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A Commutation Failure Prediction and
Mitigation Method

Renlong Zhu, Xiaoping Zhou, Haitao Xia, Lerong Hong, and Hanhang Yin

Abstract—The mitigation of commutation failure (CF) de-
pends on the accuracy of CF prediction. In terms of the large
error of the existing extinction angle (EA) calculation during
the fault transient period, a method for CF prediction and miti-
gation is proposed. Variations in both DC current and overlap
angle (OA) are considered in the proposed method to predict
the EA rapidly. In addition, variations in critical EA and the ef-
fect of firing angle (FA) on both DC current and OA are consid-
ered in the proposed method to obtain the accurate FA order
for the control system. The proposed method can achieve good
performance in terms of CF mitigation and reduce reactive con-
sumption at the inverter side when a fault occurs. Simulation
results based on the PSCAD/EMTDC show that the proposed
method predicts CF rapidly and exhibits good performance in
terms of CF mitigation.

Index Terms—Commutation failure prediction, commutation
failure mitigation, line commutated converter based high-volt-
age direct current (LCC-HVDC), extinction angle (EA), overlap
angle (OA), firing angle (FA).

1. INTRODUCTION

LINE commutated converted based high-voltage direct
current (LCC-HVDC) systems are widely applied ow-
ing to the geographical separation of primary energy resourc-
es and load centers [1]-[3]. Compared with the voltage-
source-converter-based high-voltage direct current (VSC-
HVDC) systems, LCC-HVDC systems are advantageous in
terms of capital cost and power loss [4]. However, commuta-
tion failure (CF) at the inverter side is an adverse and fre-
quent dynamic event in LCC-HVDC systems [5].

CF occurs when a thyristor valves, which is supposed to
be turned off, and continues to conduct the electricity with-
out transferring its current to the next valve in the firing se-
quence [6]. The CF can cause stress increment in devices
and interruptions in the transmitted power [7]. In particular,
repeated CFs might result in the outage of the LCC-HVDC
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system or severe cascading failures [8], [9]. Most CFs are
caused by AC voltage disturbances such as AC voltage re-
duction, phase shift with asymmetrical faults, and AC volt-
age distortion caused by harmonics [10], [11]. Since AC volt-
age disturbance cannot be completely avoided, the methods
for predicting CF and corrective measures for mitigating CF
must be identified and developed, respectively.

To date, many solutions have been proposed to reduce the
risk of CF, and they can be classified into three categories.
The main idea of the first category is to integrate additional
capacitive elements into the inverter, e.g., a capacitor-com-
mutated converter (CCC) [12], [13], a controlled series ca-
pacitor converter [14], an evolved CCC embedded with an
anti-parallel thyristor-based dual-directional full-bridge mod-
ule, and an enhanced line commutated converter (LCC) inte-
grated with a thyristor-based full-bridge module [15]. The ad-
ditional capacitive elements provide additional commutation
voltage-time area by compensating the valve commutation
voltage and thus prevent CF. However, the additional capaci-
tive elements will increase the cost and complicate the con-
trol system. The main idea of the second category is to use
additional devices. The utilization of reactive power compen-
sators such as static var compensator (SVC) and static com-
pensator (STATCOM) at the inverter side to regulate the AC
voltage can be effective in mitigating repeated CFs [16], [17].
However, the cost will be increased. In addition, CF can be ef-
fectively prevented by equipping a DC chopper at the DC ter-
minal of the inverter [18] and a superconducting fault current
limiter on the inverter-side AC bus [19]. However, current lim-
iters are expensive and not yet applied extensively.

The main idea of the third category is to modify the con-
trol of LCC-HVDC systems. The voltage-dependent current
order limiter (VDCOL) and the improved VDCOL [20], [21]
have been widely used in LCC-HVDC systems to reduce the
risk of CF and improve fault recovery performance, whereas
the transmission delay of the DC current order from the in-
verter to the rectifier restricts the capability of the first CF
mitigation. Reference [22] proposes commutation failure pre-
vention (CFPREV) control to mitigate CF by immediately
advancing the firing angle (FA) when AC faults are detected.
However, the CF mitigation performance of the CFPREV
control requires an improvement via parameter tuning. Refer-
ence [23] proposes a predictive extinction angle (EA) con-
trol method that considers the changes in the DC. However,
the overlap angle (OA) is overestimated and the reactive con-
sumption increases unnecessarily. Reference [24] proposes a

