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Single-end Protection Scheme Based on
Transient Power Waveshape for Hybrid
HVDC Transmission Lines

Feiyang Dai, Zexin Zhou, and Xingguo Wang

Abstract—The recent in-depth development of hybrid high-
voltage direct current (HVDC) transmission systems poses loom-
ing adaptability challenges to protection. The various and dispa-
rate direct current (DC) transmission topologies can profoundly
affect the operating characteristics of DC transmission net-
works, which result in the lack of performance of conventional
DC protection schemes in such topologies. This significantly lim-
its the application of hybrid HVDC technologies. This paper
proposes a single-end protection scheme based on the transient
power waveshape for fast and sensitive detection and classifica-
tion of different types of DC faults in hybrid HVDC transmis-
sion lines. The fault characteristics and their causes under dif-
ferent fault conditions are analyzed in detail with a pre-intro-
duced linearized transient model of a hybrid HVDC transmis-
sion system, demonstrating that the formation of the fluctuation
characteristics of local measurements is mainly determined by
the buffering and absorption effects of lumped-parameter reac-
tors on transient traveling-wave (TW) energy. Simulation re-
sults verify the sensitivity, rapidity, reliability, and anti-interfer-
ence ability of the proposed scheme when applied to hybrid
HVDC transmission lines. Furthermore, it is confirmed that the
proposed scheme is adaptable to symmetric voltage-sourced con-
verter (VSC) and conventional line-commutated converter
(LCC) based HVDC transmission lines.

Index Terms—High-voltage direct current (HVDC) transmis-
sion system, line protection, travelingwave (TW), line-commutat-
ed convrter, floating threshold.

1. INTRODUCTION

HYBRID high-voltage direct current (HVDC) transmis-
sion technology is the product of the complementary
advantages of voltage-sourced converter (VSC) based direct
current (DC) transmission technology and conventional line-
commutated converter (LCC) based DC transmission technol-
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ogy, which aims to extend the networking flexibility of DC
transmission systems. Hybrid HVDC systems typically have
superior control performance, a relatively large transmission
capacity, a long transmission distance, and high stability.
The industry has successfully designed and improved a se-
ries of hybrid HVDC transmission systems with both VSCs
and LCCs simultaneously [1], [2], which are often particular-
ly suitable for solving specific engineering problems or im-
proving the robustness of local DC grids [3], [4]. There have
been many hybrid DC projects in China such as the Kun-
Liu-Long and Baihetan-Jiangsu projects, which show the
broad application prospects of hybrid HVDC technologies.

Hybrid HVDC transmission systems are generally associat-
ed with a changeable network topology, dynamic response
features, a low inertia, and damping characteristics. These in-
herent features of hybrid HVDC transmission systems re-
quire primary line protection to further improve their “four
performance criteria” compared with conventional DC pro-
tection, and have good adaptability when applied to line ter-
minals with different structures [5]. However, existing
HVDC transmission line protection schemes in operation
based on a differential undervoltage or the arrival of a travel-
ingwave (TW) cannot meet the increasing requirements of
sensitivity or reliability, which leads to the lack of perfor-
mance of these existing protection schemes. This becomes
an important factor that restricts the application of hybrid
DC transmission technologies [6], [7]. Furthermore, numer-
ous simulations and on-site wave recordings have shown
that the fault characteristics experienced by line terminals
vary broadly in terms of the structures of these terminals
[8], [9], significantly increasing the difficulty and complexi-
ty of designing primary line protection schemes.

The industry has now redesigned various line protection
schemes for HVDC transmission lines. Many of these
achievements excel in algorithm simplicity and performance,
but most of them are for specific transmission scenarios [10]-
[13], and hence, it might be challenging to directly apply
them to hybrid DC transmission systems regarding relay set-
ting and coordination. These more hybrid-focused protection
schemes are primarily based on the use of complex algo-
rithms to separate electrical quantities in specific frequency
bands, and thus, might not satisfy the strict operation speed
requirements of HVDC systems. In [14], a single-end dual-
tree complex wavelet transform (DTCWT) based relay prin-

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



1674

ciple is proposed to detect and identify internal faults with a
transient resistance of up to 500 Q for hybrid transmission
lines. However, its corresponding algorithm is too complicat-
ed and may not be practical in ultrahigh-speed HVDC pro-
tection scenarios. Reference [15] proposes a protection
scheme using frequency-dependent transient energy separa-
tion algorithms to identify and distinguish faults. It is less
relevant to the terminal structure but uses a complex mathe-
matical algorithm that requires a long time window. Refer-
ence [16] focuses on hybrid DC distribution networks with
much shorter line lengths, in which the proposed scheme
can only reflect fault signatures that are very different from
those of hybrid HVDC transmission systems. In general,
there is an urgent need for high-performance protection
schemes that can adapt to various HVDC transmission sce-
narios, particularly hybrid HVDC transmission systems.

Given the lack of highly adaptive protection solutions for
hybrid HVDC transmission lines, a transient-power-based
single-end protection scheme is proposed in this paper as an
ultrafast method with broad applicability for detecting, distin-
guishing, and identifying line faults in hybrid HVDC trans-
mission systems. The strong absorption and buffering effects
exerted by lumped-parameter reactors at the line terminals
on transient TWs are quantitatively explored through de-
tailed analyses of the fault characteristics in such systems.
The difference in the transient power variation is widely uti-
lized to form a group of composite protection subunits that
can cover fault detection and location and prevent relay mal-
operation in different scenarios. The proposed scheme can
adapt well to hybrid HVDC transmission systems, conven-
tional LCC-HVDC transmission systems, and flexible VSC-
HVDC transmission systems with outstanding practical engi-
neering value.
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II. HYBRID HVDC TRANSMISSION SYSTEM MODEL AND ITS
LINEARIZATION

The strict speed requirements for HVDC transmission line
protection indicate that an analysis of the fault-induced for-
ward TW signal is preferable as the main principle for de-
signing a practical primary HVDC transmission line protec-
tion scheme. Suppose that the analysis of the fault-induced
TW waveform is confined within 1-2 ms after the first arriv-
al of the TW. Then, HVDC network structures with consider-
able time delays can be reasonably simplified to locally lin-
earize the DC power grid. Subsequently, the corresponding
transient local network satisfies the superposition theorem
and can be used to conveniently and quantitatively analyze
the TW waveform. This paper employs linearization accord-
ing to standard HVDC simplification schemes [17]-[20].

