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Abstract: To meet the required operation speed for protection of meshed voltage source converter (VSC) high voltage direct current (HVDC) grids, traveling wave-based algorithms operating in the sub-millisecond time-frame can be used. The domain in which
these algorithms operate, i.e., modal or phase, determines their performance in fault discrimination, fault type classification and
faulted pole selection. In the recent literature, high-speed algorithms have been proposed for various VSC HVDC grid configurations and transmission line types; yet the choice of domain has received insufficient attention. This paper offers recommendations
for the choice of domain for protection algorithm design of HVDC overhead line or cable systems in symmetric monopolar and
bipolar configurations. The theoretical analysis of this paper, which is based on fundamental wave propagation theory, indicates
that the preferred domain for protection algorithms for cable and overhead line systems are the phase and modal, respectively.
Furthermore, the paper provides comprehensive guidelines to construct detection functions for both configurations and discusses
the errors introduced by approximations. Finally, study results from a bipolar overhead line test system demonstrate the advantages of modal over phase domain for fast fault discrimination and classification and illustrate practical problems associated with
non-ideal detection functions.

1

Introduction

The high-voltage direct current (HVDC) grid has attracted considerable attention in Europe and China. At present, the closest
infrastructure to an HVDC grid is the five-terminal link in Zhoushan,
China, which was commissioned in 2014. However, an HVDC grid
is yet to be realized in practice. Protection is one of the technical
challenges that should be addressed to facilitate the realization of
HVDC grids. For large-scale meshed HVDC grids, protection can be
obtained by utilizing selective algorithms as well as HVDC breakers
at two ends of all transmission lines.
The speed of the protection algorithm plays a critical role in
the design of selective HVDC grid protection [1]. Fast protection
enables the use of slower HVDC breakers as well as decreasing the
size of fault current limiting equipment. Furthermore, fast protection
inhibits a large decrease of the dc voltage in the healthy part of the
grid [2].
In the design of protection algorithms, the choice of modal or
phase domain determines the ability of the algorithm to timely detect
faults and identify their type. Ideally, the algorithms discriminate
between faults on the line to be protected and external ones, identify
the correct fault type and select the faulted pole(s). As such, only the
breakers on the faulted pole(s) are tripped.
In the recent literature on protection algorithms for HVDC grids,
e.g., in [3–14], various grid configurations are studied but the selection of the appropriate domain for protection algorithm design has
received insufficient attention. For protection algorithms applied to
VSC HVDC grids, the wave propagation characteristics in each
domain depend on the combination of HVDC grid configuration,
i.e., asymmetric monopole, symmetric monopole or bipole, and
transmission line type, i.e., cable and overhead line. Protection
algorithm design for HVDC grids has been mainly based on extensive time-domain simulations with detailed models for a specific
configuration. Although this is an essential step in threshold setting
and final engineering of a protection algorithm, a general approach
towards the selection of the optimal domain for HVDC grid protection considering various grid and transmission line configurations is
still missing.
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This paper offers recommendations for the selection of the
domain to design selective protection algorithms for HVDC grids
with overhead line and cable systems as well as symmetric monopole
and bipolar configurations. These recommendations are based on
traveling wave theory and analysis of wave propagation characteristics. Furthermore, this paper provides comprehensive guidelines to
form detection functions in the appropriate domain. These guidelines are verified through simulation studies and considerations for
practical application in an HVDC grid are provided.

2

Review of Existing Protection Algorithms

Various algorithms have been proposed for the protection of dc
power systems with line-commutated converters (LCCs) and voltage
source converters (VSCs). For each type of dc system, this section
gives a brief overview of the proposed algorithms and discusses
the advantages and disadvantages of each domain for protection
algorithm design.
2.1

LCC dc-systems

In LCC-dc systems, most of the proposed algorithms are designed
for systems with overhead transmission lines in a bipolar configuration without metallic return. These algorithms can be categorized
into phase domain and modal domain approaches.
2.1.1 Phase Domain: Several algorithms which use quantities
in the phase domain are reported for the protection of LCC-dc systems [15–20]. The algorithms reported in [15–18] are similar in
nature, where the dc voltage and its derivative are compared against
thresholds and possibly complemented by a threshold on the current
derivative. Although in [15, 17], the use of the phase domain is not
explicitly mentioned, statements and schemes found in [16, 21, 22]
imply that these functions are implemented on a per pole basis. The
detection time and the thresholds are chosen to discriminate line
faults from converter and ac faults as well as to prevent the trip of
the healthy pole. In [16], a detection time of 3 ms is reported.

