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Abstract: This paper presents a detailed analysis of commutation failure, AC/DC power flow,
and voltage stability of multi-infeed high-voltage direct current (HVDC). The use of HVDC power
transmission technology has become common in modern power systems. During the past two
decades, HVDC technology has been extensively used for long-distance bulk power transmission to
remote areas. Throughout the world, the demand for power has drastically increased in recent years
due to industrialization; such situations make HVDC an economic candidate because the distance
between power generation plants and load areas is significantly very long. The line-commutated
converter (LCC) technology-based HVDC system is well more mature than other available conversion
schemes (i.e., voltage source converters), and it is widely used in high-power projects. China had
approximately 50 HVDC-LCC links in 2020, and a single LCC-based link with the highest capacity is
12 GW. The installation of several HVDC links in an existing power network has led to a situation
where two or more HVDC links terminate in the electric vicinity of each other’s AC network or even
in same AC busbar. Such scenarios are termed multi-infeed HVDC system. Multi-infeed HVDC
systems bring various challenges related to voltage stability, local and concurrent commutation
failure, and AC/DC power flow. Here, the literature available on these phenomena of LCC-based
HVDC is discussed for future research. The assumptions and drawbacks of various techniques used
for investigating the mentioned phenomena are also highlighted.

Keywords: line-commutated converters; multi-infeed HVDC; commutation failure; power flow;
voltage stability

1. Introduction

The first commercial high-voltage direct current (HVDC) power transmission using
line-commutated converter (LCC) technology was commissioned in 1954 [1]. The initial
projects were built using mercury arc rectifiers. Meanwhile, the advancement in semi-
conductor devices has made it possible to build thyristors of high power rating to replace
traditional mercury arc rectifiers. The first HVDC with silicon-thyristor-based technology
came into use in 1970 [2]. Since then, the use of HVDC in power transmission has become
common due to its significant technical and economic benefits over conventional HVAC
transmission. In modern power systems, HVDC is being adopted for long-distance bulk
power transmission, interconnection of different asynchronous AC systems, underwater
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power transfer using submarine cables, integration of renewable energy resources, back-to-
back power transfer, and control of power flow [3,4]. LCC-based HVDC (classic HVDC)
links have been operating with less maintenance, high reliability, and large power capacity
in the last half century. The rapid evolution of HVDC links in a power system tends
toward situations where two or more HVDC links feed to AC systems that lie in close
electric proximity or a common AC system [5]. Such configurations are called multi-infeed
HVDC systems. The first multi-infeed HVDC concept was reported in 1972, discussing the
harmonic instability and power frequency phenomena of single and multiple infeed DC
systems [6]. The interaction between converters in close electric proximity is illustrated
in [7] for the first time. It is discussed that multiple DC infeeds potentially degrade the
transient performance of the overall HVDC system. Converters in multiple DC infeeds may
work as a rectifier /inverter or both (rectifier + inverter). The challenge in the operation of
multi-infeed HVDC is the mutual interaction between converters, followed by a temporary
disturbance or fault at a common bus or either of the commutating buses. This mutual
interaction is one of the major concerns of an AC/DC interconnected system. The interac-
tion between converters largely depends on the AC system strength. The stronger is the
AC system, the higher is the ability to regulate voltage during disturbance [8,9]. The AC
system strength is location dependent; it means that the AC system strengths for different
buses are different. The AC system strength plays a key role in the AC/DC interaction and
mutual interaction between converters [10].

Since the advent of HVDC transmission, researchers and the manufacturing industry
have been involved in the evaluation of single infeed HVDC systems under normal and
abnormal conditions. This is why most of the literature data deal with single infeed HVDC
and its parameters. The serious challenge in the evolution of multi-infeed HVDC systems
is lack of data and knowledge about the steady state and dynamic behavior of multiple
DC infeed systems. The performance of multi-infeed HVDC is largely influenced by the
interaction between DC converters and other allied phenomena, which are applicable for
single infeed HVDC systems. The effect of an AC system strength on the performance of
single infeed HVDC is also true for multi-infeed DC systems. Similarly, reactive power
support, commutation failure, transient overvoltage, and fault recovery time are also
valid for multi-infeed HVDC systems. Besides these phenomena, interconverter voltage
interaction, voltage stability, local and concurrent commutation failure, interconverter
direct current interaction, and discrete tap position problem are also new challenges
for multi-infeed HVDC systems. These transient phenomena of HVDC are analyzed in
PSCAD/EMTDC software. The results are equally acceptable for practical purposes as the
software uses interpolation technique to estimate the data. The specific literature available
on these topics is discussed in this paper.

2. Multi-Infeed LCC-HVDC System

HVDC converters are classified into two major types: (1) line-commutated converter
(LCC-HVDC) and (2) voltage source converter (VSC-HVDC).

In LCC-HVDC, the DC side current is kept constant with minimum ripple. The
polarity of DC side voltages determines the direction of the average power flow. A large
inductor, connected in series, retains the current continuity similar to a current source. The
DC side voltage (Vdc) in an LCC is proportional to the AC side voltage (Vac) multiplied
by cos(0). The 0 is the angle between the fundamental frequency component of the phase
current and the phase voltage at the AC side. The 0 is controlled by adjusting the switching
time of thyristors. The AC current is directly proportional to the DC side current because
it is created from the switching of the DC current. The polarity of the DC side voltage
changes with a firing angle beyond 90°; however, this cannot affect the polarity of the DC
current. The turn ON/OFF time of valves is controlled by controlling the firing angle «,
which produces firing pulses for valves. One of the most important features of the LCC is
the possibility to control the DC side voltage by controlling the firing instant.
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In VSC-HVDC, the DC voltage polarity remains the same, and the direction of the
average power flow depends on the polarity of the DC current. Typically, the VSC DC
terminals and a large capacitor are in parallel, which denotes voltage sources. The VSC
entails reverse-conducting electronic switches, which are widely available in the power
electronics market, such as IGBT.

