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A method of rapidly demarcating the critical commutation failure (CF) region of a multi-infeed high-voltage direct-current
(HVDC) system is proposed. Based on the nodal impedance matrix and nodal voltage interaction factor, for different AC fault
conditions—both balanced and unbalanced—a method of calculating the extinction angles of converters in multi-infeed HVDC
systems is deduced in detail. First, the extinction angles of convertor stations under single-phase, double-phase, and three-phase
ground faults and line-to-line faults occurring at any bus in an AC system are calculated. The minimum extinction angle serves as a
CF criterion. If the calculated extinction angle for a certain bus is smaller than the minimum extinction angle, then a fault at that
bus will cause CF of the HVDC system and put that bus into a failed bus set. The critical failure impedance boundaries of the
topology diagram can therefore be demarcated by examining every bus in the AC system. The validity and accuracy of the
proposed index and the method were verified by calculation results based on the three-infeed HVDC system model of the IEEE 39-
bus system. Finally, the critical failure impedance boundary was demarcated in the IEEE 118-bus system to demonstrate the

application in a wider range of systems.

1. Introduction

In multi-infeed high-voltage direct-current (HVDC) sys-
tems, an AC system failure may cause commutation failure
(CF) at the convertor station near a fault location or even CF
of the multi-DC transmission lines at the same time or in
succession [1-3]. If the commutation function is not re-
covered quickly, the secure and stable operation of the power
grid will be threatened, and a wide-range power outage
might occur as a consequence [4, 5]. However, not all AC
system faults can trigger the CF of a DC system [6]. In light
of the rapid construction and deployment of DC trans-
mission systems, it is important to establish an accurate, fast
scheme for detecting CF and reducing or avoiding simul-
taneous CFs in multi-DC transmission systems.

A great deal of research and operational experience have
proved that when there is a fault in the AC system, a decrease
in the extinction angle of the inverter is the primary cause of
CF of the converter valve group [5, 7-9]. Based on the
minimum extinction criteria, the simulation attempts in [10]

indicate that a weaker AC system in the receiving grid of a
multi-infeed HVDC system aggravates the commutation
performance of inverters because of the AC system faults
cause a larger voltage magnitude reduction at inverter
commutating buses. Son and Kim [11] proposed an im-
proved algorithm that mitigates CF by considering the re-
sults of previous studies as well as the control characteristics
of HVDC systems. Xiao et al. [12] proposed a weak coupling
multi-infeed interaction factor to provide insight into how
interinverter interactions influence concurrent CF behav-
iors. However, the study of AC systems is not enough. An
analytical method based on critical multi-infeed interaction
factors was put forward for detecting concurrent CFs
quickly.

This work derives a mathematical equation to calculate
the extinction angle of the inverter at the moment of an AC
system fault by exploring the relationship between the ex-
tinction angle and the nodal impedance matrix. Using the
critical extinction angle as a criterion, the critical fault
impedance boundary of a multi-infeed DC system could be
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identified on the topological graph of a network structure
when a three-phase short-circuit ground fault or a single-
phase short-circuit ground fault occurs on an AC system. A
short-circuit fault at the node lying within the critical fault
impedance boundary is more likely to cause CF of a DC
system, whereas a fault at the node outside the boundary will
not cause CF. The proposed method can quickly identify the
critical fault impedance boundary and therefore graphically
identify the AC system area where faults can cause CF.

2. Commutation Failure Mechanism

The typical six-bridge-arm convector circuit is an example.
When commutation between two bridge arms occurs, if the
valve simply stops operating, the conduction fails to restore
the interdicting ability during a period. Or, if the com-
mutation process fails to complete during the inverse voltage
period, conduction occurs again when the voltage added on
the valve is positive. These incidents are called CF. The
probability of CF on the inverter side is much larger than on
the rectifier side, where CF happens only when a trigger
circuit has a fault [13]. Therefore, research efforts on
detecting CF usually focus on the inverter.

In a multi-infeed AC/DC system, an AC system dis-
turbance is the main cause of CF [14, 15]. If only AC system
faults are considered, a converter bus (CB) voltage drop is
the major cause of CF because the extinction angle is smaller
than the inherent limit extinction angle of the valve.

The commutation voltage-time area—commutation area
for short—is defined as the area surrounded by the line-to-
line voltage of the converter bus and timer shaft during the
commutation period. Figure 1 is a schematic diagram of the
commutation process. The converter needs a certain com-
mutation area A to complete the commutation process.
When an AC system fault occurs, along with a decrease in
Up, A will also increase accordingly. For the actual HVDC
power transmission system, even if it is assumed that the DC
current is constant and A remains unchanged under a
constant current controller and smoothing reactor, the
commutation area inside the original commutation interval
will decrease because of the decline of the commutating
voltage and the leading phase. Therefore, to meet the
commutation demand, it is necessary that ¢1, the zero hours
of commutation, be advanced and #2, the end moment of
commutation, be delayed, which will cause a decrease in the
turn-off angle. Hence, at the moment of the AC fault, the
inverter extinction angle decreases, along with a decline in
the commutation voltage; CF occurs when the extinction
angle becomes smaller than the critical extinction angle.

