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Abstract: Over the years, high voltage transmission of large energy blocks over long distances has
widely developed from the Line Commutated Converter (LCC) technology. However, the continuous
expansion of the AC network and the increase in renewable energy penetration leads to the weakening
of Electric Power Systems (EPS), causing operational problems for the LCC-HVDC. This paper
evaluates the degree of contribution of the VSC-HVDC on the LCC-HVDC dynamic performance
when the infeed is in a hybrid multi-infeed HVDC system. Through a steady-state mathematical
framework, the new concept of Hybrid Power Voltage Interaction Factor (hPVIF) is proposed to
assess the transient stability improvement of LCC. Additionally, this article introduces two key
contributions from hPVIF: the complementary Improved Commutation Failure Immunity Index
(iCFII), as a measure of the effective short circuit enhancement, as well as the apparent line length,
which emulates the line lengths adjusting the power dispatch in the VSC-HVDC. PSCAD/EMTDC™
time-domain dynamic simulations are performed to assess the indexes, and the Matlab® software
will be used to assist in mathematical operations.

Keywords: hybrid multi-infeed system (HMIF); improved commutation failure immunity index
(iCFII); hybrid power voltage interaction factor (#PVIF)

1. Introduction

The LCC-HVDC technology has played a crucial role in Brazilian’s National Inter-
connected System (SIN) in the exchange of large blocks of energy over long distances.
The Brazilian scenario in 2022 contains four HVDC links feeding 20 GW in the Southeast
area, two 600 kV bipoles of Itaipu, two 600 kV bipoles of Madeira, and two UHVDC 800 kV
bipoles of Belo Monte. In the so-called decennial publication SIN Expansion Plan, the gov-
ernment agency responsible for Brazilian energy planning indicates three more £800 kV
UHVDC links for subsequent years. They are: the bipoles of Graga Aranha-Silvania link
(1460 km, 4000 MW), the Parauapebas—Assis link (1940 km, 4000 MW) to be in operation
until 2023, and a third UHVDC link is under study to transport energy from the Tapajos
power plant to the Southeast, with 8000 MW for two bipoles (1500 and 2500 km) in the
entire operation from 2027 [1].

In the medium-term perspective, systemic insertion of renewable energy sources
added to an increase in the AC transmission lines integrating the primary grid [2], pointing
out the consequent weakening of the EPS, thus aggravating issues when LCC-HVDC are
connected. Brazil has a large territorial dimension and an energy matrix in which the
main generation plants are located far from load centers. Additionally, environmental
constraints are reducing the Right of Way (RoW) permission for overhead lines, therefore
collaborating to change power systems’ characteristics, becoming more interconnected and
reliable, but with new, complex paradigms. This highlights the emergence of some notable
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technical challenges in LCC-HVDC systems, leading to increased Commutation Failures
(CF) susceptibility, for instance. Thus, new actions to meet power requirements, such as
higher reactive support, became necessary to overcome problems caused by AC voltage
reduction at the inverter side bus.

In this context, the literature contains published works analyzing these challenges
of LCC-HVDC operation and proposing solutions for enhancing commutation failure
immunity and improving the overall reliability of the interaction between AC and DC
systems, with special attention given to weak networks. According to the nature of CF, there
are three technical routes for CF prevention and mitigation CF. They are improvements to
primary equipment, new control strategies for LCC-HVDC and reactive support in the AC
side of the inverter. Throughout the literature review, some of the main references in each
of these methods will be cited and briefly commented.

In [3,4], the authors considered the insertion of voltage control equipment in the
vicinity of the LCC-HVDC. The AC system strength and control models assessment was
considered in reference [5,6], and employing thyristor-based controllable capacitors to
eliminate CF was considered in [7-9].

Advanced control methods for preventing and mitigating the consequences of com-
mutation failure have developed in the second decade of the 21st century, such as those
with real-time measurement and calculation of inverter quantities, such as extinction angle,
AC commutation voltage, DC current, and overlap area of the thyristor voltage waveforms,
in order to anticipate control actions and inhibit CF [10-14].

Modern electrical power systems worldwide have expanded using Voltage-Sourced
Converter-based High-Voltage Direct Current (VSC-HVDC) transmission links, which
recently was just an emerging technology in the HVDC area. However, its application in
transmitting large energy blocks over long distances has increased due to the development
of self-commutated devices operating at higher voltage rates and economic competitiveness
compared to LCC technology. More recently, the authors of [15] introduced a control
strategy to overcome the disadvantages inherent to conventional LCC systems, combining
the VSC and LCC converters. The author detailed the VSC-HVDC link contribution to
voltage stability, proposing a flexible power control strategy for transitory reactive power
under grid faults. The studies combining VSC and LCC operating in the same AC system
and the analysis of the interactions that arise from it contributed to doctoral theses, such
as [16-19].

A few recent works are devoted to discussing the VSC-HVDC in its principal function,
which is point-to-point power blocks transmission in a controlled way [20,21]. Other publi-
cations bring positive results in the performance improvement of the LCC-HVDC when a
VSC-HVDC operates in their geographic proximity. Some papers discussed the VSC-HVDC
control modes at length, mainly when operating within a multi-infeed system [22-25], in
both transient and steady-state performance.

To partially finish the literature review, an influential group of articles forms one of
the bases of this work, and the beginning of developing methods for the analysis and simu-
lation of Electric Power Systems (EPS) in the vicinity of the voltage stability limit [26] will
be presented. The study of AC/DC interactions phenomena in low short-circuit capacities
systems began with [27], where methods based on the eigenvalue decomposition technique
for analyzing the voltage stability of multi-infeed systems were presented. Similar tech-
niques for power and voltage stability in MIF systems have been established since then
and developments continue to this day [28,29].

An exhaustive framework on two essential nodal AC voltage indices applied to the
voltage interaction studies in multi-infeed systems was presented in [30]. The author has
compared the respective indices obtained empirically on related literature. It investigated
the NVSF and the NVIF and compared them with their counterparts obtained through
simulations in electromagnetic transient programs VSF and MIIF, respectively. However,
this study is restricted to those MIF scenarios composed purely of LCC-HVDC links.



Energies 2023, 16, 532

30f28

A more innovative approach focuses on examining the relationship between DC power
stability and voltage sensitivity of the inverter [31], calculating the Effective Short Circuit
Ratio (ESCR) to predict the maximum power transfer limit in hybrid MIF systems [32].
Analytical formulation of voltage interactions between inverters in hybrid MIF systems is
further explored in [33].

Thus far, journal articles and doctoral theses have been listed, forming this biblio-
graphic review’s basis. However, a valuable group of conference papers is dedicated to
dealing with multi-infeed systems, including hybrids and their main issues involving their
operation in low ESCR systems and mitigation of CF. Some of them deserve mention here.
A large amount of computational electromagnetic simulations is performed in [34,35] to
analyze the coupling effect between VSC and LCC, and the commutation failure mechanism
of the LCC-HVDC system. The mathematical approach for CF immunity level assessment
is also presented in [36—-40].

Some primary bibliographic references have been placed from a historical perspective.
The other references will be listed and commented on within their respective sections
throughout the article.

These works address different solutions for quantifying commutation failure immu-
nity levels and enhancements in CF immunity. These publications provided valuable
contributions to the field and advanced the state-of-the-art of LCC-HVDC performance
improvement. However, such advances were restricted to scenarios of single-infeed HVDC
systems or multi-infeed HVDC systems composed purely by LCC links. In addition, some
of them use simulation tools as a fundamental basis to reach results, which inevitably take a
long time and result in computational burden. Until today, no other work considers hybrid
MIF with LCC and VSC links exploring the cross effects resulting from the power—voltage
relation between them, especially provided when a tie line transmission line connects these
links, thus resembling real scenarios.

