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Commutation Failure Mitigation Method Based
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Abstract—The commutation failure (CF) mitigation effective-
ness is normally restricted by the delay of extinction angle (EA)
measurement or the errors of existing prediction methods for
EA or firing angle (FA). For this purpose, this paper proposes a
CF mitigation method based on the imaginary commutation
process. For each sample point, an imaginary commutation pro-
cess is constructed to simulate the actual commutation process.
Then, the imaginary EA is calculated by comparing the imagi-
nary supply voltage-time area and the imaginary demand volt-
age-time area, which can update the imaginary EA earlier than
the measured EA. In addition, the proposed method considers
the impacts of commutation voltage variation, DC current vari-
ation, and phase angle shift of commutation voltage on the com-
mutation process, which can ensure a more accurate EA calcula-
tion. Moreover, the DC current prediction is proposed to im-
prove the CF mitigation performance under the single-phase
AC faults. Finally, the simulation results based on CIGRE mod-
el prove that the proposed method has a good performance in
CF mitigation.

Index Terms—Commutation failure (CF), commutation fail-
ure mitigation, extinction angle, line commutated converter
based high-voltage direct current (LCC-HVDC).

1. INTRODUCTION

INE commutated convert based high-voltage direct cur-

rent (LCC-HVDC) is widely used in power grid due to
the growing demand of long-distance bulk power transmis-
sion [1], [2]. LCC-HVDC is superior to voltage-source con-
verter based high-voltage direct current (VSC-HVDC) in
transmission capacity, power losses, and investment benefits
for long-distance bulk power transmission [3]. Yet, the com-
mutation failure (CF) is an adverse and frequent phenome-
non at the inverter side of LCC-HVDC system under the
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fault conditions [4]. The subsequent CF may easily occur if
the first CF is not handled timely and correctly, which will
result in the power outage and greatly affect the safe and sta-
ble operation of power grids [5], [6].

There are a lot of studies on the CF mechanism. It can be
concluded that CFs are mainly caused by AC voltage distur-
bance such as AC voltage reduction, phase angle shift, and
AC voltage distortion [7]-[9]. Since the AC voltage distur-
bance cannot be completely avoided, it is necessary to devel-
op appropriate control methods to mitigate CF. The conven-
tional voltage-dependent current order limiter (VDCOL) and
the improved VDCOL [10]-[12] have been proposed in LCC-
HVDC to reduce the risk of CF and improve the fault recov-
ery performance by limiting the DC current order after the
fault occurs. However, the CF mitigation capability of the
system is restricted by the transmission delay of the DC cur-
rent order from the inverter to the rectifier and the control
delay of DC current. In addition, the advancing firing angle
(FA) control is proposed to improve the control performance
of the constant extinction angle (CEA) controller. The CEA
controller can be classified into two categories: one is the
measured-type controller such as CIGRE control [13] and
SIEMENS control [14], [15], and the other is the predicted-
type controller such as ABB control [15], [16] and the pro-
posed methods in [17]-[20].

The measured-type CEA controller calculates the extinc-
tion angle (EA) by measuring the ending time of commuta-
tion process and the zero-crossing time of commutation volt-
age, which can obtain an accurate EA. However, the EA is
only updated when the commutation voltage crosses zero,
leading to a conspicuous control lag. Thus, the CF mitiga-
tion capability of the measured-type CEA controller is poor.

The predicted-type CEA controller calculates the EA using
electric quantities such as DC current, commutation voltage,
and commutation inductance. The predicted EA can be updat-
ed when the electric quantities have a change. Therefore, the
predicted-type CEA controller reacts more quickly than the
measured-type CEA controller. However, in ABB control,
the error between the predicted EA and the actual EA is con-
spicuous under the fault conditions because the remarkable
variation of the voltage-time area is neglected after the fault
[15]. Moreover, the CF prevention (CFPREV) control [17] is
added in ABB control to mitigate CF by immediately ad-
vancing the FA when AC faults are detected, but the CF miti-
gation performance of CFPREV needs to be improved by pa-

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



1414

rameter tuning. Reference [18] proposes an FA prediction
method considering the DC current variation. However, the
overlap angle (OA) is overestimated, which leads to an un-
necessary increase in the reactive power consumption of in-
verter. Reference [19] proposes a calculation method of pseu-
do-EA, which can be used as a direct control variable to re-
alize the real-time CEA control and CF mitigation. However,
in [19], the FA shift is neglected, and the effectiveness in CF
mitigation under single-phase AC faults is limited.