According to the information derived from the litera-
ture, the commutation area A could be calculated as follows
[16]:

U
A = J V2kU | sin (6)d6, (1)
=Y min
where k is the transformer tap ratio, Y, is the minimum
extinction angle of the converter, U is the RMS value of the
line-to-line voltage of the CB, and 0 is the angle of the CB
voltage.
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Ficure 1: Commutation voltage-time area.

From equation (1), it can be concluded that
Amin = \/EkUL (1 — oS Ymin)' (2)

The minimum extinction angle of the converter can be
calculated as follows:

Amin
Pmin = arccos| 1 — \/i—kUL . (3)

The deionized response time of the high-power thyristor
is around 400 ps. If series element error is considered, the
corresponding extinction angle y,i, = 10°. In the following
sections, it is used as the reference value.

At the moment of an AC system fault, CB voltage drops,
and the adjustment of the transformer ratio and the action of
the DC system controller need a certain response time.
Therefore, at the moment of the fault, the advance firing
angle and ratio remain unchanged; the extinction angle
decreases, along with a stepping down of the CB voltage. CF
occurs when the extinction angle is smaller than the inherent
limit extinction angle of the valve.

To illustrate the CF mechanism, the CIGRE HVDC
standard model with a 12-pulse converter was analyzed
using the electromagnetic transient analysis software
PSCAD. The short-circuit ratios at the rectifier side and the
inverter side were both set at 2.5. At t=1s, a three-phase
short-circuit ground fault occurred in the inverter CB,
lasting 50 ms. The results of the simulation are shown in
Figure 2.

From Figure 2, it can be concluded that when a three-
phase short-circuit fault occurs in an AC system near the CB,
the DC voltage drops significantly and DC current increases
instantaneously. Similarly, when an unbalanced fault occurs
in an AC system, the voltage variation of the CB could lead to
CF.

3. Commutation Failure Criterion

3.1. Three-Phase Short-Circuit Fault Commutation Failure
Criterion. Multi-infeed interaction factor (MIIF) is an in-
dicator of the strength of an interaction between converter
stations in a multi-infeed HVDC transmission system
[17, 18]. The multi-infeed interaction factor MIIF;; is defined
by (4) and is essentially the voltage drop ratio at bus i



Mathematical Problems in Engineering

DC current (pu)

0 0.1 0.2 0.3 0.4
Time (s)
1.5 T T T

DC voltage (pu)

0 0.1 0.2 0.3 0.4
Time (s)

FiIGure 2: Simulation waveform of three-phase short-circuit
ground fault.

following a 1% voltage reduction at the ac busbar of con-
verter j caused by a three-phase balanced inductive fault:

AU, Z;;

MIIF,; 4
l%U "z

, (4)

ji
where U is the RMS value of the line-to-line voltage of bus j
before the fault and AUj is the voltage drop of the line-to-line
voltage of bus j.

Similar to the definition of MIIF, the voltage interaction
factor (VIF), VIF;;, is defined as the voltage change rate of CB
i following a 1% voltage reduction at the bus j of the ac
system caused by a three-phase balanced inductive fault:

AU; |Z;;

VIF., i _|Zi

: 5
i 1%U, |Z )

1
where Z;; is the auto-impedance of bus i, Z;; is the mutual
impedance between CB i and bus j, and Uj, and AU; have the
same meaning as in (4).

When three-phase to ground metallic short-circuit fault
occurs at CB i, bus voltage Uj, drops to 0, and the voltage
drop of CB i is

Uin
AU, = VIE U g, (6)
JjN

where Ujy and Ujy are the rated voltages of CB i and bus j,
respectively.

Thus, the voltage of CB i is

U;=Uj -

Uin
AU, = Uy, - VIF, JUJOU 7)

When the system is symmetric, the inverter extinction
angle can be expressed as follows [19]:

V2 kil X )

y; = arccos( U, + cos /3), (8)

where I, is the DC current and f is the advance trigger angle.
Substitute (7) into (8), the extinction angle of inverter i
can be expressed as

y; = arccos V2kilaXy, +cosB | (9)
Uio _(Zij/Zii)UjO(UiN/UjN)

When three-phase to ground metallic short-circuit fault
happens at AC bus j, CF will happen at the converter which
is connected with CB i when y;<yn,. This serves as a
criterion of CF in detecting the three-phase short-circuit
fault.

