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Fault-Location Accuracy of Natural Frequencies

Using Incomplete HVDC Station Models
Shao-Yin He, Member, IEEE, Andrea Cozza, Senior Member, IEEE, Yan-Zhao Xie, Senior Member, IEEE

Abstract—This paper investigates how the accuracy of fault
location estimated from a transmission line’s natural frequencies
is affected by imperfect modeling of HVDC power-converter sta-
tions. These systems include a large number of devices each with
specific frequency-dependent characteristics, as filters, reactors
and surge protection systems. While it is well-known that location
errors may ensue from inaccurate termination models, it is not
clear to what extent location accuracy is affected when neglecting
one or more of these devices. Results show significant differences
depending on the kind of transmission line and the reactor
inductance. Including reactors is found not to completely avoid
errors, proving the need to take into account the reactive behavior
of the converter, which strongly varies according to the HVDC
technology. A notable source of errors is level repulsion between
station and line resonances, a phenomenon observed when the
converter station presents self resonances, e.g., due to DC filters
and stray capacitances in reactors. Significant loss of sensitivity to
the fault position is found in these cases, impairing fault-location
resolution. The first, or dominant, natural frequency of the line
is more strongly affected by all these phenomena, suggesting
that the standard choice of using the dominant resonance may
not be an optimal strategy. Higher-order resonances are instead
found to be more robust against inaccurate converter models,
and appear to be more suitable for accurate fault location in
case of uncertainties about the converter model.

Index Terms—Fault location, power-converter station,
transmission-line termination, natural frequencies, inaccurate
models, level repulsion, self-resonating converter

I. INTRODUCTION

E
NSURING the accuracy of fault-location techniques is

a major concern in the protection of HVDC power

transmission systems [1]–[3]. The literature of traveling-wave

methods (TWM) has widely investigated location errors due

to inaccurate modeling of the transmission-line propagation

parameters, in particular caused by dispersion of the speed of

propagation in aerial and ground modes [2].

Although propagation speed is a major contributor to the

evolution of fault transients, a line’s terminations also play

a fundamental role in the transient polarity and shape of

surge fronts, and therefore in the accuracy of TWM [4], [5].

Their impact is all the more prominent in determining the

frequencies of resonance of a line subject to faults, since
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they directly depend on the phase-angle of the terminations

reflection coefficient [6]–[9]. Fault-location based on these

resonances is at the heart of natural-frequency methods,

which have been shown to be effective in case of frequency-

dependent terminations, since they are insensitive to distortions

in transients fronts, as opposed to TWM [10]–[12].

The importance of termination models in fault-location

techniques is indeed routinely discussed when dealing with

high-impedance faults [13], where variable conditions are

considered. In fact, power-converter stations are also known

to present variable and complex boundary conditions, due to

the different power-conversion architectures available and their

design, which in turn depends on power transmission require-

ments [14]. The presence of multiple frequency-dependent

devices such as smoothing reactors, DC filters, and surge-

protection devices results in complex terminations that require

careful modeling [15]–[20]. In practice, both line propagation

and converter-station models are inevitably affected by uncer-

tainty.

As opposed to transmission lines, power-converter stations

are highly non-linear active systems, for which numerical

modeling of fault transients is far from trivial, a topic that

is still debated even in low-frequency settings, where average-

value models have been developed to better reproduce the dy-

namical response of converters [21], [22]. The widely applied

CIGRE models have been used in fault-location analysis [23]

but were in fact designed to benchmark the power dynamics

of HVDC systems [24]. The possibility of deriving equivalent

models of converter stations by means of direct measurements

is clearly not an easier option when it comes to non-linear

devices that need to be tested on-line under realistic operating

conditions. Moreover, converter stations are susceptible to be

operated in multiple configurations, which would then all need

to be individually modeled [25], further complicating this

issue.

Against this complex backdrop, converter stations have

sometimes been suggested to approximate high-impedance

terminations [8], [26], on the basis of the large inductances of

smoothing reactors found mostly in LCC systems, even though

they behave as low-impedance terminations at low frequencies,

while stray capacitances would shunt them at high frequency

[17], [18]. In other cases, DC filters have been suggested to

be the dominant boundary factor [27], [28], again assuming

a high-impedance reactor [12], [29], [30]. Stray capacitances

and surge protection devices are typically neglected, assuming

that they affect the power converter only in the high-frequency

range.

This review of the literature suggests that frequency-

dependent converter-station models currently used may be
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inaccurate or incomplete. To the best of our knowledge, no

analysis has yet attempted to assess how fault location is

affected depending on the degree of accuracy of converter-

station models. This paper presents a theoretical analysis

aiming at gaining a basic understanding in this issue, by com-

paring the results obtained with several station models. The

analysis is limited to monopolar lines and metallic faults, in

order to better focus on the role of the converter-station model

by considering a simpler common framework. Bipolar lines

would require to consider all possible fault configurations, with

further complexity introduced by the coexistence of all-line

and faulty-section sets of resonances, the former depending

on the overall line length, while the latter only depends on the

fault distance [31]. Previous works have indeed also resorted

to equivalent monopolar descriptions [5], [23], [30], [32], [33].

For each converter-station model, the natural frequencies of

a monopolar line presenting a short-circuit fault are compared

to those expected with approximate models, in order to com-

pute the associated location errors. The main goal of these tests

is to assess if it is imperative to accurately model converter

stations in order to precisely locate faults, or if approximate

models may actually be sufficient, under certain conditions.