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



780 JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 3, May 2022

DC current predictive control strategy for CF mitigation.
However, the delay of communication between the inverter
and rectifier sides as well as the lag of DC current control is
disregarded. Reference [25] proposes an enhanced strategy to
inhibit CF using the triangle similarity theorem to approximate
the overlap area. However, the error of the triangle approxima-
tion for determining the FA is not negligible, whereas the DC
current change of the next commutation process is disregard-
ed. Reference [26] proposes a method to calculate the pseudo-
EA that enables real-time EA calculation. However, the FA up-
date in [25] is the same as the measured EA update, and the
pseudo-EA update in [26] is the same as the pseudo-commuta-
tion voltage crosses zero, which causes a control delay in the
FA control and may undermine the performance of CF mitiga-
tion. Although various methods have been proposed for miti-
gating CF, further improvements should be realized.

Herein, a method for CF prediction and mitigation is pro-
posed. Based on the boundary condition of the commutation
process and the DC current prediction, a method to predict
the EA is proposed while considering the variations in the
DC current and OA. An improved FA control strategy is pro-
posed considering the variation in the critical EA and the ef-
fect of firing time on both the DC current and OA to pro-
vide a more accurate FA order prior to every commutation
process. An accurate FA order prevents CF and minimizes re-
active power consumption simultaneously.

The remainder of this paper is organized as follows. In
Section II, the analysis of traditional calculations of EA and
FA is discussed. Section III describes the methods for CF
prediction and mitigation. In Section IV, several simulations
of the CIGRE benchmark HVDC model are presented to ver-
ify the effectiveness of the proposed method. Finally, Sec-
tion V concludes the paper.

II. TRADITIONAL CALCULATIONS OF EA AND FA

The basic module of a high-voltage direct current (HVDC)
converter is a Graetz bridge, as shown in Fig. 1.

Iq

i

i
V¥ VY V¥

Viy Viy Vsy

Ly

Fig. 1. Graetz bridge at inverter side.

The commutation from one valve to the next in the same
row requires a certain time/electric angle, i.e., the commuta-
tion time/OA. In addition, the successful switching of a
valve requires a certain time/electric angle, i.e., the deioniza-
tion time/EA, to eliminate the internal stored charge pro-
duced during its forward conduction interval [25].

During the commutation process from valve 6 (V,) to
valve 2 (V,), the circuit can be expressed as:

(M

where L is the equivalent commutation inductance; u, and
u, are the AC phase voltages; and i, and i, are the currents
flowing through V, and V, respectively.
Equation (1) can be expressed as:
di, dig
u,—u,=L|—— — ——
b °( e dr

Assuming u, = V2 Esin(wf), where E is the root mean

square (RMS) of AC line-to-line voltage and u,, is the com-
mutation voltage, the commutation process can be expressed
as:

di
ub+Lc$ =u.+

@)

arn wrn di,  dig
V2 E f sin(wf)d(of) =L, f (dt—dt)d(wt) 3)
where a is the FA; and yu is the OA. Because i;=1i,+i, dur-
ing the commutation, (3) can be expressed as:

V2 E(cos a—cos(a+p) =X, (I (0)+1,(a+p) 4)

where X, =wL_ and /(o) and I;(a+u) are the DC currents
at the start and end time instants of the commutation pro-
cess, respectively. The left side of (4) is denoted by 4, , i.e.,
the factual voltage-time area provided by the AC voltage.
The right side of (4) is denoted by 4, i.e., the demand volt-
age-time area for the commutation process.

Substituting a + 1+ y=m into (4), EA can be calculated as:

Ly(@)+1,(0+) _CM)
V2E

Considering the phase shift in the commutation voltage
Ap, (4) can be rewritten as:

y= arccos()(c %)

I ()+1,(a+
y:arccos(Xcd(a)d(a'u) —cosa|—Ap (6)
V2 E
Substituting y =1y, into (5), the FA can be calculated as:
Iy(0)+1,(a+
0 .=arccos ( XCM —cos y,ef) @)
V2 E

In the strategy of [25], the FA order of the constant EA
controller is calculated as:

X.I,

V2
o =arccos T + k(lord _Id )_ cos Vet (8)

where [, is the DC current order after VDCOL; and k is the
correction coefficient (k>0). Compared with (7), the addi-
tional term in (8) is k(/,4—1;), which results in a positive
slope for the inverter U, and I, (DC voltage and DC cur-
rent) characteristics of the inverter. However, in this strategy,
variations in the DC current and OA during the commutation
are not considered accurately.