3.2. Unbalanced Short-Circuit Fault Commutation Failure
Criterion. When unbalanced faults occur in the AC system,
the voltage drop and phase shift of CB are related to the
electrical distance of the fault location. To verify the CF
criterion of an unbalanced fault, the vector of each phase
voltage should be calculated, respectively. Then, the line-to-
line voltage which is corresponding to different commuta-
tion processes is calculated. Unbalanced short-circuit faults
include single line-to-ground fault, double line-to-ground
fault, line-to-line fault, etc. In this section, the CF criterion
under different kinds of faults’ conditions will be introduced
in detail.

When unbalanced short-circuit fault happens at bus j,
the voltages of CB i can be formulated as

Ui(l) = UiO - Ij(l)Zij(1)>
Ui = 1ioZije» (10)
Uio) = ~Tj0Zijop

where Uy is the initial voltages of CB i, Ujq), Uj(a), and Uy o)
are the positive-sequence, negative-sequence, and zero-se-
quence voltage components, respectively, ), [j2), and Ijo)
are the three sequences short-circuit currents, and Z,J(l),
Zij2)» and Zjoy are the three sequence mutual impedances of
converter CB i and bus j, respectively.

According to the symmetrical component method, the
three-phase voltage of CB i can be derived as

Uia = Uiy + Uiy + Uiy,

. P . .

Uib = Ui(l) + an(Z) + Ui(O)’ (11)
. . 2. .

Uic = “Ui(l) + Ui(2) + Ui(O)'

3.2.1. Single Line-to-Ground Fault. When a single line-to-
ground fault occurs on phase A of bus j, the fault conditions

can be written as
. U,
Ty =liy=1 5 ,
" Zin + Zijo + Zi0

j (1) i~ 2j) — (12)



where Zji), Zjj2), and Zj;o) are the impedances of the three
sequences of bus j, respectlvely

Substitute (12) into (10) and (11), the voltage variations
of phase A at CB i is

_|ZU(1 +Zl](2 +Zz](0
“TlZint Zjjn+Z

Ujl- (13)

ji2 7j(0)

As shown in Figure 3, after a single line-to-ground fault
happens, the phase voltage of phase B and phase C remains
unchanged. According to the triangle relation, the line-to-
line voltage between phase A and B and phase A and C is

=3 -3AU, + AUZ, (14)

Therefore, the zero-crossing phase shift of the com-
mutating voltage can be formulated as

AU,
\/§ (2 - AUa).

U, =UL.,

¢ = arctan (15)

At the moment of the fault, the converter transformer
ratio remains unchanged; thus, the percentage of

V2 kI Xy
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FIGURE 3: AC voltage of converter bus after a single line-to-ground
fault.

commutation voltage drop and that of voltage drop at the CB
are the same. Therefore, the extinction angle of each con-
verter valve at the moment of phase A to ground short-
circuit is

Yivi,ya = arccos

3 V2 kI X,

\[3 - 3AU, + AUZU,/V3

Yiva,ys = arccos

Yivave = arccos(
L

According to (16), when single-phase to ground short-
circuit fault happens, the corresponding converter extinc-
tion angle y; reaches the minimum value. When the cor-
responding converter extinction angle y;<{ymyin, CF will
happen at the converter station of DC i.

3.2.2. Double Line-to-Ground Fault and Line-to-Line Fault.
The fault conditions for a double line-to-ground fault oc-
curring on phase A and B of bus j can be written as

Iiny = ’ ,
Ziioy H(Zii0Zii0)(Zii0 *+ Zi0))
. . 7z
i =—f i@ (17)
@ W ’
! "Zii) + Zjj0
foy = I Zji@
J
" Zio) + Zijo

\[3 - 3AU, + AU>U,/V3

% + cos/}).

+cos f3 t AU,
cosf | —arctan—— 24—,
V3 (2-AU,)
AU (16)
+cosfB | +arctan——24—,
F V3 (2-AU,)

Equation (17) can be reduced as

( Z.oon+ 7
SO /1C) Ji(0)
Loy = o Yo
7
1 _ ji(0),
Lioy =="Yjop (18)
7
_ i@
| Tio == UYiiop

where k= Z (1) ji2) Z](I)Z](O) + Z](Z)Z](O)

As shown in Figure 4, the phase voltage of phase C
remains unchanged after double line-to-ground fault hap-
pens; the drop voltages and angle changing of phase A are
equal to phase B. Substitute (18) into (10) and (11), the
voltage variations of phase A at CB i are

I io(Z Zijn) * Zijo(Zijo = Zij)] - U]
Z .

(19)
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FiGure 4: AC voltage of CB after double line-to-ground fault.