In particular we identify how certain devices, such as reactors

and surge capacitances, may affect fault-location accuracy only

over certain fault distances, while they could otherwise be

neglected.

The paper is organized as follows: Sec. II recalls the

fundamental ideas behind natural frequencies, before extend-

ing them to the more general case of frequency-dependent

terminations, in order to understand how they affect fault

location accuracy and sensitivity. Sec. III provides a brief

overview of equivalent models for converter stations. Secs. IV

to VII explore how fault location is affected when inaccurate

models are used, in particular when assuming high-impedance

terminations or only modeling smoothing reactors, while Sec.

VIII looks at the impact of neglecting stray capacitances in

smoothing reactors.

On the one hand, these results prove that detailed models

are not always needed to ensure a good location accuracy,

in particular for coaxial-cable lines. On the other hand, DC

filters and parasitic elements are found to have the ability to

disrupt location accuracy even at frequencies far from their

expected resonances, and therefore their impact should not be

regarded as negligible. Finally, the standard use of the first,

or dominant, natural frequency is shown not to be an optimal

approach, with higher-order resonances being far less sensitive

to inaccurate converter-station models.

II. NATURAL FREQUENCIES

The model used throughout this paper to represent an

HVDC monopolar transmission line is shown in Fig. 1. A fault

of impedance Zf is found at a distance L down a transmission

line with characteristic impedance Zc, a propagation speed

v and attenuation α. Boundary conditions are set by the

reflection coefficient Γs = (Zs−Zc)/(Zs+Zc) at its left end,

where Zs is the station input impedance. A low-impedance

fault with Zf ≪ Zc will be assumed, thus setting a reflection

coefficient Γf ≃ −1 at the right end of the line.
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Fig. 1: Monopolar line model used in the analysis of fault-

location errors.

A line’s resonances, as observed from the rectifier station,

are found as solutions to the following equation [6]

ΓsΓfe
−j2sL/ve−2αL = 1 (1)

where s is Laplace variable and T = 2L/v is the round-trip

propagation delay along the line. Solutions can be expressed

as sn = −1/τn + jωn [34], with ωn the n-th order natural

frequency and τn its decay time, caused by losses. Therefore

losses have no impact on the natural frequencies, but rather

affect the maximum resolution attainable and the resonance

excitation [31], [33]. For this reason, propagation losses will

be neglected in the rest of the paper, for the sake of simplicity,

as they do not provide any insight about the questions set in

Sec. I on the effects of inaccurate station models.

The resonance condition (1) is typically recast in terms

of the phase-shift angles ϕs, ϕf of the reflection coefficients

Γs,Γf , respectively, [6]

ϕt = 2ωnL/v − ϕs(ωn)− ϕf (ωn) = 2kπ, (2)

with k ∈ N, and typically assuming k = n, i.e., a line supports

a resonance as soon as the overall (or loop) phase angle ϕt is

an integer multiple of 2π.

Solving (2) requires numerical techniques, unless the termi-

nation phase-shift angles are independent from the frequency,

as often assumed in the literature [6], [35], in which case

ωn =
2nπ + ϕs + ϕf

2L/v
. (3)

A common example is the high-impedance approximation

(HZ) for the converter, where Γs ≃ 1 and thus ϕs ≃ 0
[26], [35], [36]. More realistic termination models result in

frequency-dependent values of ϕs.

Given that phase-shift angles are not defined in absolute

but rather relative to a reference, (2) is ill-defined. A simple

example illustrates this issue: a low-impedance fault could be

represented with both ϕf = π or ϕf = −π, leading to an

ambiguity about ωn as computed from (3), with two different

values to choose from. If also the converter termination had

a low impedance, this ambiguity would lead to an overall

termination phase ϕs + ϕf equal to −2π, 0 or 2π, resulting

in three possible values of ωn. In short, (2) is correct up to an

undefined multiple of 2π.

Therefore, a different approach will be followed in this

paper. The resonance ωn will be found as the n-th solution of

cos (2ωnL/v − ϕs(ωn)− ϕf (ωn)) = 1, (4)
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directly obtained from (1), which no longer requires knowl-

edge of the absolute value of ϕs and ϕf . Numerical techniques

are required in solving (4).

A. Location bias

Knowledge of a line’s natural frequencies has been exten-

sively used in estimating a fault distance, by inverting (3) [6],

[7], [10]–[12]

L̂n =
2nπ + ϕ̂s(ωn) + ϕ̂f (ωn)

2ωn/v
, (5)

from any n-th order resonance. Hatted quantities indicate that

termination phase-shift angles are necessarily based on either

estimates or assumptions, which might differ from their actual

values.

Inevitably, (5) is affected by the same ill-defined use of

phase angles discussed for (3). A more robust approach would

use (4) to generate a table of the function fn : L 7→ ωn,

mapping fault distance into line resonances, which could then

be used as a look-up table, translating the resonance ωn back

into the fault distance L. This approach is applied throughout

Secs. III to VIII in estimating location errors:

1) a first mapping fn : L 7→ ωn is established using the

actual station termination model;

2) a second mapping gn : L 7→ ωn is computed using an

incomplete station model;

3) the location error is obtained as L̂n−L = g−1
n (ωn)−L.

