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Abstract—This paper provides a comprehensive analysis of lo-
cal and concurrent commutation failure (CF) of multi-infeed
high-voltage direct current (HVDC) system considering multi-in-
feed interaction factor (MIIF). The literature indicates that the
local CF is not influenced by MIIF, whereas this paper con-
cludes that both the local CF and concurrent CF are influenced
by MIIF. The ability of remote converter to work under re-
duced reactive power enables its feature to support local con-
verter via inter-connection link. The MIIF measures the
strength of electrical connectivity between converters. Higher
MIIF gives a clearer path to remote converter to support local
converter, but at the same time, it provides an easy path to lo-
cal converter to disturb remote converter under local fault. The
presence of nearby converter increases the local commutation
failure immunity index (CFII) while reducing concurrent CFIIL.
Higher MIIF causes reactive power support to flow from re-
mote converter to local converter, which reduces the chances of
CF. A mathematical approximation to calculate the increase in
local CFII for multi-infeed HVDC configurations is also pro-
posed. A power flow approach is used to model the relation be-
tween MIIF and reactive power support from remote end. The
local and concurrent CFIIs are found to be inverse to each oth-
er over MIIF; therefore, it is recommended that there is an opti-
mal value of MIIF for all converters in close electric proximity
to maintain CFII at a certain level. The numerical results of es-
tablished model are compared with PSCAD/EMTDC simula-
tions. The simulation results show the details of the influence of
MIIF on local CF and concurrent CF of multi-infeed HVDC,
which validates the analysis presented.

Index Terms—Commutation failure (CF), multi-infeed high-
voltage direct current (HVDC) system, multi-infeed interaction
factor, commutation failure immunity index (CFII).
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I. INTRODUCTION

ULTI-INFEED direct current (DC) systems are wide-

ly found in modern power systems, especially in Chi-
na [1]. To integrate high power with remote grid, high-volt-
age direct current (HVDC) system has now become a most
economic and reliable candidate due to its capacity of han-
dling and controlling high power. The multi-infeed scenario
consists of several HVDC converters in close electric prox-
imity [2]. The multi-infeed HVDC system mostly contains
more than one inverter connected to a common alternating
current (AC) bus or buses which are close to each other. The
fundamentals of four interaction phenomena, i.e., transient
over-voltage, commutation failure (CF), harmonics, and volt-
age/power instability, are discussed in CIGRE report [3].
Among them, the CF for multi-infeed configuration is of the
most importance.

The CF in line commutated converter (LCC)-HVDC sys-
tem is one of the most frequent and adverse phenomena in
DC power transfer, especially for inverters in close proximi-
ty. The inter-converter interaction has made CF more deterio-
rative than single-infeed HVDC. The CF on one converter
may cause CF on other converters or even all remote con-
verters (concurrent CF) in proximity due to the inter-convert-
er interaction, which could interrupt the HVDC link tempo-
rarily or permanently depending upon the fault severity. A
typical practice example is the blocking of an HVDC link
that caused a power reduction of 4530 MW [4], which hap-
pened in 2013 in China, where a converter station was
blocked due to concurrent CF.

The commutation failure immunity index (CFII) [5] is a
key parameter to evaluate the CF susceptibility of HVDC
link. The index was initially proposed for single-infeed
HVDC, which is also valid for multi-infeed HVDC system.
The CFII can be significantly increased by improving the
voltage profile of converter bus [6]. The absence of reactive
power support during fault makes the system more prone to
risky conditions. To quantify the interaction between convert-
ers in multi-infeed configuration, an index called multi-in-
feed interaction factor (MIIF) [3], [7] is presented, which
provides a degree of closeness between two converters of
multi-infeed scheme. The value of MIIF always lies between
0 and 1. If the value is 0, it means the two converter buses
are infinitely far apart; and if the value is 1, it means both
converters are connected to the same AC bus. Particularly,
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the occurrence of concurrent CF is coupled with MIIF.

Only a small amount of available literature deals with CF
in multi-infeed HVDC systems. The concurrent CFII (C-
CFII) is effected by three factors: local AC system strength,
remote AC system strength, and MIIF [5]. Local AC system
strength influences the C-CFII almost linearly [8]. Higher
MIIF causes lower CFII [9]. The analysis concludes that the
local CFII (L-CFII) only depends on local AC system
strength, while the influence of MIIF is ignored considering
local single-infeed HVDC system [10], or the MIIF is con-
sidered as constant [11]. However, the assumption of con-
stant MIIF for L-CFII might lead to pessimistic results [12].
To indicate this phenomenon, a detailed analysis on the influ-
ence of MIIF on local CF for inverter-rectifier dual infeed
HVDC scenario is proposed in [12].