According to the peculiarity of the parallel triangle, after
double line-to-ground fault, the line-to-line voltage between
phase A and phase B is

Ul, = V3(1-AU,). (20)

Furthermore, it can be concluded from Figure 4 that the
angle of U, is not changed and the relationship of size
between each line-to-line voltages is

Uéa = U;:tc > Uzlzb' (21)

Accordingly, the extinction angle yy; 4 which is related
to Uy, is smaller than the others. To reduce workload and
improve the efficiency of calculation, only the line-to-line
voltage between phase A and phase B will be calculated when
the double line-to-ground fault happened. Substitute
equations (19) and (20) into (6), the extinction angle yy; v4
after double line-to-ground fault can be formulated as

V2 kI, X,
Viviva = arccos(\/g(l_dAé) +cosf ). (22)
The fault conditions for a line-to-line fault occurring on
phase A and B can be represented as

j()‘—iu‘i (23)
iy ="Lje = .
T Zm + Zjje)

Like single line-to-ground fault and double line-to-
ground fault, substituting equation (17) into (10) and (11),
the voltage variations of phase A and phase B of CB i by line-
to-line fault can be formulated as

Zijy + Zij)

AU, = AU, = Ujl- (24)

Ziiy + Zjj

When the line-to-line fault occurs in the AC system, the
relationship of voltage phasor of CB is a similarity to the
phasor which has occurred after double line-to-ground fault,
as shown in Figure 4. Using the same process as in Section
3.2.2, the line-to-line voltage between phase A and phase B
can be formulated as equation (20), and the extinction angle
can also be formulated by an equation.

When the double line-to-line fault or line-to-line fault
occurs at bus j, the extinction angle yv, 4 of the corre-
sponding converter at CB i can be calculated by equations
(19), (20), (22), and (24). CF will happen at the converter
which is connected with CB i while y; < yi,. This serves as a
criterion of CF in detecting the line-to-line fault.

4. The Demarcation of the Critical Failure
Impedance Boundaries

In a multi-infeed HVDC system which contains n buses and
k HVDC systems, given static models of generators,
transmission lines, transformers, loads, and HVDC systems,
the steps of demarcating the critical failure impedance
boundaries are as follows:

(1) Solve AC/DC network load flow and calculate the
voltage of each bus.

(2) Create the impedance matrix of the system.

(3) Calculate extinction angles y (y1, ya, - .., V) of every
converter of the multi-infeed HVDC system in dif-
ferent fault conditions. After the three-phase short-
circuit fault occurs on bus B;, the extinction angles
could be calculated by equation 7. To improve the
computational efficiency, when the unbalanced fault
happened on bus Bi’ Only Yvi,va (YIVI,V4) YVavi,vas - - o
Ymvi>va) Which is corresponding to the fault phase
should be calculated. When single line-to-ground
fault happened, y,,v1,v4 could be calculated by
equations (14)-(16). When double line-to-ground
fault happened, y,,v1v4a could be calculated by
equations (19)-(22). When a line-to-line fault hap-
pened, y,,v1 v4 could be calculated by equations (20),
(22), and (24).

(4) Form the bus sets based on the criterion y;; < ymin
which detects the CF. The bus sets are defined in (25)

as follows:

Brfai-i ={B1> By > Bihs i < Vinino

Bsfaizi ={B1>By s Bl Viviva < Viino (25)
Bpyaiei ={B1By 5 Bl Viviva < Vinino

By pait-i ={B1: By Bih Viviva < Vimin:

Bipaii is the three-phase short-circuit fault bus set;
when three-phase short-circuit fault occurs on any
bus which is included in this bus set, it may cause the
CF fault of DC converter station i. Bgs,;.; is the single
line-to-ground fault bus set when a single line-to-
ground fault occurs on any bus which is included in
this bus set, it may cause the CF of DC converter
station i. Bpg.; is the double line-to-ground fault
bus set when a double line-to-ground fault occurs on
any bus which is included in this bus set, it may cause
the CF of DC converter station i. By f;1.; is the line-to-
line fault bus set when a line-to-line fault occurs on
any bus which is included in this bus set, it may cause
the CF of DC converter station i.



(5) Draw the corresponding critical failure impedance
boundaries and define the communication failure
area according to the bus sets in step (4) on the
system topological graph. The area within the critical
failure impedance boundary is defined as the cor-
responding critical failure impedance area. If a three-
phase metallic short-circuit fault or single line-to-
ground phase to Earth fault occurs in the buses
located at the critical failure impedance area, it will
lead to the CF of the corresponding DC system. On
the contrary, if the fault occurs in the buses located
outside the area, it will not lead to the CF of the
corresponding DC system.

The detailed process of demarcating the critical failure
impedance boundaries is shown in Figure 5.