This work aims to provide a systematic and generally applicable method for stability
analysis of hybrid multi-infeed HVDC systems from which the sensitivity of the system
parameters on the ESCR in the inverter side can be precisely and effectively determined.
By including LCC-HVDC equations into power flow with power injection formulation and
based on the eigenvalue decomposition technique, analytical expressions are derived from
giving an insight into how inter-inverter interactions influence the transient performance
of LCC-HVDC systems.

The investigations performed in this manuscript show that strengthening the AC
system is highly influenced by VSC operation and location. Geometrically, it is observed
that such influence assumes the form of a surface, where the voltage in the LCC and,
therefore, its ESCR behave in different ways for the variations of active and reactive VSC
powers. The variation of active VSC power produces a parabola with a well-defined global
maximum point and an approximately linear characteristic in the direction of the variation
of VSC reactive power. Here arises the main motivation for this work. The gradient of a
two-dimensional function is applied to map how the VSC impacts the LCC-HVDC voltage
stability. The contributions of the work are summarized below:

*  Hybrid Power Voltage Interaction Factor (hPVIF): As the primary contribution, the fac-
tor hPVIF is proposed. From the power-voltage relationship between the LCC and
VSC links, and given the length of the transmission line that connects the inverter
buses, hPVIFF allows extracting the system operation set point necessary to achieve
the maximum ESCR in the LCC link. Knowledge of this point, therefore, includes
knowing how far the VSC must be connected from the LCC and setting the values
of the active and reactive power coordinates in the VSC for the upper limit for the
voltage stability margin in the LCC inverter station. Factor h"PVIF7 is helpful for the
further contribution of the manuscript, i.e., apparent line length; therefore, hPVIF’
and hPVIF? complement each other to achieve the objectives of this work.

¢ Among the stability problems in LCC systems, commutation failure is the most
common and undesirable problem and will be adopted as a predictor instrument of
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the ESCR gain assessment. Based on CFII, which will be discussed in detail from
Section 2 onwards, the new metric Improved Commutation Failure Immunity Index
(iCFII) is specifically designed to evaluate the ESCR enhancement compared to the
situation without the presence of the VSC.

* A method for incorporating the equations representing the steady-state response
of the LCC-HVDC inverter into the power flow problem formulation is described
(Section 3.3). The control mode and its impact on the power system operating conditions
are addressed so that it results in an extended Jacobian for hybrid multi-feed systems.

®  The electrical system operators’ decisions in the operation programming process are
carried out daily, monthly, and annually. In all cases, the programming considers sys-
temic aspects, such as the generation and transmission expansion schedule, the level
of the reservoirs, load forecasts, analysis of meteorological conditions in the main
river basins of the EPS, and forecasts of inflows to the hydroelectric uses. In this
context, as these are aspects closely related to medium and long-term horizons and,
therefore, with little or no flexibility for short-term changes, the operation agents need
to have a reliable instrument that allows emulating a more advantageous value for the
ESCR seen by a given LCC-HVDC. From the proper choice of VSC-HVDC set points,
the apparent line length concept presented in Section 5.1.2 allows for the emulation of
a shorter line length than the actual length, resulting in a higher value of ESCR.

The outline of the paper is as follows. After the Introduction, Section 2 reviews aspects
of the LCC-HVDC operation that influences the CF, in addition to contextualizing the object
of study of this article. In the Section 3, a quasi-steady-state mathematical analysis is used
to present the main idea with references in the appendix, resulting in the definition of
the Hybrid Multi-Infeed Interaction Factor, which is the work’s fundamental contribution.
In support of the following steps, the Section 4 contains the case study implemented in
PSCAD detailing system components and the VSC-HVDC control scheme. The Section 5
shows the simulation outcomes and analysis. Section 6 summarizes the research and
concludes the paper based on the previous results.

2. Commutation Failure Analysis
2.1. Commutation Failure: Definition and Past Approaches

Commutation Failure (CF) is an adverse condition of vulnerability, especially due to
weak systems, which can cause sustained overcurrents, damaging equipment. The emer-
gence of the commutation failure theory dates back to the early nineties with a formulation
proposed for a CF induction mechanism [41,42]. The CF investigations intensified over the
next few years, passing through [43,44], which reveals through simulations that the results
from such a previous formulation only match those obtained for a set of specific scenarios.

Since fast transient events and unbalances have to be considered in CF studies,
the more appropriate way to analyze it is through detailed EMT simulation of the sys-
tems [45], and in this way, advances with the most recent works [46,47] were achieved.

The CF consists of an adverse event inherent to thyristor-controlled converters. It is a
critical operational fault that severely compromises the system performance as it causes
temporary interruption of the power transmitted by the converter, current surges in the key
thyristors, and can cause significant disturbances in the operation of the AC network and
other converters. For these reasons, it requires adequate protective measures to prevent the
system collapse.

After the end of the commutation process between two thyristors, the off-thyristor
must remain with a reverse voltage at its terminals for a longer time than the minimum
required to complete the deionization of the semiconductor. Due to operational character-
istics, commutation failure is more likely to occur in the inverter station. The dominant
causes are large fluctuations in DC current (I;), control failures in the thyristors triggering
an instant, transient harmonic distortions, and, especially, voltage disturbances in the
AC network.



Energies 2023, 16, 532

50f 28

Although a commutation failure can be due to many causes, the most common is
the voltage drop at the inverter station after an AC fault. In the past, some studies have
been conducted to quantify the level of voltage drop that could occur on the inverter AC
terminal without causing a commutation failure. They have been used to assess an HVDC
system’s immunity to commutation failure [48]. However, by purely considering voltage
magnitude and ignoring phase shifting and wave distortion, it is not enough to accurately
determine the critical voltage drop at the inverter AC busbar.

2.2. Minimum Extinction Angle Criteria

In this way, it is appropriate to analyze the valve commutation phenomena from the
perspective of the extinction angle, described by the extinction angle equation in (1), which
comprises all the process variables. The extinction angle (77,;) should be greater than wt,
(usually 7°) for the thyristor that is not conducting to restore its blocking capacity fully.
The time t; corresponds to the safe extinction interval after complete switching of the
current I;, under the penalty of commutation failure [49].

2Xenl,
Yn = cos ! (\f o+ cosocn) @
n

Considering commutation voltage at bus n (V) as sinusoidal under normal operating
conditions and a ripple-free DC current, the commutating reactance is mainly composed
of the short-circuit reactance of the converter transformer given by (2), in which V,n
represents phase-to-ground three-phase AC bus voltage.

VnN/(\@nn) xt(pu)VnN
B xT(pu) \/ilan/\@ B \/Ennlan

Based on the denominator of (1), it can be noted that the susceptibility of CF occurrence
is directly related to the AC network and VSC-HVDC parameters. In ideal circumstances,
it would be convenient to choose the VSC’s powers and the transmission line length
so that, under a sudden AC voltage sag, v, was not less than a minimum limit, 7.
In other words, for such a line length, if P, and Qj could be transiently changed during a
contingency, and the corresponding critical parameters of (1) could also be determined so
that v > 7, is always possible. The fundamental condition concerns the threshold values
to ensure ¥ > i, should be reached immediately after a disturbance. However, as will be
addressed in Section 2.5, the CF time interval is in the order of ys, and therefore, there is no
reason to attempt control over Vj in the first post-fault instants since the controllers and the
Phase Locked Loop (PLL) time constants are relatively more extended than the required
time intervals for the first fault to occur.

Xen 2

2.3. AC Voltage Interactions: The Critical Indexes

The first systematic studies were conducted in the early nineties [50] and advanced to
MIF systems analysis only involving VSC [51].

Among the stability problems in LCC systems, CF is the most common and undesir-
able adversity in LCC-HVDC systems. It is an operational condition that must be strongly
avoided because it leads to a DC voltage short-circuit resulting from the thyristor’s pulse
sequence of the same leg (opposite pole), with the consequent interruption in power trans-
mission, in addition to causing harmful overcurrents in the thyristor that has restored
conduction. Equation (1) indicates that several events motivate CF, such as sharp commu-
tation voltage sags in V;;, an increase in I;, decreases in f, or even control and triggering
failures in the inverter station. However, CF mostly occurs due to the V), deterioration,
which usually justifies the focus on this quantity in this work and other related works.