A. Overall Model

The hybrid HVDC transmission system in point-to-point
end-to-end mode, as shown in Fig. 1, is modeled using the
real-time digital simulation system (RTDS) platform, where
L, is the lumped-parameter reactor; Uy, I, U,, and I, are
the raw measurements at the VSC and LCC ends of the posi-
tive pole; U, is the DC load voltage; and F-F, represent
typical fault locations. We define R, L, and C, as the equiv-
alent resistance, inductance, and capacitance of these convert-
ers, respectively, and ignore the influence of alternating cur-
rent (AC) systems. The parameters of the VSC and transmis-
sion lines are listed in Appendix A Table Al, while the pa-
rameters of the LCC and DC filter are listed in Appendix A
Table AIl. Most of the subsequent analyses will be based on
this model.

VSC side !

Fig. 1. Diagram of hybrid HVDC transmission system.

B. Simplification of Converter

VSCs and LCCs generally have prominent time-delay
characteristics and might not take noticeable actions until the
operation of related line protections. This paper considers
that the control logic of the converters does not respond
within 2 ms after the first arrival of the fault-induced TW
and treats the parameters of these converters as constants.

C. Simplification of Line

According to the derivation of the external characteristics
of a distributed transmission line segment, a lossless trans-
mission line can be regarded as a lumped-parameter resistor
when a TW propagates through it. Defining its resistance as
Z,, the propagation process of a TW can be briefly expressed
as:
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Uq(tp— %) =chq(tp— %) (1)

where U, and / are the front voltage and current TWs, re-
spectively; 7, is the propagation time; x is the distance trav-
eled by the TWs; and v is the maximum velocity of the TW.
Considering the influence of the line loss and dispersion on
the fault characteristics, the model adopts a lossless line for
an alternative analysis.

III. ANALYSIS ON FAULT CHARACTERISTICS OF HYBRID
HVDC TRANSMISSION LINES

When a line fault occurs, a transient equivalent excitation
—AU,.&(t) will be connected in parallel to the fault point and
provide the initial TW signal U, to both sides of the line.
According to the boundary conditions of the fault location,
the initial moduli of the forward TW are expressed in (2)
and (3), where (2) is for single-pole fault; and (3) is for dual-

pole fault [20].

_ _AUchcl

Usrc (t)_ (ZC1 +Zc() )+4Rg €(Z) (2)
_ _AUchcl

Usrc ([)_ ch +Rg S(t) (3)

where R, is the transient grounding resistance; and Z,, and
Z,, are the differential- and common-mode wave impedances
of the transmission line, respectively. The values for the
modulus can be obtained via local polar measurements and
utilized to eliminate the influence of the interpole mutual im-
pedance [21]. Equations (2) and (3) indicate that the wave-
form of the initial forward TW is step-shaped, which signifi-
cantly differs from the waveform of the TW measured at the
line terminals. This is because the fault-induced TWs gener-
ated by the equivalent excitation should first form the inci-
dent wave of the local system after being refracted and re-
flected. Subsequently, the incident wave can form a voltage
drop and TW current on the remnant system behind the local
measurement point, and can be reflected in the measured
electrical quantities. These two conclusions constitute the ba-
sis of an analysis on the fault characteristics of hybrid
HVDC transmission lines. The following definitions are pro-
vided to clarify the references to the variables in the analysis
process.

1) In this paper, the protection schemes based on the char-
acteristics of transient electric power are designed, which in-
volve the analysis of the waveforms of measured voltage,
current, and power at the local terminals. Therefore,
Fe(U,LP) is defined to represent the voltage, current, and
power, respectively; F, is defined as the incident TW of the
local transient system; and F\, is defined as the raw local
measurements. The transient quantity F, is determined by:

F,=F,—Fy
where Fy is the rated values of these quantities.

2) The lumped-parameter components at the line termi-
nals, mainly referring to the smoothing reactors, current-lim-
iting reactors, and DC filters, are defined as “line boundar-
ies”. The area between the line boundaries of a transmission
line is defined as the primary protection zone.

“)

1675

A. Analysis on Refraction Characteristics of Boundary

Once the topology of a local line terminal is given, the
Thevenin equivalent circuit of the terminal can be drawn to
obtain its system of state equations for quantitative analysis.
Such a circuit structure will be independent of the fault con-
ditions, where the difference remains in the incident voltage
of TW Ujg. Uy will be equal to U, after an internal fault oc-
curs; however, under external fault conditions, the initial
front voltage of TW U, is first refracted into a refracted
wave U, through the opposite line boundary. Then, U, be-
comes the incident wave of the residual Thevenin equivalent
circuit, whose topology is identical to that when an internal
fault occurs. Therefore, U, must first be derived through an
analysis on the refraction characteristics of the boundaries.

1) Refraction Characteristics at VSC End

The line boundaries of typical VSC terminals mainly refer
to the current-limiting reactors, whose refraction features can
be obtained from Fig. 2, where F| is the refracted TW in-
duced by Fl.

2F,

Fig. 2. TW Thevenin equivalent circuit of line boundary at VSC end.

The state equation of the equivalent circuit in Fig. 2 can
be obtained using the fundamental circuit theorem:

2l]B (S)z(Sde+2Zc )Iy (S) (5)
Up()=2Ug ()= (sLy+ Z. )1, (5) (6)

The general solution to the system of linear differential
equations can be obtained using an inverse Laplace trans-
form (ILT) as:

Up ()=2|U,[(1 —e+)

™)
I ()==2U (1 -e**"+)/Z, ®)

Equations (5) and (6) indicate that U, and I, are logarith-
mic wave heads with a lower steepness and amplitude than
those of F,. This is mainly because their transient TW ener-
gy has been significantly buffered by L, as the reactor cur-
rent cannot change abruptly. Figure 3 shows the comparison
of the TW waveforms at the line boundary at the VSC end,
including the fluctuations in the analytical waveforms, their
simulated counterparts of Uy and [, and the transient power
of the refracted TW after being buffered and attenuated by
the VSC terminal line boundary. It can be observed that the
simulation results are consistent with the analytical results.