However, the role of MIIF for the inverter-inverter scenar-
io is not declared clearly yet. The impact of MIIF on local
CF needs to be carefully investigated for the inverter-invert-
er scenario, which is more common than the inverter-rectifi-
er scenario. Furthermore, the available literature provides an
empirical information about MIIF without giving a mathe-
matical relation between MIIF and inter-converter imped-
ance in case of concurrent CF. In this paper, it has been
found that both local CF and concurrent CF are influenced
by MIIF. In fact, it is found that L-CFII can be improved
with MIIF. A mathematical equation describing MIIF and in-
ter-converter impedance is formulated using power flow ap-
proach. Subsequently, an equation is formed to estimate the
increase in L-CFII in multi-infeed HVDC system.

The remainder of this paper is organized as follows. Sec-
tion II briefly describes the indices to measure the risk of
CF. Section III explains the influence of MIIF on local CF
and concurrent CF. A detailed analysis is carried out to pro-
vide significant information about local CF with MIIF. Vari-
ous practical scenarios are also investigated with and with-
out reactive power support. Section IV presents the mathe-
matical modeling of power flow and provides a relation of
MIIF and inter-converter impedance. A mathematical estima-
tion of increase in L-CFII is formulated. Section V verifies
the estimated equations and Section VI provides a conclu-
sion.

II. INDICES TO MEASURE RISK OF CF

CF is an adverse event in successful power transfer via
LCC HVDC system. The phenomenon occurs when a con-
verter valve fails to turn off and continues its operation. It
mostly happens because of the voltage reduction of commu-
tation bus due to the faults on the AC side. The other rea-
sons include increased DC current, AC voltage phase shift,
and AC-side harmonics [13]. The CF probability of LCC-
HVDC system can be reduced by improving the voltage pro-
file of commutation bus through installing dynamic reactive
power support at an additional cost [14]. Once the CF takes
place, it temporarily drops power transfer and increases di-
rect current, which consequently increases stress on the con-
verter valves [15], [16]. On the other hand, the converter ab-
sorbs a large amount of reactive power from the AC system
during CF. If reactive power support is insufficient, the bus
voltage would be further depressed, which increases the risk
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of continuous CF. Practically, the CF occurs when the invert-
er’s extinction angle y is less than y, [17], where y, is criti-
cal extinction angle. Typically, the value of y, is about 8°.
The probability of CF at converter depends on the fault se-
verity, reactive power support, AC system strength, and inter-
action between converters.

CF is categorized into two types, i.e., local CF and concur-
rent CF. Local CF is referred to a CF at converter i due to
the fault at the bus of converter i (i.e., its own bus), while a
concurrent CF is referred to a CF at converter j caused by a
fault at the bus of converter i.

Several well-known indices will be used in the rest part of
this paper. To better understand the analysis of this paper,
they are listed and explained as follows.

1) CFII: the ability of a converter to work normally under
severe fault is called its immunity to CF, calculated in (1).
The higher the value of CFII is, the more immune it is to
the CF (less susceptible).

Sw/f[
CFIL= 2" %100

> (1)

where S, is the worst fault apparent power in MVA; P, is
the rated power of converter; and subscript i represents the
i" converter.

The CFII denotes the critical fault under which the proba-
bility of CF occurrence is 0. If the fault above critical level
occurs, it may or may not cause CF. This is due to the fact
that CF not only is the function of fault severity, but also de-
pends on time instant at which the fault is induced [18].
Practically, a thyristor requires a turn-off time of approxi-
mately 400-500 ps for 50 Hz system, which corresponds to
the commutation between valves. If the minimum turn-off
time is assumed (i.e., 400 ps), then a complete cycle (20
ms) is divided into 50 equal time intervals and a specified
fault is applied at each instant. The fraction of time spans
for which CF occurs is called CF probability. Each converter
in close proximity has local and concurrent CF immunity
and probability.