Considering the phase shift in the commutation voltage
Ag, (7) can be rewritten as:

Ly(0)+ 1 (a+p)
V2 E
Based on (6) and (9), the calculations of EA and FA de-

a=arccos| X, — oS (Y, + Ap)

)
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pend on the equivalent commutation inductance, RMS AC
line-to-line voltage, OA, DC currents at the start and end
time instants of the commutation process, and commutation
voltage phase shift. In addition, the calculation of EA is af-
fected by the FA order, and the calculation of the FA order is
related to the EA reference value. The FA order determines the
DC currents at the start and end time instants of the commuta-
tion process and OA. The OA is affected by the DC current at
the end of the commutation process. Hence, the mutual effect
among the DC current, FA, and OA must be considered in EA
prediction and FA order calculations.

III. PROPOSED METHOD

The inductance at the DC side and inverter-side AC trans-
mission lines enables the DC to change smoothly between the
fault initial time instant and CF time instant. Therefore, the
DC current can be predicted within a short time prior to CF
based on the DC current and rate of change of the DC current.
The DC current prediction can be expressed as:

Ly (W) =14 (00t} ) +(wt = o1, )k[d (wty)

(10)
where #_is any sample time after the fault; /. (wf) and
I;(wt,) are the predicted DC current at time ¢ and the DC
current at time £, respectively; and k, (wt,) is the rate of
change of the DC current at time ¢. The prediction of the
DC current becomes inaccurate after a CF occurs. However,
the prediction is practical during the transient fault period be-
fore a CF occurs.

A. Prediction of EA

Figure 2 shows the commutation voltage and the relation-
ship among the FA, predicted OA, and predicted EA at time ¢,
where E(wt, ) is the RMS of AC line-to-line voltage at time
te My 18 the predicted OA at time f,; and y,,. is the predicted
EA at time ¢,.
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Fig. 2. Prediction of EA.

Based on Fig. 2, (4) can be rewritten as:
V2 E(wt, )(cos a— o8ttty ) =X, (L (0)+ Lo (0 11,1, )
(11)
Substituting (10) into (11), we can obtain:
V2 E(ot, )(cos a—cos(a+u,,. )=
X 21 (0t )+ [20(t)— 1)+ 20+ ]k,c1 (wt,)} (12)

where ¢, is the time when u,, changes from negative to posi-

tive. The left side of (12), which is the factual voltage-time
area A, is equal to the area of the curved trapezoid ACDG
shown in Fig. 2. The accurate value of 4, can be calculated
using the left side of (12), which is related to the trigonomet-
ric function of u,.. The right side of (12), which is the de-
mand voltage-time area A, can be calculated using the pre-
dicted DC current. Hence, (12) is a transcendental equation
of u,. that can be solved mathematically. However, the CF
prediction and mitigation methods must be fast. Therefore,
solving the transcendental equation might not be the best op-
tion.

The predicted OA p,,. after the fault can be estimated us-
ing rated OA u,. As shown in Fig. 2, the area of curved trap-
ezoid ACDG is approximately equal to the area of trapezoid
ACEG. Therefore, 4, can be replaced by 4 which is
an approximation of 4.

Meanwhile, at sample time ¢, AG, BF, and AB can be rep-
resented as:

fact,appr?

AG=E(ot,)sina

BF=E(wt, )sin(a+uy) (13)
AB =y
According to similarity theorem, CE can be calculated as:
_BF- M 46
CE=BF 1B (AG—-BF) (14)
where Au=BC= .~ ix.
Hence, 4,,, can be calculated as:
1
AfactzAfacLapprz E(AG+CE)AC (15)
Equation (15) can be rewritten as:
A fact, appr = a(A:u)z + bAlu +c (16)

where a= (BF —AG)/(2-4B); b=BF; and c= AB(AG+ BF)/2.
Based on (11), 4,, can be rewritten as:

Ag=X, (]dpre (a)+[dpre (0 +py + M) 17)
where 1, (o) =1,(owt,) +[a — o, — £, )]k,d (wt,); and I, (a+
Unt+ D) =1 (ot )+o+ g+ Au— ot — ¢, )]kld (wt,).