1

The algorithms proposed in [19] and [20] use voltage measurements to distinguish between faulted and healthy poles by assessing
whether the pole voltage has a transient nature (healthy pole) or not
(faulted pole). The time windows to make a decision on the faulted
pole is 3 ms in [19] and 10 ms in [20].
2.1.2 Modal Domain: The algorithms developed in the modal
domain, [23–28], mainly use the aerial or metallic mode for fault
detection and discrimination, whereas the polarity of the ground
mode is used to identify the faulted pole [29]. An exception to this
approach is discussed in [23], where modal quantities are used to
mitigate the mutual coupling between poles and selection of the
faulted pole is based on the pole voltages in the phase domain. The
algorithms are either non-unit protection [23–26] or differential [27].
The reported detection times are 1 ms in [25] and 5 ms in [23, 26].

2.2

3

Fault Analysis in Phase and Modal Domains

This section provides the background theory with respect to fault
analysis, wave propagation and construction of fault detection functions for traveling wave-based protection algorithms.
3.1

Fault Wave Inception and Propagation

3.1.1 First Incident Wave Voltage at the Fault Location for
Solid Faults: In the phase domain, the relationship between the
voltage and current of the first wave traveling from the fault location,
U f and I f , can be described as:
(1)

U f = Z c,phase I f ,

where Z c,phase is the characteristic impedance in the phase-domain.
For a solid pole-to-ground fault at pole k,

VSC dc-systems

(k)

= −Upre ,

(k)

(k)

=−

(l)

= 0, ∀ l 6= k,

Uf

A comprehensive overview of protection algorithms developed for
dc grids, which are based on VSCs, is given in [30]. These algorithms are developed for systems with cable and overhead transmission lines.

If

If

Iflt
,
2

(2)

(k)

Phase Domain: Several algorithms for VSC-dc systems with cables
are reported in the literature [3–14]. However, the choice of domain
for the algorithm development is only specified for [13]. The algorithms proposed in [3–8], which use current derivatives or filters
implementing a similar function, are non-unit protection. The algorithms proposed in [9–12] are current differential, whereas the one
proposed in [13] is a traveling wave differential algorithm. The
algorithm proposed in [14] uses the polarity of the current wave for
fault detection. In [7], the same algorithm proposed for cable systems is applied to overhead lines, without any modifications to the
threshold settings as well as fault type classification and faulted pole
selection criteria.

where Upre is the pre-fault voltage at pole k and Iflt is the current
flowing into the fault (before any reflected fault wave has reached
the fault location). Substituting (2) into (1) gives the voltage at the
fault location at pole t:
(t,k)

(t)

=−

Uf

(k)

Uf

The review of existing literature shows that for LCC- and VSCdc transmission systems with cables or overhead lines, protection
algorithms in both phase and modal domains have been proposed.
In LCC-dc overhead line systems with two conductors, the reason
for selecting the modal domain is to decouple the ground mode from
the aerial mode and to use the polarity of the former one to determine
the faulted pole. The algorithms developed in both domains typically
use a time window exceeding 3 ms, with the exception of [25]. Time
windows exceeding a few milliseconds are long in comparison with
HVDC circuit breaker opening times of 2-5 ms.
For VSC-dc systems, algorithms for both overhead line and cables
are proposed in the phase domain, whereas the modal domain is only
used for cable systems in [13]. In [13], the modal domain is only recommended for balanced line configurations whereas no discussion is
provided on the particularities associated with cable or overhead line
systems.
The remainder of the paper focuses on providing recommendations for the selection of the domain in the design of fast protection
algorithms for HVDC grids. The recommendations take into account
HVDC grid configuration and the transmission line type.
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(3)

Upre ,

(l)

= −(Upre − Upre ),
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=−
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− Uf
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(k)

(k,k)
Zc

where the superscripts (t, k) and (k, k) are associated with the
corresponding elements in Z c,phase . In the phase domain, for a poleto-ground fault, the voltage of the first incident traveling wave at
each pole can be calculated using (3).
For a solid pole-to-pole fault between poles k and l, the following
conditions apply:

Modal Domain: The application of voltage and current derivatives
in the modal domain for fault detection of cable systems is investigated in [31]. The choice of modal domain is motivated by the
balanced cable configuration in the studied symmetrical monopolar test system. To the best of our knowledge, no algorithms based
on modal quantities are proposed for protection of overhead line
systems.