In spite of its shortcomings, (5) still provides one useful

insight. Defining ∆ϕ = ϕ̂s + ϕ̂f − ϕs − ϕf as the overall

phase error in the termination models, the location error (or

bias) ∆Ln = L̂n − Ln is found as

∆Ln

L
=

∆ϕ(ωn)

2nπ + ϕs(ωn) + ϕf (ωn)
. (6)

This result suggests that the higher the resonance order n, the

lower the impact of modeling errors in the line termination

phase angles, thanks to an increasing contribution of the

propagation to the loop phase angle ϕt, presented by the term

2nπ. Secs. V to VII provide clear evidence confirming this

prediction and the importance of using higher-order natural

frequencies.

B. Sensitivity to fault position

Fault location methods based on natural frequencies rely

on the idea that the resonances of a line are sensitive to the

fault position [6]. The general case of frequency-dependent

terminations may alter this sensitivity, resulting in a risk of

loss of spatial resolution [34].

The sensitivity dωn/dL can be computed from (2), yielding

dωn

dL
= −

ωn

L

[

1−
v(ωn)

2L

(

ϕ′

s(ωn) + ϕ′

f (ωn)
)

]

−1

(7)

with ϕ′

s(ωn) the frequency derivative of ϕs(ω) evaluated at

ωn, whereas ϕ′

f (ωn) ≃ 0. The term between brackets alters

the sensitivity −ωn/L commonly expected for a constant-

phase termination. The mechanism of sensitivity loss can be

understood as follows. For an increasing fault distance, the
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Fig. 2: The complete equivalent model of a HVDC power-

converter station connected to a transmission line, used in the

analysis of fault-location errors.

natural frequency ωn would decrease, hence for ϕ′

s < 0 the

termination angle ϕs would increase, thus partially compen-

sating the change in phase from the propagation term in (2).

Results in Sec. V confirm this interpretation.

III. CONVERTER STATION MODELS

HVDC power-conversion stations are complex systems that

include multiple devices. Across the different conversion tech-

nologies currently in use, the model in Fig. 2 provides a

framework that takes into account the most common devices:

AC/DC converter (rectifier), smoothing reactor, DC filter(s),

surge capacitor and circuit breaker. This description is not

meant to be exhaustive, but is rather based on the main devices

expected to have an impact on fault-location accuracy.

Their characteristics depend on the conversion technol-

ogy and the power level they are designed for [1], [14].

Line-commutated converter (LCC) stations present the largest

smoothing reactors, in the range of 200 to 600 mH, while

voltage-source converter (VSC) stations, and in particular

modular multi-level converter (MMC) stations, require smaller

reactors, typically below 50 mH. The importance of reactors

in station models is witnessed by their inclusion in CIGRE

models [23], even though those models were designed for

benchmarking control strategies, rather than fault-transient

propagation [14]. The value of the reactor inductance also

plays a major role in identifying whether a fault is internal

or external to the converter station [37].

Circuit breakers may also contribute an additional series

inductance, meant to limit the current derivative in case of

short-circuit faults.

DC harmonics filters are mostly found in LCC and poten-

tially VSC stations [14], [33], but are usually not needed in

MMC stations. Their impact on fault transient modeling was

discussed in [4], [38], in particular for 12/24-th harmonics

filters, as well as in CIGRE models [30]. It is worth noting

that DC filters can present very different responses outside

their resonant frequencies, with either notch or low-pass

filter behavior [14], which would differently affect the station

impedance. DC filters are typically associated to overhead

transmission lines.

Protection from lightning strikes may require the use of

surge capacitances to shunt high-frequency components to the

ground, with typical values ranging from 1 to 20 nF [39], [40].

The converter equivalent model covers AC-side compo-

nents, in particular transformers and filters, and the switching
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coaxial overhead

#
converter reactor surge cap. DC filter L1%

1
L1%
2

L10%
1

L10%
2

ǫ1 ǫ2 R1 R2 L1%
1

L1%
2

L10%
1

L10%
2

ǫ1 ǫ2 R1 R2

(Ω,mH,µF) (mH) (nF) (km) (km) (km) (km) % % % % (km) (km) (km) (km) % % % %

1 3/-/- 300 - - >55 >490 >665 - 14 2 88 98 >5.5 >51 >69 >676 40 13 82 92
2 3/-/- 30 - - >5.5 >50 >67 >656 40 13 82 92 >0.6 >5.1 >6.9 >68 49 13 82 92
3 3/20/- 300 - - >51 >528 >701 - 13 1.8 82 92 >7 >55 >73 >720 39 12 82 92
4 3/20/- 30 - - >9 >82 >111 - 35 9 82 93 >0.9 >8.5 >11.5 >113 48 12 82 92
5 3/20/80 300 - - >58 >520 >605 - 17 1.9 76 97 >6.1 >54 >73 >713 40 12 81 91
6 3/20/80 30 - - >9 >82 >108 >864 47 12 60 87 >1 >8.5 >11.5 >113 49 22 82 92
7 3/-/500 300 - - >55 >494 >646 - 14 1.9 86 98 >5.7 >51 >69 >675 40 13 82 91
8 3/-/500 30 - - >5.5 >49 >66 >636 43 13 80 91 >0.6 >5.1 >6.9 >68 49 23 82 92

9 3/-/- 300 2 -
<0.9 <0.9 - - 9 8 92 93 <9 <17 < 2.3 < 2.2 160 44 56 89
>56 >500 >665 - 14 2 88 98 >15 >69 >71 > 678 40 13 82 92

10 3/-/- 300 10 -
<4.1 <4.4 <0.4 <0.4 42 28 73 89 <22 <55 <10 <10 450 40 51 89
>59 >500 >666 - 14 2 89 98 >29 >108 >79 >686 40 13 82 91