Substituting (10) into (17), we can obtain:
Agp=dAu+e (18)

where d=X.k, (wt,); and e =X {2];(wt,) +[uy + 20+ 20(t, —
1))k, (ot )}

Au can be solved using a quadratic equation formulated
using (16) and (18). Hence, the predicted EA y,, can be ex-
pressed as:

ypre:n_a_luN_Alu (19)

Considering the phase shift in the commutation voltage

Ag, (19) can be rewritten as:
ypre:n_a_luN_Afu_A¢ (20)
In addition, for the fast and accurate prediction of CF, the

predicted commutation margin is compared with the refer-
ence commutation margin Aym,. Based on the rated RMS AC

line-to-line voltage E , and reference EA 1y, the reference
commutation margin for a successful commutation can be
calculated as:
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A;/Ief: \/5 Erefj

sin(whwtd(wt)= V2 E, (1 —cos ;) 1)
The predicted commutation margin A, can be calculated as:

A, = V2 E@t )Y1-cosy,,) (22)

The prediction of CF and the activation of the proposed
FA control can be determined by comparing y,. and y,; or
4, and Am

Vpr

B. Prediction of FA

Since the change in the FA order affects the starting time
of the commutation process and hence the values of 4, , and
A, it is inaccurate to calculate the FA order based on mere-
ly p1y and y.

With the predicted FA a,., EA y/. should be equal to y,;
for a successful commutation and the lowest possible reac-
tive power consumption. Figure 3 shows the prediction of
advancing FA. The commutation voltage and the relation-
ships among the predicted FA, OA, and EA with the predict-
ed FA order at time ¢, are also presented.

Uy,

¢ ON ‘
apre | :lurl)fe ;yl;fc
2E(wt) LF }
CaN
o | |
wt, ot A" B" 'C" wt

Fig. 3. Prediction of advancing FA.

Substituting o, + . Ty, =T into (4), (23) can be ex-
pressed as:

V2 E(@1,)(€08 tye+ €05 7,) =X, iy (0 )+ Lo (0= 1))
(23)

Similar to (12), (23) is a transcendental equation of a,
that can be solved mathematically. a,,. can be estimated us-
ing the rated FA ay. As shown in Fig. 3, the area of curved
trapezoid 4'C'D'G" is approximately equal to the area of trap-
ezoid A'C'D'F'. Therefore, the predicted factual voltage-time
area Ay, . can be replaced by 4 which is an approxi-
mation of 4;,, ..

Since the RMS of AC line-to-line voltage is changed after
a fault, y;. is not exactly equal to y,. Considering the effect
of the RMS voltage on the turn-off time of the thyristor, y;,
can be calculated based on (24).

4, = V2 E(l-c0s7,4)= V2 Bt )1 ~cos 7j,.) (24)

fact,pre,appr?

Solving (24) for y,., we can obtain:

ref E
— +
E(wt,) E(wt,)

ref

Vo =arccos| 1 COS Vet (25)
Subsequently, B'’E’, C'D', and A'B' can be represented as

shown in (13) at sample time ¢,.
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B'E'=E(wt, )sin ay
C'D'=E(wt, )sin(n—y,,. )
B'C'=n—0y—7;.

(26)

According to similarity theorem, A'F' can be calculated
as:

Aa
A'F'=B'E' B'E'-C'D'
+ e (BE'=C'D) @7)
where A'B'=Aa=oy—a,,.
Therefore, A4y, . can be calculated as:
1 ynls ’ ’ !, ’
AfaCLprezAfachraappr: E(AF +CD ) A C (28)
Equation (28) can be rewritten as:

A s pre.appe = @' (Aa)’ + b'Aac+ ¢’ (29)
where a'= (B'E'-C'D")/(2-B'C"), b'=B'E", and ¢'=B'C"(B'E'+
C'D")2.