2) Refraction Characteristics at LCC End

The line boundary of the LCC terminal comprises a
smoothing reactor and DC filter. Considering the relatively
high order of the local system increased by the DC filter, an
equivalent DC filter with only its 6"/12" filters preserved is
studied in isolation using Fig. 4 and (9)-(11) for the sake of
simplicity.
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Fig. 3. Comparison of TW waveforms at line boundary at VSC end. (a)

Analytical waveform. (b) Simulated waveform.

Fig. 4. TW Thevenin equivalent circuit of LCC-side line boundary.

X(s)=sLy+1/sCy+1/(s*Cp L+ 1) )
1,(5)=2Us (XX () + Z.)/2Z. X (5)+ Z7) (10)
Un(8)=2Ug(s)~-1,,(5)Z, (1n

1, (s) can be expressed by a fraction as:
1,,()=N()/D(s) (12)

The denominator D(s) contains five eigenvalues, all of
which are complex, except for s=0, which is injected by the
step transient fault excitation. However, if the coefficients of
element s with different orders in D(s) are referred as a,, a,,
a,, a,, a, in descending order, the general form of the four
unknown eigenvalues can be obtained using basic solution
processes for univariate quartic equations as:

_ @, 4asay  8ay
J:l Lg—ﬂ—gl+ a; a; a, 5
2 245 2a, B 2 (13)
asy 2(12
— -5 t4
4a:  3a,
2
R:—&il &_%‘FZ’ (14)

s=RxJ (15)
where 4 is an intermediate defined by a,-a,, given by the
Ferrari method to simplify the mathematical expression. By
substituting the relative parameters into (13) - (15), it is
known that the value of the expression underneath the
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square-root sign in the equation for J is always less than 0.
In contrast, R is significantly smaller than the absolute value
of J, which indicates that the refracted TW 1is characterized
by the superposition of dual-frequency attenuating oscillation
waveforms with minor amplitudes. Furthermore, the eigen-
value s=0 causes F to be near the steady-state value of the
incident TW, showing a step waveform. The time-domain so-
lutions of Fy can be expressed via an ILT, whose analytical
waveform is shown in Fig. 5:

_ N
i D'(S)

i=1,2,3,4 (16)

1, 0)=2|K,|cos(w,t+8,)+2|K;|cos(w;t+0;)+ %a(z‘)
17)
(18)

Um (t) = 2| Usrc|8(t) - Iy (t)Zc
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Fig. 5. Refraction characteristics of DC filter.

Figure 5 shows that typical DC filters absorb little TW en-
ergy; their L-C resonant couplings mainly inject high-fre-
quency harmonics into the faulty line and cause minor distor-
tions in the local relay measurements. Such external charac-
teristics of DC filters for fault-induced TW signals are easy
to understand because the standard 6"/12"- and 12"/24"/36"-
tuned DC filters are bandpass filters for specific harmonics.
They will show a high-resistance state to DC-component-
dominated fault-induced TWs, which has been widely prov-
en [22]. This allows most energies of the transient TW to be
directly refracted into the parallel resistor branch.

The characteristics of the LCC-side line boundary can
now be discussed on the above basis. The fault-induced ini-
tial front TW produced by the transient excitation is first
buffered into a refracted wave (as shown in Fig. 5) by the
smoothing reactor of the line boundary. Its system of state
equations can then be obtained by substituting F; into (6)
and analyzed by the integral convolution (IC) method:

1 E_I |Usrc| X(S)+Zc
sLy.+27, s 27 X(s)+Z?

Im(t)zﬁ"( (19)
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Un0=2Us(0-1,()Z, (20)

Because the second term on the right-hand side of (19) is
approximately a step wave, the refracted wave will maintain
its waveform features to a great extent when propagating
through the DC filter according to the concepts of convolu-
tion and integration of the IC method. Therefore, the LCC-
side line boundary mainly reflects the buffering effect of its
smoothing reactor, similar to the VSC-side line boundary.

The simulation results for U, and /; and the transient pow-
er of the refracted TW induced by the LCC-side line bound-
ary are compared with the individual results at the VSC
side, as shown in Fig. 6. It can be observed that the LCC-
side line boundary has similar effects on the incident TWs
passing through it as the VSC-side line boundary, producing
F;. with clear logarithmic wave heads.
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B. Analysis on Fault Characteristics at LCC End

The TW Thevenin equivalent circuit of conventional LCC-
side line boundaries, as shown in Fig. 7, can be used to ana-
lyze the fault characteristics of the relay measurements on
the LCC side.

Fig. 7. TW Thevenin equivalent circuit of conventional LCC-side line
boundaries.

To satisfy the fundamental laws of Thevenin’s theorem in
the TW realm, a current TW must first be refracted by the
DC-filter branch to satisfy the law of loop current analysis;
however, a voltage TW should be studied considering the
valve and filter branches together to fulfill the law of node
voltage analysis. The state equation for the measured voltage
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is expressed via (5) as:
1 1
X(s)=sLy+ +
( ) f1 SCﬂ SZCQLQ-F 1 (21)
U, (5)=2U, (5)| 1 X)Ly 22
nO=20 O\ - 7 Koy eslez, | @D

where Ly is the sum of L, and L,. Depending on the struc-
ture of the incident wave Uy (which is determined by the
fault location, as shown in Section III-A), (22) will have ei-
genvalues with different forms and influence the waveshapes
of the local relay measurements.

1) When an internal fault occurs, Uy is equal to 2|U_|/s.
An eigenvalue of 0 is injected into D(s) by the arithmetic el-
ement l/s of U,, causing local measurements to abruptly
change during the arrival of the front TWs. Meanwhile, the
R-L parallel branch of the LCC provides a large negative re-
al root, causing local measurements to decline in a logarith-
mic manner.

2) When an external fault occurs, Uy is given by (18).
This will inject an additional negative real root of —Z /Ly in-
to D(s), further weakening the steepness of the local mea-
surements.