Figure 6 shows the critical failure impedance boundaries
of the three-infeed HVDC system. Short-circuit fault that
occurs in the buses in the areas of B1, B2, and B3 will lead to
the CF of the DC subsystem 1, 2, and 3, respectively. If the
fault occurs in the area of B12, which is the intersection of B1
and B2, CF of the DC subsystem1 and DC subsystem 2 will
happen at the same time. Therefore, this area is defined as the
area where two DC systems have CFs. Similarly, B13 is the
area where short-circuit fault on buses in that area will lead
to CFs of DC subsystem 1 and 3 simultaneously, and B23 is
the area where short-circuit fault on buses in that area will
lead to CFs of DC subsystem 2 and 3 simultaneously. B123 is
the intersection of B1, B2, and B3. Fault happens on buses
within that area will lead to CFs of DC subsystem 1, 2, and 3
simultaneously. On the contrary, fault that occurs outside all
these above areas will not lead to CF in any DC subsystem.

Compared with the common method which detects the
CF utilizing electromagnetic simulation software, the pro-
posed method uses the minimum extinction angle as the
criterion and identifies critical impedance area quickly and
accurately through a simple calculation. The identified
critical impedance area provides a clear and direct per-
spective to the system operators of the area where faults will
be critical to DC CF of the DC system. Moreover, it will
provide valuable information for system planning and
protection design.

5. Case Studies

In this section, the proposed method of detecting CFs’
critical impedance boundaries is validated on the IEEE 39-
bus and 118-bus test systems. Based on the CIGRE HVDC
standard model, the quasi-steady-state model is adopted in
the multi-infeed DC system.

5.1. Study of IEEE 39-Bus Test System. Three-infeed HVDC
systems are established in the IEEE 39-bus test system;
parameters of the three HVDC systems are listed in Table 1.

Following the steps in Section 4, the extinction angles of
the three-infeed HVDC system in different fault conditions
are calculated by substituting the above parameters of the
three-infeed HVDC system into formulas (9), (16), and (22).
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The detailed calculations of the extinction angle are given in
Table 2.

While the calculated extinction angle is less than ypin,
the corresponding bus is highlighted in Table 2. Put these
buses into fault bus sets of different fault type. Take HVDC 1
as example, its three-phase short-circuit fault bus set By
contains 33 buses, the single line-to-ground fault bus set
Bgfii-1 contains 12 buses, the double line-to-ground fault bus
set Bp,ii.1 contains 28 buses, and the line-to-line fault bus set
B g1 contains 14 buses. The result is consistent with the
severity of bus fault. When three-phase short-circuit fault
happens, the voltage drop of CB is largest in four fault
conditions. The second largest voltage drop occurs when
double line-to-ground fault happens. However, for single
line-to-ground fault and line-to-line fault, the number of
fault bus set cannot be directly compared and needs to be
calculated based on the method proposed in this paper. For
example, the number of Bg,.; is less than the number of
By fi1-1, but the number of By 3 is greater than the number
of BLfm‘l-S-

Then, demarcate the critical failure impedance bound-
aries of the three-infeed HVDC system in different fault
conditions based on these fault bus sets. The detailed results
are shown in Figure 7.

As shown in Figure 7, some buses are included in the
overlap region of different critical failure impedance
boundaries. When the corresponding fault occurs on these
buses, it may cause CF in more than one HVDC system.
Some buses are included in the nonoverlap region. When the
corresponding fault occurs on these buses, it may cause CF
in only one HVDC system. Therefore, the effectiveness of
critical failure impedance boundaries can be verified by
conducting different types of faults simulation of the buses in
the overlap region and some other buses in the nonoverlap
region. The three-phase short-circuit fault simulation is
conducted on bus 9 and bus 24, the single line-to-ground
fault simulation is conducted on bus 5 and bus 15, the double
line-to-ground fault simulation is conducted on bus 14 and
bus 20, and line-to-line fault simulation is conducted on bus
3 and bus 27.

Case 1. t=0.5s; a three-phase short-circuit ground fault
occurs on bus 24 and lasts 0.1's. The simulation result is
shown in Figure 8.

Case 2. t=0.5s; a three-phase short-circuit ground fault
occurs on bus 9 and lasts 0.1 s. The simulation result is shown
in Figure 9.

In Table 2, y; 24 =9.14", 5,4 =9.06", and y3 54, = 9.23", and
they are all less than y.,;,. According to the calculation
results, when three-phase short-circuit fault is applied at bus
24, CF fault will occur on three HVDC systems at the same
time, the three inverters will be blocked, and their DC power
drops to 0 MW. The calculation results are the same as the
simulated waveforms shown in Figure 8. In Table 2,
Y1,0=11.17", y29=11.24", and y3 9 = 7.63°, and they are all less
than p,in. According to the calculation results, when three-
phase short-circuit fault is applied at bus 9, the DC powers of
HVDC 1 and HVDC 2 drop slightly and CF only occurs on
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HVDC 3. The calculation results are the same as the sim-
ulated waveforms shown in Figure 9. Thus, the results of the
dynamic simulation are consistent with the results of critical
impedance boundaries for three-phase short-circuits’
ground fault proposed in this paper.