Based on (23), 4, ,,. can be rewritten as:
Ade, pre :Xc (Idpre (aN - Aa) +[dpre (7t - y;,)re )) (30)

Similar to (17), substituting (10) into (30), we can obtain:
A pe=d'No+e’ 31
where d'=X.k, (wt,); and e'=X A{2[;(wt)+[n—y}.+ 20—
t Ik, (wt,)}. Ao can be solved using a quadratic equation for-
mulated using (29) and (31). Hence, a

O =0 — A

o €an be calculated as:
(32)

Considering the phase shift in the commutation voltage
Ag, (32) can be rewritten as:

Oy = Oy — A —Ag 33)

C. Proposed CF Prediction and Mitigation Method

A two-terminal HVDC system comprises a rectifier side
and an inverter side, each of which has its own control sys-
tem. Figure 4 shows the block diagram of the proposed
method. Under normal conditions, the constant extinction an-
gle (CEA) controller is used to regulate the DC voltage and
ensure a minimum value of the EA to maintain a low reac-
tive power consumption. Under fault conditions, the current
error controller (CEC) is used to switch the control mode
from the CEA to the constant current (CC) controller, and the
rectifier is operated in the minimum « mode. The VDCOL con-
tributes to the recovery of the LCC-HVDC system by increas-
ing the DC current gradually after fault clearance.

The inverter control system is equipped with the proposed
method for CF prediction and mitigation because the risk of
CF at the inverter side is higher than that at the rectifier
side. The flowchart of the proposed method is shown in Fig.
5, and the detailed procedure of the proposed method is de-
scribed as follows.

1) For any commutation process, the EA is predicted be-
cause the commutation voltage changes from a negative val-
ue to a positive one. The RMS AC line-to-line voltage is cal-
culated using second-order general integrator (SOGI) [27].
The DC current /,(wt,) is calculated using a moving aver-
age filter [28], and the rate of DC current k, (wi,) is the

first-order derivative of 1, (wt, ).
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Fig. 4. Block diagram of proposed method.
quickly under fault conditions, y, is selected as 10°.
Inpu: o 2) The predicted FA a,., (i=aD,bD,cD,abY,bcY,caY) of
E(t), Lo, ko), any comm}ltgtion process can be calculated using (25)—(33),
@, fiys to Ty Koo Ap and the minimum calculated value among all results is con-
] sidered as a,,. The FA order a,, of the inverter valves is the
Calculate Ay, o, by (13) and (16); smaller value between a,,. and the FA a of CIGRE.
calculate 4, by (18)
AdczAfac,ﬁapprl IV. SIMULATION AND RESULTS
Solve
I i | A. Test Model
Calculate 7, by (20); To validate the effectiveness of the proposed method, sev-
calculate 4, by (22) eral simulations are performed using the CIGRE benchmark
HVDC model based on PSCAD/EMTDC. The parameters of
the test network are listed in Table I. CFPREV control strate-

Caculate y;,. by (25);
caleulate Ag e appr Y (26) and (29);

calculate Ay, . by (31)

Ade,pre = Afact,prc,appr l

| Solve Aa |

| Calculate a

!

| Send a,. to HVDC control system |

by (33) |

pre

End

Fig. 5. Flowchart of proposed method.

Meanwhile, Ag is calculated based on the output phase an-
gle 9 of the phase-locked loop (PLL) at #,, which is detected
by the zero-crossing detector (ZCD). y,,. and AVW are calcu-

lated using (13)-(20) and (22), respectively. Under normal
conditions, y,, and 4, remain unchanged. In the case of AC

faults, y,,. and 4, decrease because of voltage drop, DC cur-
rent increase, and phase shift. If y,. <y, or Aypw<AJ,wr, then
the trigger signal is sent to the selector, thereby enabling the
proposed FA control. In particular, the trigger signal is ex-
tended to 20 ms to improve the performance of CF mitiga-

tion. To avoid unnecessary fluctuations caused by the action
of the proposed control and to enable the proposed control

gy [22] is developed in PSCAD/EMTDC for comparison
with the proposed method, which is explained comprehen-
sively in Appendix A.

TABLE I
PARAMETERS OF TEST NETWORK

Item Rectifier side Inverter side
AC voltage 382.87 kV 215.05 kV
SCR 2.5 25
Reactive compensation 626 Mvar 626 Mvar
Transformer ratio 345 kV/213.5 kV 230 kV/209.2 kV
Transformer leakage inductance 0.18 p.u. 0.18 p.u.
Reactive compensation 626 Mvar 626 Mvar
DC resistance 5Q 5Q
DC inductance 1.2 H 1.2 H
Rated DC voltage 500 kV 500 kV
Rated DC current 2 kA 2 kA

B. Performance of Proposed EA Prediction Method

Figure 6 shows the performance of the proposed EA pre-
diction method with single-phase line-to-ground (A-G) and
three-phase line-to-ground (ABC-G) AC faults with different
fault inductances L; and fault resistances R, In all cases, the
fault is applied at 7=3.0 s for a duration of 0.05 s.