Figure 8 shows the simulation results for the characteris-
tics of the fluctuation in the local relay measurements when
a metallic pole-to-ground (PG) fault occurs at different fault
locations. It can be observed that /, can abruptly vary dur-
ing the arrival of the TW because of the distortion in the DC
filter, whereas U, cannot. The fluctuation in the transient
power in the case of an external fault is much more moder-
ate than that in the case of an internal fault.
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Fig. 8. Waveforms of transient measurements on LCC side.

C. Analysis on Fault Characteristics at VSC End

The TW Thevenin equivalent circuit in Fig. 9 can be used
to analyze the fault characteristics of the relay measurements
on the VSC side.

The state equation of U, can be written as:
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de Fy Zc
Py I
@

2F,

Fig. 9. TW Thevenin equivalent circuit of VSC-side line boundaries.

[Q/(sC,)+sLs+Z 1, (5)=2Ug(s) (23)
U, (9)=2Ug(s)-Z.1,,(s) (24)

Owing to the high damping of the series resistance Z,, the
relatively small valve capacitance C, is ignored here because
it has little influence on the numerical features of the eigen-
values. Equation (5) shows that the waveshape of U, is still
heavily dependent on the structure of the incident wave U,,
which needs to be discussed in different fault scenarios.

1) During an internal fault, Uy, will be equal to 2|U__|/s.
The general solution of (23) and (24) can then be derived as:

U, (t)==-2|U,|e """« (25)

L,()=2|U 1 —e*")/Z, (26)

U,, suddenly drops by —2|U_| when the front TW arrives
and then gradually increases in a logarithmic manner as the
TW charges the VSC-side, similar to the step response of a
typical first-order inductor. In contrast, /,, increases in a loga-
rithmic manner since the beginning of the arrival of the
front TW. The transient power P, in this scenario would
fluctuates in a similar manner as U, does.

2) During an external fault, U, will be equal to (7). If the
LCC-side line boundary is treated as a lumped-parameter re-
actor on the basis of Section III-A, the analytical forms of
U,, and /,, at this time would be expressed as:

le

21U |Z. )
U, 0~ % (e‘zzc’/de —e th/LL)
de

2|Uq
1@~
de

Compared with those in (25) and (26), the transition pro-
cess of U, is considerably prolonged with no abrupt changes
and a much lower steepness. Thus, P, has a much smoother
and moderately curved trend.

3) In the particular case where an internal fault occurs at
F, in Fig. 1, the transient excitation will directly impact the
LCC-side line boundary and charge the DC filter before
TWs are produced. This weakens and distorts the wave-
shapes of the local measurements to some extent.

Figure 10 shows the simulated waveforms of transient
measurements at the VSC end under metallic PG faults for
different fault locations, from which the conclusions of the
analysis are demonstrated to be consistent with the experi-
mental results.

27

(1 _ e—ZLt/LZ ) (28)

D. Summary

In conclusion, the lumped-parameter reactors with line
boundaries have a strong buffering effect on the signals with
abruptly changing features, which aligns with their design
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objectives and provides favorable conditions for fault identi-
fication. The following general conclusions can be drawn
from Figs. 8 and 10.
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Fig. 10. Simulated waveforms of transient measurements at VSC end.

1) When an internal fault occurs, the VSC-side line bound-
ary allows U, to abruptly change while buffering and
smoothing /,. In contrast, the LCC-side line boundary allows
I, to abruptly change while weakening the steepness of U..
This means that specific conventional protection schemes
based on the rate of change in the current/voltage are inappli-
cable to both terminals of a hybrid HVDC transmission sys-
tem.

2) As DC filters are bandpass filters and show a high-re-
sistance state to TW signals, the line boundaries of both ter-
minals approximately act as reactors when TWs pass
through them. Hence, the variation in the transient TW pow-
er shows a similar trend at both terminals of the hybrid
HVDC transmission system. It is noted that the topology of
the DC filters does not influence the general features of the
local transient power as long as they are in a high-resistance
state relative to the DC wave components.

IV. PROTECTION SCHEME BASED ON TRANSIENT POWER
WAVESHAPE

The proposed protection scheme based on transient power
waveshape focuses on hybrid HVDC transmission systems
with both VSC and LCC terminals and consists of four sub-
units. The following subsections discuss each subunit in de-
tail.

A. Differential Transient TW Power Based Fault Identifica-
tion Subunit

This subunit is the core function element of the proposed
protection scheme, realizing fault detection and rough loca-
tion. Its core ideas include the following aspects.

1) The transient TW power reflects the combined fluctua-
tions in the waveshapes of the measured voltage and current
and can be utilized to sensitively distinguish internal high-re-
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sistance grounding faults.

2) The transient TW power of the VSC/LCC terminals
shows similar and significant variation trends, which is ideal
for fault location.

However, it is noted that the fault resistance could severe-
ly affect the magnitude of the TW waveform while imposing
minor impacts on its waveshape. Therefore, this protection
unit utilizes the difference rather than the amplitude of the
measured transient TW power. The fault identification criteri-
on is constructed on the aforementioned basis as:

APm(t+tO):Pln(t+t0)_Pm(t+tO_1)
AP, (t+10) > ki ()P

(29)
(30)
€2))

where ¢, is the startup time of the protection; ¢ is the elapsed
time; AP, is the difference in P ; and P, is a predefined
action threshold set according to the maximum local tran-
sient TW power difference within 0.5 ms when an external

metallic PG fault occurs at F,. The floating threshold factor
k, is defined as:

t<2

1 t<t,
k()= <k, (t—t,)+1 t,<t<t, (32)
ky(t—t)+k, (t,—t,)+1 t>¢t,

where k,, k,, t,, and ¢, are the coefficients that describe the
shape of the floating threshold. 7, can be experimentally set
under the condition that an internal metallic PG fault occurs
at the opposite terminal of the line, which is expressed as:

AP, (t;)= AP, (t;=1D<0 33)

A})m (ta)<05APm (ta’_ 1) (34)

That is, the protection unit will first locate the time point

t! when the transient TW power AP, (¢f) begins to decline,

and then complete the abrupt variation process of P, (f) by

the time point 7, when AP (f) decreases to less than half of

AP (t]). k,, ks, and 5 can be set according to the following
formulas under the same fault condition in which ¢, is set:

f©=AP, () (35)

NS targ rtna|xs f(©) (36)
o= APal6) =8P ) -
ky=2k, (38)

This protection unit will find the time point #, when
AP, (¢) reaches its maximum value within 1.5 ms after the
protection starts; then, the slope between AP, (¢,) and
AP, (t,) is set as k,. k; is set mainly to prevent malopera-
tion; thus, a large value is preferred. In this paper, its value
is 2k,. A curve of the variation in the floating threshold £,
can be drawn according to (32)-(38), which is shown in
Fig. 11.