2) MIIF: MIIF is a measure of closeness between two con-
verters. MIIF,, (converter 1 to converter 2) can be calculated
as (2) and it is basically the ratio of AC voltage drop at con-
verter 2 (AV,) to that of converter 1 (AV,) followed by a bal-
anced three-phase inductive fault that occurs at converter 1,
which produces 1% AC voltage drop at commutation bus 1 [5].

AV,
7 @)

3) Short-circuit ratio (SCR) and effective short-circuit ra-
tio (ESCR): SCR can be defined as (3), which is a ratio of
short-circuit level (SCL) at converter bus to the rated DC
power of the converter [19]. To overcome the impact of the
filter on fundamental frequency, ESCR is introduced, which
can be calculated as (4) [19].

de.i

MIIF,, =

SCR .= SCL,
" Pdc,i
3)
VZ (
[ = L
SCL, Z,

i
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SCLi B Qc.i
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where Q, is the reactive power of installed filters and capaci-
tor banks [20]; and V,, and Z, are the AC Thevenin voltage
and impedance as seen from converter bus, respectively.

ESCR,=

III. INFLUENCE OF MIIF ON LOCAL AND CONCURRENT CF
IN MULTI-INFEED HVDC

A. CF of Single-infeed HVDC

A 1000 MW 500 kV CIGRE single-infeed benchmark
model with SCR of 2.5 is observed under CF, and the re-
sults are shown in Fig. 1. The CFII is investigated and
found to be 13.5% of SCL.

1.0 "

0.8} //
> 06 F
= -/
<
£ 04
a
S 02}
CFII »
|
o N

-0.2 . . . . . . . ,
120 12,5 13.0 135 14.0 145 150 155 16.0

Fault severity (% of SCL)
CF probability of CIGRE benchmark model.

Fig. 1.

The CIGRE monopolar HVDC benchmark needs reactive
power support of approximately 550 Mvar for the rated pow-
er operation (1000 MW), as shown in Fig. 2(a). During a
fault at the converter bus, the reactive power demand in-
creases in order to operate uninterruptedly. Figure 2(a) also
shows the demand of reactive power with fault severity. The
range a in Fig. 2(a) shows normal operation, b denotes the
operation under 10% fault severity (i.e., 10% of SCL), ¢
shows reactive power required under 13.5% fault severity
(135 Mvar), and d corresponds to operation under 15% fault
severity.

As the CFII of CIGRE benchmark model is 13.5%, the
model can operate under a fault of 135 Mvar (¢) without a
CF. This implies that the model has the ability to operate
with O0=(550-135)Mvar=415 Mvar and P=770 MW as no
additional reactive power support is provided for the rated
operation as in Fig. 2(b).

In Fig. 2(b), the simulation in PSCAD/EMTDC for CI-
GRE benchmark model is performed for the above ranges c
and d. ¢ shows the operation at 13.5% fault severity, which
does not cause CF; and d corresponds to CF at 15% fault se-
verity, which produces a net reactive power less than 415
Mvar. Thus, the fault which causes net reactive power Q,,..—
O less than 415 Mvar may cause CF; and a 135 Mvar is
readily available at the inverter station for possible use with-
out severe harm (i.e., CF) to the operation of inverter. This
ability of the inverter to operate under reduced reactive pow-
er is beneficial for remote converter in multi-infeed scenario.
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Similarly, the CIGRE benchmark model with SCR of 3.0
and 5.0 has CFII of 16.8% and 30.1%, respectively. Since
the SCR of the remote converter is set to be 5.0, it can sus-
tain a fault up to 301 Mvar. Or, the remote converter can
support local converter with a maximum of 301 Mvar reac-
tive power without CF in multi-infeed scenario. This will
help understand the influence of remote converter on local
converter under local CF.