As shown in Fig. 6, in contrast to the step change in the
measured EA, the predicted EA changes gradually with the
related electric quantities such as the DC current and the
RMS of the commutation voltage. During the fault, the varia-
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tion tendency of the predicted EA is consistent with that of
the measured EA. Moreover, the predicted EA changes
quickly and earlier than the measured EA, thereby enabling
the CF to be predicted in advance rather than detecting the
CF after its occurrence. The proposed method is more accu-
rate and sensitive to resistance grounding faults and severe
faults. Owing to the measurement delay and phase-locked er-
ror, a prediction error is inevitable. In particular, with a
slight fault when the DC current increases slowly, the de-
mand 4, .. is less than the actual value, resulting in a small-
er Au and a larger y,..
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larly with an inductance grounding fault. The proposed meth-
od is quickly activated through a comparison between 4,

and 4, . The performances of the proposed method with A-

G and ABC-G AC faults with different L, at 3.0 s are pre-
sented in Table II. As shown in Table II, the proposed meth-
od can activate the proposed FA control quickly. Similarly,
when faults are applied at other time, the proposed method
can react quickly. Although the FA control acts unnecessarily
with some faults, the fluctuation is slight with the action of
the proposed method.

18: R=50Q 18- L,=01H TABLE II
PERFORMANCES OF PROPOSED METHOD

o 12+ o 12+
< < N N .
o 6F o 6 Action time  CF prediction .

0 ‘ 0 Fault type L, (H) (s) time (s) CF time (s)

18r Ry=100 Q 18; L,=05H 0.1 3.0021 3.0026 3.0065
< —_ 0.5 3.0037 3.0066 3.0078
< 12r < A-G
i = 1.0 3.0059

i o
0 1.5
18 R.=170Q 18 L=10H 0.1 3.0012 3.0018 3.0033
4 L 0.5 3.0025 3.0043 3.0049
o 12 o 12t ABC-G
= = 1.0 3.0031 3.0058 3.0063
5 o 5 6f
1.5 3.0065

0 - 0

18- R;=250Q 18 Li=15H
~ lzl ~ lzf—ﬁi C. Performance of Proposed FA Control in Terms of CF Mit-
= = igation
5 6 5 6t

A-G and ABC-G AC faults are applied in a typical case to

0 A A : 0 A : A
2996 3.000 3.004 3.008 2996 3.000 3.004 3.008

Time (s) Time (s)
(@)

18+ R;=50Q 18 L=0.1H
o 12} o 12
5 et S e

0 . 0 .
_18p R;=100Q 18; L;=05H
g 12+ i:

6r \ &5

O n

18; R=170Q 18; L,=10H
S 12f N & 12}
S el S el

O L L ) L L )

18¢ R;=250Q 18¢ Le=15H
o 12} \ o 12} \}L
5 6 5 6

0 : : : 0 : : :

2.996 3.000 3.004 3.008 2.996 3.000 3.004 3.008

Time (s) Time (s)
(b)
5 — Vpre

Fig. 6. Comparison of predicted EA y, and measured EA y with different
faults. (a) A-G AC faults with different L. and R. (b) ABC-G AC faults
with different L, and R..

When the fault is not severe, CF might still occur, particu-

verify the effectiveness of the proposed method in terms of
CF mitigation. With different L,, the faults are applied on the
inverter-side AC bus to simulate different fault severity lev-
els. In all cases, the faults are applied from 3.000 to 3.009 s
at a step size of 0.001 s for a duration of 0.05 s.

1) A-G AC fault simulation: L, varies from 0.56 H to 0.9 H.
With the decrease in L,, the fault location is closer to the AC
bus, i.e., the fault is more severe. Figure 7(a) shows the A-G
AC fault test results and the proposed method performs bet-
ter in mitigating CF. However, at some fault time such as
3.004 s, the effect of the proposed method is limited. This is
because the ability to mitigate CF depends on the commuta-
tion process of valve 1 to valve 3 and valve 4 to valve 6
with A-G AC faults. When the fault time is far from the
time at which commutation occurs at valve 1 to valve 3 and
valve 4 to valve 6, the system has sufficient time to adjust
to mitigate CF. Hence, either CFPREV or the proposed meth-
od is effective in this situation.