Case 3. t=0.5s; a single line-to-ground fault occurs on bus
15 and lasts 0.1 s. The simulation result is shown in Figure 10.

Case 4. t=0.5s;asingle line-to-ground fault occurs on bus 5
and lasts 0.1 s. The simulation result is shown in Figure 11.

In Table 2, y;,15=9.40", 5,15 =8.61", and y3 ;5= 9.72°, and
they are all less than y,,;,. According to the calculation
results, when a single line-to-ground fault is applied at bus
15, CF fault will occur on three HVDC systems at the same
time, the three inverters will be blocked, and their DC
powers drop to 0 MW. The calculation results are the same as
the simulation waveforms which are shown in Figure 10. In
Table 2, y,5=12.96", y,5=11.45", and y;5=28.70", and only
3.5 is less than . According to the calculation results,
when a single line-to-ground fault is applied at bus 5, the DC
powers of HVDC 1 and HVDC 2 drop slightly and CF only
occurs on HVDC 3. The calculation results are the same as
the simulation waveforms which are shown in Figure 11.
Therefore, the results of the dynamic simulation are con-
sistent with the results of critical impedance boundaries for
single line-to-ground fault proposed in this paper.
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TaBLE 1: Parameter of the three-infeed HVDC system.
Subsystem Rectifier bus Inverter bus Control mode Ppec (MW) Ve (kV) Rpe () X; (%) B K
HVDC 1 Bus 25 Bus 18 Constant-power 200 500 7.854 15 38.4° 1.0
HVDC 2 Bus 29 Bus 17 Constant-power 200 500 7.854 15 38.4° 1.0
HVDC 3 Bus 36 Bus 13 Constant-power 200 500 7.854 15 38.4° 1.0
TaBLE 2: Extinction angles of the three-infeed HVDC system in different faults.
Bus Three-p hasfzuslltlort—arcult Single line-to-ground fault ~ Double line-to-ground fault Line-to-line fault
number Lype1 HVDC2 HVDC3 HVDC1 HVDC2 HVDC3 HVDC1 HVDC2 HVDC3 HVDC1 HVDC2 HVDC3
1 12.40 12.46 12.24 15.99 15.93 15.36 18.76 18.65 16.00 16.80 16.74 16.80
2 8.36 8.44 8.48 8.68 8.40 8.55 14.01 12.09 9.17 7.78 7.69 16.91
3 7.92 8.10 8.11 9.06 9.74 9.48 8.84 8.94 8.98 8.04 7.90 9.72
4 8.50 8.56 7.87 9.03 8.43 4.42 8.96 9.03 8.51 7.71 7.65 7.94
5 8.98 9.01 8.28 12.96 11.45 8.70 9.09 9.19 8.17 7.50 17.45 8.13
6 9.05 9.07 8.33 10.77 16.31 8.88 9.10 9.20 8.08 17.47 17.42 8.08
7 9.21 9.23 8.74 12.90 11.28 9.69 9.21 9.32 7.79 17.30 17.25 8.09
8 9.23 9.25 8.82 14.63 12.99 8.48 9.25 9.40 7.93 17.34 17.29 7.86
9 11.17 11.24 7.63 15.98 15.49 11.95 12.79 12.71 12.28 16.69 16.64 9.88
10 9.22 9.23 7.85 16.16 15.07 9.15 8.99 9.08 7.45 17.37 17.33 17.00
11 9.22 9.23 8.22 16.56 15.34 9.29 9.03 9.13 7.59 17.38 17.34 8.22
12 7.34 7.39 5.09 14.53 14.08 16.39 9.12 9.09 9.83 16.34 16.31 8.15
13 9.20 9.21 7.33 17.09 17.16 5.41 8.96 9.03 7.47 17.41 17.38 7.01
14 8.71 8.72 7.77 7.36 6.86 8.43 8.94 8.96 8.28 7.63 7.61 8.35
15 8.72 8.64 8.66 9.40 8.61 9.72 8.73 8.62 8.67 7.69 7.75 8.22
16 8.34 8.16 8.51 5.68 8.71 8.05 8.73 8.61 8.94 7.89 7.99 7.81
17 7.85 7.53 8.31 8.93 5.41 12.68 8.72 8.60 9.06 8.12 8.26 7.82
18 7.52 8.00 8.41 5.41 9.93 7.99 8.52 8.69 9.03 8.27 8.02 7.85
19 7.56 7.35 7.76 15.21 11.11 16.41 9.43 9.60 9.21 16.84 6.92 7.80
20 6.66 6.46 11.77 13.09 13.71 14.29 9.24 9.30 12.14 15.80 15.85 16.78
21 8.53 8.38 8.69 12.06 6.26 16.03 10.00 10.20 9.39 7.32 7.40 15.75
22 17.77 17.56 7.96 17.83 13.77 13.24 9.47 9.69 9.19 16.97 7.05 17.25
23 7.60 7.39 7.80 13.04 18.24 16.98 9.41 9.58 9.17 16.88 16.96 16.91
24 9.14 9.06 9.23 5.73 9.37 9.26 8.42 8.19 8.82 7.61 7.70 16.82
25 8.62 8.66 8.75 6.54 6.90 7.02 9.01 9.08 9.23 7.60 17.54 7.54
26 9.04 9.00 9.17 7.33 7.92 6.98 9.03 8.94 17.56 7.53 7.56 17.52
27 8.83 8.74 9.04 8.60 7.45 9.49 8.79 8.64 10.45 7.68 7.75 12.14
28 17.19 712 17.49 13.86 13.27 13.80 17.04 18.07 16.85 16.11 16.13 17.48
29 7.09 7.02 17.38 13.61 13.94 13.92 15.04 11.07 16.86 16.02 16.04 16.00
30 8.14 8.23 18.25 16.03 15.84 15.21 9.22 9.09 16.99 16.68 16.61 15.91
31 7.21 7.28 5.83 13.93 13.70 9.19 13.09 9.06 9.48 15.75 15.72 16.63
32 7.33 7.38 5.08 13.42 13.16 7.35 14.12 9.09 9.75 15.94 1591 6.15
33 6.69 6.49 16.81 12.12 12.67 12.42 9.23 9.30 13.14 15.73 15.79 6.54
34 6.15 5.99 16.17 12.07 12.61 12.37 9.17 9.21 12.12 14.63 14.66 15.68
35 16.87 6.67 17.01 13.13 13.08 13.91 15.24 12.31 15.13 16.06 16.12 14.60
36 6.38 6.21 16.45 12.96 12.05 12.84 15.18 17.22 15.11 15.33 15.38 16.01
37 7.48 7.55 17.63 14.26 14.56 14.06 14.13 18.10 16.98 16.22 16.18 15.29
38 16.60 6.54 16.83 12.69 12.79 12.17 12.05 17.08 16.93 15.09 15.10 16.16
39 8.03 8.11 17.66 15.64 15.17 16.03 13.80 16.72 18.09 16.61 16.56 15.01
Total 33 36 27 12 13 20 28 28 24 14 14 19