A particular concern in LCC-HVDC in the MIF configuration is the existing electrical
interactions between AC and DC systems. The AC faults in the inverter busbar are critical,
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as well as those in electrically close LCC-HVDC inverters, which will cause the so-called
concurrent or remote CF.

In this context, the Multi-Infeed Interaction Factor (MIIF) is proposed in [52] as a
metric for estimating the level of voltage interaction between two inverter’s infeed in
the same electrical region. The smaller the distance between them, the higher degree of
interaction, and the MIIF is used to reflect the effective interactions among any buses of the
MIF system. By definition, the index represents the voltage reduction in the busbar n (V)
followed by a 1% sudden drop in voltage of the busbar k (V}), as described in (3).

AV,
AV,

MIIF, = (©)]

Essentially, the index denotes how an HVDC link is influenced by another, playing
a key role in studying the safe and stable operation of the whole EPS. Generally, for two
buses infinitely far apart, MIIF = 0 and MIIF = 1 if two buses are connected to the same
AC bus. If two LCC-HVDC have the same ratings, the interactions for MIIF < 0.15 could
be ignored, and each link behavior as a single-infeed system.

There are some ways of equating the MIIF [53] considering grid parameters, for which
knowledge of the admittance matrix is required. Equation (4) shows the analytical result.
The impedance Z, is the interconnection impedance between the buses 1 and k, and Zy; is
the sum of the impedance connected to the bus k.

an

MIIFE,; = ‘Zkk @)

Dynamics simulations could be applied to reach a more precise measure of MIIF [54],
in which the admittance matrix is not required. In practice, a variation of 1% at bus k is
performed by switching a shunt inductance, and the resulting voltage V;, is observed.

2.4. The AC System Strength: Short Circuit Ratio Index

This section discusses the main index regarding schemes with multiple LCC-HVDC
links in the same AC network area. The Short-Circuit Ratio (SCR) is defined in (5) in which
Ssc, is the short circuit capacity of the AC network at the AC busbar with all remaining
converters blocked divided by the MW rating of the nth HVDC scheme (P;;,). Once the
Thévenin equivalent impedance (Z;,) is known, the SCR;, can still be written in terms of
this normalized impedance expressed per unit.

SCR,, — Sscu V3Vl _ V%/Znn _ 1 5
"~ P, Py, Py Z ©)
dn dn dn nn(pu)

In practice, Sg, is the short-circuit power of a symmetrical three-phase metallic fault
at converter bus 7, and Z,,, is measured by looking into the AC grid from the commutation
AC bus at the fundamental frequency. Another meaningful and widely used indicator of
the AC system strength is the Effective Short-Circuit Ratio (ESCR), calculated taking into
account the reactive support at the n AC busbar (Qc, ). The ESCR,, definition is given in (6).
In this case, the capacity of VSC-HVDC (Sysc) can also be considered.

Sscn + SVSC - Z QC,,

ESCR;, = P
DCy

(6)

In an MIF scenario where two or more LCC-HVDC inverters are connected in different
but electrically close points in a restricted location, planning agencies must pay special
attention mainly in low SCR conditions, when interaction amongst the links is likely to
occur. In this context, the ESCR acts as a valuable predictor of the degree of the following
interactions of concern [55]:

¢ Commutation failure including the effects of its propagation,
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¢  Power and voltage instability,

*  Requirements on recovery control coordination during AC and DC faults,
e  Transitory overvoltage (TOV),

e  Resonances and harmonic interaction,

*  Requirements on coordination between HVDC controls.

It is important to emphasize that although this article has adopted the CFII as an
instrument for the ESCR gain assessment, other parameters related to the weakness of the
EPS are also relevant, such as difficulties in the black start, Maximum Available Power
(MAP), recovery times in voltage sags, and TOV in load rejection.

2.5. Contextualization: Background and Motivation

Some works have studied the influence of VSC presence on the dynamic support of
reactive power when an adverse transient disturbance occurs. In this context, the iCFII
and its dependence on the VSC-HVDC operation point will be presented. It shows two
parameters’ effects on CF susceptibility for two scenarios. Firstly, Figure 1a illustrates
the LCC response to the CF for two Py values for the same tie line length. When Py goes
from 0.9 to 0.75 pu, the successive CF evolves to a single fault, which denotes a direct
improvement in the ESCR. The CF is extinguished by keeping 0.75 pu and increasing the
tie line length to 180 km. Figure 1b shows the improvement in CFII when the line length is
increased from 70 to 80 km with a fixed power dispatch. Similar behavior can be noted,
and the CF is completely extinguished when the line length reaches 100 km. What can be
seen is that an immediate improvement in transient state performances is soon observed
connecting the VSC at a given operating point M, without any changes to the AC network
equivalents in order to maintain the original ESCR.

Pk=0.9 pu, | =100 km. Pk=0.75 pu, | =100 km.

= 12 121 122 123 124 125 12 121 122 123 124 125
o
- Pk:0.75 pu, | =180 km.
1.5 T T T T T
1
0.5
O L L L L
12 121 12.2 12.3 12.4 125
Time (S)

@)
Figure 1. Cont.
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Pk=0.5pu,I=70km. Pk=0.5pu,I=80km.
i 3 i ¢ i i i

12 121 122 123 124 125 12 121 122 123 124 125

3
-~ Pk:0.5 pu, | =100 km
1.5 T T T T T
1
0.5
0 | L L L
12 12.1 12.2 12.3 12.4 12.5
Time (s)

(b)

Figure 1. Thyristors currents iy, i3 and i5 as a function of VSC power dispatch and tie line length:
(a) Thyristors currents as function of VSC power dispatch. (b) Thyristors currents as function of
VSC-LCC tie line length.

Figure 2 illustrates the characteristic of the probability of CF. It could intuitively suggest
that the faster the vector S excursion towards maximizing Qy, the better the voltage support
of the VSC in the AC network, iCFII3 > iCFII; > iCF1I;. However, the improvement in
control performance is observed only for voltage recovery a few seconds after the event.
As will be seen in the discussion based on Figure 3, this fact does not affect the performance
of the VSC in terms of contributing to avoiding CF.

Probability of FC (%)

Ponto M Sem VSC

Scc (MVA)

Figure 2. Graphic representation of iCFII gain.

Figure 3a shows a window with detail of Figure 1a, containing all the thyristor currents
in the transient time interval of the CF when Py = 0.75 pu for 100 km. It can be seen that
commutation failure shows a very short transient. Compared to Figure 3b, which is a
one-step in Py order, it is concluded that no matter how well designed, a power regulator
would not be able to prevent the first CF, and it can contribute little or nothing since the
resulting closed-loop time constant is 420 ms, that is, more than 70 times greater than the
short period of occurrence of the phenomenon.
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I(pu)

— — 111 4
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21 e, ——i 3 il
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AN |
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051 . 1.02 /\ /Y\
0.5
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U\ =
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11.995 12 12.005 12.01 12.015 12.02 12 12.05 12.1 12.15 12.2 12.25 12.3 12.35
Time(s) Time(s)
(a) (b)

Figure 3. Inverter commutation failure simulation. Dynamic detail: (a) valve currents under commu-
tation failure. (b) VSC Complex power—Sj.

These findings indicate that VSC operation and location contribute to strengthening
the AC system, which is observed by reducing the probability of CF. In addition, it is more
probable that the dynamic contribution of S for voltage support is in the coming stages
of the CF, i.e., avoiding successive and remote (or concurrent) CF. In other words, VSC
participation is linked to steady-state behavior. It indicates that attention should be focused
on how much the VSC can increase the voltage stability margin of the LCC in a steady state.
The following sections lead to a clear understanding.