B. Multi-infeed System

The 1000 MW 500 kV CIGRE HVDC first benchmark
model is adopted as reference to introduce the phenomenon
[21]. Figure 3 shows a simplified schematic diagram of dual-
infeed scenario used in this paper. Both inverters have reac-
tive power support from installed filters and static capacitors
cumulatively labelled as O, and Q,,, respectively. Each AC
system to which the HVDC, and HVDC, are connected is
represented by equivalent Thevenin voltage sources (E,, E,)
and the corresponding impedances (Z,, Z,). The voltages of
converter bus at the receiving-end (U,, U,) are set to be 230
kV during normal operation. Both the inverter-side commuta-
tion buses are connected to each other via a 1000 MVA 50
Hz 230 kV/230 kV coupling transformer with Y-Y connec-
tion. In practice, the commutation buses are normally con-
nected by the transmission line Z,, instead of the coupling
transformer. The coupling transformer here is only to pro-
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vide an easier way to obtain the desired MIIF. #, and 0, are
the receiving-end AC phase angles; ¢, and ¢, are the receiv-
ing-end AC source angles; 7, and 7, are the transformer ra-
tios of rectifiers 1 and 2, respectively; X, and X, are the sat-
uration reactances of transformers at inverters 1 and 2, re-
spectively; y, and p, are the firing angles of inverters 1 and
2, respectively; U, I,, U, I, are the DC voltages and cur-
rents of inverters 1 and 2, respectively; P,, O,, P,, O, are
the active and reactive power supplied by inverters 1 and 2,
respectively; d, and J, are the AC voltage angles of inverters
1 and 2, respectively; P,, and Q,, are the active and reactive
power transfer between commutating buses of inverters 1
and 2, respectively; X, is the reactance of transformer; and L,
is the inductance of fault.

Inverter 1

%

Inverter 2

Fig. 3.

Multi-infeed HVDC configuration.

For general assumption, inverter 1 is taken as the local
converter, while inverter 2 is considered as the remote con-
verter. Here, only three-phase balanced inductive fault is con-
sidered.

In single-infeed HVDC, MIIF=0, which means the near-
by remote converter does not have influence on the local
converter. This is the ideal case, but practically, it can be as-
sumed that if MIIF<0.15, both converters are working as
single-infeed, and the remote converter will not be affected
by local faults [3]. On the other hand, if 0.15<MIIF<0.4,
moderate interaction will be observed for both converters. If
MIIF > 0.4, there is a strong interaction between converters [3].

The positive sequence leakage reactance of coupling trans-
former (X, in Fig. 3) is varied to obtain the MIIF used in
this paper, as shown in Fig. 4.

C. Multi-infeed CF Configuration

To investigate the influence of MIIF on local CF and con-
current CF, only the strength and MIIF of local AC system
is varied, while all other parameters are kept constant. The
SCR, of remote system is set to be 5.0 and no additional re-
active power support is provided in cases 1-3 below.

1) Case 1: C-CFII with Blocked Local Converter

In this case, the local converter is permanently blocked to
investigate the behavior of the network on remote CF. Only
local converter is disconnected from service, while the local
AC system, coupling transformer and complete remote
HVDC system will continue their operations.
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Fig. 4. MIIF,, v.s. leakage reactance of transformer.

The MIIF between two systems is set to be 0.492 with X,=
0.3 p.u., while SCR,=2.5. Various faults are then applied at
the local converter bus, and the CF of remote converter is
observed. As local converter is disconnected, there would be
no severe interaction between converters. Figure 5 shows the
increased remote CFII, i.e., 70%, when the local converter is
out of service. The probability of remote CF increases as the
fault greater than 70% is applied at local bus, and it be-
comes | with around 83% fault severity.

1.0

< <
= o0
T T

CF probability
N
=~

<
o
T

CFII =

0 CFII=70%
10 20 30 40 50 60 70 80 90 100
Fault severity (% of local SCL)

---Remote CF (no blocking); — Local CF (no blocking)
--- Local CF (local converter blocked after CF) (case 2)
— Remote CF (local converter blocked after CF) (case 1)
— Remote CF-local converter is permanently blocked

Fig. 5. Local CF and concurrent CF (local converter is permanent discon-
nected/disconnected after local CF) with SCR,=2.5, SCR,=5, Z,,=0.3,
MIIF,,=0.492.

2) Case 2: C-CFII with Post Local CF Converter Blockage
In the CIGRE benchmark model, constant extinction angle
(CEA) control is implemented at the inverter side, which is
not intelligent enough to increase y on detection of CF. How-
ever, practically, a controller has the ability to detect CF and
take remedial steps in order to prevent further energy loss.
In order to study the behavior of such scenarios, local con-
verter is intentionally blocked after detecting the CF. This
way, the post CF inter-converter interaction can be avoided.
The concurrent CF probability is shown in Fig. 5 (case 2)
with CFII of 40%. The results show that for case 2, the
faults severer than 40% of local SCL may cause CF, and
that the probability of CF becomes 1 at 90% fault severity.
The reduction of CFII from 70% to 40% clearly explains
that the operation of both inverters drops the C-CFII even in
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case 2. The other most important observation is that the L-
CFII is improved with the presence of second converter in
proximity with an MIIF of 0.492. Initially, the CFII for sin-
gle-infeed HVDC system (MIIF=0) was 13.5%, but now the
L-CFII is almost 26.5%, as shown in Fig. 5. This phenome-
non is discussed in the following section with more details
of how the local and C-CFII are being influenced by MIIF.
3) Case 3: Multi-infeed CF Analysis Without Converter
Blockage