2.1. Multi-Infeed Schemes

The trend of installing HVDC for bulk power transmission is increasing with every
passing year. Situations are occurring, such as in the southeast coast of China, where
several HVDC links are installed to meet the industrial load. The existence of more than
one HVDC link in a close area initiates a new configuration termed “multi-infeed HVDC”.
MI-HVDC raises new challenges because the working of each converter is disturbed by
other converters in proximity. Therefore, MI-HVDC has received much attention in recent
research. There are three main configurations of MI-HVDC systems [11].

(i). Ring type;
(ii). Chain type;
(iii). Mesh type
The ring-type multi-infeed DC system is shown in Figure 1a. It is similar to a scheme
where several HVDC links encircle a city and feed at a specific point. If two HVDC

links feed a city (same AC system), then the schematic diagram will become as shown in
Figure 1b. The schematic diagram in Figure 1b is often called dual-infeed HVDC system.

HvVDC 1

HVDC 2

Figure 1. (a) Ring-type multi-infeed Dc system; (b) dual infeed ring-type multi-infeed Dc system.
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Chain-type multi-infeed HVDC systems can be imagined as shown in Figure 2. Here,
the HVDC links lie in close vicinity and have very short electrical distance. In a chain-
type MI-HVDC system, the HVDC converters do not have direct connection, but they are
connected via nearby links. Another possible structure of the MI-HVDC system can be
formed as in Figure 3. The configuration is a meshed network where several HVDC links
feed at various buses in the network. This structure is more complex than previous and
commonly found structures in the Southern Power Grid of China.

HVDC 1

Figure 2. Chain-type multi-infeed HVDC system.

HVDC HVDC

HVDC

AC
System AC
@ System

HVDC

Figure 3. Mesh-type multi-infeed HVDC system.
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2.2. Fundamental Indices Developed for a Multi-Infeed LCC-HVDC System

The multi-infeed interaction factor (MIIF) is an important quantitative index to deter-
mine the closeness between two converters in a multi-infeed scenario. The MIIF was first
reported in [12] and later in [13]. It estimates the degree of voltage interaction between
converters” AC buses. The MIIF;; from converter 1 to converter 2 is actually the ratio of
voltage change at converter 2 to voltage change at converter 1 caused by an injection of
reactive power at converter 1. A 1% voltage change is recommended to calculate the MIIF.
It is suggested in [14] that an MIIF of less than 0.15 between two converters means that the
interaction is quite small, and the multiple DC systems can be considered a single infeed.
Furthermore, if the MIIF ranges between 0.15 and 0.40, then the interaction is moderate,
and if the MIIF is greater than 0.4, then the multi-infeed system has strong interaction
between converters” AC bus voltages. Converters with high power rating affect more
compared with low-rating converters, and converters with low power rating influences
less compared with high-power-rating converters in a multi-infeed configuration.

The CIGRE report [14] discusses the multi-infeed HVDC systems in detail. The report
discusses the MIIF between converters. It provides bases to cop various transient and
steady-state phenomena of multi-infeed HVDC systems. It is given that if the MIIF is zero,
then all HVDC systems in close proximity will behave as a single infeed HVDC system,
and if the MIIF is 1, then the all HVDC systems in a multi-infeed scenario will operate as
they are connected to the same AC bus.

Single-infeed HVDC systems use a fundamental indicator to assess the strength of an
AC system to which the HVDC is connected. This index is called short circuit ratio (SCR).
It is basically the ratio of the short circuit level of the HVDC link at the commutation bus to
the power rating of the HVDC link. The installed reactive power support at the HVDC
commutating bus disturbs the system strength at the fundamental frequency. Consequently,
the effective short circuit ratio (ESCR) index is introduced to overcome the filter’s response
at a fundamental frequency. This index is actually calculated by subtracting the total
reactive power at the commutation bus from the short circuit level of the HVDC link and
then taking the ratio to the rated power of the HVDC. The stronger the AC system is, the
higher is the short circuit level, and subsequently, the better is the performance of the
HVDC link. Mostly the HVDC link is planned for an ESCR higher than 2.0.

Multi-infeed scenarios have led to a new index called multi-infeed effective short
circuit ratio (MIESCR). The traditional index was not sufficient enough to measure the
strength of the multi-infeed configuration because it was unable to incorporate the nearby
HVDC links in the system strength. The concept of multi-infeed short circuit ratio was
first proposed in [15]. The concept then extended to various versions to incorporate all
converters in proximity. This new index helped to investigate multi-infeed configurations
because it results in actual system strength compared with previous indices, which produce
optimistic results.

In single infeed HVDC systems, the power and voltage stability are characterized
on the ESCR. If the effective short circuit ratio (ESCR) is less than critical value, then the
voltage collapses. Similar concepts are being extended for multi-infeed configuration,
but they are more complex because the MIESCR is always less than the ESCR of a single
infeed HVDC system. The practical AC network between two converters of a multi-infeed
HVDC system can be simplified as one impedance. It is also important to mention that a
multi-infeed scenario with multiple converters has multiple MIIFs (as the MIIF exists in
between any two converters).

Transient overvoltage occurs when a converter stops absorbing reactive power; tem-
porarily, the converter fails to transfer active power. The excess amount of reactive power at
the converter bus produces overvoltage. The worst transient overvoltage appears when all
converters in proximity are simultaneously blocked due to maloperation or a fault. In most
situations, the worst transient overvoltage is calculated by simultaneous commutation fail-
ure on all converters of a multi-infeed system. The transient overvoltage largely depends
on the AC system strength; the percentage transient overvoltage reduces with an increase
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in system strength. Moreover, with an increase in system damping angle, the transient
overvoltage decreases. The multi-infeed scenario also affects the transient overvoltage
because as the MIIF increases, the system strength decreases, which ultimately increases
the transient overvoltage.

3. Voltage Stability of a Multi-Infeed LCC-HVDC System

The literature shows two approaches for addressing the stability of a multi-infeed
HVDC (i.e., the maximum-achievable-DC-power-based approach and voltage-stability-
factor-based approach).