The purpose of k, is to improve the performance of the
unit. The time interval [0, #,] of k, can reasonably lower the
action setting shortly after the protection starts, thereby pro-
viding a sensitivity boost to the unit. This is because the de-
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velopment of the local fault characteristics induced by exter-
nal faults is initially delayed and mitigated owing to the buff-
ering effect of the line boundaries. This interval can also
eliminate the effects of bipolar coupling. Over time, the lo-
cal transient power may eventually develop specific symbol-
ic fluctuation characteristics under internal fault conditions,
resulting in possible maloperation of the protection. The
time interval [z, ¢,] of k, can increase the action threshold to
prevent maloperation, thereby improving the reliability and
selectivity of the subunit. If the subunit cannot operate be-
yond the point 7, the protection unit renders the fault an ex-
ternal fault and sharply raises the threshold to secure the reli-
ability of the protection.

Threshold

Time

Fig. 11. Variation in floating threshold ;.

Taking the VSC terminal in Fig. 1 as an example, Fig. 12
shows the results of application of differential transient TW
power based fault identification unit during metallic PG
faults of different locations. It can be observed that the trend
in the curve of AP, () is consistent with the theoretical anal-
ysis, given that |AP_(¢) can meet the floating threshold only
when internal faults occur.
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Fig. 12. Results of application of differential transient TW power based

fault identification unit.

B. Maloperation Prevention Subunit for Lightning Distur-
bance (LD)

A major deficiency of the fault identification subunit is
that it cannot reliably distinguish faults from other types of
instantaneous disturbances. These instantaneous disturbances,
especially LD, can induce pulse features in the local mea-
surements, which may be confused with the waveshapes of
the local measurements during the arrival of the fault-in-
duced TW, and can cause potential incidents of malopera-
tion. However, when struck by such LD, the abrupt varia-
tions in the local measurements often last for less than 0.1
ms, and it generally takes less than 1 ms for these measure-
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ments to decline and stabilize at their rated steady-state val-
ues. Therefore, the waveshape of P_ (f) would show a sharp
yet unsustainable trend in variation, and clearly contrast with
that in the case of internal faults. For instance, Fig. 13
shows the waveforms of the local measurements on the LCC
side during an LD at F,. It can be concluded that /, and P,
induced by the LD have pulsed waveshapes, typically with a
transient process that lasts for only hundreds of microsec-
onds but peaks at tens of times the load current.
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6000
4000
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(=}

-2000

0 02 04 06 08 10 12 14 16
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Fig. 13. Waveforms of local measurements on LCC side during LD at F,.

The following protection criteria are designed as the core
criteria of the maloperation prevention subunit:

D =max {|Pm (t() )l’ ‘Pm (t() + 1)‘7 cee |Pm (t+ ZL() )|} (39)
P, (E+1)
DA: zM >PTset (40)
t=0 D

where ¢, is the upper limit of the operation time (OT) of
the criteria; D is the maximum local transient power P,
since the protection starts; D, is the accumulation of the ra-
tio of absolute P, to D; and P, is the operation threshold,
which is set according to the OT demands of specific hybrid
HVDC projects but is higher than the maximum local AP,
in the worst internal LD cases. According to the fluctuation
characteristics of P, (¢), the local per-unit transient power
during internal LD is close to 1 only for an instant after be-
ing impacted because P, (f) can only increase during this
time interval. Then, it decreases to a small value. Hence, D,
will remain at a low level. In contrast, the local per-unit tran-
sient power during an internal fault will be 1 at every sam-
pling point, because the waveform of P, will continuously
rise to its steady state, causing the value of D to be equal to
that of P_ (¢). The discrete integral value D, will linearly di-
verge and soon exceed the action threshold.

Figure 14 shows the waveforms of maloperation preven-
tion subunit during actual LD situation. P (f) peaks at ap-
proximately 0.3 ms and then quickly drops to the vicinity of
its load value. P, of each subsequent sampling point is far
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less than 1. Therefore, D, cannot reach the operation thresh-
old.
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Fig. 14.
situation.

Waveforms of maloperation prevention subunit during actual LD

Further verification of the performance will be presented
in Section V by imposing a typical 2.6/50 ps positive double-
exponential lightning disturbance i (¢) to the simulation mod-
el. The function of the disturbance is expressed as:

iT (t):50(6—1.5><1O’Xt_e—1.86x10"'t) (41)

C. Supplementary Maloperation Prevention Subunits

The subunits mentioned above include high-resistance
fault detection, rough location, and lightning disturbance dis-
crimination. However, a complete and practical composite
protection scheme requires additional auxiliary function ele-
ments.

1) Pole Selection Subunit

The poles of a typical overhead HVDC transmission line
share little electrical contact; instead, they are strongly relat-
ed to the magnetic aspect. However, the magnetic connec-
tions between poles could become vital in some scenarios
where the modulus measurements of each pole must be uti-
lized to eliminate the influence of mutual inductance. Ac-
cording to the definition of the modulus components, the
subunits mentioned above cannot directly determine the
faulty pole, which determines the necessity of an additional
pole selection criterion.

A pole selection method typically adopts a principle that
compares the magnitudes of the measurements, which is rela-
tively mature. The pole selection principle constructed in
[22] is adopted in this paper:

S Aiy(6)
o= "
> Aiy (k)

where £ is the index of the sampling points; and Af, (k) and
Aiy, (k) are the local differential currents of the positive and
negative poles, respectively. When a faulty occurs at one of
these poles, the current at the faulted pole must be signifi-
cantly greater than that at the non-fault pole, which is consis-
tent with the difference in these measurements. Therefore,
O(¢) complies with the following rules:

1) When positive faults occur, Ai (k)>Ai,(k); thus,
o@)>1.