This case is more practical and worse. Suppose there is
no such system to block a converter after CF. All converters
in close proximity will observe post CF interaction that will
deteriorate the voltage profile at converter bus, and conse-
quently, the probability of concurrent CF increases. The prob-
abilities of local CF and concurrent CF are given in Fig. 6 for
a wide range of MIIF and local AC system strength.

It is quite clear from the results that the local L-CFII and
C-CFII are, as expected, improved with the increase of AC
system strength. The other interesting results are about the
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influence of MIIF on local and C-CFII. With the increase of
MIIF, the L-CFII is increased from 18% to 40% while the C-
CFII is reduced from 100% to 41% provided SCR,=2.5 and
SCR,=5.0. Similarly, for SCR,=3.0 and SCR,=5.0, the L-
CFII is increased from 21.5% to 45%, and the C-CFII is re-
duced from 100% to 46%. And for SCR,=5.0 and
SCR,=5.0, the L-CFII is increased from 35% to 50%, and
the C-CFII is reduced from 100% to 60%. This increase of
L-CFII is due to the ability of inverter to operate under re-
duced reactive power. As discussed before, the inverter can
sustain a fault which does not cause a drop in reactive pow-
er greater than 301 Mvar (with SCR=5.0, P=1000 MW).
Thus, the remote inverter can support local inverter up to
301 Mvar depending on MIIF via the inter-connection link.
The ability of remote inverter to support local inverter de-
pends on MIIF and available reactive power. Higher value of
MIIF gives an easier way to support the local inverter. Table
I explains the impact of MIIF on local and C-CFII.
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Fig. 6.

Local and concurrent CF (without converter blocking) with SCR,=5.0. (a) LCF probability with SCR,=2.5. (b) CCF probability with SCR,=2.5.

(c) LCF probability with SCR,=3.0. (d) CCF probability with SCR,=3.0. (¢) LCF probability with SCR,=5.0. (f) CCF probability with SCR, =5.0.

It should be noticed that the higher value of MIIF reduces
the C-CFII, but at the same time, increases the L-CFII as ex-
plained in Fig. 6, where LCF and CCF represent the local
CF and concurrent CF, respectively.

D. Role of MIIF in L-CFII

In [10], it is analyzed that MIIF only influences the C-
CFII (not L-CFII) of multi-infeed systems including all in-
verters. This is true because as MIIF increases, the electrical
connectivity between converters increases, and local fault ap-

pears to influence the remote converter in the same way as
it influences the local converter. But the results obtained in
this paper is contrary to what is investigated in [10]. It is
found that MIIF not only affects C-CFII but also affects L-
CFII as shown in Fig. 7. The aforementioned results clearly
explain that to some extent, the voltage profile at local con-
verter is being improved via the inter-connection link be-
tween converters. When a local fault occurs, the voltage at
local commutation bus is reduced, and the reactive power
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support flows from remote converter to local converter,
which reduces the possibility of local CF. The voltage at re-
mote bus is also reduced, but this depends on MIIF.

In the CIGRE benchmark model (SCR=5.0, P=1000
MW), the remote converter can supply a reactive power sup-
port of 301 Mvar without any additional reactive power de-
vice (case 3). If the remote converter has some additional re-
active power support, then it can supply more power to the
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local converter during fault.

Moreover, if the local converter is blocked after the CF,
then the remote CFII increases (case 2). The reactive power
flow from remote converter to local converter (Q,,) is shown
in Fig. 8 with the local fault severity of 25%, 30%, and
40%, respectively. The bigger value of MIIF,, allows more
reactive power to flow, which supports the voltage profile of
local bus and results in higher L-CFIIL.