3.1. Maximum Available Power (MAP)

In the maximum achievable power (MAP)-based approach, the maximum DC power
achieved by an inverter at a constant extinction angle is taken as the stability limit [16].
For this reason, the maximum power curve (MPC) is observed, and the system strength
at the maximum point is said to be the critical system strength. An analysis of MAP is
provided in [17]. For MAP, only the direct current is varied, and the other parameters are
kept constant. If the direct current is further increased at the MAP point, the maximum
achievable power decreases. The power derivative with respect to the direct current is
used as an index to assess stability. If the derivative is positive, the system is stable, and if
the derivative is negative, then it will cause a reduction in DC power.

3.2. Voltage Stability Factor (VSF)

The voltage-stability-factor-based approach was initially proposed in [18]. It computes
the ratio between changes in voltage to the varying reactive power injection. This ratio is
named voltage stability factor (VSF). A system is said to be stable if the VSF is small and
positive. The increasing value of the VSF indicates that the system is losing stability. The
system moves to an unstable region when the VSF becomes infinite. On the other hand, if
the VSF is negative, then the system is also unstable. The correlation between MAP- and
VSF-based approaches is first reported in [19]. It is investigated that at the maximum of the
MPC, the VSF becomes infinite for inverters operating at a constant extinction angle (CEA).

In ref. [20], it is reported that the power flow Jacobian has great influence on the
voltage stability of a power network. If the Jacobian of the power network is becoming
singular, the power system is losing its stability and operates with less stability margin.
This opens new directions in the field of power system stability. In ref. [21], the voltage
stability analysis for multi-infeed HVDC is discussed using the eigenvalue-based approach.
The eigenvalues of a reduced Jacobian matrix are inverse of the VSFE. In ref. [22], a method
is presented to estimate the voltage stability by decomposing the Jacobian matrix into
eigenvalues at steady-state conditions. The bus angle is decoupled by assuming AP =0,
which means no active power injection [23]. The Jacobian matrix turns to the reduced
Jacobian matrix by considering AP = 0, which only shows the influence of reactive power
on the stability of the AC/DC power system. The reduced Jacobian matrix can easily
be decomposed into eigenvalues by using a modal analysis [22]. The reactive power
injection (AQ) and change in bus voltage (AV) are related by eigenvalues. For voltage
stability, all eigenvalues must be positive. The relationship between Q and V is in-phase if
the eigenvalues are positive and antiphase if the eigenvalues are negative. The in-phase
relation corresponds to a stable operation, as the bus voltage increases with an increase
in reactive power. The antiphase relation indicates an unstable operation; the bus voltage
decreases as the reactive power is injected. Similarly, when eigenvalues become zero, the
reduced Jacobian becomes singular, and a tiny change in reactive power leads to an infinite
change in bus voltage. This also corresponds to an unstable operation. The HVDC system
is modelled as described in [24]. The converters in a multi-infeed scenario are connected via
coupling impedance. Each converter is occupied with reactive power support by installed
filters and static capacitors. All converters in multi-infeed are normalized on a common
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base. The Thevenin impedance of each AC system to which the HVDC is connected and
the coupling impedance greatly affect the system stability.

An equivalent single infeed model of a multi-infeed HVDC system is proposed in [25].
The voltage stability using equivalent nodal analysis is discussed in [26]. The method
considers N node, L load, and M generator buses to compute an equivalent model. The
impact of a control system on voltage stability is investigated in [27]. The linearized
equations are used to model the modal analysis of a multi-infeed HVDC system. It is also
reported that both active and reactive powers influence the voltage stability, but in order to
simplify the equations, only the reactive power injection is considered.

The modal analysis for voltage stability considering the point of collapse is reported
in [28]. It is discussed that the modal analysis can be applied to a power system to evaluate
the vulnerability of voltage stability. Modal analysis results in an appropriate location for
installing reactive power support. The modal analysis can judge the system behavior for
stability only in case of incremental change. A computer program for estimating the small
signal stability of a power system is described in [29].

The power stability concept about a single infeed HVDC system is discussed in [19].
The same concept is extended for multi-infeed HVDC in [30]. The concept uses the MPC
technique and eigenvalue decomposition method to analyze the power stability. The MPC
method provides only a single degree of freedom to control the stability, whereas the
eigenvalue-based technique gives more freedom to control the system stability by using
various parameters. To get a mathematical model relating the DC power and direct current
of a multi-infeed system, it is assumed that no active and reactive powers are injected. Only
the DC power is considered, which converts the AC/DC Jacobian matrix to a DC-power-
DC-current-reduced Jacobian matrix. The MAP of each converter in a multi-infeed HVDC
system is obtained by taking the parameters of all other converters as constant. The DC
power and DC current would be in-phase for a positive eigenvalue and vice versa. Hence,
for a stable DC power, the eigenvalue of the DC-power-DC-current-reduced Jacobian
matrix must be greater than zero.

4. Commutation Failure (CF) in a Multi-Infeed LCC-HVDC System

Commutation failure (CF) in single and multi-infeed HVDCs is an adverse event,
which occurs due to the failure of current transfer from one valve to the next in a pattern.
The main reason for CF is the reduction in the commutating voltage of a converter due
to any significant fault at the converter’s commutating bus or near the converter. It
might occur due to rapid increase in DC current, voltage waveform shift, harmonics, and
maloperation of a control system. CF can cause a temporary suspension of power transfer
to AC networks. Practically, the normal operation of a HVDC system includes switching of
several thyristors in a predefined manner. If any of the thyristors keep on conducting in
their blockage period, then the two phases of a converter transformer create a short circuit.
This transformer’s short circuit results in the temporary suspension of power transfer to an
AC network.

In an LCC-HVDC system, the converter station needs a large amount of reactive
power during commutation failure. If sufficient reactive power support is not available, the
converter moves to a blockage stage. In case of a multi-infeed configuration, if sufficient re-
active power supply to a converter station is not available, then the decrease in bus voltage
influences the nearby converter’s bus voltage, which can ultimately cause commutation
failure at a remote converter. In order to mitigate commutation failure, different compen-
sators, such as static synchronous compensator (STATCOM), synchronous condenser (SC),
and static VAR compensator (SVC), are linked to the converter’s bus [31]. In real-world
HVDC projects, a STATCOM and SC are usually connected at an inverter’s end in order to
improve the voltage profile and reduce the chances of commutation failure under single
and three-phase AC faults.