(42)
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2) When negative faults occur, Ai; (k)< Aiy(k); thus, 0<
o)< 1.

3) When internal pole-to-pole faults occur, the topological
symmetry of the transient system in such cases determines
that A7, (k)= Aiy (k); thus, O@)~ 1.

In this paper, the pole selection subunit will recognize a
detected fault as positive if the calculated O(¢) is larger than
1.5, or negative if O(f) is less than 0.5. If O(f) is between
0.5 and 1.5, the fault is classified as a pole-to-pole (PtP)
fault. Only the protection of the faulted pole will be allowed
to trip.

2) Reverse Fault Detection Subunit

When a reverse fault (taking the local protection installa-
tion as the point of reference) occurs, it is known from Sec-
tion III that the fault-induced refracted TW will directly im-
pact the local relay protection without the influence of the
opposite line boundary and transmission line, which may par-
tially induce the features of an internal fault in the local mea-
surements and cause the protection to trip incorrectly.

The principle of reverse fault detection is relatively ma-
ture. According to the definition of the forward TW in (1),
the direction of the current TW and the adopted convention
for the local current measurement are the same in this con-
text. Therefore, Al (f) at the local terminal has a negative
sign, which can be easily identified to classify the direction
of the fault. On this basis, the following auxiliary criteria for
the local differential current are constructed:

Al (t+t))=1, (t+t)—1, (t+1,—1) (43)

AIm (t) > [Lset (44)

where /; ., is a small positive value set to prevent malopera-
tion in the case of a reverse fault. The subunit continuously
determines the magnitude of A/, (f) since the protection
starts. The entire composite protection scheme should only
be allowed to operate when A/, (¢) is larger than /.

D. Overall Scheme

Figure 15 shows the overall scheme of the proposed sin-
gle-end protection based on transient power waveshape for
hybrid HVDC transmission lines. Its functional process is as
follows.

1) When an abnormal TW front reaches the protection in-
stallation, the undervoltage/overcurrent criterion starts and
provides protection during the operation. The reverse fault
detection subunit then continuously monitors the value of
Al (t) and blocks any potential maloperation caused by the
reverse faults.

2) The protection installation quickly calculates the float-
ing threshold of the differential transient TW power based
fault identification subunit using preset values and compares
it with [AP, (¢) calculated point-by-point in real time to effec-
tively reflect the internal line abnormalities and eliminate the
influence of forward external faults.

3) Using (2), the maximum P, (f) since the protection
starts is calculated and updated point-by-point in real time,
from which the per-unit transient power accumulation D, is
calculated and compared with the unit’s threshold, effective-
ly eliminating possible risk of maloperation induced by LD.
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4) After the abnormal signal is recognized as an internal
fault, the protection installation selects the faulty pole using
O(¢) and trips if it is on the faulty pole.

AL (> ot

Directional

Fault identification| |AP, (t+2,)[>k,())P s > 1<2 ms—

« &

LD maloperation| p _& |P(ry)| P
. Ts
A ; D et

prevention

0=3 8] 3 Aiy(h)

=3 =)

Pole selection

Fig. 15. Overall scheme of proposed single-end protection based on tran-
sient power waveshape for hybrid HVDC transmission lines.

V. CASE STUDIES

This section presents case studies under various abnormal
conditions to demonstrate the advantages of the proposed
protection scheme. These case studies have been carried out
with the 500 kV PtP hybrid HVDC transmission system in
Fig. 1, emphasizing the scenarios involving an internal high-
resistance grounding fault at F,, a metallic grounding fault at
F,, and a lightning disturbance at F,. The transmission sys-
tem is modeled using RTDS with a sampling frequency of
20 kHz, and the OT of each subunit is calculated with the
protection start-up point as the starting point.

A. Verification of Performance at VSC End

Figure 16 shows the waveforms of the local measure-
ments at VSC end, including the measured P_, AP, and its
floating threshold A/, and O under various abnormal condi-
tions within 2 ms after the protection starts. Figure 16(a)
shows that P, under abnormal internal conditions quickly
peaks at a relatively large value that would be recognizable
even when the fault resistance R, (if it exists) is up to 750
Q, whereas P,, under external fault conditions smoothly var-
ies within a limited range. Consequently, AP, under abnor-
mal internal conditions quickly exceeds the floating thresh-
old, whereas AP, under external fault conditions can never
meet the floating threshold, as shown in Fig. 16(b). This indi-
cates that the differential transient TW power based fault
identification unit can reliably detect, identify, and roughly
locate line abnormalities at the VSC end.

Figure 16(c) shows that the sign of A/ is negative only
under reverse fault conditions, through which the reverse
fault detection subunit can easily flag a reverse line abnor-
mality and operate accordingly. Figure 16(d) shows that O
far exceeds 1 within 0.5 ms after the protection starts when
any positive line abnormalities occur.

The performance of the LD maloperation prevention sub-
unit can be verified by Fig. 17, in which the waveforms of
the calculated D, under the conditions of a 750 Q PG fault
(Fig. 17(a)) and lightning disturbance (Fig. 17(b)) at F, are
presented. It can be observed that D, during internal faults
continuously increases at a steady slope, and then reaches
the action threshold within 0.9 ms. The unit can then flag
the detected line abnormality as a fault rather than LD. In
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contrast, in Fig. 17(b), the transient power quickly peaks
within 0.8 ms and then drastically declines to a very low lev-
el. Hence, D, can never reach the action threshold, and the
unit can then flag the abnormality as LD in this circum-
stance.

(MW)

— W

S S S

S S S

S 3 S
> .