The highly transitory nature of CF phenomena may be quite complicated for ana-
lytical treatment because of system non-linearities. Added to the need for an exhaustive
electromagnetic simulation to at least obtain statistics about the susceptibility of the CF,
the search for a method that overcomes the difficulties listed so far and provides more reli-
able information is justified. From the next section on, this article presents a development
that assumes that there are values for the ESCR for each system configuration such that a
maximum 7 excursion (A+) exists following an AC fault that will not cause a CF. If the
drop at the inverter is greater than A+, the CF is presumed to occur. Figure 4 illustrates
extinction angle behavior for two situations of Figure 1b and can help with understanding.
Such boundary value for ESCR is influenced by control system gains, type of fault and
harmonics, etc. The detailed mathematical analysis focuses on determining the maximum
ESCR that could be reached in the LCC-HVDC busbar to which the inverter would be
CE-protected for a given level of short circuit in MVA.

Gamma with CF Gamma without CF
200 30
25
150
_ ~ 20
[} (]
L o
g 100 g 15
a a
& <10 Gamma detail
50
. _‘Lr/u
0 5
0
12 12.2 12.4 12 12.2 12.4
Time (s) Time (s)

Figure 4. Graphic representation y; dynamics following AC fault.
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3. Theoretical Analysis
3.1. VSC-HVDC Power/Voltage Relationships and LCC-HVDC Performance

The dependence of VSC-HVDC Power Common Coupling (PCC) voltage (V%) on the
dispatched powers is established to illustrate the influence of the VSC-HVDC in the hIMIF
system. The objective is to write V} as a function of power dispatches on the VSC-HVDC
terminals. The current [; measured at the PCC can be written as (7), where Ej is the
bridge-arm converter controllable voltage.

_Ei—Vi

I
k 7

@)
So that the result can be applied in AC symmetrical and balanced systems with

constant frequency and transient situations, the development is performed with all three-

phase quantities written as two-component vectors (dg-frame). Therefore, all impedance

will become static complex numbers with reactance as an imaginary component. The grid

current is then,

Exg + jEkg — Via — JViq

Ry + j Xk

The inductive reactance of the filtering and the transformer leakage reactance can be
represented collectively by the interfacing reactor X;. The AC bus voltage Vj is assumed
with zero phase angle, aligned with d-axis. In this way, Vi, =0 = deq = Vig = Vi. Thus,
after proper algebraic manipulations, the VSC complex power can be written as ((9)).

(Exa — Vi) R + Exg X (Exa — Vi) Xk — ExgR
T +3V e )
X Ri + X

kg + jlg = 8)

$=3w¢=3w<

If the resistance is small enough that it can be neglected, V} (assuming a converter-
level firing system based on a simple sinusoidal pulse width modulation, the controllable

converter voltage is By = ,/EZ, + E]%q on which components in the phasor domain are

Vi Vi s
Ekd = Md% and Ekq = Mq%) 1S

E? E;
w_$;—@mi¢f—ﬁ$—m¥g (10)

Equation (10) describes the correlation between Vj and VSC powers, which is graph-
ically illustrated by the power—voltage curve. Explicitly dealing with a VSC, as Vj is
controlled at 1 pu, the effect of the “nose” curve will be reflected in the other passive
buses in the electrical vicinity of the bus k. This effect will be examined in detail in the
following sections.

Figure 5 shows a system representation for studying the power exchange between
VSC-HVDC and n LCC-HVDC subsystems. The premise that the power transmission

X
system is predominantly inductive is adopted, that is, R > 1.
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Figure 5. Representation of a three-bus hybrid multi-infeed system.

In this paper, the Hybrid Power Voltage Interaction Factor is defined. The hPVIF, is a
new parameter for estimating the degree of voltage interaction between a VSC-HVDC and
the LCC-HVDC in an AC network and is defined as a function of the VSC-HVDC location
and operating set point. Its value may be conveniently designed to protect the LCC-HVDC
n for a given short circuit level.

3.2. Voltage Source Converters Operation and Control Modes

To proceed with the mathematical model, discussing the possible modes of operation
of the VSC topology converters adopted in HVDC applications is convenient since the
Jacobian elements depend on the VSC-HVDC inverter control mode. Regarding the active
power control mode on both converters, the inverter station is designed to provide the
active power demanded from the loads, intended to match the power dispatch order
provided by the system operators. The rectifier station will be controlled to regulate the
DC link voltage in preset reference, calculated according to the DC link storage energy.

Regarding the reactive power component, the AC bus voltage sending end is regulated
by adjusting the field current of synchronous generators on that side so that the reactive
order to the rectifier station is only set to zero. In the inverter station, the following control
settings can be implemented.

e  Theinverter is designed to inject constant P into or keep constant Q in the AC network.
This strategy is known as P-mode and Q-mode controls, respectively. It is not a
recommended mode to operate in a weak grid because Qy results from a composition
of several effects, such as the tie line reactance, load conditions, and control set point,
which affects the capability to regulate the AC voltage magnitude at a fixed value.

¢ By adjusting the output complex power, AC bus voltage magnitude is kept in a range
of predetermined values, which is not acceptable to be less than 1 pu, nor should it
exceed ten percent of the AC rating voltage. It is named PQ-control mode, on which
Q reacts to P variations for the inverter AC bus terminal voltage to act as a PV bus. It
is the control mode applied in this work.

¢ The inverter assumes a combined strategy of both controls as described in the previous
items. However, an additional control loop to supplement the constant central reactive
power control by inserting a voltage regulation control signal proportional to the RMS
AC PCC voltage error is called the QV-droop control method.

3.3. Contribution Analysis of VSC in hMIF System

As noted in Section 2.5, the VSC’s contribution to the CFII at the remote LCC depends
on the ESCR in its AC converter bus, which is directly influenced by the VSC dispatch and
tie line length. In other words, to extract benefits from the VSC-HVDC located in the EPS
vicinity, it is more appropriate to analyze its contribution to steady-state voltage stability
rather than the dynamics performance of the control during the fast transients.
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As the behavior of interest is only the performance improvement of the LCC inverter
side, the equations that describe the operation of the rectifier will not be depicted. The quasi-
steady-state DC mathematical model of the inverter [56,57] is represented by the set of
equations in Equation (11).

Pgi = Vaily
3v2 3
V= inv,1 cosy; — =X
7T 7T (11)

cos ¢ — SOi ~ C;S(%‘ +1)

Qui = Piitg d;

where Py; is the real power injection, Vj; and I; are direct voltage and current, respectively,
n; is the converter transformer tap ratio, ;, # and are, respectively, the extinction and
overlap angles, cos ¢; is converter power factor, and Qy; is the reactive power consumption
in converter and transformer. The system power flow equations for the system model are
summarized as follows.

APy :Png+Pnl:|:Pnk*Pn

(12)
AQn = Qng +Qu £ Quk — Qn + an

In (12), AP, and AQ)j, are the vectors of AC active and reactive power incremental
change, respectively, calculated on the AC bus of each inverter station. All quantities are
given in pu and depicted in Figure 5. Subscript n and k refer to the LCC and VSC converters
AC terminals, respectively, and subscript i refers to the LCC inverter station.

The LCC control mode adopted is the base case, which in the well-known current
margin control corresponds to the rectifier controlling the voltage and the inverter terminal,
the current, or equivalently the power, known as constant extinction angle (CEA). The fixed
variables on the inverter are in the vector [ &, 7v; Vy; I; |. Neglecting switching converter
losses, P, = Py; is a function of AC and DC state variables. As the only behavior of interest
is the V}, rise on the inverter, all P;; changes will be concurrently compensated by P;, due
to direct voltage Vj, in the rectifier side. In other words, the rectifier control will decrease
a, to increase Vy, and thus keep I; constant. Figure 6 illustrates Py from 0.05 to 0.75 pu and
the V,, characteristic, while Figure 7 shows the corresponding DC variables.