The commutation failure is also influenced by the AC system’s strength. The higher is
the AC system’s strength, lesser will be the chances of commutation failure in a converter
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station and vice versa. In a single infeed LCC-HVDC system, a higher short circuit ratio
(SCR) of the AC system results in lower commutation failure. In the case of a multi-infeed
LCC-HVDC system, a higher multi-infeed effective short circuit ratio (MIESCR) indicates
a lower risk of commutation failure in a converter station. It can be noted that if the voltage
interaction between converters is high and no reactive power compensator is installed at
any of the converter buses, then there is a greater chance that commutation failure in one
converter can cause CF in the neighborhood converter station.

In an LCC-HVDC system, harmonics are produced at the DC and AC sides. The
harmonics interaction between converters is a quite complex phenomenon. Despite the
voltage interaction, the harmonics interaction may also cause commutation failure at a
remote converter. The harmonics interaction reduces the voltage time area to remove the
charges stored in forward conduction. The harmonics also distort the voltage waveform
and shift the zero crossing to the left, providing less time to valves for ignition. The
famous anomalous commutation failure happens due to this harmonics interaction. In
an anomalous commutation failure, commutation failure occurs for faults of less sever-
ity. The postcommutation failure converter blocking scheme and strong AC system may
result in less harmonics interaction between converters. It is reported that converters
with a multi-infeed interaction factor (MIIF) of less than 0.1 virtually have no chance of
harmonics interaction.

The multi-infeed scenarios have made the commutation process more complex due
to interconverter interactions. Commutation failure at one converter may cause commu-
tation failure at other converters in proximity. This leads to a new concept of concurrent
commutation failure. A concurrent commutation failure depends on the MIIF between
any of two converters. If the interaction is strong, then there is a vast possibility that a
local commutation failure may cause commutation failure at a remote converter. Thus,
a fault on a local bus causing commutation failure at a local converter is termed local
commutation failure, while a fault on a local bus causing commutation failure at a remote
converter is termed concurrent commutation failure. In a multi-infeed HVDC system,
remote commutation failure by a fault at a local bus is also caused by post commutation
failure converter interaction. It means that a fault does not directly cause commutation
failure at a remote converter; rather, it is the interaction between converters that distorts
the voltage waveform, reduces the voltage, and shifts the zero crossing. Therefore, the
harmonic content in a commutating voltage is also a major reason causing concurrent
commutation failure.

The two important aspects of commutation failure are commutation failure suscepti-
bility of any HVDC link and recovery from commutation failure. Both these parameters
depend on AC/DC system strength and control. It might happen that a system is more
prone to commutation failure, but it is capable of recovering fast. At the same time, a
system might be less susceptible to commutation failure but does not have the ability to
recover fast from failure. Initially, commutation failure was assessed by the stability limits
of the HVDC system. For multi-infeed DC systems, the transient behavior affects the
occurrence of commutation failure. Thus, transient programs with a detailed modeling of
generators, HVDC converters, valves, transformers, and control are encouraged to measure
the susceptibility of commutation failure. The indices MIIF, MIESCR, and allied norms are
a great reflection of commutation failure immunity.

A few methods for detecting commutation failure are:

Calculating the maximum acceptable voltage drop;
Electromagnetic transient (EMT) program;

Examining the valve conduction status;

Comparing the valve current with a DC current;
Estimating the AC current of all phases of a transformer;
Inspecting the DC current of a converter;

Observing the extinction angle
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The analytical method for computing commutation failure was first discussed in detail
in [32]. During the conduction of a converter valve, the valve stores changes. These charges
need a proportion of time to remove before going to a blocking period. Therefore, a signifi-
cant voltage time area is required, named commutation margin angle. As commutation
failure often occurs due to AC voltage reduction because of a fault or disturbance, which is
unavoidable, the magnitude of a sudden voltage drop needs to be evaluated, which can
initiate commutation failure. It is assumed that the DC current and extinction angle remain
constant when a commutating voltage suddenly collapses. This leads to the same voltage
time area. However, the overlap angle increases, reducing the extinction angle. This means
that the commutation process extends to a new extinction angle. The formula developed
calculates the maximum acceptable voltage drop that does not cause commutation failure.
If a fault produced a voltage drop higher than the permissible limit, then commutation
failure was supposed to occur. The formula was derived using steady-state equations of an
HVDC converter. It is assumed that a voltage source is ideal, and a control system does
not act during disturbance. This formula yields poor calculation of commutation failure
susceptibility. An electromagnetic transient (EMT) simulation-based technique is reported
in [13] to calculate commutation failure immunity. Commutation failure in HVDC is de-
tected with several techniques. Some techniques even directly check the valve conduction
status. A few methods detect commutation failure by examining the current flow in valves.
A method comparing the valve current with the DC current is also reported in the literature.
The AC current of all phases of a transformer drops to zero during commutation failure,
and the DC current exceeds the threshold. The absolute sum of the current in all phases of
a transformer becomes less than double of the DC current. This indicates commutation
failure in an HVDC converter. For the CIGRE benchmark model, the normal extinction
angle is 15°. An extinction angle of 7° is considered to be a critical extinction angle. Below
7°, commutation failure occurs. The fault level that reduces the extinction angle to 7° is
named critical fault. The fault above the critical level causes commutation failure. The ideal
critical value for commutation failure is 0°, but for practical projects, it is calculated to be
7°, providing a sufficient voltage time area to remove charges. The extinction angle method
for detecting commutation failure only estimates the critical fault level. It ignores transient
affects, such as phase shift, harmonics, and DC current change. These transient phenomena
influence the commutation failure probability [33]. The steady-state method results in
optimistic values of the voltage level, which cause commutation failure, while the transient
technique yields an accurate value of voltage, which is higher than the steady-state value
for commutation failure. This means that a steady-state value indicates that commutation
failure will occur for a very low value of voltage, but in actuality, it is not the case. Commu-
tation failure, in the transient technique, occurs for a higher value of voltage than the value
that the steady state predicted. The difference is due to the aforementioned facts.