In this paper, a CF mitigation method is proposed based
on the imaginary commutation process. Considering the im-
pact of commutation voltage variation, DC current variation,
and the phase angle shift of commutation voltage, the imagi-
nary EA is calculated by the imaginary commutation pro-
cess. Moreover, the DC current prediction is added to the
proposed method to predict the imaginary EA in advance.
The imaginary EA is selected as the input of CEA controller,
together with the measured EA. Under the fault conditions,
the proposed method can calculate the EA timely and can de-
crease the FA through the CEA controller to ensure a suffi-
cient commutation margin.

The remainder of this paper is organized as follows. In
Section II, the proposed CF mitigation method is demonstrat-
ed based on the commutation process. In Section III, several
simulations on the CIGRE benchmark HVDC model are car-
ried out to verify the effectiveness of the proposed method.
Finally, Section IV concludes this paper.

II. PROPOSED CF MITIGATION METHOD BASED ON
IMAGINARY COMMUTATION PROCESS

A. Real Commutation Process

According to the commutation voltage-time area [2], we
have:

\/EEJ:“lsin(a)t)d(wt)zXC(Id(Co;) +1d(“;” )) )

where E is the root mean square (RMS) value of the commu-
tation voltage; a is the FA; x is the OA; X, is the equivalent
commutation reactance; o is the angular frequency; /,(?) is
the DC current at time #; o/ and [, ((a+u)/w) are the begin-

ning and ending time of commutation process, respectively.
The left side of (1) is defined as 4, [21], and we have:

2

where A4, is the supply voltage-time area, which is related to
FA, OA, and E.
The right side of (1) is defined as 4, and we have:

Ade:Xc(ld(Z)) +1d( e ) (3)

where A, is the demand voltage-time area of the commuta-
tion process, which is related to X, /,(o/w), and 1, ((o+ p)/w).
After the fault, (2) and (3) can be rewritten as:

4,=V2E[ sin(id(r)

“4)

a'+
a

u
A,=V2E [ sin(id(n)
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where () represents the variables after the fault. The detailed
analysis of commutation process is further elaborated in [21].

As for the deionization process, the EA decreases due to
the increase of OA. Besides, the phase angle shift of commu-
tation voltage Ag affects the EA. The EA y after the fault y’
can be calculated as:

y'=n—a'—u'=Ag (6)
When the fault is severe or the fault is handled inappropri-
ately, u’' would increase excessively. Thus, the EA after the
fault y’ is less than the minimum EA y ., and the CF occurs.
The real commutation process is illustrated in Fig. 1(a),
where [, is the rated DC current; and u(f) is the commuta-

tion voltage.
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Fig. 1. Illustration of real commutation process and imaginary commuta-
tion process. (a) Waveforms corresponding to real commutation process. (b)
Waveforms corresponding to imaginary commutation process considering

FA shift Aa(t,).

B. Imaginary Commutation Process

According to the analysis in Section II-A, the commuta-
tion process begins with the firing pulse and ends when A4,
exceeds A4,. Thus, the imaginary commutation process is
proposed to achieve the continuous EA calculation. The
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imaginary commutation process and the corresponding wave-
forms are shown in Fig. 1(b), where ¢,(i=1,2,...) denotes
the sampling time, which is also the beginning time of each
imaginary commutation process; and #/(i=1,2,...) is the end-
ing time of the imaginary commutation process that begins
at t..