2.3

Zc

(k)

Iflt
,
2

(k,l)

(t)

(t,k)

=−

Zc
(k,k)
Zc

(4)

Iflt
,
2

Substituting (4) in (1) and defining Upre
pole t:
Uf

(l)

(k)

(t,l)

− Zc

(l,l)
+ Zc

(l)

= Upre − Upre , gives for

(k,l)
− 2Zc

(k,l)

Upre .

(5)

3.1.2 Wave Propagation: In general, HVDC cables and overhead lines are multi-conductor transmission line systems, of which
the theory is extensively described in [32], but briefly recapitulated
here. In a multi-conductor transmission line system, voltages and
currents can be described using the wave equations:
d2
U phase (z) = Z phase Y phase U phase (z)
dz 2
2
d
I phase (z) = Y phase Z phase I phase (z),
dz 2

(6)

where U phase (z) and I phase (z) are voltage and current vectors at
location z of the line in the phase domain and Y phase and Z phase
are per unit length shunt admittance and series impedance matrices,
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respectively. The wave propagation
constant matrix of the transmisp
sion line is given by Γ = Y phase Z phase . Using eigenvalue theory,
Γ2 can be represented as T i ΛT −1
i , where T i is the matrix of eigenvectors of Γ2 and Λ is a diagonal matrix with the eigenvalues of Γ2
on the diagonal.
The coupled equations of the multi-conductor system with n conductors can be transformed into n decoupled single-phase equations.
The transformation of the coupled equations in the phase domain
to decoupled equations in the modal domain is performed through
modal decomposition. The multi-conductor system can be described
in the modal domain using:
d2
U mode (z) = ΛU mode (z)
dz 2
d2
− 2 I mode (z) = ΛI mode (z),
dz

(7)

−

U phase = T u U mode

(9)

I phase = T i I mode ,

(10)
−1

where, for n distinct eigenvalues, it is proven that [T u ] =
[T i ]T [33]. T u and T i are known as modal transformation matrices.
The characteristic impedance of the transmission line can be
described in the phase or modal domain and is given by:
q
Z c,phase = Z phase (Y phase Z phase )−1
(11)
r
Z mode
,
(12)
Z c,mode =
Y mode
−1
in which Z mode = T −1
u Z phase T i and Y mode = T i Y phase T u and
Z c,mode is a diagonal matrix [34].

3.1.3 First Incident Wave Voltage at the Relay Location:
The voltage at the relay location U r (receiving end) is related to the
voltage U f at the fault location (sending end) through:
0

U r − Z c,phase I r = (U f + Z c,phase I f )e−Γ l ,

(13)

where l is the distance between fault and relay location and Γ0 =
p
Z phase Y phase .
Traveling Wave-Based Protection Algorithm Design

In traveling wave-based protection algorithms, detection functions
can be constructed in the phase or modal domain to separate the
traveling waves originating from disturbances in the forward or
backward direction of the relay, respectively. In this paper, detection
f,b
functions D f,b
phase and D mode are defined as [35, 36]:

f

D f,b
phase = U r ∓ Rc,phase I r ,

(14)

ˆ −1 U r ∓ Rc,mode Tˆi −1 I r ,
D f,b
mode = T u

(15)

b

where D and D are (considering a relay at a transmission line end
and the positive value of I r for currents flowing into the line) associated with waves originating from faults in the forward and backward
directions of the relay, respectively. Rc,phase and Rc,mode are replica
surge impedances associated with Z c,phase and Z c,mode . Tˆu and
Tˆi are approximations for the voltage and current transformation
matrices.
In the remainder of this paper, the focus will be on forward
detection functions and the first incident wave. With these detection
functions, the algorithms can identify faults independent from the
termination impedance.
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Sources of Error

3.3.1 Error due to Approximation of Characteristic Impedance:
In case Rc perfectly matches Z c, , D f and D f will become
termination-independent and will precisely discriminate between
waves in forward and backward directions. In such a case, D f and
D f will take a value twice the incident voltage and zero for waves
in their foward and backward directions, respectively (see (13) and
also [37]). In general, detection functions D f and D f will take a
small non-zero value and one lower than twice the incoming wave
for waves initiated from a fault in the reverse and forward directions,
since Rc does not necessarily match Z c . For a single conductor during a fault in the reverse and forward directions, Df can be calculated
using (16) and (17), respectively[38]:

(8)

where U mode (z) and I mode (z) are voltage and current vectors of
length n in the modal domain. The transformation from phase
domain to modal domain is obtained via:

3.2

3.3

Df = (1 − Rc /Zc )Uf ,

(16)

Df = [1 + Rc /Zc + Γ(1 − Rc /Zc )] HUf ,

(17)

where Γ represents the reflection coefficient at the termination.
Based on (16) and (17), at a discontinuity, the detection functions
are no longer termination-independent.
3.3.2 Error due to Approximation of Transformation Matrices: For overhead line systems with geometrically unbalanced
configurations, e.g., vertical symmetric monopolar and vertical bipolar configurations, the transformation matrices will exhibit strong
frequency dependency. In the time domain, using frequency dependent transformation matrices would result in convolutions, which are
computationally inefficient.
To achieve computationally efficient algorithms, the real and
constant transformation matrices of balanced systems are used for
unbalanced systems [36]. For balanced systems, the same matrices
can be used for transformation of voltage and current to the modal
domain. The resulting detection function is:
D f,b
mode = T̂

−1

U r ∓ Rc,mode T̂

−1

I r,

(18)

where T̂ = Tˆu = Tˆi . Since the convolutions are replaced by a multiplication, this results in computationally efficient algorithms in the
time domain. However, the use of a constant transformation matrix
will be a source of error in detection functions, since these constant
matrices in general do not result in perfectly decoupled modes.

4

Wave Propagation Analysis in HVDC Grids

In this section, wave propagation characteristics are analyzed for
symmetric monopolar and bipolar HVDC grid configurations with
cable and overhead lines.
4.1

HVDC Grid Configurations and Transmission Lines

The transmission system layouts considered for the studies involving
cables are shown in Fig. 1a and b. Submarine cables are considered
with core conductor, sheath and armor. The cable parameters for
the positive and negative poles are those given in [39]. The metallic
return conductor is modeled with the same parameters, except that
within this paper the main insulation thickness is lowered to 16 mm
for demonstration purposes within this paper. The cables are buried
one meter below the ground surface, and the distances between the
centres of the cable core are one meter. For these cases, the sheath
and armor are assumed to be perfectly grounded.
Similar to cable systems, two types of overhead line systems are
considered, including two conductors for symmetric monopole and
bipolar systems with ground return and three conductors for bipolar
systems with metallic return. The overhead line configurations considered for the symmetrical and bipolar systems are shown in Fig. 1c
and d. The maximum conductor sag along the line is 13.9 m. The line
resistance is 0.0578 Ω/km and the ground resistivity is 100 Ωm.
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Fig. 3: Magnitude of the elements of the second row of the voltage
transformation matrix for the bipolar cable system.
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Fig. 4: (a) Phase and (b) modal characteristic impedance matrices
for bipolar cable system.

(b)

Fig. 2: (a) Phase and (b) modal characteristic impedance matrices
for the symmetrical cable system.
Cable Systems

4.2.1 Symmetrical Monopole: A symmetrical monopole cable
system with grounded sheath and armor has two propagation modes,
i.e., cable and ground return. For the system of Fig. 1a, due to the
balanced cable configuration, T −1
u is a matrix with real and constant
values and is given by:




0.71
Umode0
=
Umode1
0.71

0.71
−0.71





Upositive
,
Unegative

4.2.2 Bipolar Cable Systems: A bipolar cable system with
all sheath and armor conductors grounded has three propagation
modes. For the bipolar cable system of Fig. 1b, the real part of T −1
u ,
evaluated at 10 kHz, is:

 
Umode1
0.71
Umode2  =  0
Umode3
0.71

0
1
0
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0.71
0   Umetallic  .
−0.71
Unegative
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Fig. 5: (a) Phase and (b) modal characteristic impedance matrices
for symmetric overhead line system.

