation of an HVDC system.

(4) The electrical quantity related to the system has certain fluctuations in the transient
process of fault recovery, the low-pass filtering method is used to smooth out the influence
of the above fluctuations on the shutdown angle compensation, and the filter parameter
design needs to be further studied in the future. The commutation failure can be suppressed
by control measures such as early triggering and adjusting the DC current command value,
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but the suppression measures are independent of one another and their response times
are different. Future research should examine the coordinated control and coordination
strategies of different commutation failures and clarify the interaction between different
control measures.
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Appendix A

Table Al. Nomenclature and numerical values.

Symbols Parameter Name Parameter Size
Uy DC voltage
I4 DC current
Iar DC current on the rectifier side
L3 DC current on the inverter side
Uy, DC voltage on the rectifier side
Ug; DC voltage on the inverter side
Xr The triggering angle of the output is controlled by the rectifier siding current
Idr ord DC current command value on the rectifier side
Lres DC current reference angle
Al Current margin
Bi Trigger lead angle of variable side
YCEC Turn-off angle compensation for current deviation control
Ry Compensating resistance
i Turn-off angle measurement
Bcc The triggering advance angle of the output is controlled by the inverter side setting the current
BcEc the triggering advance angle of the output is controlled by the fixed turn-off angle.
Uqgr, Ugn Upper and lower limits of DC voltage
Ian, Ia1 Upper and lower limits of DC current
u The start-up voltage of the VDCOL control link
Iord Conventional VDCOL output current command value
k Failure factor
Uac The effective value of the phase voltage of the AC system on the inverter side
Uaen Phase voltage rating 187.79 kV
Ugy o, Ug ¢ New upper and lower limits for voltages
ky Commutation voltage change factor
Ymin Minimum cutoff angle 7.2°
Ly Virtual inductors 0.006
Ay Turn-off angle compensation
Lq Line inductance 0.5968 H
R4 Line resistance 250
C Line capacitance 26 uF
L¢ Ground inductance
i9 Fault level
Uy RMS voltage of the AC bus on the inverter side 215.05 kV
Py4 Rated active power 1000 MW
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Table A2. AC system parameters of HVDC transmission.

Main Parameters of the AC System

AC System Reactive Power Compensation Fundamental

Voltage/kV Rated Voltage/kV Capacity/Mvar Impedance/Q) SCR
Rectifier side 382.9 345 626 47.7/84° 2.5
Inverter side 215.1 230 626 21.2/75° 2.5

Converter Transformer Parameters
Ratio/kV Capacity/MVA Short-Circuit Impedance/p.u.

Rectifier side 345/213 591 0.18
Inverter side 230/209 603 0.18

Table A3. HVDC transmission DC line parameters.

Main Parameters of the DC Line

Rated voltage/kv 500 Inductance/H 0.6
Rated power/MW 1000 Resistance/() 26 26
Rated current/kA 2 Capacitance/pF 2.5
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