Commutation failure analysis using an electromagnetic transient program needs a
term (index) to find a critical fault value that does not cause commutation failure. This
leads to the introduction of the commutation failure immunity index (CFII). The CFII is
based on the minimum value of inductance that does not cause commutation failure. This
corresponds to the ratio of the worst critical fault MVA level to the rated DC power of a
converter. Similar to local and concurrent commutation failure, a local CFII determines
the immunity of a local converter, and a concurrent CFII estimates the immunity of a
remote converter to a local fault. The MIIF plays a vital role in the occurrence of concurrent
commutation failure. The MIIF is influenced by the AC system strength of each converter
in a multi-infeed configuration. Thus, concurrent commutation failure indirectly depends
on the AC system strength of converters in proximity. The concurrent CFII is inversely
proportional to the MIIF. This means that a low value of the MIIF corresponds to a higher
value of the concurrent CFII. It is discussed in [14] that if the MIIF is less than 0.3, concurrent
commutation failure would not be a serious issue. Similar to single infeed, in multi-infeed
HVDC systems, recovery from commutation failure depends on the MIESCR. The higher
is the MIESCR, the faster is the recovery. A single commutation failure does not have a
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destructive nature. Although a single commutation failure disturbs power quality, it does
not have too much effect on system stability. If commutation failure occurs more frequently,
it will definitely be a challenge for system planners and a great threat to system stability.
Frequent commutation failure in a single infeed HVDC system is a most harmful event.
Similarly, frequent commutation failure in a multi-infeed HVDC system is a great reason
for system instability and energy loss. The impact of frequent commutation failure in
multi-infeed DC systems is much more destructive than in a single infeed system. Several
precautions are described to reduce the commutation failure frequency, such as reducing
the interaction factor, using a large smoothing reactor, and increasing the extinction angle.

In ref. [34], a detailed analysis of commutation failure in multi-infeed HVDC is pre-
sented. The AC system is modeled as an equivalent Thevenin impedance and a correspond-
ing voltage source. The Thevenin impedance has a great impact on the overvoltage and
commutation failure of an HVDC system [35]. The Thevenin impedance is calculated by
looking into an AC system from a converter bus. If the MIIF between converters is less than
0.15, then each HVDC system in a multi-infeed scenario can be considered a single infeed
system. In order to calculate the ESCR at a converter, all other converters in proximity
are assumed to be blocked. This assumption leads to optimistic results because even the
converter is blocked, but the nearby AC system is still intact with a local HVDC system.
The drawbacks of a maximum permissible voltage drop formula are also discussed because
the formula uses a steady-state calculation method that ignores the transient behavior
of an HVDC system. This is why the maximum permissible voltage drop method for
judging commutation failure sometimes gives a wrong measure of commutation failure
susceptibility. The CFII approach described in [13] is used to assess the immunity of a
converter to commutation failure. The most severe fault (i.e., three-phase inductive fault)
is considered in the derivation of an immunity index. Commutation failure depends on the
fault level and the time at which the fault is applied. It is reported in [36] that commutation
failure depends not only on fault severity but also on the time instant at which the fault is
induced. The CFII is independent of the time instant on the wave at which the fault occurs.
The CIGRE benchmark model is investigated to have a commutation failure immunity
of 13.3% at the short circuit level (SCL). PSCAD/EMTDC (an electromagnetic transient
program) uses an interpolation technique between samples, and hence, the output results
are no longer sensitive to a simulation time step [37]. Commutation failure mainly occurs
due to AC side disturbance, but DC side inductance (smoothing reactor) also influences
commutation failure. For the CIGRE benchmark model, the DC side inductance is 1.194 H
cumulatively. The change in DC side inductance affects the CFII.

In multi-infeed HVDC systems, generally the source impedance and coupling impedance
are varied to get the desired MIIF and AC system strength in EMT simulations. The local
CFll is reported to be independent of the MIIF and remote HVDC converter parameters [13].
This results in favorable values of the local CFII. Several scenarios are discussed in relation
to concurrent commutation failure in the literature. The first scenario is analysis of concur-
rent commutation failure with a local converter permanently blocked. This scenario gives
the impact of an AC network on concurrent commutation failure, as the local converter
is blocked, so it does not have an effect on a remote converter. However, the coupling
impedance and AC system strength have a significant part in concurrent commutation
failure. The second scenario investigates concurrent commutation failure when a local
converter is blocked after local commutation failure. This avoids post-local commutation
failure interaction between converters. As a result, the chances of concurrent commutation
failure are reduced. The third scenario estimates concurrent commutation failure when
there is no scheme to block a local converter. This means that both converters remain in
operation after commutation failure. This leads to the most severe interaction between
converters, and hence, the chances of concurrent commutation failure increase. The CFII
in case 3 is much less than in case 2. This is due to the fact that after commutation failure,
a local converter disturbs the commutating voltage of a remote converter. Another phe-
nomenon is reported, termed anomalous commutation failure. The commutation failure for
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faults of low severity instead of high severity due to distortion of a commutating voltage
waveform is anomalous commutation failure.

In ref. [34], it is also discussed that for faults of less severity, the zero crossing of a
commutating voltage moves left, resulting in a decreased commutation margin. In such
cases, the voltage due to a fault is less depressed, but the commutation margin decreases
because of the left shift. The insufficient voltage time area leads to commutation failure.
This kind of commutation failure happens due to the advancement of a valve commutating
voltage, not due to a reduction of voltage magnitude. The reason behind this anomalous
commutation failure is harmonic content. The commutation voltage waveform for less
severe faults is found to be more distorted than for severe faults. Therefore, concurrent
commutation failure for less severe faults occurs due to a distortion in the voltage waveform,
and for severe faults, it occurs due to the sudden depression of the voltage magnitude. If
a post-commutation failure converter blocking scheme is used, anomalous commutation
failure can be avoided. A few categories are reported, depending on the MIIF. If the MIIF is
less than 0.06, then a remote converter does not have influence on local faults. If the MIIF is
greater than 0.06 and less than 0.15, the local fault may cause remote commutation failure,
but it does not have influence on a local converter block or unblock state. If the MIIF is
greater than 0.15 and less than 0.6, the CFII is almost inversely proportional to the fault
level. If the MIIF is greater than 0.6, every fault at a local converter will cause commutation
failure at a remote converter. This corresponds to a constant fault severity because the
voltage coupling between converters is too strong.