Before the fault occurrence, the imaginary supply voltage-
time area at time ¢ 4, () can be calculated as:

su, Im

Asu.lm (t): \/§EJ‘ @)

where a(t;) is the FA at time ¢,.
Since £ may change after the fault occurrence, the real-
time change of E can be considered by rewriting 4, |, () as:

Aum®=V2 [

at )+ ot—t,)

sin(ot)d(w?) %

at))+olt—t,

" )E(t)sin(wt)d(wt) (8)
where E(f) is the RMS value of commutation voltage at time
t. In (8), the real-time change of advanced angle and E(¢) are
considered.

Besides, the phase angle shift of commutation voltage Agp
caused by the unsymmetrical faults and the active power
fluctuation affects the imaginary commutation process. The
impacts of phase angle shift on the commutation process can
be considered from two aspects. The first impact is that the
FA order is not equal to the actual FA, which results in the
FA shift Aa. The other impact is that the half period of com-
mutation voltage is not equal to 10 ms, which results in the
zero-crossing shift of the commutation voltage Ag. Figure 2
shows the relationship between actual phase angle 6(¢), sys-
tem phase angle 6, (¢), and normal phase angle 6y (¢).
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Fig. 2. Relationship between 0(1), 0, (1), and Oy (¢).

The actual phase angle 6(¢) is the real phase angle of com-
mutation voltage. The system phase angle 6 (7) is the out-
put phase angle of phase-locked loop (PLL) of HVDC sys-
tem. The normal phase angle 6, (¢) is the phase angle calcu-
lated with wt after the commutation voltage crosses zero.
Generally, the PLL of HVDC system is the synchronous ref-
erence frame phase-locked loop (SRF-PLL) [22], and the
proportional and integral coefficients are too small to reduce
the impact of harmonics. Thus, the dynamic response of
SRF-PLL is not fast, and it takes a long time for SRF-PLL
to follow the actual phase after the fault. The actual phase
angle 0(¢) is followed by the second order generalized inte-
grator phase-locked loop (SOGI-PLL) [23], which has a bet-
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ter performance in both dynamic response and harmonic sup-
pression.

In Fig. 2, a,, is the FA order calculated by the inverter
control system, and ¢#,, and ¢, are the zero-crossing time cor-
responding to the first and the second periods, respectively.
When the system phase angle 6, (?) is equal to a;,,, the fir-
ing pulse is sent to the valves. Due to the phase angle shift,
the system phase angle 6, (¢) is not equal to the actual
phase angle 6(¢), leading to the FA order equaling a,,., and
O Tather than o,,. The FA shift Aa, and Aa, can be mea-
sured only when the firing pulse is generated. To achieve the
continuous FA shift calculation, the FA shift Aa at time ¢ can
be calculated as:

Aa(t)=0(t)— 0, (1) 9)

Similarly, the zero-crossing shift of the commutation volt-

ages Ap, and Ag, can be measured only when the commuta-

tion voltage crosses zero. To achieve the continuous zero-

crossing shift calculation caused by phase angle shift, Ap at
time ¢ can be calculated as:

Ap(t)=0(t)— O\ (1) (10

O O=0(t—1,) (11)
where ¢, is the time when the commutation voltage crosses
Zero.

Considering the FA shift Aa(¢;) at the beginning time ¢z, of
imaginary commutation process, (8) can be rewritten as:

at;)+Aat;)+ o(t—t,)
Ay @®=V2 f E(t)sin(wt)d(wt)

a(t,)+Aat;)

(12)