VOSg-HVDC powers of inverter: 175 km.O 98LCC-HVDC AC voltage: 175 km
. T T T | . T T T

©
3

0971 v/ (max)

o
o

o
o1

P, Q and S(pu)
o
~

o
w

I
N

o©
-

5 10 15 5 10 15
Time (s) Time (s)

Figure 6. VSC power variations and LCC inverter AC bus voltage.
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Figure 7. LCC-HVDC DC variables under VSC powers variations.

Such a result is denoted by the derivative of P;; concerning the Vj,, as in (14). In addi-
tion, the participation of the state variables on the AC side is appropriately represented in
the extended form of the Jacobian matrix of the linearized system power flow equations.

oPy; o |32 3 )
= oV, Iy — = Xenl 1
v, v, p NtV COS 7yily entd (13)

As for the increase in Vy;, the value +; is constrained in 7,,;, = 15°, and I, is fixed in
1 pu—only those variations in the function of AC voltage are relevant. Then, the partial
derivative in (14) can be calculated.

Py 3V2

= 7ntc:os%'ld

aa%:z _ %nt cos v;l; tg i (14)
OPsi _ 9Qui _

a')’i a’)/l

0Py _ 9Qq; =0

ol dl,

Equation (14) denotes that, strictly in this study, the AC power incremental changes
AP, and AQ; in (12) are only sensitive to incremental changes in the AC state variables.

The canonical linear form Ax=b of steady-state power—voltage relationships for the
hybrid multi-infeed HVDC system is derived by the power flow equations stated in the
AC/DC converter station [58]. In this way, the complete system already incorporating the
DC elements is shown in (15), where A is a real-valued matrix, and x and b are, respectively,
the incremental changes in state variables and converter power vectors.

The matrix | is divided into N sub-matrices with self-explanatory notation and whose
elements are the first partial derivatives of the power flow equations with respect to the
state variables. The vector Y; = [ 7; Vy4; I; ] with the DC variables is incorporated into the
vector Xx.

Thus, Equation (15) depicts the extended form, which can be generalized for

all submatrices.
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_ i Ad
N [ Tps Jpv Iy, | || Bav-v)
(N-1) Ad(n)
AP(y) Jovay - Javieyy Jovey  Jev A6
_ AP | _ : : : : AV (15)
AQq) Jos Joy, i
) ]QV(N—l) e ]QV(N—I) ]QV(N) ]QV(k) :
: Joviy 0 Javivsy Jaovi  Javy A|V(1.\171 |
AQ(n-1) I Jovey 0 Jovey  JTovy  Jovg I AW |)
AQn) (N)
AQ AV
(k) ] AY,
The Jacobian submatrices Jps, Jpv, Jos and Jov, where N and k are the total of LCC and
VSC links nodes, respectively, are partial derivatives of the nonlinear algebraic functions
Pe = Vi Y V(G €08 Oy + Bi sin Oy ), Qi = Vi Y, Vin(Gin Sin Oy — By €08 Oy ) (16)

mek mek

P. = fp(V,0) and Qr = f4(V,6), in terms of the independent state variables AC voltage
magnitude and phase angle in the form evaluated at the AC bus given by the active and
reactive power flow [59,60]. Thus, the kth line is associated with the VSC-HVDC converter,
and sub-index m denotes the AC LCC converter nodesand m € 1,2,--- , N.

3.4. Enhancement of ESCR by VSC-HVDC

By incorporating modifications in the Jacobian to accommodate the VSC-HVDC and
adjusting elements according to its respective control mode, this article addresses an
extension of the [30,61]. Furthermore, as it also includes the effect of line length, this paper
extends the previous work by considering a VSC included, particularly [62,63], in which the
analysis of the degree of interaction is based on a dual infeed system only with LCC-HVDC.
Based on a parametric study, the latter quantifies the direct gain in ESCR viewed from the
LCC-HVDC AC busbar, yet it is only based on electromagnetic simulations and does so
without presenting a mathematical formulation that can be generalized for any case.

The PQ mode control will be adopted as it is the only one with practical application
for a realistic scenario when bus k is treated as a PV bus. The function V,, has been then
described as a two-variable function on VSC powers. If there are partial derivatives,
the concept of gradient vector will be applied and then is denoted by V'V, (py, gx) in (17).

L [V, AV,
o= (3 50,) )

The powers P, and Qy are simultaneously controlled so that V is allowed to assume
values within a well-defined band of acceptable node voltage magnitudes established by
the power system operator. In this way, the following relationships in (18) are valid.

Ve o Vi
on, =" g~ o

In the next section, the @Vn will be better explored and the hPV IF is presented.

3.5. Approach: The Hybrid Power Voltage Interaction Factor (hPV IF)

This section explores the concept of the Hybrid Power Voltage Interaction Factor
(hPVIF) for the dual hIMIF case. By employing the eigenvalue decomposition technique,
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when the kth VSC-HVDC inverter station is operating in PQ-mode control, the correspond-
ing hPVIE'?) and hPVIF'?) are defined from (19).

F A0 T AVl 7
M IQVH ]QVIZ IQV13 ]Q511 ]Q512 ]Q513 Vo
AQ() Jova Jove Javs Josn  Jase oo Aal
A Q(3) _ Jovs,  Jovs, Jaovss  Jossm  Jasm  Joss O0 (19)
AP Jpvi,  Ipvi,  Jpvis Jpsy Ips,  Jpsy AS )
AP Jpvy,  Jpvey  IPvas  TPsy Py TPoy Adp)
| APy | Jpvy,  Tpvs,  Jpves Tpsy  Tpsy  Ipss 0

A sequence of algebraic operations in (19) allows the AC Reduced-Jacobian matrix Jr
to turn into (20). The complete transformation is presented in Appendix A

1 1
hPVIF,, = ok hPVIF, , = @ (20)
Rin Ry

Figure 8 shows the composite surface, which is twisted-saddle shaped and will be
of great importance in understanding the physical meaning of the hPVIF,;. For every
VSC set point, the V,, is determined in such a way that vV, (hPVIF,, hPVIE,) is valid at
any point on the surface, as well as all of its mathematical properties. Two of the most
important provide the direction of the greatest increase in V},, which is perpendicular
to the tangent line of the level curve, both in point V, (P, Qko). It is easily seen that
the hPVIF,; provides a comprehensive mathematical interpretation for a cross-voltage
sensitivity factor. In a simplified way, there is only an incremental change in Sy, and then
hPVIE, establishes a direct relationship to a voltage change in the nth converter AC busbar.
In this context, hPVIF,; will serve as a valuable primary metric for the subsequent voltage
stability study of hybrid multi-infeed HVDC systems. It is not only the quantity hPVIF,,;
that is of importance, but it also carries information about how a power variation in one
k busbar and its geographic location influences the voltage in another n busbar in the
electrical vicinity of the system.
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Figure 8. Three- dimensional view of the relation between S} and V.
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3.6. The hPVIF Calculation

The strong relationship between V;, and the VSC set point and location has already
been discussed, which leads to the hPVIF and iCFII indices being closely related.

Mathematically, hPVIFi’Z) is the nth mode eigenvalue of the Jacobian matrix and is
equivalent to the cross derivative that establishes a direct relationship between V, to the
electric distance between the buses 1 and k. For any VSC operating point, S; provides an
expressive approximation of the critical point V;,, in time.

()

nk ’
or in other words, only the numerator of hPVIF}S’Z) (denoted by N (hPVIFSZZ) )) is enough
to study the interesting phenomena. Expanding the numerator results in a polynomial
function in the form of (21), on which 4 is the set of constructive parameters of the AC grid,
while independent variable x represents the operation points, and both will be used as
input to the model.

The V,, characteristic shows that its maximum occurs at dV,, = 0 for both hPVIF

N(hPVIFi’,’;))(u,x) =ay-x"4a, x4 tay-x+a-x +ag (21)

Solving N/ (hPVIF%))(u, x) = 0 for the dependent variable V; as a function of the
independent variables Py and Qy results in second-order polynomials functions (22).