11 3/-/- 300 - 12/24th >1.3 >11.5 >15 >119 80 55 39 55
12 3/-/- 300 - 6/30th >0.3 >3.5 >2.6 >34 65 35 39 73

TABLE I: Converter-station configurations tested according to description in Fig. 2 (first vertical tier on the left) and

corresponding location-accuracy metrics obtained by assuming a HZ converter-station for a coaxial and a overhead line (second

and third tiers). Lx%
n represents the distance range where the n-th line resonance results in a location error exceeding x%. For

each range with errors exceeding 1%, ǫn is the maximum relative location error observed for the n-th line resonance; Rn the

lowest relative sensitivity to the fault position.

network responsible for the DC conversion, including energy

storing components such as capacitors. Equivalent models

thus differ depending on the conversion technology [1], [24],

[41]: purely resistive models may be sufficient for power loss

computation [42], but VSC converters include a large DC

capacitance CDC from tenths to a few unit mF to reduce

harmonic distortion, and its should therefore be included in

converter models through an equivalent capacitance. MMC

converters use capacitors distributed throughout their N mod-

ules, resulting in a lower equivalent capacitance equal to

6CDC/N . Inductive behavior is also expected because of arm

inductances [38]. All these features can be taken into account

thanks to average-value models [21], [22], which use a series

RLC circuit to represent converters [2], [41], [43], as in Fig.

2.

To the best of our knowledge, the majority of fault-location

analysis investigations have not thoroughly explored the po-

tential impact of neglecting converter models, instead mostly

focusing on smoothing reactors and DC filters. Secs. IV to

VI explore this point, proving that converter models play a

non-negligible role in fault-location accuracy. It is also worth

noting that converter stations can be operated in multiple ways

[25], which would require to consider multiple equivalent

models, thus further complicating any analysis.

In the following analysis the state of a converter will be as-

sumed to remain unchanged during the first few ms right after

the occurrence of the fault, during which the fault transient is

typically measured before being used for estimating the fault

location.

IV. TESTED STATION CONFIGURATIONS

The brief overview in the previous section highlights that

even though converter-station models share similar structures,

their equivalent circuits may bear significant differences. As

discussed in Sec. II, these differences can be expected to result

into potential estimation errors of the termination phase-shift

angle ϕs of the converter station and, ultimately, of the line’s

natural frequencies.

The next sections explore to what extent modeling approx-

imations impact fault location. Sec. V first evaluates location

errors caused by approximating a station as a high-impedance

(HZ) termination. Sec. VI discusses the case where models

only take into account the reactor inductance, while neglecting

potential differences in the converter behavior or other devices,

based on the assumption that they have a minor impact. Sec.

VII instead assumes a HZ reactor, where DC filters would

then dominate the station input impedance. Finally, Sec. VIII

evaluates the impact of stray capacitances.

Throughout all these sections, a line’s natural frequencies

are computed for both the exact and approximate converter-

station models. As discussed in Sec. II-A, for each natural

frequency from the first set (exact model) a fault distance is

estimated by using the second set (approximate model) as a

look-up table, in order to compute the fault-location accuracy.

Across the different scenarios tested, a secondary goal is to

conclude if location errors may be negligible for faults within

certain distance ranges. In other words, accurate converter-

station models may be necessary only for faults beyond or

within a threshold distance.

Table I shows the list of configurations tested, with reference

to the general model described in Fig. 2. Reactors are the main

passive devices typically included in station models. Given

the wide range of design choices involved in HVDC systems

(cf. Sec. III), two values of reactor inductance are considered,

namely 30 and 300 mH, for each configuration tested. The

goal is to assess whether detailed converter models can be

approximated by simpler models, depending on the value of

the reactor inductance.

A series RLC equivalent circuit is used for representing
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the converter, as discussed in Sec. III. To the best of our

knowledge, fault-location analysis seldom include converter

models. A few references have made use of average-value

models [2], [41], [43], with one suggesting to use a resistive

equivalent model for MMC inverters [42]. In general, it is not

clear how fault-location accuracy would be affected by not

including converter models.

The configurations tested in the next sections are listed

in the first vertical tier of Table I, moving from an ideally

purely resistive 3 Ω converter model (#1 and #2) to a partially

inductive behavior accounting for the arm inductance from AC

transformers (# 3 and #4), while a capacitive behavior needs

to be included for MMC (#5 and #6) and VSC converters (#7

and #8). Subsequent configurations extend #1 by including the

presence of a surge capacitor (#9 and #10) and of a 12/24-th

and 6/30-th harmonics DC filter (#11 and #12).

The internal resistance is assumed to stay low independently

from the frequency, even though Caldecott’s data point to

a growing resistance in VSC tyristors at high frequency,

reaching about 400 Ω at 5 kHz [15]. In fact, at that frequency

the reflection coefficient phase-shift angle would be dominated

by the reactor, even for a 30 mH inductance: a high resistance

would thus have a minor impact, making it superfluous to test

other values of the converter resistance. Yet, it is unclear if it

is entirely correct to assume a low converter resistance below

5 kHz, as experimental results are unfortunately lacking.

For each configuration, two different kinds of transmission

line are considered: a) a coaxial cable line (CCL) with a

characteristic impedance Zc = 25 Ω and propagation speed

v = 1.8 × 108 m/s [44], modeling the propagation of phase

signals; b) an equivalent monopolar line, modeling the prop-

agation of the aerial (differential) mode of a bipolar overhead

line (OHL), with Zc = 400 Ω and v = 2.9 × 108 m/s. This

choice agrees with the results of the analysis reported in [45],

where phase signals where shown to provide the best location

accuracy in CCL, while modal signals were found better suited

to OHL.