At time ¢, the imaginary demand voltage-time area of the
commutation process 4, ,, can be calculated as:
Ao (=X (L4(;)+14(1)) (13)
The waveforms of A4, .. (1) and A, ,(¢) considering the
FA shift Aa(z,) are illustrated in Fig. 1(b). As shown in Fig.
1(b), when 4, (¢) exceeds 4, , (), the imaginary commuta-
tion process that starts at ¢, is completed. The ending time #/
and the zero-crossing shift of commutation voltage Ap(t/)
are recorded. Since the deionization process is usually short-
er than the commutation process, by neglecting the phase an-
gle shift during the deionization process, the imaginary EA
71 can be calculated as:
Pim=T—olt;)—Aalt,)— Aplt])— ot/ 1)
where w(t/—1,) denotes the imaginary OA.
Equation (14) updates the imaginary EA at the end of
imaginary commutation process rather than the end of deion-

ization process, which makes it possible for the HVDC con-
trol system to act in advance.

de,Im

(14)

C. Calculation of Predicted Imaginary EA with DC Current
Prediction

Due to the inductances of DC transmission line and invert-
er-sidle AC transmission line, the DC current changes
smoothly between the fault time and CF time. Therefore,
based on the DC current and the rate of DC current varia-
tion, it is possible to predict the DC current within a short
time before CF. The predicted DC current can be expressed
as:
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Id,prc(ti):Id(ti)-i_Tprck[d(ti) (15)
where 7, .. (¢,), 1,(t,), and k, (,) are the predicted DC current,

the DC current, and the rate of DC current variation at time 7,
respectively; and T, is the prediction time, which is adjustable.

The DC current prediction loses the accuracy after CF oc-
curs due to the short circuit of DC terminal. However, the
DC current prediction is practicable during the transient fault
period before CF occurs.

Substituting (15) into (13), the predicted imaginary supply
voltage-time area 4, 1, . can be calculated as:

Ade,lmpre (Z):Xc (Id,pre (ti)+[d,pre (t)) (16)

Similarly, the ending time of predicted imaginary commu-
tation process ¢/, can be acquired by comparing 4 and
Ajem e Based on (14), the predicted imaginary EA y, .

can be calculated as:

su, Im
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ylm, pre =T— a(ti )_ Aa(ti )_ A(p(ti,'pre )_ w(tifpre - tt) (17)

D. Proposed CF Mitigation Method

The two-terminal HVDC system is the most used struc-
ture consisting of a rectifier side and inverter side, each of
which has its own control system. Figure 3 shows the block
diagram of the HVDC control system. The rectifier-side con-
trol system includes the constant current (CC) controller and
the minimum FA control, which can be realized by the PI
controller. The inverter-side control system includes the CC
controller, CEA, current error (CE) controller, VDCOL, and
the proposed method. In Fig. 3, /.., /4., and Uy, are the
rectifier-side DC current, inverter-side DC current, and in-
verter-side DC voltage, respectively; and u, is the zero-se-
quence voltage, and the zero-crossing time is detected by the
zero-crossing detector (ZCD).

Sampler
w pulse

fzco)

1yrq from higher controller
144 to rectifier
control system

UO
(23]
UO(h

Uy Max

%b o1

a
b

0.02's U Ve — [Minin| - 1 3

/ : ()flm.]l)%,sj P4 C}’Cle > : :

. o (j=a,b,c, ¥

Lim—MAR-[D] L o 02618 0.544 CEA !

2) Calculation of DC current prediction (prediction time selection) 3 1 7777777777777777777 N G B D N }i } 1 !

pp, | Imaginary |y (1) | "

'l commutation| ————> | 1| Sampler| ; ; ke — Sampler| ky (2;) o(t-1) —g o

| pulse pulse >b Ik

RO | e, 1 f a(t) Aat) b H

‘ : ) ) - - o

Imaginai N AN At .

BP gmary |y, o) Sampler Sampler T > (O—() h

—",lcommutation| —" : Ad;— pulse Aa(t) - Ad— pulse At - 7? 3 33

process ! a(tyto(rt) Ap,(t) w(ti=t) H

- ‘ +y o taSampler»t, y 02s o

[ s B lAai(tf)+ 4 pulse i 032595 o

1 gp | Imaginary Vi L) | ! E. g 1 su,lm = N

| i—»” commutation| ™", (. (;_\ to . |Z azb }——»EP A (20%) o

3 | process ! ! d,pre\’i) } Ade,lm,pl’e 5 ; . ) : H

R ik ! lapre  Le Ag;—PHPEEL Ap (1) N

| i| 3) Calculation of imaginary pulse o

[ | commutation process 4) Calculation of imaginary EA 0

| Proposed method e
Fig. 3. Block diagram of HVDC control system with the proposed method.