Ny nyp nop 1/n
Vi (a,x) = <Z aPr+ Y aiPe+ Y ai) (22)
i=n

i=n3 i=ny

where n = ny + ny + n3 + ny is half the highest power of V,;, the vector of coefficients
isa = [ Gy Bym Ysn Okm P23 Qo3 ] and x = [ P, Qkx |. Bus 3 is the infinite bus, then,
V3 = 1 puand 63 = 0 rad, and all the other node voltage and phase-shifting angles are
referenced to this one.

The scope of this work is restricted to the power system operating at a voltage regular
operating point, according to the set of IEEE definitions regarding voltage stability [64].
In other words, an injection of reactive power AQ; > 0 at the VSC-HVDC AC bus leads
to an increase (or at least not a decrease) in the voltage magnitude at all other system
nodes, except the VSC AC bus itself due to the adopted control mode (AV,, > 0,n # k

and AV; = 0). Therefore, the index hPVIng{> does not apply to the analysis on which V, is

calculating through hPVIPr(ZC) = 0 since the power system will operate away from the point
of voltage collapse (Figure 8).

Since the hPVIF,x equations describe a physical system, the following considerations
are stated:

* By definition, the hPVIF, corresponds to a critical point. Since V}, goes from increasing
to decreasing at a time instant in which AV}, = 0, this is a local maximum.

*  Physical constraints force the independent variable P, € R*..

*  The quantities P; and Q3 are determined by the system operator, being fixed inputs
for V,,(a, x) for any line lengths.

In summary, the section shows that it is possible to calculate the real and imaginary
powers coordinates in the VSC to achieve the maximum ESCR in the LCC link, which
means the upper limit of the voltage stability margin. The threshold V;, that provides the
maximum possible ESCR (maximum A<y) for each specified tie line length. In other words,
the eigenvalue A = hPVIF,; contains valuable information not only on the maximum ESCR
that can be reached for each line length but also delimits the region of instability, calculating
the point from which Pk values cause a reduction in SCR.

4. Technical Data of the hMIF System Topology

To carry out the simulations to validate the proposed hPVIF and its derived con-
tributions, a typical scheme of a hybrid dual-infeed HVDC system is established in a
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PSCAD/EMTDC electromagnetic transients (EMT) program. Its configurations and control
structure employed in each HVDC subsystem are discussed as follows.

4.1. LCC-HVDC
Accurate EMTP models of the LCC and VSC converters are addressed in this section.
The LCC-HVDC and VSC-HVDC units’ ratings are summarized in Table 1. The LCC-
HVDC link adopts the first CIGRE HVDC benchmark standard testing system [65,66],
widely applied over the decades as a standard reference and effective tool for HVDC
system studies [67,68].

Table 1. HVDC constructive and operating parameters.

Parameter VSC-HVDC LCC-HVDC
System rating (MVA) 1000 1000
Converter AC bus rated voltage (kV) 230 230
DC rated voltage (kV) 630 500
- R=50
DC side - L=12H
C=025mF C=26uF
Rectifier station
Switching frequency (Hz) - 50
11th order: 252 Mvar
Capacitor banks and shunt filter Capacity - 13th order: 252 Mvar
Capacitors: 125 Mvar
Converter transformer leakage reactance (pu) 0.19 0.18
Transformer turns ratio 62.5/13.8 kV 345/213.5kV
AC system 345kV, 50 Hz
SCR - 2.5 at 84°
Inverter station
Switching frequency (Hz) - 50
11th order: 252 Mvar
Capacitor banks and shunt filter Capacity - 13th order: 252 Mvar
Capacitors: 125 Mvar
Converter transformer leakage reactance (pu) 0.19 0.18
Transformer turns ratio 62.5/230 kV 230/209.23 kV
AC system 215.05 kV, 50 Hz
SCR - 1.75 at 75°
4.2. VSC-HVDC

In this VSC-HVDC point-to-point model, the real power dispatch and the AC voltage
regulation are achieved using the pg theory [69], described in (23). The Instantaneous
Power Theory—or p-q Theory—is defined by applying the Clarke Transformation in AC
voltages and currents in the time domain. The terms p* and g* are the power components
in the af stationary reference frame.

The powers p and g are real and imaginary, respectively. Both are defined by average
and oscillating components p = p + f and g = 4 + 4, and the instantaneous complex power
results from § = p 4+ jq. Since distortions and imbalances in voltages and currents are out of
scope, the oscillating components § and § will be null, and only the fundamental frequency
is considered.

Figure 9 illustrates the block diagram of the two-layer dq control scheme. The outer
power control loop is noticed by g,(s) and g;(s) regulators and receives real power (or
a DC voltage) and AC voltage references, according to the selector switch. The output
current 7} is generated and denotes the average real power (p) that should be provided
to (inverter) or absorbed from (rectifier) the AC network to ensure the DC link voltage
regulation, while 7; is associated with necessary reactive power () required to control
PCC voltage. The output voltage components of the inner vector current loop h;(s) and
hy(s) pass through a dg-to-abc-frame transformation block to generate the reference (v,.)
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to be synthesized at the AC converter side. Both layers are composed of conventional
proportional integral controllers.

The DC cable represents an overhead line, whose length is fixed at 1000 km, and
the AC line connecting buses k and 1, whose length can be varied as desired. All these
quantities will be evident in Figure 9. Harmonics and switching problems are out of the
scope of this work; thus, the VSC is modeled as a three-phase voltage source in this work,
i.e., IGBT devices are not used [70].

14 \ Vsa v
Vpe u
v, * | PLL |—=
Instantaneous

Power

Calculation i ! Labe wt+¢
. v .

Real power
Toop selector

Control modes:
1 - de-link voltage control
2 - real power control

s S —

Figure 9. Grid interface of the VSC model and its vector control scheme.

The related parameters of the control system are given in Table 2.

Table 2. Control circuit parameters.

Parameter Gain Time Constant
ha(s) 2 617 ps
hy(s) 0.1 4ms
24(s) 5 7.5 ms
g4(s) 10 7.5 ms
iy 1 v v *
e e . 2[“ _ﬁH”*} 23)
B vy + Ug vp Un q

4.3. AC Grid Topology

The AC voltage source is modeled as a Thévenin equivalent. The LCC link scaled
version has source impedance parameters adjusted to achieve the appropriated ESCR.
Table 3 lists AC network parameters such as the voltage and frequency ratings and
power capacities.

Table 3. AC grid parameters.

Parameter Value

Rated power (MVA) 1000
Rated voltage (kV) 230
Rated frequency (Hz) 50

Transmission line Frequency-Dependent (Phase) Model
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5. Simulations Results

Among those transient aspects strongly influenced by the ESCR in LCC systems,
the commutation failure susceptibility is considered for the validity verification of the
calculation method of the hPVIE.

5.1. Improved Immunity to Commutation Failure

The central idea is to study the impacts on the CFII caused by the presence of a VSC-
HVDC and its direct contribution to the ESCR through a steady-state aspect. By proposing
the auxiliary index iCFII, the influence of the VSC-HVDC will be studied according to a
steady-state aspect, through the measuring of the static voltage stability margin, which is
its operating point, analyzed from the instantaneous complex power vector in the plane.

The fault level can be per-unitized by dividing it by the rated DC power of LCC-HVDC.
In this work, CFII is per-unitizing the CF fault level and is described in (24).

oy 2
Worst critical fault (MVA) 100 — Vi
P, @ + Lynin - Pye

CFII = x 100 (24)

The inductance L,,;,, (H) is the smallest fault inductance that never results in a CF,
regardless of fault type [45], and w the angular frequency in rad/s for 50 Hz.

5.1.1. Evaluation Method of iCFII

In [71], it is demonstrated that CF is influenced not only by the fault level but also by
the point on the commutation voltage wave at which the short circuit is applied. Further-
more, it is shown that the higher susceptibility to CF occurs under an inductive three-phase
fault than other fault types or impedance.