Testing both cases is important, since the same line termi-

nation impedance results in significantly different reflection

coefficients and therefore affect line resonances differently.

Both lines are assumed to be lossless and non-dispersive,

for the reasons explained in Sec. II. The main focus will be

on the role of the phase angle ϕs of the converter-station

models. Fault distances are explored between 0.1 and 1000

km, although distances exceeding 300 km are typically found

only in OHL [14], [39], [40]. As discussed in Sec. II, a solid

short-circuit fault is assumed.

V. HIGH-IMPEDANCE APPROXIMATION

Fig. 3(a) shows the modulus of the input impedance of some

of the station models described in Table I. Configuration #1

being based on an ideal 300 mH reactor, it presents a steadily

increasing impedance, reaching the characteristic impedance

of the OHL (Zc = 400 Ω) at 200 Hz, and 13 Hz for a CCL

(Zc = 25 Ω). In order to approximate a HZ termination, the

phase-shift angle ϕs of the station reflection coefficient should

ideally be ϕs = 0. This condition is approximated to within
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Fig. 3: Comparison of converter station models: (a) modulus

of the input impedance for four different models (cf. Table I);

(b) phase-shift angle ϕs of the reflection coefficient, assuming

an OHL (solid lines) or a CCL (dashed lines).
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Fig. 4: Natural frequencies for the OHL model for configu-

rations #1 (a) and #5 (b). Dashed lines with circle markers

represent the natural frequencies expected for a converter

station with HZ, serving as reference in both graphs.

10 degrees above 2.4 kHz and 150 Hz, respectively for an

OHL and CCL.

At lower frequencies Fig. 3(b) shows a transition towards

ϕs ≃ π, corresponding to a low-impedance termination. This

kind of transition has a bearing on fault location, since it was

proven in Sec. II-B that the sensitivity of natural frequencies

to a fault position decreases in case dϕs/dω < 0. Similar

observations apply to #2, involving an ideal 30 mH reactor,

but in this case the transition occurs at frequencies about ten

times higher.

The first three natural frequencies of the OHL terminated

by model #1 are shown in Fig. 4(a) as a function of the

fault distance, together with the results expected for a HZ
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Fig. 5: Sensitivity of the natural frequencies in Fig. 4 to the

fault distance. The sensitivity is defined relative to the one

expected for the reference model, in this case assuming a high-

impedance termination at the converter station.

termination. As expected the two sets of results closely agree

at high frequency, where the station model presents a high

input impedance. In spite of this apparently close agreement,

Table I indicates that location errors exceed 1% for faults at

least 55 km distant for a CCL, and 5.5 km for an OHL. The

error reaches 10% at 665 and 69 km, respectively.

Higher-order line resonances better agree with the reference

HZ model, with the second resonance displaying a 1% error

only beyond 490 km for a CCL and 51 km for an OHL,

i.e., about ten times further than the first resonance. This im-

provement is not due to the second-order resonance occurring

at higher frequency, where the reactor impedance would be

higher, as argued in Sec. II-A. Indeed, sampling the curves

in Fig. 4(a) at a fixed frequency, e.g., at 200 Hz, the second

resonance shows a better agreement between the exact and

reference models. This observation has practical importance,

since it implies that when using higher-order resonances the

validity of the HZ termination approximation would hold over

larger fault distances

When the reactor has a 30 mH impedance, as in #2, Table I

shows that the distances over which 1% and 10% errors are

observed are cut down by a factor ten, for both CCL and OHL,

thus strongly reducing the viability of the HZ approximation

only to close-range faults, within less than 10 km.

The sensitivity of a line’s resonances to the fault position,

relative to that expected for a constant ϕs (cf. Sec. II-B), is

shown in Fig. 5. For #1 there is no major loss of sensitivity,

at worst decreasing at 82% for faults at least 200 km distant

along an OHL. Similar results are reported in Table I for the

30 mH reactor considered in #2.

Models #3 and #4 include a 20 mH series inductance to the

converter model, representing the arm inductance from the AC

transformers. Table I reports very similar errors comparing #1

and #3, while a measurable improvement is observed for #4

compared to #2, where the 20 mH inductance significantly

increases the input impedance of the station, thus making the

HZ approximation more accurate.

A more notable change is observed for models #5 and #6,

which include a 80 µF series capacitance, modeling the equiv-

alent capacitance of MMC converters. Their high-frequency

behavior is still similar to cases #1 and #2, approximating

a HZ termination, but presents a low-frequency capacitive
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Fig. 6: Location error for station model #5, when assuming

as a reference model a high-impedance termination for the

converter station. Results are shown for an OHL (solid lines)

and a CCL (dashed lines). The dominant frequency (first-order

resonance) was discarded, since it is inconsistent with the

natural frequencies of the reference model.

behavior, with a low-impedance resonance at 30 and 80 Hz,

respectively, as visible in Fig. 3(a). This resonance leads to

a steeper variation of ϕs in Fig. 3(b), and therefore a very

significant loss of sensitivity to the fault position, as confirmed

by the results in Fig. 4(b) for the first natural frequency1.

Hence, the first line resonance would be ineffective for locating

faults in this case, as it hardly changes with the fault distance.