To prevent the CF, the detailed procedure of the proposed
method can be described as follows.
1) Calculation of FA Shift and Zero-crossing Shift

The FA shift Aa and the zero-crossing shift of the commu-
tation voltage Ap are calculated based on (13) and (14), re-
spectively. The comparator is used to avoid the output spike
near the zero-crossing point. When Aa or Ag is larger than
5n/3, the output is Aa—2m or Ap—2m, respectively. When

Ao or Ap is less than —5m/3, the output is Aa+2n
Ag +2m, respectively.
2) Calculation of DC Current Prediction

The predicted DC current is calculated by (15). 7, is fil-
tered by a moving average filtering (MAF), which has a
time constant of 3.33 ms due to the specific harmonic in DC
current. k; is calculated by the derivative (D) of 7, and then

or



ZHU et al..: COMMUTATION FAILURE MITIGATION METHOD BASED ON IMAGINARY COMMUTATION PROCESS

filtered by a low-pass filter (LPF), which has a time con-
stant of 2 ms. To better mitigate the CF, T, is selected to be
0 ms when the amplitude value of zero-sequence voltage U,
is smaller than the threshold Uy, (0.02 p.u.), and 7. is se-
lected as 20 ms when U, is larger than U,,. The reason is
explained in detail in Section III-C. Moreover, to avoid the
DC fluctuation under the single-line-to-ground fault, 7, is
selected as 0 ms when U, is larger than U, for 0.1 s,
which is explained in detail in Section III-D. The method
proposed in [24] is used for the calculation of U,
3) Calculation of Imaginary Commutation Process

The imaginary commutation process starts with the begin
pulse at #, BP, (i=1, 2, ...), which means there is an imagi-

nary commutation process beginning at every sampling time
of each commutation voltage u;(j=a,b,c,ab,bc,ca). E, is
the corresponding RMS value of u;. The time 7, the FA shift
Aa, the DC current [, and the rate of change of DC current
k;, at time ¢ are recorded. Then, the imaginary supply volt-

age-time area A and the predicted imaginary demand volt-
age-time area Ay, i, .. are calculated by (12) and (16), respec-
tively. When 4, ;, is larger than 4, .., the imaginary com-
mutation process beginning at time ¢, is completed. Mean-

while, the end pulse at #/ EP, is generated to record the time

su, Im

t and the zero-crossing shift Ay at time ¢/,
4) Calculation of Imaginary EA

The predicted imaginary EA y,, . is calculated by (17).
Since there is a predicted imaginary EA corresponding to ev-
ery imaginary commutation process, the predicted imaginary
EA can be continuous.

Both the predicted imaginary EA and the measured EA
are set as the input of the CEA controller. Besides, to reduce
the side effect of the predicted imaginary EA on the recov-
ery process, the proposed method is blocked when the mea-
sured EA is larger than 20° for 20 ms and is enabled when
the imaginary EA is less than 20°, as shown in Fig. 4. The
detailed reason is explained in Section III-B.

20 ms

2.0 2.2 24
1(s)

Fig. 4. Generation of enable signal of proposed method.

III. SIMULATION AND RESULTS

A. Test Model

To validate the effectiveness of the proposed method, sev-
eral simulations have been performed in the CIGRE bench-
mark HVDC model based on the PSCAD/EMTDC [13]. The
parameters of the test network are listed in Table 1. The sim-
ulation step is 10 us, and the sampling step and control step
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are both 100 ps.