(19)

where the first and second rows represent the ground and cable return
modes, respectively.
At high frequencies, the modal domain characteristic impedances
approach the diagonal elements of Z c,phase , since the off-diagonal
elements in Z c,phase approach zero (Fig. 2. For modes 0 and 1,
Zc,mode is equal to the sum and difference of the diagonal and offdiagonal elements of Z c,phase , respectively [40]. In the test system
of Fig. 1a, the off-diagonal elements in Z c,phase approach zero for
frequencies above 100 Hz, Fig. 2.

(20)

Based on (20), modes 1 and 3 are ground and cable return modes
associated with the positive and negative pole and mode 2 is a
ground return mode associated with the metallic return conductor. The transformation matrix elements exhibit strong frequency
dependency below 1000 Hz (Fig. 3).
Similar to the symmetrical cable system, the off-diagonal elements in Z c,phase approach zero for frequencies above 100 Hz,
whereas the diagonal elements approach the modal domain characteristic impedances (Fig. 4). The characteristic impedances of the
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Fig. 1: Cable and overhead line configurations for (a,c) symmetrical
and (b,d) bipolar systems.

Impedance [Ohm]

(c)

modes associated with the pole conductors, i.e., modes 1 and 3,
are equal and differ from that associated with the metallic return
conductor, i.e., mode 2.
4.3

Overhead Line Systems

4.3.1 Symmetric Overhead Line Systems: In a symmetric
overhead line system, two propagation modes exist, i.e., ground
return and aerial [40]. The aerial mode propagates between the two
pole conductors and exhibits lower attenuation as well as lower
frequency dependency compared to the ground return mode [40].
In the symmetric overhead line system of Fig. 1c, the transformation matrix is frequency independent and is given in (19). In this
system, the aerial mode (mode 1) exhibits low dependency on high
frequencies, whereas the ground return mode (mode 2) depends on
frequency significantly (Fig. 5b). As for the symmetrical cable system, the modal characteristic impedances are the sum and difference
of the diagonal and off-diagonal elements of Z c,phase , respectively.
Unlike the cable system, Zc,mode1 and Zc,mode2 are unequal over the
entire frequency range as the off-diagonal elements of Z c,phase are
non-zero (Fig. 5a).
4.3.2 Bipolar Overhead Line Systems: In a bipolar overhead
line system, similar to the bipolar cable system with grounded sheath
and armor, three propagation modes exist.
In the bipolar overhead line system of Fig. 1c, the real part of
T −1
u evaluated at 10 kHz in (21) shows that two of the propagation
modes resemble aerial modes, i.e., modes 2 and 3 in (20), and one
resembles a ground return mode, i.e., mode 1 in (20).
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where R̂c,phase = diag(Rc,phase ). The proposed definition of (23)
results in decoupled detection functions for all poles without transformation to the modal domain, which reduces computational complexity and avoids errors introduced through the use of constant
transformation matrices.
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Fig. 6: Magnitude of the elements of the first row of the voltage
transformation matrix for the bipolar overhead line system.
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Fig. 7: (a) Phase and (b) modal characteristic impedance matrices
for bipolar overhead line system.



0.63
−0.71
−0.36

0.45
0
0.86


0.63
0.71  .
−0.36

(21)

As discussed in [41], the aerial modes exhibit lower attenuation and
lower frequency dependency compared with the ground return mode.
Similar to the symmetrical overhead line system, the ground
return mode exhibits strong frequency dependency over the entire
frequency range, whereas the aerial modes exhibit low-frequency
dependency above 50-100 Hz (Fig. 7).

Overhead Line Systems

In overhead line systems, the modal domain offers the possibility
of simplifying the replica surge impedance associated with aerial
modes to a constant value. Furthermore, in geometrically balanced
systems, the modal domain ideally decouples all modes in (18).
In this way, the modes seen at the fault location are preserved
through propagation towards the relay, although they are individually
attenuated and distorted.
This section provides the necessary guidelines for fault discrimination and fault type classification in the modal domain for
geometrically balanced two- and three-conductor systems.In the next
section, phase and modal domain analyses in EMT-type software are
provided for a study system with an unbalanced configuration.
5.2.1 Two-Conductor Systems: For symmetric systems with
a flat configuration, such as the one shown in Fig. 1a, the transformation matrix is real and constant. Therefore, by using (19) or an
equivalent transformation, limited error is introduced in the process
of approximating Rc,mode as the real part of Z c,mode for the aerial
mode.
In a symmetric overhead line system, a single detection function
based on the aerial mode, i.e., mode 1 in (19), is sufficient to detect
all types of faults. Using (19), the transient modal voltages at the
fault location approximately take the following values for positive
and negative pole-to-ground and pole-to-pole faults (indicated by
subscripts ptg, ntg and ptp, respectively) :
U1,ptg
U1,ntg
U1,ptp