TABLE 1
INFLUENCE OF MIIF ON LOCAL CF AND CONCURRENT CF

Without additional reactive power support

With 300 Mvar static synchronous compensator (STATCOM) at remote inverter 2

SCR, SCR, MIIF,, L-CFII (%)  C-CFII (%) SCR, SCR, MIIF,, L-CFII (%) C-CFII (%)
2.5 5.0 0.223 18.0 100.0 2.5 5.0 0.223 38 100
2.5 5.0 0.366 22.0 70.0 2.5 5.0 0.366 40 94
2.5 5.0 0.492 25.0 25.0 2.5 5.0 0.492 46 67
2.5 5.0 0.751 35.0 35.0 2.5 5.0 0.751 54 69
2.5 5.0 0.967 40.0 41.0 2.5 5.0 0.967 62 62
3.0 5.0 0.216 21.5 100.0 3.0 5.0 0.216 44 100
3.0 5.0 0.365 25.0 81.0 3.0 5.0 0.365 48 100
3.0 5.0 0.497 29.0 60.0 3.0 5.0 0.497 52 92
3.0 5.0 0.744 38.0 39.5 3.0 5.0 0.744 60 73
3.0 5.0 0.964 45.0 46.0 3.0 5.0 0.964 67 77
5.0 5.0 0.184 35.0 100.0 5.0 5.0 0.184 60 100
5.0 5.0 0.343 40.0 100.0 5.0 5.0 0.343 66 100
5.0 5.0 0.475 45.0 85.0 5.0 5.0 0.475 68 94
5.0 5.0 0.732 54.0 65.0 5.0 5.0 0.732 78 91
5.0 5.0 0.963 50.0 60.0 5.0 5.0 0.963 84 89
110p too much in case that the remote converter becomes more
100+ vulnerable to minor faults. If the post local CF converter
90t blocking scheme is used, the remote converter may have
g0l higher CFII even with increased MIIF. Figures 6 and 7 show
7ol that there is a tradeoff between the L-CFII and C-CFII,
= which means that both should be above the minimum level
5 60} based on both the configuration of converter station and as-
50f sociated AC system.
o 300,
307 :%cm drops
20F - due to anomalous CF
250+
o
0.1 02 03 04 05 06 0.7 0.8 09 1.0
MIIF,, = 200}
-a-LCF, SCR, =2.5; —=~ CCF, SCR, = 2.5; -~ LCF, SCR, = 3.0 <
—o—CCF, SCR, =3.0; - LCF, SCR, =5.0; - CCF, SCR, =5.0 -
-#--CCF, SCR, = 2.5 (post CF-converter blocking) Si 150¢
- CCF, SCR, = 3.0 (post CF-converter blocking)
1001 40% fault severity
Fig. 7. Behavior of L-CFII and C-CFII w.r.t. MIIF,, (case 3) with SCR,= — 30% fault severity
5.0 without post fault converter blocking. — 25% fault severity
50 ‘ ‘ ‘ ;
0.2 0.4 0.6 0.8 1.0
E. The Maximum Limit of MIIF MIIFy,

It is true that MIIF influences both the L-CFII and C-
CFII; bigger value of MIIF increases the L-CFII while reduc-
ing the C-CFII. Thus, there must be a reasonable MIIF
which can support L-CFII without letting down the C-CFII

Fig. 8. O, flow w.r.t. MIIF,, (case 3, Fig. 6(b)).

F. Anomalous CF

Anomalous CF basically occurs due to voltage distortion
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because of the harmonic contents in AC commutation bus
voltage [10]. A less severe fault may advance the zero cross-
ing of commutation voltage due to poor quality of voltage
wave, which ultimately reduces the voltage-time area. Conse-
quently, the CF probability increases. However, this does not
happen for all AC system strengths and MIIF. The chances
of anomalous CF for MIIF less than 0.3 or greater than 0.5
are quite rare and even zero. The anomalous CF can also be
reduced if the post local CF converter is blocked or addition-
al reactive power support is provided at the remote end. In
Fig. 7, the dashed lines show C-CFII when the local convert-
er is blocked after CF, where a significant increase in CFII

can be observed.

IV. MATHEMATICAL MODELING OF POWER FLOW

The measured value of MIIF, over coupling reactance X,
between converters is shown in Fig. 4. In order to model the
reactive power flow between commutation buses, a mathe-
matical relation of MIIF, and X, is required. Heuristically,
MIIF,, seems to be an exponential function. Various expo-
nential functions relating X, and MIIF,, are shown in Fig. 9.
The error between the mathematical function and measured
value is also plotted.