Starting from a small value, the fault inductance is increased in increments of 0.5 mH
until it reaches a value where no CF is induced for a period of 20 ms. A set of twelve faults
is uniformly distributed in time for each inductance, applying every 1.666 ms for such an
inductance value.
30° x f

360°

To demonstrate the sensitivity of iCFII to the length of the transmission line segment,
Table 4 shows the profile of CFII considering the variation only in the line length and
keeping the active power dispatch fixed at 0.7 pu. Although the CFII is in percentage
values, the authors chose to show iCFII in MVA.

360/12 = 30° = = 1.6667 ms

Table 4. Local CFII values in the htMIF system—Iline length.

Length (km) Vi (pu) CFII (%) Py (pu) Qy (pu) iCFII (MVA)
same bus 0.9949 24.159 0.7 0.3261 36.862
25 0.9798 23.666 0.7 0.2685 31.939
50 0.9704 23.258 0.7 0.2283 27.853
75 0.9648 23.162 0.7 0.2045 26.893
100 0.9607 22.436 0.7 0.1910 19.640
125 0.9579 22.557 0.7 0.1850 20.843
150 0.9554 22.318 0.7 0.1808 18.451
175 0.9534 22.054 0.7 0.1771 15.820
200 0.9516 21.968 0.7 0.1761 14.957
225 0.9501 21.925 0.7 0.1791 14.528
250 0.9489 21.883 0.7 0.1746 14.101
275 0.9477 21.897 0.7 0.1664 14.243
300 0.9464 21.826 0.7 0.1683 13.533
325 0.9451 21.505 0.7 0.1725 10.328
350 0.9439 21.355 0.7 0.1768 8.828

In order to verify the VSC performance, Table 5 shows the behavior of the iCFII by
incorporating the VSC power dispatch to each of the tie line lengths. In this way, the effect
of the real power dispatch will be superimposed on every line length, which P will be the
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one related to the point of hPVIFEIi) = 0. It is also included a column of the hPVIFggc), in
which will be a helpful index for the concept introduced in the next section.

Table 5. Local CFII values in the "MIF system—VSC complex power.

Length km) ppvIE®)  wpvIEY v pu) Vi (puw! e (%)? P, (pw) Qs (pw) CFII (%)  iCFII (MVA)
same bus 0.003 0.396 0.9969 0.9955 0.148 0.3354 0.3546 24.368 38.960
25 0.009 0.198 0.9806 0.9821 0.152 0.3406 0.2797 23.716 32.439
50 0.012 0.39 0.9769 0.9745 0.766 0.3334 0.2357 23.306 28.336
75 0.012 0.593 0.9656 0.9706 0.506 0.3379 0.2095 23.082 26.099
100 0.012 0.790 0.9673 0.9683 0.098 0.3462 01914 22.739 22.670
125 0.011 0.986 0.9659 0.9669 0.105 0.3423 0.1787 22.602 21.297
150 0.011 1.182 0.9641 0.9669 0.287 0.3394 0.1706 22422 19.491
175 0.006 1.374 0.9706 0.9653 0.547 0.3712 0.1549 22.332 18.599
200 0.004 1.567 0.9650 0.9649 0.003 0.3694 0.1487 22.185 17.128
225 0.002 1.758 0.9698 0.9647 0.528 0.3340 0.1516 22.332 18.599
250 0.001 1.948 0.9653 0.9646 0.075 0.3686 0.1380 22112 16.399
275 —0.001 2.136 0.9609 0.9645 0.372 0.3337 0.1411 21.982 15.100
300 —0.003 2.323 0.9601 0.9646 0.469 0.3350 0.1360 21.997 15.244
325 —0.005 2.508 0.9593 0.9648 0.569 0.3355 0.1320 21.911 14.385
350 —0.006 2.691 0.9667 0.9650 0.179 0.3379 0.1267 21.812 13.392

¢ Calculated V,, from (22). ! Simulated values of V,, . 2 Relative error of V).

Figure 10 illustrates the V,, dependence on the tie line length and VSC power dispatch.
The impact on CFII in hMIF systems is graphically represented by the hatched area. For ev-
ery length, the vertical distance between the red dotted line and solid line denotes the real
gain of CFII, or iCFII, by just connecting the VSC at operating point P, = 0.7 pu (scenario
under consideration in Table 4). The vertical distance between the solid line and the line

with point markers is the iCFII considering those P related to hPVIF,(ﬁ() = 0 (scenario under

consideration in Table 5). The superscripts with a single and double asterisk mean VSC
connected with fixed and variant S, respectively.

V,, in hMIF HVDC systems CFIlin hMIF HVDC systems
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Figure 10. Impact of VSC on V}, and CFII in h/MIF systems.

In addition to the definition of Section 5.1.1, the CF immunity quantified by the CFII
is not absolute but relative to a given short-circuit level. If for a given AC bus voltage the
LCC-HVDC system is immune to such short-circuit level in MVA, it is also immune to all
voltages above this first voltage. Figure 11b,c brings a further graphical representation of
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the iCFII phenomenon. All voltage values in the range between V?Ef ) (hatched area) will
return CFII equal to and greater than the maximum value itself (V,EZ)).
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Figure 11. LCC-HVDC inverter station AC bus voltage as function of Sj: (a) VSC-HVDC powers of
inverter station. (b) LCC-HVDC AC voltage for 175 km. (c) AC LCC Voltage for 225 km.

Figure 11 complements the understanding of what has been presented so far, in addi-
tion to supporting the discussion of the next section.

5.1.2. Apparent Line Length through hPVIF

Equation (22) can not be used to calculate V;; at any time since the referred equations
derive from the boundary condition dV,, = 0. Then it is valid only at the maximum V,,.

The use of the eigenvalues hPVIFfﬁC) and hPVIngg as complementary indexes is explored in
this section.

This section introduces the concept of the apparent line length of the transmission line
seen from the AC side of the LCC-HVDC inverter. By choosing the proper Q. (and thus Py),
it is possible to simulate a shorter line length than the actual length, resulting in a higher
value of iCFIL This is proved as follows.



Energies 2023, 16, 532 22 of 28

Considering a given Qy for two line lengths Iy and I, with I; <1, then V,,;y > V,,3,),
as shown in Figure 11. Therefore, to match the effect of varying power dispatch on different
line lengths, the two final voltages of interest must be equal, as in Equation (25).

) _ vy _ vy (i)
Vi) = Valy) = BVa) = V() =V,

n(ly) n(lp) +AVu() (25)

Equation (A4) results in the following:

. -1
— VA + AVaqy) | HPVIES 1(2

) L A0
1) 7 V) + Q) (26)

) |V o0
|+ AQy(, HPVIFL] ’ll}hPVIFn’L L T (27)

() — |y® (i)

Qk(lz) - |:V"(ll) - Vn(lz

In (27), the superscript (i) indicates quantities associated with the maximum point,

and the subscript (f) is related to that point on which the quantity of interest is desired.

The value AQy;,) establishes the necessary reactive power on bus k for I, that would result
in the same iCFII for [; when Qy ;) is delivered.

Since hPVIFffIZ) is null at the maximum point, it could not be directly used in apparent

line length. However, it is helpful for hPVIFEILL) calculation since the latter is nonzero at that
point. The practical result of the first term of the equation is to emulate, in a simplified way,
a shorter line length by adjusting Qy power dispatch.

Because of the large number of tie line length combinations, the concept of apparent
line length will be demonstrated for only two lengths: 175 and 225 km, being therefore
extensible to all pairs of line lengths. Figure 11b,c show the tie line equivalence for the
lengths chosen when Py is adjusted from 0.05 to 0.75 pu and Qj values necessary for
equivalence is presented in Table 6.

Table 6. Apparent line length equivalence between 175 and 225 km.

Region Vu (pu) ! Qr (pu) ! QI(<C) (pu) e (%) 2
hPVIFU;) >0 0.9560 0.1901 0.1880 1.126
hpvu:gi) <0 0.9560 0.1616 0.1615 0.0368

! Simulated values of Q. ¢ Calculated Qy from (27). 2 Relative error of Q}(f) .