More important is the fact that this first resonance cannot be

predicted within the frame of the HZ approximation. Fig. 4(b)

shows that subsequent resonances closely agree with those

expected for a HZ converter. In the following, we will neglect

the first resonance of models #5-#8, all sharing this behavior.

Following this choice, location errors for model #5 are

shown in Fig. 6 to exceed 1% for faults further than 6 km and

58 km from the station, for an OHL and a CCL, respectively,

using the second resonance. When using the third one, the

location accuracy greatly improves, with errors smaller than

1% for faults up to 54 km and 520 km, for an OHL and a

CCL, respectively, while still assuming a HZ termination in

the reference model. Therefore, discarding natural frequencies

due to self-resonant converters leads to a performance similar

to the one observed with previous converter models. Fig. 5

confirms that the loss of location sensitivity is also similar.

Table I extends these conclusions to model #6.

Similar conclusions are drawn from the analysis of models

#7 and #8 which present a converter with a dominant capaci-

tive behavior, with a 500 µF capacitance consistent with VSC

converters. Results in Table I again confirm that these models

have errors similar to previous cases.

Across the results for all these cases, it appears that the

main parameter dictating the location error for a CCL is

the reactor inductance. Errors grow much faster in case of

a 30 mH reactor (even-numbered models), with the first line

resonance attaining a considerable10% error typically within

less than a 100 km distance, compared to more than 600 km

for a 300 mH reactor (odd-numbered models). These distances

are reduced by a factor ten for an OHL, since its higher

characteristic impedance strongly limits the validity of the HZ

1This phenomenon was explained in Sec. II-B
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Fig. 7: Natural frequencies for an OHL with station model #9,

including a 2 nF (a) and 10 nF (b) surge capacitance.

approximation. The accuracy of the HZ approximation largely

improves when switching to the second line resonance, with

location errors now reaching 10% at distances ten times larger

than with the first resonance for a OHL, and exceeding 600

km for a CCL, even with a 30 mH reactor.

When including surge capacitances, the station input

impedance would decrease with the frequency, thus altering

the phase angle ϕs. Since at high frequency reactors present

a HZ, no significant difference were observed with 30 or 300

mH reactors. Therefore, the effect of surge capacitances can be

expected to be decoupled from those examined so far, which

were prevalently occurring at the low-frequency end, i.e., for

distant faults.

Models #9 and #10 are based on #1, adding respectively

a 2 nF and 10 nF surge capacitance. Fig. 7 shows that the

line resonances drift away from those for a HZ converter over

two separate regions: at large distances as already observed

in Fig. 4(a) for #1 (i.e., without the surge capacitance) and

at close distances, where the surge capacitance forces a low

termination impedance. Table I shows that indeed a surge

capacitance has virtually no impact on the location accuracy

for distant faults, apart for a 10 nF capacitance with a OHL.

In this case, the HZ approximation reaches a 1% error at 29

km instead of 5.5 km for #1, with no surge capacitance. For

the second resonance, the 1% distance passes from 51 to 108

km, while the distance for a 10% error is unaffected.

The effect of surge capacitances is observed for close faults,

where errors become noticeable within less than 4 km for the

CCL, while for the OHL errors are observed up to 22 km.

The last configurations considered are #11 and #12, which

add DC filters to model #1, corresponding to an LCC station.

Only an OHL is considered for these cases. Model #11 has

a 12/24-th harmonics DC filter. Fig. 8(a) shows how it alters

the line resonances compared to model #1. Two effects can

be noticed: 1) the first two natural frequencies have very

low sensitivity to the fault position, and should therefore

be discarded for faults less than 100 km away, as already

discussed for models #5 and #6; 2) a very strong deviation

from the HZ model, even in higher-order resonances, due to
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Fig. 8: Natural resonances for the OHL when including a DC

filter for: (a) 12/24-th harmonics (#11), (b) 6/30th harmonics

(#12). Model #1 serves as reference in both cases.

level repulsion 2 [46] between the filter-induced resonances

and those expected without the filter. Results reported in

Table I attest of the deep negative impact of this DC filter,

with the 10% error distances cut by a factor five, down to

15 km, maximal errors increased two-fold for the first viable

resonance, and five-fold for the second one. Even having

discarded the first two natural frequencies, the sensitivity is

reduced by more than half for faults at more than 100 km

distance. Fig. 8(b) shows results for #12, where a 6/30-th

harmonics filter have an even stronger impact, with Table I

reporting that 10% errors are now found already at 2.6 km.

These results prove that level repulsion introduced by DC

filters results in notable errors even for line resonances oc-

curring at frequencies ten times larger than the DC filter

resonances, where they might be expected to have a limited

impact.

VI. REACTOR-ONLY MODELS

Since the largest source of errors for distant faults is the

reactor finite impedance at low frequency, reactors should

be included into station models, especially for technologies

relying on smaller reactors. While most references in the

literature reportedly do so, there is no data available about

the improvement in location accuracy with respect to a HZ

converter model. Furthermore, it is not clear whether re-

maining components in the converter model in Fig. 2 could

still introduce significant errors, or if modeling the reactor is

sufficient to ensure negligible location errors.

These questions are explored in this section by moving

from a HZ-based reference model, to one now including the

reactor inductance. Table II describes the different scenarios

examined: each configuration is associated to a reference

model, including either a 300 mH (#1) or a 30 mH reactor

(#2).