In ref. [38], it is discussed that a high local effective short circuit ratio reduces the
likelihood of local commutation failure, and a higher MIIF increases the risk of concur-
rent commutation failure. Minimume-extinction-angle-based critical values are derived to
quickly judge local and concurrent commutation failure. In ref. [39], the evolutional line
commutation converter with a thyristor-based full-bridge module is discussed to detect
and reduce commutation failure phenomena in single and multi-infeed HVDC systems.
In the topology, a thyristor-based full-bridge module is connected in series with each
valve of six pulse bridges. A predictive control strategy is proposed in [40] to reduce the
chances of commutation failure. The strategy decreases the firing angle on the detection
of a fault incident. A phasor measurement unit (PMU) is used to measure the Thevenin
impedance. As the Thevenin impedance seen from an inverter bus decreases when the
fault occurs, the fault severity and firing angle are estimated based on this Thevenin
impedance. An approach for detecting commutation failure based on fault distance from a
converter is discussed in [41]; it uses a minimum-extinction-angle-based approach to judge
the susceptibility of commutation failure. A fuzzy-controller-based approach to advance
the firing angle in the detection of commutation failure is proposed in [42]. A technique
for controlling the direct current during a fault is provided in [43]. A capacitor modula-
tion technique for minimizing the commutation failure in a line-commutated converter is
discussed in [44]. A power-component-based fault detection method for eradicating the
chances of commutation failure is discussed in [45].

5. DC Interaction of a Multi-Infeed LCC-HVDC System

With increasing scenarios of multi-infeed HVDC, vast research has been conducted on
the steady-state and transient behavior of AC/DC systems. A few multi-infeed phenomena,
such as multi-infeed harmonics analysis, multi-infeed power flow, and multi-infeed direct
current interaction, have a lack of literature. However, for a single infeed HVDC system, a
direct current interaction with an AC system is discussed in [46]. The analysis is made based
on the assumptions of an inverter feeding to a weak AC system, steady-state operation
before malfunction, and no voltage control scheme is applied. The converter bus voltage
following a variation in DC current undergoes change and obtains another steady-state
value. The bus voltage increases to a new steady-state value in response to a step reduction
in DC current. The variation in voltage is actually caused by imbalanced reactive power
support. An attempt to model multi-infeed direct current interaction is given in [47]. It uses
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the mathematical power flow model to derive various indices about multi-infeed HVDC
systems. Most importantly, it derives the MIIF using a power flow approach, which is
analytically equivalent to a conventional MIIF. The conventional MIIF is based on empirical
information, which does not have a rigorous theoretical background. The theoretical
framework discussed can help to investigate voltage and power instability. The study also
provides basics to probe the insight behavior of voltage and power interaction between
converters. The AC side Jacobian matrix is reduced to get the nodal voltage interaction
factor, which is equivalent to the MIIF. The incremental reactive power change at only one
bus is considered; the reactive power change at other converters’ bus is assumed to be
zero. This yields two indices, the nodal voltage sensitivity factor and the nodal voltage
interaction factor. The nodal DC power and DC current indices are also discussed. The
AC/DC power flow Jacobian matrix is reduced with AP = 0 and AQ = 0; only the change in
DC power is assumed. All the converters in a multi-infeed configuration are assumed to
be in a constant DC power and constant extinction angle control mode. The nodal current
interaction factor is derived as the ratio of change in current at the jth converter to change
in current at the ith converter in response of power change at the ith converter.

6. AC/DC Power Flow of a Multi-Infeed LCC-HVDC System

The power system is a mesh network between generating plants and consumers. A
power (load) flow study is a method for analyzing the flow of power numerically in a
complex interconnected system. Power flow analysis computes various key parameters in
a steady-state environment, such as real power, reactive power, voltage magnitude, and
angle. Power flow analysis is very important for the planning and expansion of a power
network. Load flow analysis gives the strength of a power system to supply power to
connected loads. An adequate transformer tap position is selected to provide a scaled
voltage to load. The power flow problem is highly nonlinear. Thus, numerical methods are
employed to get a solution within acceptable tolerance. Before applying any technique,
a number of unknowns are identified. Similarly, the buses are classified into slack bus,
load bus, and generator bus. At the load bus, real and reactive powers are given. At the
generator bus, real power and voltage magnitude are given. The slack bus is a reference
bus with a known voltage and its angle. Power balance equations are derived to compute
unknown parameters. There are a number of methods for solving nonlinear power flow
equations, such as Newton—-Raphson, Gauss-Seidel, fast decoupled, and holomorphic
embedding. Among these methods, the Newton-Raphson method is very much famous
due to its fast convergence ability and simplicity. The Newton—Raphson method uses the
Taylor series to get approximate linear equations of a nonlinear power system by ignoring
the higher orders. The Newton-Raphson power flow method has been used in a power
system for a long time.

Power flow analysis is essential in order to plan new systems and get the critical
operating conditions of an existing power network [48]. With the introduction of a DC
transmission technology, the conventional AC power flow term has turned into an AC/DC
power flow. The two most important methods for solving an AC/DC system are simul-
taneous and sequential approaches [49]. In a simultaneous approach, the DC equations
describing its power, voltage, and current relation, including control parameters, are solved
in combination with AC system equations. The sequential approach solves both AC and
DC systems separately by using interface variables, which link these two systems. The
sequential approach is easy to program and is widely used in an AC/DC interconnected
power system. In ref. [50], a unified (simultaneous) approach is discussed to compute the
AC/DC power flow by incorporating reactive power devices.