5

Guidelines for Protection Algorithm Design

5.1

Cable Systems

Due to the low coupling between the poles in symmetric monopolar
and bipolar cable systems, the modal domain neither offers considerable advantages in decoupling the wave propagation equations nor
results in a simpler form of replica surge impedance. Due to the similar frequency-dependency of the characteristic impedance in both
domains, the impact of using an approximate of Rc in detection
functions is the same in both domains. As concluded in [42], wave
propagation on the millisecond time scale can be considered independent for each pole even in the phase domain. Therefore, for fast
protection algorithms design in cable systems, the preferred domain
is the phase.
Considering the off-diagonal elements of Z c,phase which are zero
for frequencies above 100 Hz, the voltage wave at the fault location
for a pole-to-ground fault at pole k can be obtained with [6]:
(k)

Uf

(k,k)

=−

Zc

(k,k)
(Zc

+ 2Rf )

(k)

Upre .

(22)

The detection function for all poles can be decoupled by discarding the off-diagonal elements of Rc,phase . Therefore, the proposed
detection function for a cable system is:
D fphase = U phase − R̂c,phase I phase ,
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(24)

where Zc,0 and Zc,1 are the real part of the characteristic impedances
associated with ground and aerial modes evaluated at a high frequency. For the positive pole-to-ground, negative pole-to-ground and
pole-to-pole faults, Upre is −Udc , Udc and −2Udc , respectively. For a
lossless line, the detection function in the modal domain, i.e., D 1mode ,
would take twice those values given in (24).
Compared with the expressions derived in [25], the factor multiplying the fault impedance in (24) is two times higer. The expressions derived in [25] are valid for a fault terminating the transmission
line whereas (24) is valid for a fault in the middle of a transmission
line.
Since the detection function takes the same sign for positive and
negative pole-to-ground faults, an additional criterion is needed to
discriminate between the poles. As discussed in the literature on
LCC-dc systems, the polarity of the ground mode wave can be used.
5.2.2 Three-Conductor Systems: In a bipolar overhead line
system, as for three-phase ac systems, various constant transformation matrices can be used to decouple the wave equations in the
phase domain [43]. In a balanced three-phase system, where the
two aerial modes have the same propagation constant, the condiT
tion T −1
u = [T i ] must not strictly be satisfied [33]. In this paper,
as an example, the frequency-independent transformation matrix
from [36] is applied to the phase domain equations:

T̂
(23)

√
2Zc,1
=
Upre ,
Zc,0 + Zc,1 + 4Rf
√
− 2Zc,1
=
Upre ,
Zc,0 + Zc,1 + 4Rf
√
2Zc,1
=
Upre ,
2 (Zc,1 + Rf )

−1


1
= 0
1

1
−1
0


1
1 .
−1

(25)

5

Table 1 Modal detection functions in a three-conductor overhead line system, normalized by a 2Upre factor as given in Section 2
Detection Function

Ptg

Ntg

Ptn

Ptm

Ntm

Z
− 2Z c,1
c,1 +2Rf
Zc,1
Zc,1 +Rf

Zc,1
2Zc,1 +2Rf
Zc,1
2Zc,1 +2Rf

−Zc,1
Zc,1 +Rf
Zc,1
2Zc,1 +2Rf

Dmode2 /2
−3/2Dmode2
3/2Dmode2
0

2Dmode2
0
3Dmode2
−3Dmode2

−Dmode2
−3Dmode2
0
3Dmode2

Dmode1

u1 − Rc,1 i1 = (un − um ) − Zc,1 (in − im )

0

Dmode2

u2 − Rc,2 i2 = (up − un ) − Zc,1 (ip − in )

3Zc,1
Zc,0 +2Zc,1 +6Rf

3Zc,1
Zc,0 +2Zc,1 +6Rf
−3Zc,1
Zc,0 +2Zc,1 +6Rf

Dmode3
Dmode4
Dmode5
Dmode6

(up − um ) − Zc,1 (ip − im )
(2un − um − up ) − Zc,1 (2in − im − ip )
(2up − un − um ) − Zc,1 (2ip − in − im )
(2um − up − un ) − Zc,1 (2im − ip − in )