5.2. Discussion and Partial Conclusions

Intended for the assessment of voltage static stability in hybrid multi-infeed HVDC
systems, this study is vital to the power system and power electronics fields combined
since it addresses a valuable open topic related to the LCC-HVDC connection into the grid
with low short circuit capacity.

The results presented corroborate the mathematical statements and physical conclu-
sions exposed through Sections 3 and 5. The CF is an adverse condition associated with a
weak system, and the AC voltage deterioration is quite sensitive to tie line length and VSC

power dispatch. These results attest to the effectiveness of the index hPVIFi(jZ) as a predictor

of the maximum ESCR that could be provided for a given line length and operating point.
It is also observed that LCC-HVDC is more susceptible to propagating CF when LCC and
VSC inverters operate at long electrical distances from each other.

As a form of validation, Tables 4 and 5 show an additional column with the error
obtained for the voltage value at the maximum point from e (%) = (|V;, — V,SC) |)/ Vi x 100,
where the superscript ¢ refers to the value calculated through (22). Such errors can be
attributed to (1) numerical approximations, mainly rounding errors, since the representation
of values relative to state variables was limited to four decimal places, (2) approximations
inherent to the bus admittance matrix, and (3) due to model assumptions such as when
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separately assuming AQ = 0 and AP = 0 for hPVIF,; calculations. This is valid for
applying the gradient concept, but it is not a very accurate assumption for a physical
system since to keep Vi = 1, AQ = 0 and AP = 0 cannot be decoupled.

6. Conclusions

This paper introduced a new metric to evaluate the degree of influence of the VSC-
HVDC on inhibiting commutation failures in LCC-HVDC systems arising from AC faults
from the increase in the ESCR. A detailed theoretical analysis is developed considering

VSC-HVDC participation factors hPVIFr(E() and hPVIF(q),, and its associated contributions
intended for the assessment of voltage static stability in hybrid multi-infeed HVDC systems.
It is possible to obtain satisfactory results with the proposed method as a function of VSC-
HVDC operation set point and line length separation. Commutation failures and most
of their adverse consequences could be avoided when the LCC-HVDC operates at the
calculated maximum short circuit capacity.

Oriented computer simulations performed in PSCAD/EMTDC denote the validity
of the proposed method. Results indicate close correspondence between the simulation-
based results and the predicted results from the analytical expressions. The parametric
analysis provided in Section 5 was carried out using ranges of tie line length and VSC-
HVDC power dispatch. To support the findings, Tables 4 and 5 show that values of iCFII

corresponding to hPVIFI(f ) = 0 reflect the ability of the VSC-HVDC to improve AC voltage
regulation, enhance the overall system strength and make the LCC-HVDC less susceptible
to commutation failure.

The presented technique proved efficient at increasing system performance and has
become technically convenient as a voltage static stability evaluation tool. In this context,
based on daily, weekly, or longer time horizon orders, the system operator can predict the
impact on the dynamic behavior of the ESCR when there are changes in the network and
when EPS assumes different modes of operation to meet consumer demands.

Through proper choice of VSC-HVDC set points, the outcomes of this work show
that the apparent line length formulation also reveals considerable accuracy in emulating
more advantageous line lengths from an ESCR improvement point of view. It is a valuable
concept not only for supporting the new transmission line projects and expansion at the
planning stage but also as an enhanced tool for operation engineers dealing with short
and long-term decisions, providing elements for the precise application of preventive
measures that contribute to the safe integration of LCC-HVDC and VSC-HVDC to very
weak AC grids.
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Appendix A. Equations for hPVIF Calculation
The hPVIFi(jZ) and hPVIF%{) Calculation

In V-control mode, Vj is maintained constant for any changes in P, V,, is nonzero,
and Qy will be automatically adjusted to changes in P, not only to meet the operator’s
dispatch but also to meet the stated target of AV} = 0.

Complete Jacobian matrix considering slack bus (bus 3) in power flow formulation
(AV(3) and A5(3>)

_ - M AVl 7
AQ) A‘go |
28(2) L=Joy | M=] \VéZ)l
G| = =JQv =JQs AVi) Al
APy N=Jpv | H=Jps % 4D
AP (2)
L 3 | Adgs) |

1—Elimination of bus 3: First Kron reduction
In this step, the non-interest AC buses, such as the Thevenin equivalent source buses,
have already been eliminated. As AV|3) and Ad(3) are null, the equation above becomes.

_ AQ - B A‘V(1>| T
) Javii Jovie Jovis Jasn  Jasn  Jass R
AQe) Jova  Jove  Jovs  Josm  Jam  Joss o
AQ(3) — Jovai  Jav,  Jovis  Josn  Josn  Josy 0 (A2)
AP(l) ]PVH ]Pvlz ]PV13 ]P511 ]P512 ]P513 A(S(l)
Ap(z) ]PV21 ]PVZZ ]PV23 ]P521 ]P522 ]P523 A(S(z)
L AP(S) | ]PV31 ]PV32 ]PV33 ]P(531 ]P(ng ]P(533 i 0 i

In preparation for the elimination of bus 3 (slack bus), the following sequence of
operations will be performed for a first Kron reduction: (1) Permutation of the 3rd and
5th rows to place AQ(3) and AP(3) in the fifth and sixth lines of vector b, respectively.
(2) Permutation of the 3rd and 5th columns to place AV(3) and Ad3) in the last two lines of
vector x, and (3) permutation of the 1st and 2nd columns to place AV|y) in the first row of
vector x .

" AQ [ AVl 7
1) ]QV12 ]QVn ]QV13 ]Q513 ]Q512 ]Q511 A‘go |
AQ (2) Jpvy,  Tpvsy  Jpves Jpsys  Ipsy  Ipsy vél)
APo)y 1 _ | Jove Jovs Jove Jasm  Jas  Jos Ad (o) (A3)
~ 913(1) ]PV12 ]QV21 ]PV13 ]P513 ]PtSlZ ]Pén A(S(ll
AQ3) Jpve,  Tpvey,  JPves  JPss  IPsw  IPoy o
| AP | Jove, Tpvie Joves  Josn  Josn o 0

After the matrix inversion in (A3), followed by the first Kron reduction, a second
matrix inversion is performed, resulting in (A4).

rl rl
AQq Iov Tovy Jos Toa, AlVia)]
(r1) (r1) (715 (rls A\VO ‘
AQ o | | Iov Town o T, AVl A4
o 1) rl rl rl Vo (A4)
APy ]( ]( ) ]( ]( AS
| e T e ||
(l) ]PV12 ]Pvll ]Ptslz ]P511 Aé(l)

To formalize the mathematical basis of this article and to make it possible to obtain
hPVIF, and hPVIF directly from (A5), the coordinate Q will be constrained as a constant
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parameter so that the directional derivative on the P axis is calculated. Physically, to de-
couple the effects of the active power variations from those caused by reactive power
incremental changes, it is firstly suggested in [26] to assume AQ = 0 and AP = 0 separately.
With no reactive power injections, the last Kron reduction can be applied.

() (2 AViz)l
)=k e || e -
AQ(Z) ]Qsz JQV21 %

As this article deals with a dual #MIF system, from now on, the sub-indices n for
LCC and k for VSC (k = 1 and n = 2) will be adopted. As A|V(;y| = 0, considering
Equation (A6) and using Jr generic terms, the system is rewritten as:

AQ - ( (9 0
(1’!) ]Rnn ]Rnk
AV, 1
_ 1@ (m _
Ry
hPVIF, = % (A8)
]Rkn

Similar methodology is applied in (A4) with proper permutations to calculate hPVIF,.

() ylp)
[ APy, } _ szk)n J%{kf [ AVl ] (A9)
AP p 14 0
(n) J Run J Rk
AV, 1
) (m) _ 1
APy = RknAV(”) +0= APg ) (A10)
( ) ]Rkn
WPVE,, = — (A11)
Puk — I(p)
Rin
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