1.0¢ 1.0 1.0
0.8 0.8 0.8
& 0.6 & 0.6 & 0.6
=~ ~ ~
S 04 S 4] S 4]
0.2 0.2 02+
0 2 4 6 8§ 10 0 2 4 6 10 4 6 10
X, (pu) X, (pu) X, (p-u.)
(a) (b) (©
1.0 1.0 1.0 ¢
0.8 0.8 0.8
5 0.6 5 0.6 506
~ = ~
S 04 S 04 S 04
0.2 0.2 0.2
0 2 4 6 8§ 10 0 2 4 6 10 1 6 10
X, (p.u.) X, (p.u.) X, (p-u.)
(d (e) (®
— Actual; — MIIF,;; — Error
Fig. 9. Relations of MIIF, and X, (a) MIIF, =¢ **". (b) MIIF, =e ™. (c) MIIF,,=¢ *". (d) MIIF,,=¢ *". () MIIF, =¢ . (f) MIIF, =¢ "
Intuitively, the best approximation can be expressed by (5) es, respectively.
as illustrated in Fig. 10. Equation (5) is actually the average Substituting (6) to (8), we can obtain:
of all functions in Fig. 9, which results in the minimum er- VAV
o, . . . 1 21
ror; therefore, it is adopted in the modeling of Q,,. The reac- 0, =
tive power flow between two buses can be calculated as (7). 0.71 39ln( 1 ) ©)
If we assume cos(d,—d,)=1, then (7) is simplified as (8). MIIF,,

XZé((:SIn(MI}FZI)+ irlzln(M]}Fﬂ) )
X,=0.71391n( MiIF, ) (6)

0, = V;(Il/‘ c0s(0,— 0, )— %‘2 (7

0, = w ®)

t

where V|, V,, and X, are the voltage magnitudes of buses of
converter 1 and 2, and the reactance between these two bus-

where AV, =V,-V,.

Equation (9) describes a relation between MIIF,, and Q,,.
As the remote converter supports local converter by provid-
ing a reactive power compensation during faulty conditions,
the CFII at local converter (LCFII,) will increase and can
be calculated as:

LCFII,, = CFII, + CFII,, (10)
0
CFII,, = P—” x 100 (11)

dc

where CFII,, is the increase in LCFII,; due to the support of
remote-end converter.
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— Actual

— Error

MIIF,,

X, (p-u.)

Fig. 10. Optimal function relating MIIF,, and X,
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V. VERIFICATION

In order to verify (9), a dual-infeed HVDC simulation set-
up is built in PSCAD/EMTDC as in Fig. 3. A constant fault
of 150 Muvar is applied at £, =1.0 s at the bus of local con-
verter 1, and removed at £,=1.1 s. The case with AC system
strength of SCR,=2.5 and SCR,=5.0 is considered. The
flow of reactive power O, is measured and shown in Fig.
11 along with the calculated value. The graphical results in
Fig. 11 explain the validity of approximation. It is to men-
tion that Q,, also depends on fault severity as illustrated in
Fig. 12. The severe fault causes more reactive power to flow
because it produces big AV,,.

= =
g s
2 2
-10 . . . . . . : -20 . . . . . . :
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Time (s) Time (s)
(a) (b
100 100
80t
g oo} g
> >
s wf s
Si 200 S
0‘
-20 . . . . . . : -20 . . . . . : .
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Time (s) Time (s)
(© (d)
120+ 140
100! 120+
< =<} L
S 60t >
2 40 s 60
S [ S 401
Ql Ql
20+ 201t
OF 0l
220 L L L L L L s 20 L L L L L L )
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Time (s) Time (s)
(e ()
— Measured; — Calculated

Fig. 11.

0,, approximation for SCR,=2.5 and SCR,=5.0 with P;=1000 MW, P,=1000 MW, ¢, =1.0 s, and ¢,=1.1 s. (a) X,=6 p.u., MIIF,;<0.015000.

(b) X,=4 p.u., MIIF,,=0.015095. (c) X,=4 p.u., MIIF,,=0.183407. (d) X,=6 p.u., MIIF,, =0.231819. (¢) X,=0.4 p.u., MIIF,, =0.404145. () X,=0.1 p.u.,

MIIF,, =0.732026.