TABLE I
PARAMETERS OF TEST NETWORK

Test Value
Item
network Rectifier side Inverter side
AC voltage (kV) 382.87 215.05
SCR 2.5 2.5
AC Reactive compensation 626 626
(Mvar)
system
Transformer ratio 345 kV/213.5 kV 230 kV/209.2 kV
Trz_msformer leakage 0.18 0.18
inductance (p.u.)
DC resistance (Q) 5
DC DC inductance (H) 1.2
system  Rated DC voltage (kV) 500
Rated DC current (kA) 2

B. Calculation Accuracy of Imaginary EA

Figure 5 shows the results of the proposed calculation
method of imaginary EA under single-phase line-to-ground
(A-G) and three-phase line-to-ground (ABC-G) faults with
different fault inductances L, In all cases, the fault is ap-
plied at t=1.500 swith a duration of 0.05 s. Only the pro-
posed calculation method of imaginary EA is applied to eval-
uate the accuracy, and the imaginary EA is not added into
the CEA controller.

Referring to Fig. 5, different from the step change of the
measured EA, the imaginary EA changes gradually with DC
current, commutation voltage, FA shift, and zero-crossing
shift of the commutation voltage.

Due to the measurement delay and phase-locked error, the
calculation error of imaginary EA is inevitable. However, the
variation tendency of the imaginary EA coincides with that
of the measured EA after the fault. Because the rate of DC
current variation is not zero after the fault, the imaginary EA
when 7, .=5 ms changes earlier than that when 7, ,=0 ms.
Since the imaginary EA changes earlier than the measured
EA, it is possible for CEA controller to reduce the FA earlier
to prevent CF. The spike of the imaginary EA in Fig. 5 is
caused by the sudden change of the FA along with the up-
date of the measured EA.

It should be noted that the imaginary EA is updated earli-
er than the measured EA all the time. So, with the proposed
method, the FA decreases at the beginning of the fault to im-
prove the CF mitigation performance. However, it would
slow down the recovery process since the FA increases later.
Thus, to reduce the side effect of the proposed method dur-
ing the recovery process, the proposed method is blocked
when the measured EA is larger than 20° for a duration of
20 ms, which makes sure that the HVDC system is under re-
covery process and at a low risk of CF. Moreover, the pro-
posed method is enabled immediately after the imaginary
EA is less than 20°. This is because the measured EA is usu-
ally larger than 20° immediately after the fault and tends to
be smaller than 20° when the HVDC system is recovering to
equilibrium operation point.
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Fig. 5. Waveforms of imaginary EA (yy, (T, =0 ms) and yy, . (7T, =5 ms)) and measured EA y,,. under different faults. (a) A-G faults with different Lf.

(b) ABC-G faults with different L.

C. CF Mitigation Performance of Proposed Method

Figure 6 shows the system response under the A-G and
ABC-G faults with CIGRE control and the proposed meth-
od. In both cases, the fault is applied at 7=1.500 s with a du-
ration of 0.1 s. The L;is 0.7 H and 7,,.=20 ms under the A-
G fault. The L;is 1.1 H and 7,.=0 ms under the ABC-G
fault. Moreover, the commutation processes CP1-CP12 of
different commutation voltages are defined in Appendix A.

When an A-G fault occurs, the risk of CF increases under
the joint action of voltage drop, DC current rise, and phase
angle shift of the commutation voltage. With the CIGRE
control, the measured EA updates when the commutation
voltage crosses zero, resulting in a distinct delay. Referring
to the blue lines in Fig. 6(a), when the CF occurs, the DC
voltage drops massively, and the DC current increases to 2.4
p.-u.. As can be observed, the measured EA updates to
14.79° and 8.65° at 1.5037 s and 1.5053 s, respectively,
which makes FA update to 141.38° and 136.76°. However,
the FA order 141.37° sent to the system at 1.5049 s, which
is the firing time of CP4, as shown in Appendix A Fig. A2,

is not small enough to supply a sufficient voltage-time area
to avoid the upcoming CF. Thus, the delay of the EA mea-
surement restricts the ability to mitigate CF.