Dmode2
−Dmode2
2Dmode2
−Dmode2

0
−2Dmode2
Dmode2
Dmode2

In (25), rows 1-3 are associated with the ground return mode, aerial
mode with currents in the metallic return and negative pole, and
aerial mode with currents in positive and negative poles, respectively.
Since the aerial modes exhibit low frequency dependency and
provide enough information to detect all fault types, the detection
functions associated with these modes, Dmode1 and Dmode2 can
be used in protection relays of bipolar overhead line systems. These
functions are shown in Table 1, where u and i denote the transient
components of measured voltages and currents. Subscripts p, n and
m denote the positive pole, negative pole and metallic return conductors, respectively. Since the characteristic impedances of aerial
modes exhibit low dependency
on frequency, Rc,1 in (18) can be

replaced by < Zc,1 (ω ∗ ) , where Zc,1 (ω ∗ ) is the modal characteristic impedance of aerial modes evaluated at a high frequency
ω∗ .
For a forward fault on a lossless line with perfect matching
between Rc,1 and Zc,1 , detection functions based on aerial modes
will detect twice the magnitude of the voltage wave Uf . Table 1 lists
the values of detection functions Dmode1 and Dmode2 for most
common fault types. These values are the discriminating feature
associated with a certain fault type.
To detect all fault types and to determine their type, linear combinations of detection functions associated with aerial modes can be
used. This concept proposed for ac systems in [44], is equally valid
for dc systems. For each type of fault, one of the detection functions
in Table 1 becomes zero.
As an important conclusion, the discriminating features of the
fault given in Table 1, which are valid at the fault location, are preserved at the relay location through decoupled propagation along the
transmission line.

MMC1

25 km

25 km
MMC2

L12

The test system of Fig. 8 is used to illustrate the selection of the
appropriate domain for protection algorithm design. As symmetric
monopolar systems are already well documented in the literature, a
test system, which has a bipolar configuration with overhead lines,
is selected. In this system, the pole-to-ground voltage is 320 kV
and the grid is assumed to be solidly grounded at every terminal.
In the analysis, the bipolar overhead line and cable configurations
and parameters as discussed in Section 4.1 are used. Series inductors
of 100 mH are placed at the positive and negative pole conductors,
whereas no inductors are connected to the metallic return conductor. The parameters of the half-bridge modular multilevel converters
(MMC) are given in Table 2.
Simulation studies are performed in PSCAD with a time step
of 5 µs. The transmission lines are modeled using the frequencydependent phase model, which is available in PSCAD. For the
MMCs, the model presented in [45] is used. The faults under study
are positive pole-to-ground and positive pole-to-metallic return at 25
km from MMC1, on lines L13 and L12 , respectively. The voltage
and current ur and ir , measured at the line end of MMC2 for a
period of 0.5 ms after the wave arrival at the relay location, are used
in the detection functions. The lengths of L12 , L13 , L14 and L24
are 100, 200, 300 and 200 km, respectively.
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MMC4

L24
Fig. 8: Grid topology of the test system.
Table 2 Converter parameters

Parameter

Value

Rated Power
Converter side ac voltage
Grid side ac voltage
Transformer Impedance Voltage
Arm inductance
Arm capacitance
Arm resistance
Dc side inductance
6.1

1000 MVA
185 kV
400 kV
15%
16.3 mH
65 µF
0.5 Ω
10 mH

Cable System

To construct the detection functions, the following replica surge
impedance matrix is used:

R̂c,phase

Case Study

L14

ur ,ir



6

MMC3

L13

33.78
= 0
0

0
24.81
0


0
0 ,
33.78

(26)

which corresponds to the real part of the surge impedance matrix
evaluated at a frequency of 1 MHz.
For cable systems, internal and external faults can be discriminated and the fault type can be determined using the phase domain.
Shortly after fault inception, the propagation of waves on the cables
is largely decoupled per pole. As a consequence, the detection functions in the phase domain only take high values for the faulted
poles, as, e.g., illustrated for a positive pole-to-ground and positive
pole-to-metallic return fault in Fig. 9.
6.2