To verify (10), the dual-infeed HVDC system is investigat-
ed for three cases, i.e., 1) SCR,=2.5, SCR,=5.0; @ SCR,=
3.0, SCR,=5.0; and @ SCR,=5.0, SCR,=5.0. The mea-
sured values of L-CFII using electromagnetic transient simu-
lations and the calculated values using (10) are provided in
Table II.

The aforementioned results clearly explain that the L-CFII

has an influence of MIIF,, in multi-infeed HVDC configura-
tion. It is evident from the tabulated and graphical results
that the L-CFII increases with the increase of MIIF,,. The re-
active power support Q, is observed over various MIIF,,,
which yields bigger L-CFII. Initially, the L-CFII for MIIF, =
0 is 13.5%, 16.8%, and 30.1% of SCL for cases 1, 2, and 3,

respectively. However, the flow of Q,, reduces the possibili-
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ty of local CF, and results in bigger L-CFII as shown in Ta-
ble II. The error is caused due to the approximation of Q,,, and
is acceptable and adequately validates the presented theory.

180

160

10 12 14 16 18 20 22 24 26 28
Local fault severity (% of SCL)

Fig. 12.  Q,, v.s. fault severity.

VI. CONCLUSION

This paper provides a detailed analysis of local CF and
concurrent CF in multi-infeed HVDC system. The impact of
MIIF on local CF in inverter-inverter multi-infeed case is
probed deeply. It has been investigated that both the local
and concurrent CF depend on MIIF. It is proven that the con-
verters in LCC-HVDC system can work under reduced reac-
tive power as per CFII. The bigger the CFII is, the more re-
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active power a converter can provide without CF. This pro-
vides a reactive power support via interconnection link to lo-
cal converter in case of local faults. The bigger value of
MIIF provides a stronger path between commutation buses
of multi-infeed scenario. The flow of reactive power support
from remote converter to local converter improves the volt-
age profile of local converter bus, and consequently, the
probability of local CF is reduced. It is true that bigger val-
ue of MIIF increases the probability of concurrent CF and
leads to less C-CFII, but at the same time, it decreases the
probability of local CF leading to bigger L-CFII. The CI-
GRE benchmark model with SCR of 2.5, 3.0, and 5.0 has
the ability to provide a maximum reactive power support of
135 Mvar, 168 Mvar, and 301 Mvar, respectively, to local
converter without facing a CF, which improves the L-CFII.
Furthermore, if the remote converter has any additional reac-
tive power support, it can further strengthen the L-CFII. A
mathematical model of the increase in L-CFII in multi-in-
feed HVDC system is provided. A few case studies are in-
vestigated in order to prove mathematically the theory pre-
sented. A relation describing MIIF and reactive power flow
between commutation buses is formulated. Therefore, the
statement that the local CF is independent of MIIF need to
be revised. The results are verified by EMT simulations in
PSCAD/EMTDC.

Thus, for practical projects, it is very much essential to
maintain the MIIF to a certain level for optimal value of
CFII for all converters in proximity.

TABLE 11
INCREASE IN L-CFII FOR MULTI-INFEED HVDC CONFIGURATION

Maximum Q,,

Local worst power

L-CFII (calculated) L-CFII (measured) Error (% Increase in L-

SCR, SCR, X (pu)  MIFy (o casured) (Mvar) (calculated) (Mvar) (% of SCL) (% of SCL)  of SCL) CFII (% of SCL)
001 0.966825 250 385 385 400 15 265
010 0.750943 220 355 35.5 35.0 0.5 215
25 5 030 0491573 150 285 285 25.0 35 115
050  0.365854 120 255 255 220 35 8.5
100 0222591 80 215 215 18.0 35 45
001 0.966825 275 443 443 450 0.7 282
010  0.750943 242 410 410 38.0 3.0 212
30 5 030 0491573 160 328 328 29.5 33 127
050  0.365854 110 278 2738 25.0 2.8 82
100 0222591 83 251 25.1 215 36 47
001 0.966825 245 546 546 50.0 46 19.9
010 0.750943 240 541 54.1 53.0 11 229
50 5 030 0491573 172 473 473 35 3.8 13.4
050  0.365854 135 436 4.6 400 36 9.9
100 0222591 85 386 38.6 35.5 3.1 5.4
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