Referring to the red lines in Fig. 6(a), with the DC current
prediction, the imaginary EA changes much earlier than the
measured EA, resulting in the fast reaction of CEA control.
The imaginary EA updates to 13.29° and 5.08° at 1.5037 s
and 1.5053 s, which makes FA update to 140.26° and
133.84°, respectively. And the FA order 135.66° sent to the
system at 1.5049 s, which is the firing time for CP4, is
5.71° less than that of CIGRE control, makes it possible for
the completion of commutation process. As the FA is re-
duced quickly after the fault, the CF is mitigated. The same
analysis can be extended to ABC-G fault, as shown in
Fig. 6(b).

To investigate the impact of fault time on the CF mitiga-
tion performance of the proposed method, several simula-
tions are conducted. The AC faults are applied at different
time, which varies from 1.500 s to 1.509 s with the time
step of 0.001 s.
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The simulation results under A-G and ABC-G faults with

different control methods are shown in Fig. 7(a) and (b), re-
spectively, where L. . denotes the minimum value of fault
inductance, corresponding to the most severe fault when the
CF does not occur. It can be observed from Fig. 7 that the

proposed method has a better performance in mitigating CF
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than CIGRE control regardless of T,
method has a better performance in mitigating CF than the
method in [19] when T, is selected properly.

Under the A-G faults, the CF mitigation of CIGRE con-
trol or the proposed method with different 7, acts different-

and the proposed

Te 2

ly at different fault time.
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As can be observed from Fig. 7(a) and Appendix A Fig.
A2, with the CIGRE control, the CF mitigation ability firstly
increases with the increment of the time interval from the
fault time to CP4. This is because it takes a quite short time
(about several milliseconds, depends on the fault severity)
for the voltage to drop after the fault. When the fault time
are far from CP4, the commutation processes before CP4 are
less affected, which means the corresponding EA are de-
duced a little. Therefore, the FA order will not be deduced
properly to enlarge the supply voltage-time area of CP4.
Thus, CF occurs at CP4. Therefore, the CF mitigation ability
depends on CP4 and CP5 when fault time is during 1.500-
1.503 s. However, if the fault time is around 1.504 s or after
1.504 s, the supply voltage-time area of CP4, CPS5, and CP6
will not be affected as much as that when voltage drops for
a while. Therefore, the CF mitigation ability depends on
CP10 and CP11 when fault time is from 1.504 s to 1.509 s.
During 1.504-1.509 s, when the fault time is closer to 1.504
s, CP4, CP5, and CP6 are more affected, which means the
corresponding EA is deduced more. Therefore, the FA order
will be smaller and the supply voltage-time area of CP10
and CP11 will be larger. Thus, the CF mitigation ability de-
creases with the increment of the time interval from the fault
time to CP4, and the CF mitigation ability is the highest
when the fault time is just before CP4, i.e., 1.504 s. There-
fore, even with the proposed method, the improvement of
CF mitigation performance is not obvious at 1.504 s.

Moreover, the DC current prediction time 7, is selected
as 20 ms considering the DC current measurement delay
caused by MAF, the variation rate of DC calculation delay
caused by LPF, and the fact that CF mitigation ability de-
pends on CP10 and CP11 when the fault time is around CP4
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and CP5, which has a time interval of about 10 ms.

Under the A-G faults, the proposed method with
T,.=20ms can update EA earlier and quicklier than that with
T,.=5ms or 0 ms. Thus, even if the fault initial time is far
from CP4 such as 1.500 s, the FA with 7, .=20 ms will be
decreased to mitigate the upcoming CF of CP4. With the
proposed method with 7, . =20 ms, the CF mitigation ability
is largely increased when the fault initial time ranged during
1.500-1.502 s and 1.506-1.509 s. However, if 7, is selected
larger than 25 ms, the CF mitigation performance of the pro-
posed method would be worse. It is because the excessively
reduced FA decreases the AC voltage and then increases the
DC current, and the FA control does more harm than good
in this situation. Still, the CF mitigation can be improved
with DC current control or reactive power compensation
equipment since the CF time is largely postponed.