Converter model #3 differs from #1 by an additional arm

inductance. When using the latter as reference model to locate

faults, Table II reports a dramatic improvement compared to

2i.e., the tendency of resonances to avoid crossing each other’s trajectory
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coaxial overhead

# # L1%
1

L1%
2

L10%
1

L10%
2

ǫ1 ǫ2 L1%
1

L1%
2

L10%
1

L10%
2

ǫ1 ǫ2
act. ref. (km) (km) (km) (km) % % (km) (km) (km) (km) % %

3 1 - - - - 0.9 0.1 >138 - - - 1.4 0.6
4 2 >14 >125 >243 - 11.5 4.5 >1.4 >13 25-96 - 12 4.5
5 1 >632 - - - 4.7 0.1 152-460 - - - 1.2 0.4
6 2 >14 >127 >845 - 14 2.9 1.4-773 >13 25-94 - 12 4.7
7 1 - - - - 0.8 0.01 - - - - 0.2 0.02
8 2 >230 - - - 4.6 0.6 - - - - 0.2 0.04

9 1 <0.9 <0.9 - - 8.5 8.5 <23 <23 <2.4 <2.3 160 44
10 1 <4.4 <4.4 <0.45 <0.42 42 28 <110 <117 <12 <11 450 48
11 1 >1.7 >15 >21 >142 74 51
12 1 >0.3 >3.5 >2.6 >34 65 35

TABLE II: Location error when using reactor-only converter

models. The first column is the actual model under considera-

tion, the second being the associated reference model, detailed

in Table I. Error metrics in the second and third vertical tiers

are described in Table I.

using a HZ model, with errors systematically lower than 1%

for a CCL, while peaking at 1.4% for an OHL, when using the

first natural frequency. For model #4, the maximum location

error is cut down by a factor three compared to a HZ reference

model. Yet, location errors still exceed 10% beyond 243 km

for a CCL and between 25 and 96 km for an OHL, pointing

out the fact that neglecting a 20 mH arm inductance still leads

to very large location errors, for a 30 mH reactor inductance.

Also in this case, the second resonance performs better, with

a 4.5% maximum error.

For model #5 (MMC converter station), the maximum

location error is strongly reduced for the OHL, passing from

40% to 1.2% in the worst case, but for a CCL the improvement

is more limited, with errors passing from 17% to 4.7%. Non-

negligible errors exceeding 1% are observed between 152

and 460 km for an OHL. Larger errors are found with a 30

mH reactor (model #6), with location errors now exceeding

10% between 25 and 94 km of an OHL, similarly to #4,

whereas for a CCL this happens only beyond 845 km. Models

#7 and #8 (VSC converter), with a predominant capacitive

behavior, present a more sustained improvement, with no

significant error observed for an OHL, while for a CCL a

1% error is found at 230 km. As stated in Sec. V, the first

natural frequency of the capacitive models was discarded,

begin weakly sensitive to the fault location.

These results prove that taking into account the reactor when

estimating a fault position is not sufficient to ensure negligible

errors. Therefore, the nature of the converter, and its equivalent

model need to be included in the reference model in order to

keep under control location errors, since they affect the degree

of accuracy and the distance range where significant errors

are observed. Again, these considerations depend on the fault

distance, since over certain distance ranges the error may still

be acceptable.

Unsurprisingly, short-range location errors induced by a

surge capacitance (#9 and #10) are virtually identical to those

found in Table I with a HZ reference model, since the reactor

model has little impact at high frequency, where the shunting
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Fig. 9: Location errors when converter stations #11 and #12

are modeled only by their DC filter (with no reactor): 12/24-th

(solid lines) and 6/30-th harmonics filter (dashed lines). The

first two natural frequencies dominated by the DC filter were

not considered, being weakly sensitive to the fault distance.

effect of surge capacitances is expected to affect the station

input impedance. Similar observations are found in presence of

DC filters (#11 and #12), but for a different reason: the cause

is here the strong level repulsion observed in Fig. 8, which

cannot be accounted for by simply including the reactor in

the reference model.

VII. DC FILTER-ONLY MODELS

The results in Sec. V show that DC filters have a far

stronger impact than reactors on fault-location accuracy. A

similar conclusion was suggested, without providing evidence,

in [33]. Other papers have also suggested that DC filters have

a very strong impact on the converter response [20], [47].

We have therefore computed the location accuracy when

modeling the converter stations #11 and #12 only by their

respective DC filters, assuming a HZ reactor, for an OHL. The

first two resonances, induced by the DC filters, were neglected,

because of their low sensitivity to the fault position (cf. Fig.

8).

Fig. 9 shows that for #11 (12/24 filter) location errors are

lower than 1% only for faults at less than 6 km, and over

the ranges 92-158 km and 416-578 km, with errors exceeding

5% above 260 km. For #12 (6/30 filter) location errors do not

exceed 1% for faults at less than 178 km and over the range

902-1000 km, with very large errors exceeding 10% over the

range 540-697. Higher-order resonances again prove to better

accommodate approximate models, with peak location errors

cut by half when using the fourth line resonance instead of

the third. These results only partially support the idea that

LCC stations can be modeled just by their DC-filters, because

location errors cannot be regarded as negligible, being in

excess of 1%.