Figure 8(a) shows the simulation results when the A-G
AC fault is applied at 3.000 s and L, is 0.7 H. When an A-G
AC fault occurs at the inverter-side AC bus, the risk of CF
increases with the joint action of the voltage drop and DC in-
crease. In the CIGRE control, the measured EA is updated
when the commutation voltage crosses zero, resulting in a
distinct delay in the CIGRE control. As indicated by the
blue lines in Fig. 8(a), CF occurs, the DC voltage decreases
significantly, and the DC current increases to 2.4 p.u.. The
proposed method is applied to mitigate CF.
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As indicated by the red lines in Fig. 8(a), the minimum
EA after the fault is 5.4°, which implies that CF can be
avoided. As indicated by the green lines in Fig. 8(a), CF-
PREV control is applied and CF is avoided. However, it is
noteworthy that the minimum EA after the fault is 3.4°,
which is 2.0° less than that of the proposed method. As indi-
cated by the green lines in Fig. 8(a), the FA order continues
to decrease even when the EA exceeds 10°, thereby resulting
in an increase in the DC current and a greater consumption
of reactive power, causing the AC voltage to decrease fur-
ther and the output of CFPREV control to increase conse-
quently. Finally, the EA decreases to 3.4°. Moreover, the pro-

80
60

< 40
23]
20

3.000 3.025 3.050 3.075 3.100 3.125 3.150 3.175 3.200
Time (s)

(b)

System response with different controls. (a) A-G AC fault. (b) ABC-G AC fault.

posed method can mitigate CF with a larger FA, which im-
plies a lower reactive power consumption. In addition, fluctu-
ations in the DC current and DC voltage are less significant
when the proposed method is used, which implies that the
system applying the proposed method is affected less by the
fault compared with the system with CIGRE control or CF-
PREV control.

2) ABC-G AC fault simulation: L, varies from 0.94 H to
1.3 H. The same analysis can be extended to ABC-G AC
faults, as shown in Figs. 7(b) and 8(b). Figure 7(b) shows
that the proposed method performs better in mitigating CF
compared with the CIGRE control or CFPREV control. How-
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ever, at some sensitive fault time such as 3.008 s, the effect
of the proposed method is inconspicuous. This is because
the commutation process starts immediately or is ongoing at
that time. Figure 8(b) shows the simulation results when the
ABC-G AC fault is applied at 3.000 s, and L, is 1.1 H. As
shown in Fig. 8(b), the CF could not be avoided when CI-
GRE control is applied. Using the proposed method, the min-
imum EA after the fault is 6.6°, which is 5.4° higher than
that of the CFPREV control. The fluctuation is less signifi-
cant when the proposed method is used in this case. There-
fore, it can be concluded that the proposed method performs
better in terms of CF mitigation than the other two controls.

V. CONCLUSION

A method for CF prediction and mitigation is proposed
based on the boundary condition of the commutation process
and a prediction of the DC current. By analyzing the simula-
tion results of the CIGRE benchmark HVDC model built in
PSCAD/EMTDOC, the following can be concluded.

1) The proposed method can predict CF rapidly and acti-
vate the CF mitigation method after the occurrence of faults.
The EA prediction method is more sensitive and accurate for
resistance grounding faults and severe faults.

2) The proposed method can improve the CF mitigation
capability of the system with A-G and ABC-G AC faults.

3) The proposed method performs better in terms of CF
mitigation without requiring parameter tuning.

APPENDIX A

The improved CFPREV [29] based on the original CF-
PREV [22] is adopted. It deducts Aa from FA order a based
on the fault severity (voltage drop severity) to prevent CF:

Ao = arccos(l —max(kl‘ U, |, kAU, ak3AUimax))

where k,, k,, and k, are the proportional coefficients; and U,
U, and U, are the zero-sequence voltage, rotating vector mag-
nitude, and single-phase voltage amplitude calculated by using
sine-cosine components [30], respectively.

Although the reaction of CFPREV may be unnecessary,
Ugieverr Ui and U, are set to be relatively small values to

fulfill the potential of CFPREV. The parameters of the CF-
PREYV are listed in Table Al.

TABLE Al
PARAMETERS OF CFPREV

Parameter Value
Upjevel 0.00108 p.u.
ky 0.225
Uievel 0.00054 p.u.
ks 0.075
Upievel 0.027 p.u.
k, 0.075
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