Overhead Line System

6.2.1 Phase Domain Analysis: To avoid convolutions and
considering that the off-diagonal elements are small in comparison
with those on the diagonal, a real and constant diagonal matrix is
chosen for R̂c,phase . In R̂c,phase , the diagonal elements are set equal
to the characteristic impedance of the aerial mode, i.e., 543 Ω.
The fault detection in the phase domain for the test system of
Fig. 8 is illustrated in Fig. 10, where the phase domain detection
functions are constructed using (23). In Fig. 10, Dphase1 , Dphase2 ,
and Dphase3 are the detection functions associated with the diagonal
elements of D fphase .
For non-unit protection algorithms, in the case study, fault discrimination can be achieved using phase domain quantities. For F2 ,
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Fig. 9: Phase domain detection functions for (a) positive pole-to-ground and (b) pole-to-metallic return faults in bipolar cable system.
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Fig. 10: Phase domain detection functions for (a) positive pole-to-ground and (b) pole-to-metallic return faults in bipolar overhead line system.
the detection function associated with the positive pole almost immediately (after the wave arrival at the relay) reaches a high value,
whereas the detection function of F1 takes a comparatively small
values.
Fast fault type classification and faulted pole identification is difficult to achieve if ultra-fast operation or high sensitivity is required.
For pole-to-ground faults, the first peak in the detection functions
associated with metallic return and negative pole achieve a maximum absolute value of 127 and 183 kV, respectively, and fluctuate
around zero during the first few milliseconds after the wave arrival
(Fig. 10a). To achieve fault type classification, either a high threshold
or a long time-frame is needed, possibly in conjunction with lowpass filters. In the first case, the algorithm’s sensitivity is reduced
whereas in the latter, the algorithm becomes slow.
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6.2.2 Modal Domain Analysis: The modal domain waveforms
provide a straightforward approach to fault discrimination and fault
type classification, as shown in Fig. 11, where the detection functions
for the internal (F2 ) and external faults (F1 ) show a clear distinction.
However, for fault type classification and faulted pole selection, care
should be taken since the modal detection functions deviate from
their ideal values.
As discussed in Section 5, the mode taking a zero value can be
used to determine the fault type. However, these modes may take
non-zero values due to two main reasons: i) errors introduced by the
non-ideal transformation matrices for the first incident wave and ii)
reflections of the traveling waves at the fault location. As an example, Dmode1 and Dmode4 are non-zero within the time interval
[0.2,0.4] in Figs. 11a and 11b, respectively. The maximum absolute values of the first peak are lower compared with phase domain
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Fig. 11: Modal domain detection functions for (a) positive pole-to-ground and (b) pole-to-metallic return faults in bipolar overhead line system.
quantities, i.e., 55 and 60 for Dmode1 and Dmode4 . This allows for
an increased sensitivity or speed of the algorithm compared with its
phase domain implementation. Furthermore, for pole-to-ground and
pole-to-metallic return faults at F2 , Dmode1 and Dmode4 exhibit
non-zero values after t ≈ 0.41 ms. This is the instant at which
traveling waves reflected back from MMC1 onto L12 arrive at
MMC2.

4

7

5

Conclusion

Based on traveling wave theory and the analysis of wave propagation characteristics of the different systems, this paper recommends
to use phase and modal domains for the design of protection algorithms in cable- and overhead line-based HVDC grids, respectively.
Based on this recommendation, this paper provides guidelines on
constructing decoupled detection functions in the phase domain for
cable systems by discarding the off-diagonal elements of the characteristic impedance matrix. For overhead line systems, guidelines
on using decoupled detection functions in the modal domain are discussed. The newly constructed detection functions and guidelines
complement the existing literature on dc and ac protection. These
detection functions can be used for fault discrimination, fault type
classification and faulted pole selection.
For cable systems, the phase domain is recommended as i) pole
conductors exhibit low coupling at high frequencies and ii) even for
balanced configurations, the frequency dependency of the characteristic impedance cannot be eliminated by transformation to the
modal domain. For overhead lines, the modal domain is recommended since it provides a natural way for fault type classification
and mitigates the strong frequency-dependency of the characteristic impedance in the phase domain. In the modal domain, each fault
type has a discriminating feature which is moreover preserved when
propagating towards the relay, since unlike in the phase domain,
propagation of modes is decoupled. A case study using a bipolar
HVDC grid shows the advantages of the phase and modal domains
for cable and overhead line systems, respectively. Moreover, it shows
that for overhead line systems, the errors induced by a constant
transformation matrix must be taken into account.
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