The purpose of an AC/DC power flow solution is to find unknown parameters for
rated values of known parameters. The parameters for a DC system are extinction angle,
converter tap position, AC bus voltage (interface variable), and AC bus voltage angle
(interface variable). An application of a sequential approach is given in [51], and an
application of a unified (simultaneous) approach is explained in [52].
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An approach for AC/MTDC power flow is discussed in [53]. The method presented
replaces a DC system with an equivalent voltage depending on the load and deploys the
fast decoupled method to solve power flow equations. A load flow analysis for hybrid
AC/DC systems with distributed energy resources is reported in [54]. The analysis uses a
sequential approach with the Newton—-Raphson method by incorporating converter losses.
A sequential approach to the power flow of voltage-source-converter-based multiterminal
DC systems is presented in [55]. The load flow using the Gauss—Seidel method of an
integrated AC/DC network is discussed in [56]. The method uses a sequential approach
with DC systems as the current injecting source at a converter bus. A solution to the AC/DC
power flow problem of multiterminal HVDC systems with a sequential and Gauss—Seidel
approach is discussed in [57]. A fundamental work in an AC/DC power flow is reported
in [58]. The work provides insight information on both sequential and simultaneous
techniques. AC and DC systems are properly modeled. The specific control parameters
are also considered for the fast decoupled power flow method. In ref. [59], a converter
modeling for a simultaneous approach of power flow is explained. The converter buses are
modeled as a constant-voltage-depended load. A problem associated with a converter tap
position is discussed in [60]. The converter tap position in a power flow is a very essential
parameter for convergence. Mostly, the tap position obtained lies outside the gear limit,
and sometimes it makes an extinction angle to hit its limits. In all the available literature,
the obtained tap position is continuous and turns discrete by regulating to the nearest
discrete value. This technique initiates an error in other control parameters of a converter,
especially the converter’s extinction angle. An improved AC/DC continuous power flow
method for stability and point of collapse is discussed in [61]. A technique describing a
power flow method of AC and multiterminal DC systems is investigated in [62]. The DC
converters are modeled as a current source in parallel with commutating resistance.

A detailed analysis of an AC/DC power flow considering multi-infeed HVDC systems
is reported in [63]. The advantages and disadvantages of both sequential and simultaneous
approaches are highlighted in detail. The simultaneous approach does not have the ability
to use existing AC power flow programs. The reason is obvious that the AC and DC systems
in a simultaneous approach are solved together, which increases the size of calculations
and also increases the complexity. The benefits of a sequential approach are much more
than those of a simultaneous approach because the sequential approach has the ability to
use existing programs of an AC power flow. All that has to be done is to integrate existing
programs with new DC power flow methods. Moreover, due to a separate solution for both
systems, the complexity of calculation also decreases. The sequential method is widely
accepted in a power flow analysis of AC/DC systems, but it also has some challenges.
Specifically, the sequential approach encounters a convergence issue when a DC system
operates under reduced power. To deal with imaginary reactive power, the cosine of an
extinction angle and a tap adjustment problem, a method is discussed that changes the
state variables. The discrete value of a converter tap position is achieved by regulating to
nearest discrete gear. In ref. [64], the AC/DC power flow for multiterminal HVDC systems
is discussed by including the DC network. The method uses the simultaneous power flow
approach, which extends the size of the Jacobian matrix and the complexity. A generic DC
network representation is provided by considering the independent current source at each
node. The converter transformer tap positon adjustment problem remains unaddressed for
quick convergence.

7. Analytical Expression and Parameter Specification of a Multi-Infeed
LCC-HVDC System

This section provides a few fundamental formulas of HVDC in a multi-infeed scenario
(Table 1) and a simplified chain-type multi-infeed HVDC model (Figure 4) used in the
literature for local and concurrent commutation failure studies. The parameters used in
Figure 4 are explained in Table 2. The legends of the symbols used in Table 1 are presented
in Table 3.
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Table 1. Basic analytical expressions of a multi-infeed LCC-HVDC system.

Formula Description
o Short circuit ratio
1]
SCR = V})é:l Vi: Thevenin voltage, Z™": Thevenin impedance, Pdc;: DC
' power of converter i
2 /) _ O Effective short circuit ratio
EsCR, = (/2) =00
i = Pdc; c: total installed MVAR at a converter bus
Q
MIIE . — AV, Multi-infeed .interaction factor .
WA AV;: change in bus voltage of converter i

(VM) —Qe
MIESCR; = Pdc; Ty MIIF;; x Pdc;
j

Multi-infeed effective short circuit ratio

Vvahm
oy % 100

i

%TOV; =

Transient overvoltage
V;N: normal bus voltage at converter i, V;°°: converter
bus voltage in response to disturbance

TOV; =

2xQdc; 1+Qdc?
\/1-0 + arEScR; T miESCR; — 10

Transient overvoltage
Worst TOV, where all converters in proximity are blocked

CFII, = (Worst Z;f;clit MVA), % 100

Commutation failure immunity index
Worst Fault MVA: worst fault that does not cause
commutation failure

__ Pdc
PBR = Wci

Power base ratio
Relative power ratings of converters in multi-infeed
scenario

Re= 3wl = 3X,

Commutating resistance
Virtual resistance causes voltage drop during
commutation

Vie = Vygcos v — 1R,
Vio = 22BTV;,

DC voltage

Vi0: no load DC voltage, B: no. of bridges, T: transformer
turns ratio, Vyy: line-to-line AC side voltage, «: rectifier
firing angle

— o= ( V2TX1],
Y = cos (T”—FCOSB)

Extinction angle
v: inverter’s extinction (firing) angle, Xr: saturation
reactance of transformer, 3: advance firing angle

I = Y8BTl

Rms fundamental frequency of AC line current

Pie = Pac = Vyelye = 3ViNIL1 cos ¢

AC/DC active power provided lossless converter,
cos @ is power factor at HT bus (converter AC bus), Vi y is
AC rms line to neutral voltage