Case 5. t=0.5s; a double line-to-ground fault occurs on bus
14 and lasts 0.1 s. The simulation result is shown in Figure 12.

Case 6. t=0.5s; a double line-to-ground fault occurs on bus
20 and lasts 0.1 s. The simulation result is shown in Figure 13.

In Table 2, yy 14=8.94", y5.14=8.96", and y; 1, = 8.28", and
they are all less than y,;,. According to the calculation
results, when a double line-to-ground fault is applied at bus

14, CF fault will occur on three HVDC systems at the same
time, the three inverters will be blocked, and their DC
powers drop to 0 MW. The calculation results are the same as
the simulation waveforms which are shown in Figure 12. In
Table 2, Y120 =9.24", ¥20=9.30", and y3 50 =12.14", and only
Y120 and y; 59 are less than Y. According to the calculation
results, when a double line-to-ground fault is applied at bus
20, the DC powers of HVDC 3 drop slightly and CF only
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FIGURE 7: Critical failure impedance boundaries of the IEEE 39-bus test system. (a) Three-phase short-circuit fault boundary. (b) Single line-
to-ground fault boundary. (c) Double line-to-ground fault boundary. (d) Line-to-line fault boundary.
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FiGure 8: Simulation waveform of fault at bus 24. (a) CB voltage. (b) DC power.
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FIGURE 9: Simulation waveform of fault at bus 9. (a) CB voltage. (b) DC power.
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FIGURE 11: Simulation waveform of fault at bus 5. (a) CB voltage; (b) DC power.
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FIGURE 12: Simulation waveform of fault at bus 14. (a) CB voltage; (b) DC power.
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FIGUure 13: Simulation waveform of fault at bus 20. (a) CB voltage. (b) DC power.

occurs on HVDC 1 and HVDC 2. The calculation results are
the same as the simulation waveforms which are shown in
Figure 13. Therefore, the results of the dynamic simulation
are consistent with the results of critical impedance
boundaries for double line-to-ground fault proposed in this

paper.

Case 7. t=0.5s;aline-to-line fault occurs on Bus 3 and lasts
0.1 s. The simulation result is shown in Figure 14.

Case 8. t=0.5s; a line-to-line fault occurs on bus 27 and
lasts 0.1s. The simulation result is shown in Figure 15.