Under the ABC-G faults, the commutation process of every
valve is equally affected by the fault time. The voltage drop
and the phase angle shift of every commutation voltage are
equally changed as well. In this situation, the EA correspond-
ing to every commutation process tends to decrease. If 7, .=
0 ms or 5 ms, the predicted imaginary EA updates a little earli-
er than the measured EA. Thus, the FA generated by CEA con-
troller is appropriate to mitigate CF. When 7, =20 ms, the
predicted imaginary EA updates earlier and decreases more
than that when 7,,,=0ms or 5 ms. Thus, the FA is reduced
more and earlier, which tends to increase the DC current and
decrease the AC voltage. Moreover, both the voltage sag and
the DC current increment are severer than that of A-G faults.
The FA is reduced more when 7, =0ms or 5 ms than 7, =
20 ms.
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Fig. 8. System response under different faults with different control meth-
ods. (a) A-G fault. (b) ABC-G fault.
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D. Subsequent CF Mitigation Performance of Proposed
Method

Figure 8 shows the system response under the A-G and
ABC-G faults with CIGRE control and the proposed meth-
od. In both cases, the fault is applied at 1=1.500 s with a du-
ration of 0.5 s. The L; are 0.2 H and 0.15 H under the A-G
and ABC-G faults, respectively.

It can be observed from Fig. 8 that the proposed method
can mitigate subsequent CF effectively. It should be noted
that, due to the second harmonic value of DC current under
the unsymmetrical fault [8], 7. is selected as 0 ms when the
zero-sequence voltage is larger than the threshold with a du-
ration of 0.1 s. Otherwise, the second harmonic value of DC
current would cause an oscillation in predicted EA and then
make FA oscillate as well.

IV. CONCLUSION

In this paper, the imaginary commutation process is ana-
lyzed by commutation voltage-time area, and a CF mitigation
method based on the imaginary commutation process is pro-
posed. In the proposed method, the variation of AC voltage,
DC current, FA shift, and the zero-crossing shift are consid-
ered. By analyzing the simulation results of the CIGRE bench-
mark model built in PSCAD/EMTDC, it can be concluded that:

1) The proposed calculation method of imaginary EA can
calculate the EA quickly and accurately during the transient
fault process.

2) The proposed method can improve the system CF miti-
gation capability under AC faults, especially under A-G
faults. Under the A-G faults, the system has better CF miti-
gation performance when 7,,=20 ms than 0 ms. Under the
ABC-G faults, the system has better CF mitigation perfor-
mance when 7 =0 ms than 20 ms.

pre

3) The proposed method can also mitigate subsequent CF.

APPENDIX A

In Table Al k,,, and k., are the transformer ratios of Y/D
transformer and Y/Y transformer, respectively; i, is the cur-
rents flowing through valve VT, (n=1,2, ...,6); and the sub-
scripts D and Y represent the variables of Y/D and Y/Y
transformers, respectively.

TABLE Al
COMMUTATION VOLTAGE OF DIFFERENT COMMUTATION PROCESSES

Transformer Commutation process Commutation voltage

VID-VBD (CPII) kY/DUa
V3D-VSD (CP3) _kY/DUb

Y/D VSD - VID (CP7) 7kY/DUc
VZD - VAD (CPI) kY/DUc
V4D - V(vD (CPS) kY/DUa
VbD - VZD (CP9) kY’DUb
Viy-Vy (CP10) kyy Uy=U,)
V}Y - Vsy (CP2) kY/Y (Uc - Ub )

— Vsy-V,y (CP6) kyy U,-U,)
V,y-V,y (CP12) kyy U.=U,)
Vw - Vev (CP4) kY/Y (Ua - Ub )
Vv -V,y (CPB) kyy Uy =U,)
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