Differential-mode

-1000
-2000
2.

transient power
=)

(@)
300

N
wn
S

200

—_—
wn
S

100

difference (MW)

wn
S

Differential-mode power

(S

1.5
1.0

0.5

-05F
-1.0F

15 . .
2.5 3.0 35 4.0 45
Time (ms)

(©)

Set value

Differential-mode
transient current (kA)

~%5¢.
-
flian VAL DI
Rt
Balaian S EVEVEVING

L |

NW R W

_______ SN E—
I /Setvalues

L L L—e-66666e ®

3.0 35 4.0 4.5
Time (ms)
(d)
—e—Metallic PG fault at F,; ——750 Q PG fault at F,; — Threshold
——Metallic LD fault at F,; —Metallic PG fault at F

—
T

Ratio of bipolar
differential current

S

N
n

Fig. 16. Waveforms of local measurements at VSC end under different
faults. (a) Differential-mode transient power. (b) Differential-mode power
difference. (c) Differential-mode transient current. (d) Ratio of differential
currents of both poles.

Table 1 summarizes the line protection OT in different ab-
normal scenarios at the VSC end of the hybrid system. The
scheme can reflect various internal faults, with its OT re-
duced to within 1 ms while reliably blocking external faults
and LD. It can also be used to sensitively identify PtP
faults.

B. Performance Verification at LCC End

Likewise, when applied to the LCC end, the performance
of the proposed protection scheme is sequentially verified by
the subunits.
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Fig. 17.  Waveforms showing performance of LD maloperation prevention

subunit. (a) During 750 Q PG fault at F,. (b) During LD at F,.

TABLE I
LINE PROTECTION OT AT VSC END

OT (ms)
Fault property ti?rtlzn(urgs) Section Section Total
1I-A 111-B otal net
Metallic PG fault at F, 0.1 0.1 1.0 0.9
Metallic PG fault at F, 1.3 1.3 2.3 1.0
Metallic PG fault at F, 2.6 2.6 3.5 0.9
750 Q PG fault at F, 0.1 0.1 1.0 0.9
750 Q PG fault at F, 1.3 1.3 2.3 1.0
750 Q PG fault at F, 2.6 2.6 3.6 1.0
Metallic PtP fault at F, 0.1 0.1 1.0 0.9
300 Q PtP fault at F, 0.1 0.1 1.1 1.0
Metallic PtP fault at F, 2.6 2.6 3.6 1.0
300 Q PtP fault at F, 2.6 2.6 3.6 1.0
Metallic PG fault at F 2.6 Blocked
Metallic LD fault at F, 0.1 0.1 Blocked
Metallic LD fault at F, 1.3 1.3 Blocked
Metallic LD fault at F, 2.6 2.6 Blocked
Metallic PG fault at F 2.6 Blocked

Figure 18 shows the waveforms of the local measure-
ments at the LCC end, including the measured P, AP, and
its floating threshold A/, and O under various abnormal
conditions within 2 ms after the protection starts. Figure
18(a) and (b) shows that AP under abnormal internal condi-
tions quickly peaks with abrupt variation in P , which can
be sensitively recognized when R, (if it exists) is up to 500
Q and even 750 Q. Further, P, under external fault condi-
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tions smoothly varies within a limited range. Consequently,

AP, at the LCC end fluctuates in patterns similar to those at

the VSC end. Figure 18(c) and (d) shows that the auxiliary
units can correctly operate under various situations.
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Fig. 19. Waveforms showing performance of LD maloperation prevention
subunit. (a) During 750 Q PG fault at F,. (b) During LD at F,.

TABLE II
LINE PROTECTION OT IN DIFFERENT ABNORMAL SCENARIOS AT LCC END
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faults. (a) Differential-mode transient power. (b) Differential-mode power
difference. (c) Differential-mode transient current. (d) Ratio of differential
currents of both poles.

Figure 19 shows the performance of the LD maloperation
prevention subunit under the conditions of a 750 Q PG fault
and LD at F,. It can be observed that D, in Fig. 19(a) can
reach the action threshold in 0.85 ms. The subunit can then
flag the detected line abnormality as a fault rather than LD,
but D, in Fig. 19(b) can never reach the action threshold.

Table II summarizes the line protection OT in different ab-
normal scenarios at the LCC end. This table shows that the
proposed protection scheme is also applicable to the LCC

ends.

Start OT (ms)
artu
Fault property time (rgs) Section Section Total
1II-A 111-B net
Metallic PG fault at F, 0.1 0.1 1.0 0.9
Metallic PG fault at F, 1.3 1.3 2.2 0.9
Metallic PG fault at F, 2.6 2.6 3.5 0.9
750 Q PG fault at F, 0.1 0.1 1.0 0.9
750 Q PG fault at F, 1.3 1.3 2.2 0.9
750 Q PG fault at F, 2.6 2.6 3.5 0.9
Metallic PtP fault at F, 0.1 0.1 1.0 0.9
300 Q PtP fault at F, 0.1 0.1 1.0 0.9
Metallic PtP fault at F, 2.6 2.6 3.6 1.0
300 Q PtP fault at F, 2.6 2.6 3.6 1.0
Metallic PG fault at F, 2.6 Blocked
Metallic LD fault at F, 0.1 0.1 Blocked
Metallic LD fault at F, 1.3 1.3 Blocked
Metallic LD fault at F, 2.6 2.6 Blocked
Metallic PG fault at F 2.6 Blocked

C. Verification of Performance for Symmetric HVDC Trans-
mission Systems

The proposed protection scheme might also be applied to
symmetric HVDC transmission systems. As linearization
methods can be applied to these systems to form linearized
local systems with a similar topology, the performance of
the proposed protection scheme should be further verified
for such symmetric HVDC transmission systems.
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1) Verification of a VSC-HVDC Transmission System

To verify the performance of the proposed protection
scheme in standard symmetric VSC-HVDC transmission sys-
tems, the simplified Zhangbei four-terminal flexible HVDC
transmission system of China in Fig. 20 is modeled. The
model parameters can be found in [23]. In this paper, only
the fault characteristics of the Zhangbei-Beijing transmission
line are analyzed owing to space restrictions, and the Zhang-
bei terminal station is used as the local terminal.

Zhangbei ¢
station !

Beijing

F, F; F, F; .
station

R, L, C

v Lys Ly

Kangbao
station

Fig. 20. Diagram of simplified Zhangbei four-terminal flexible HVDC
transmission system of China.