Qur =3Vy NI sing

Reactive power provided lossless converter

_ _ Relye Vg
Cos @ = cos o — “ypde = g

Power factor at HT bus

Viae = Vgo cosy — IgRe

Inverter DC voltage

I — Vior cos &x—Vyo; cosy
de = Rcr‘"’R/*R[i

Direct current equation

Vor: rectifier no load DC voltage, V,: inverter no load DC
voltage, R rectifier commutating resistance, R.;: inverter
commutating resistance, R;: transmission line resistance

][ 2113
AQ Jo1 T2 AV

Linearized power flow equations using Newton—Raphson
method

Jii: elements of Jacobian matrix

AP, AQ, AV, Ad: incremental value of real power, reactive
power, bus voltage magnitude, and angle

AQ = JrRAV
{ AV =J'AQ

Je = (Joo = P )iy )

Relation of bus voltage and reactive power
Jr is reduced Jacobian matrix




Appl. Sci. 2021, 11, 8637

15 0of 19

Table 2. Basic analytical expressions of a multi-infeed LCC-HVDC system.

Parameter Description Parameter Description
Sending end AC; voltage Receiving end ACy voltage
Esl 4951 and angl ! & Erl égrl d lg 1 8
gle and angle
Sending end AC, voltage Receiving end AC, voltage
Ex2 285 and angl ’ 5 ErZ0r2 d lg ’ s
8'e and angle
Sending end AC; source Receiving end AC; source
ZSl 44’51 imped & d ! 1 Zrl é¢rl : d & d ! 1
pedance and angle impedance and angle
Sending end AC, source Receiving end AC, source
ZSZZ¢52 imped 5 d > 1 27244)1‘2 : d & d 2 1
pedance and angle impedance and angle
T Transformer ratio of T Transformer ratio of
sl rectifier 1 r inverter 1
T Transformer ratio of T Transformer ratio of
52 rectifier 2 2 inverter 2
0 Installed total reactive 0 Installed total reactive
s1 power support at rectifier 1 n power support at inverter 1
0 Installed total reactive 0 Installed total reactive
$2 power support at rectifier 2 r2 power support at inverter 2
X Saturation reactance of X Saturation reactance of
T3 transformer at rectifier 1 Tl transformer at inverter 1
x Saturation reactance of X Saturation reactance of
T4 transformer at rectifier 2 T2 transformer at inverter 2
o Rectifier 1 firing angle Y1 Inverter 1 firing angle
%3 Rectifier 2 firing angle 72 Inverter 2 firing angle
I Inverter 1 smoothing I Inverter 2 smoothing
1 reactor 3 reactor
L Rectifier 1 smoothing L Rectifier 2 smoothing
2 reactor 4 reactor
R Rectifier 1-inverter 1 R Rectifier 2-inverter 2
1 transmission line resistance 2 transmission line resistance
Up Inverter 1 DC voltage Up Inverter 2 DC voltage
In Inverter 1 DC current I Inverter 2 DC current
Active power supplied by Active power supplied by
Pn . P :
inverter 1 inverter 2
0 Reactive power supplied 0 Reactive power supplied
a by inverter 1 a2 by inverter 2
Uy 26, AC Volta.ge magnitude and Uyl ds AC Volta'ge magnitude and
angle of inverter 1 angle of inverter 2
Active power supplied to Active power supplied to
Py receiving end connected at P, receiving end connected at
inverter 1 inverter 2
Reactive power supplied to Reactive power supplied to
1 receiving end connected at  Qp receiving end connected at
inverter 1 inverter 2
Active power transfer b/w Reactive power transfer
Pip inverter 1 and inverter 2 Q12 b/w inverter 1 and inverter
commutating buses 2 commutating buses
React.ance of transfc.)rmer Inductance of fault that
X; b/w inverter 1 and inverter L %
occurred

2 commutating buses
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Table 3. Legends of symbols.

Description Symbols
AC
AC voltage source ——
DC
DC voltage source —O—
Transformer } {
Smoothing reactor
Resistance AMN
Inverter i ~
Rectifier T

Rectifier 1

REC 1
Idl’U{II 7;1 -1 Erléesl

|

|

|

|

| Xy

|

| Inverter 1

[ 2,4,
| 0,
|

|

|

24 —-|-— s1
= =

Qg
I W\—/vaw\—l
Frns=On INV2 |l REC 1
- 1,,,U
@ X, : e T,:1 E.;2£v2
) «— | XT4
| Inverter 2
PB,0,
Z,Q. 1:71-7 Y I ZsZ 52
U4, il “ 0,
TTEe = | = N
____________________ ___! i B Rectifier 2

Multi-Infeed HVDC Configuration

Figure 4. Chain-type dual-infeed LCC-HVDC configuration.

8. Conclusions

This paper provides a comprehensive review of the literature available on voltage
stability, commutation failure, DC interaction, and power flow of multi-infeed LCC-HVDC.
The increasing penetration of HVDC in modern power systems has turned into a situation
where several HVDC links exist in close electric vicinity. Such multi-infeed scenarios face
several challenges compared with conventional single infeed DC systems. The interaction
between converters makes the operation of such systems more complex and raises issues
regarding stability, local and concurrent commutation failure, AC/DC interaction, and
power flow. The AC system strength of a multi-infeed HVDC system is found to be less than
that of a single infeed DC system because of interconverter interaction. This interconverter
interaction is measured by the MIIF. The maximum available power (MAP)- and voltage
stability factor (VSF)-based approaches for investigating the stability of an AC/DC system
are explained. The MAP-based approach provides a single degree of freedom (i.e., direct
current) to designers, while the VSF-based approach using eigenvalues gives more control
to system planners for stability. A detailed analysis of local and concurrent commutation
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failure is provided. It is explained how the MIIF affects concurrent commutation failure
in a multi-infeed scenario. The methods for judging commutation failure are explained.
The assumptions and drawbacks of each approach are also highlighted. The AC/DC
power flow approaches and problems are also described in detail. The detailed review and
analysis in this paper can be used as a technical guide for future research.
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