VIII. STRAY CAPACITANCES

Further potential sources of location errors can be expected

from the non-ideal high-frequency behavior of devices as re-

actors and circuit breakers. Turn-to-turn stray capacitances are

known to exist in reactors, as well as toward surrounding sys-

tems, in particular grounded conductors [48]–[51]. Equivalent

models introduce a leakage capacitance in parallel to a device,
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Fig. 10: Natural frequencies of an OHL when taking into

account 2 nF leakage and stray capacitances in the reactor, for

converter models #1 (a) and #3 (b). Reference results (dashed

lines with circles) correspond to results without parasitic

elements.

and shunt capacitances connecting each end to the ground. For

reactors, the value of leakage and shunt capacitances depend

on the geometry, technology and voltage they are designed

for. Typical values ranging from 1 nF to 5 nF have been

reported for both leakage and shunt capacitances [15], [52],

[53]. For isolation switches and circuit breakers smaller stray

capacitances around 0.1 nF have been reported [54]. Leakage

capacitances need not be taken into account since they are

short-circuited, because isolation switches and circuit breakers

do not open immediately during a fault transient.

As the frequency increases, stray capacitances would reduce

the input impedance of the converter station, similarly to the

case of surge capacitors discussed in Sec. V. Since the effect

of 2 nF surge capacitances was found to be marginal, it

can be expected that no measurable effect will be observed

for isolation switches and circuit breakers with 0.1 nF stray

capacitances. We will therefore focus on reactors, assuming the

same value of 2 nF for both leakage and shunt capacitances, in

order to compare this case to that of a 2 nF surge capacitance.

The reference converter model is assumed to be perfectly

known, but does not include stray capacitances.

Fig. 10(a) compares the natural frequencies of the OHL for

converter model #1 with an ideal reactor (reference model),

and when affected by stray capacitances. Comparing these

results to those for a 2 nF surge capacitance in Fig. 7(a)

shows a stronger effect by the reactor’s stray capacitances, due

to the joint action of leakage and shunt capacitances. Fig. 11

indicates that location errors exceeding 1% are found for faults

within 100 km of the converter, corresponding to a broadly

constant 1 km location bias. Similar results were obtained with

a 30 mH reactor. Location errors were found to be negligible

(<1%) for a CCL.

Very different results are found when dealing with an

inductive converter model, as in the case of an arm inductance

in model #3. The conditions for a self-resonating converter

model are now met, creating hybrid resonances with significant

level repulsion, as visible in Fig. 10(b). As such, even with
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Fig. 11: Location error for 2 nF leakage and shunt capacitances

in the reactor of #1 (300 mH) and #2 (30 mH), for a OHL.

Errors computed by using reference models including the

reactors, but neglecting stray capacitances.

a precise converter model including parasitic effects, the first

natural frequency would present low location sensitivity for

faults within 5 km from the station. Conversely, neglecting

parasitic effects would imply attempting to explain the solid-

line results in Fig. 10(b) from the point of view of the separate

resonances of the reference model, leading to prohibitively

large errors. This complex scenario simplifies for faults at

least 10 km away from the converter, with natural resonances

converging back to the expected low-frequency behavior of an

ideal reactor.

IX. CONCLUSIONS

This paper has endeavoured to understand how fault-

location errors depend on the degree of accuracy in converter

station models used in natural frequency-based methods. The

first goal was to understand under what circumstances a con-

verter can be approximated by a high-impedance termination.

Results have shown that location errors along CCL do not

exceed 1% only for fault less than 6 km away for a 30

mH reactor, while for a 300 mH reactor (representative of

LCC systems) this range is extended to about 50 km. For

OHL these maximum distances are approximatively cut by a

factor ten. These results disqualify using the high-impedance

approximation for accurate fault location, apart for short-

distance transmission lines, such as submarine coaxial cables

in off-shore power generation units.

Including reactors in the modeling was then confirmed

to substantially improve the accuracy, most notably for the

OHL, but still results in very significant errors for a 30 mH

reactor, attaining 10% errors for faults between 25 and 96 km.

Location errors can be expected to be smaller than 1% only

over fault distances within a few km for a 30 mH reactor, while

for a 300 mH reactor fault can be accurately located beyond

100 km. Much longer distances where found to be accurately

estimated when dealing with a CCL. Outstanding differences

were reported among converter models representing different

HVDC technologies, depending on the presence of reactive

components, such as arm inductances and energy-storage

devices found in VSC-based converters.

These conclusions hold practical importance for VSC-based

technologies relying on smaller reactors, which cannot be
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expected to lead to a high-impedance termination for the

converter station. Moreover, station models featuring self

resonances were found to lead to strong level repulsion,

strongly modifying the natural frequencies predicted with

simpler converter models. This phenomenon was found to

affect natural frequencies even far from those of the converter

self resonances, e.g., those of DC filters. These results alert

against the risk of choosing to neglect devices on the basis of

a perceived minor impact.

Throughout all these results, higher-order resonances were

found to systematically feature better location accuracy and

sensitivity, with a higher robustness against the effects of using

inaccurate termination models.

Finally, high-frequency phenomena due to stray and surge

capacitances were observed only for faults less than 10 km

down a transmission line, with a typical absolute location error

around 1 km. Similar absolute errors were found when taking

into account stray capacitances in reactors, with a measurable

impact below 100 km distances.

These results shed some light on the issue of how accurate

converter models need to be in order to enable precise fault

location. In particular they highlight the impact of neglecting

the reactive nature of converters such as in VSC and MMC

converters. We expect these conclusions to help engineers

in improving line protection techniques to ensure a better

performance and ability to accurately locate faults, without

necessarily resorting to complex numerical modeling of con-

verter stations. Future work will extend these results to bipolar

overhead lines, taking into account additional phenomena

enabled by multi-modal propagation, as well as differences

between pole-to-pole and pole-to-ground faults.
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