In Table 2, y,3=8.04", y,3=7.90°, and y;3=9.72°, and
they are all less than y.,;,. According to the calculation
results, when a line-to-line fault is applied at bus 3, CF fault
will occur on three HVDC systems at the same time, the
three inverters will be blocked, and their DC powers drop to
0 MW. The calculation results are the same as the simulation
waveforms which are shown in Figure 14. In Table 2,
Y127 =7.68", y227=7.75", and y;,,=12.14", and they are all
less than y,,;,. According to the calculation results, when a
line-to-line fault is applied at bus 27, the DC powers of

HVDC 1 and HVDC 2 drop slightly and CF only occurs on
HVDC 3. The calculation results are the same as the sim-
ulation waveforms which are shown in Figure 15. Therefore,
the results of the dynamic simulation are consistent with the
results of critical impedance boundaries for line-to-line fault
proposed in this paper.

From what has been discussed above, the result of PSS/E
dynamic simulation is consistent with the result of the
proposed method, which verifies the effectiveness and ac-
curacy of the method proposed in this paper. The critical
failure impedance boundaries cannot only detect CF of a
single HVDC system but also detect simultaneous CFs of
multi-infeed HVDC systems. The calculation result is not
limited by the location of the converter bus, the scale of the
AC system, the capacity of the HVDC system, and the
number of the multi-infeed HVDC system.

5.2. IEEE 118-Bus Test System. Three-infeed HVDC systems
are established in the IEEE 118-bus test system, and pa-
rameters of the three HVDC systems are listed in Table 3.

The critical impedance boundaries of the three-infeed
HVDC systems in different fault conditions are demarcated
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FIGURe 15: Simulation waveform of fault at bus 27. (a) CB voltage. (b) DC power.
TaBLE 3: Parameters of the three-infeed HVDC system.
Subsystem Rectifier bus Inverter bus Control mode PDC (MW) VDC (kV) RDC (Q) XL (%) B ()
HVDC 1 Bus 77 Bus 41 Constant-power 800 525 8.20 15 36.8
HVDC 2 Bus 25 Bus 47 Constant-power 800 525 8.20 15 36.8
HVDC 3 Bus 65 Bus 54 Constant-power 800 525 8.20 15 36.8

by the method which is proposed in this paper. The results
are shown in Figure 16.

The corresponding critical failure areas which will cause
CF in different HVDC systems are clearly shown in Figure 8.
The application of the method which is proposed in this
paper is demonstrated in a large-scale system. For a large-
scale system, a vast workload would be used to set up an
electromagnetic transient simulation system by the tradi-
tional method and cost a lot of time and much work to
simulate them. However, only detailed parameters of the
AC/DC system are required, and the method which is

proposed in this paper could demarcate the critical failure
impedance boundaries of the large-scale system more effi-
ciently. This method is not limited by the scale of the AC
system, and the calculation can cover all the systems.

In a practical power grid, the dispatch department of the
power grid can make corresponding security strategy
according to critical failure impedance boundaries, and the
operation department should strengthen the inspection and
detection of buses in critical failure areas. This method can
also be applied in the preliminary planning of the power
grid.
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FIGURE 16: Critical failure impedance boundaries of the IEEE 118-bus test system. (a) Three-phase short-circuit fault boundary. (b) Single
line-to-ground fault boundary. (c) Double line-to-ground fault boundary. (d) Line-to-line fault boundary.

6. Conclusions

This paper proposes a method to detect the CF of multi-
infeed HVDC systems based on the critical failure imped-
ance boundary. Using the criterion of the critical extinction
angle, the proposed method can identify the critical failure
impedance boundary where different kinds of faults are
possible to cause the CF of the muti-infeed HVDC system.

Based on theoretical analysis and simulation results, it is
concluded that (1) the critical failure impedance boundary
increases with the decrease of the intensity of the AC system
which is linked to the HVDC system. (2) When the im-
pedance of the interconnected DC system remains constant,
the change of system intensity affects the critical fault im-
pedance boundary of the local HVDC subsystem signifi-
cantly, while it casts little impact on other DC subsystems.
(3) Compared with the actual power grid operation, the
method presented in this paper is a programmatic

calculation method, and the results are more rigorous. The
calculated boundaries of commutation failures will be larger
than the actual boundaries.

The proposed method using a critical failure impedance
boundary to detect CF of a multi-infeed HVDC system can
detect the AC system area where faults could cause the
commutating failure of the DC system. It directly reflects the
mutual effects between AC and DC systems on the system
topology diagram and has the potential of being widely used
in power system planning and operation.

Nomenclature (abbreviations)

HVDC: High-voltage direct-current

CF: Commutation failure
CB: Converter bus
MIIF:  Multi-infeed interaction factor

VIE:  Voltage interaction factor
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Variables

A:  Commutation area

k:  Transformer tap ratio

Up: Voltage magnitude of converter buses
0:  Voltage angle of converter buses

y:  Extinction angle of the converter

I;: DC current

B: Advance trigger angle of the converter
Z: Impedance

AU: Voltage drop of AC buses

¢: Zero-crossing phase shift of the commutating voltage
U':  Line-to-line voltage between two phases

U: Voltage phasor
I:  Current phasor.
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