The line protection OT of the proposed protection scheme
in Zhangbei transmission system is summarized in Table III.
The results indicate that the proposed protection scheme is
applicable to VSC-HVDC transmission systems. As there is
no DC filter at the line boundaries, the transient processes of
the local measurements are shorter, and the operation of the
proposed protection scheme is accelerated during internal
faults. The scheme can reliably block out-of-zone faults and
instantaneous disturbances. Specifically, it excels even more
in reliability because the TWs induced by external line faults
must first be buffered twice by the current-limiting reactors
at opposite line boundaries before they can refract into the
local transmission line.

TABLE III
LINE PROTECTION OT OF PROPOSED PROTECTION SCHEME IN ZHANGBEI
TRANSMISSION SYSTEM

Startu OT of OT of Total
Fault property . P Section ~ Section net OT
time (ms)
III-A (ms) II-B (ms) (ms)
Metallic PG fault at F, 0 0 0.5 0.5
Metallic PG fault at F, 0.4 0.4 0.9 0.5
Metallic PG fault at F, 0.7 0.7 1.2 0.5
750 Q PG fault at F, 0.1 0.1 0.6 0.5
750 Q PG fault at F, 0.4 0.4 1.1 0.7
750 Q PG fault at F, 0.7 0.7 14 0.7
Metallic PG fault at F, 0.7 Blocked
Metallic PG fault at F6 0.8 Blocked
Metallic PG fault at F, 1.7 Blocked
Metallic PG fault at Fy 0.7 Blocked
Metallic LD fault at F, 0 0 Blocked
Metallic LD fault at F, 0.4 0.4 Blocked
Metallic LD fault at F, 0.7 0.7 Blocked
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2) Verification of an LCC-HVDC Transmission System

Using the parameters in Appendix A Tables Al and All,
the point-to-point symmetric LCC-HVDC transmission sys-
tem in Fig. 21 is constructed. The line length in Fig. 21 is
modified as 1500 km.

I I
L be v vl
1 A ¥ ¥ ¥ i 1
| |
AC
filter I I, filter
g U e
Ur Un
Fig. 21. Diagram of pole-to-pole symmetric LCC-HVDC transmission sys-
tem.

The line protection OT of the proposed protection scheme
in LCC-HVDC transmission system is summarized in Table
IV. The results indicate that the proposed protection scheme
can also be applied to LCC-HVDC transmission systems
with superior performance.

TABLE IV

LINE PROTECTION OT OF PROPOSED PROTECTION SCHEME IN LCC-HVDC
TRANSMISSION SYSTEM

OT (s)
Fault property Startup Secti Secti
time (ms ection ection
(ms) LA 1I-B Total net
Metallic PG fault at F, 0.1 0.1 0.9 0.8
Metallic PG fault at F, 2.6 2.6 3.6 0.9
Metallic PG fault at F, 5.1 5.1 6.0 0.9
750 Q PG fault at F, 0.1 0.1 1.0 0.9
750 Q PG fault at F, 2.6 2.6 3.6 1.0
750 Q PG fault at F, 5.1 5.1 6.1 1.0
Metallic PtP fault at F, 0.1 0.1 1.0 0.9
300 Q PtP fault at F, 0.1 0.1 1.0 0.9
Metallic PtP fault at F, 5.1 5.1 6.2 1.1
300 Q PtP fault at F, 5.1 5.2 6.3 1.1
Metallic PG fault at F; 5.6 Blocked
Metallic LD fault at F, 0.1 0.1 Blocked
Metallic LD fault at F, 2.6 2.6 Blocked
Metallic LD fault at F, 5.1 5.1 Blocked
Metallic PG fault at F, 5.1 Blocked

VI. CONCLUSION

Through quantitative analyses of the formation process of
local measurements in hybrid HVDC transmission systems,
it is demonstrated that the waveshapes of the local measured
voltage and current in the first few milliseconds after the ar-
rival of a faulty TW are mainly determined by the topology
of the local boundary. These features pose a severe chal-
lenge to the applicability of conventional DC line protection
principles to hybrid HVDC transmission systems. However,
DC filters hardly absorb the fault-induced TW energy, which
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makes it feasible to design a proposed protection scheme
suitable for hybrid HVDC transmission lines based on the
variation in the local transient power.

This paper has proposed a single-end protection scheme to
effectively detect, identify, classify, and locate line faults and
disturbances in hybrid HVDC transmission systems by focus-
ing on the waveshape of the local transient power. This pro-
tection scheme comprises four subunits that identify faults,
distinguish disturbances, determine direction, and select
poles with superior performance. Simulation results show
that the proposed protection scheme can be applied to hybrid
HVDC, symmetric VSC-HVDC, and conventional LCC-
HVDC transmission systems with strong anti-interference
ability and a sufficient sensitivity to identify internal faults
with R, up to 750 € in less than 1.5 ms.

The proposed protection scheme can be theoretically ap-
plied to DC transmission systems with terminal topologies
similar to that in Fig. 1, and to diverse line structures. It is
expected that the proposed protection scheme will be gradu-
ally expanded and applied to distribution networks with T-
connection or multi-branch transmission lines in the future.

APPENDIX A

TABLE Al
LIST OF BASIC PARAMETERS OF VSC AND TRANSMISSION LINES

Converter parameter Line parameter

Item Value Item Value
Number of submodules 240 Line length 800 km
Submodule resistance 0Q Voltage level 500 kV
Submodule inductance 0.04 H Inductance of L,, 290 mH
Submodule capacitance 15000 pF Conductor radius ~ 0.018 m
Transformer primary voltage 525 kV Conductor spacing 50 cm

Tetomerseony - ptgyy | Gemmerie e g

Transformer leakage 0.18 pu. Geometric center m

reactance width of conductors
Transformer capacity 892.5 MVA Sag 149 m
TABLE AIl

LiST OF BASIC PARAMETERS OF LCC AND DC FILTER

Converter parameter DC filter parameter

Item Value Item Value
Transformer primary voltage 525 kV 6"/12" filter H, 128 mH
Transformer secondary voltage 210 kV 6"/12" filter C, 0.7 pF
Transformer capacity 892.5 MVA  6"/12" filter /,, 58.7 mH
Transformer leakage reactance  0.18 pu.  6"/12" filter C, ~ 3.76 pF
Smooth inductance 290 mH  6%/12" filter R, 1000 Q
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