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Abstract—A hybrid UHVDC transmission system applying
LCC as the rectifier and MMC as the inverter combines the
advantages of both converter types, which makes this protection
scheme more complicated. A new pilot protection scheme for a
three-terminal hybrid DC transmission system applying energy
functions is proposed. The energy function for LCC is applied
to MMC to derive the energy level of the hybrid system.
Furthermore, an improved Hausdorff distance (IHD) algorithm
is proposed to detect the difference in energy levels between the
normal and fault states. An abrupt change in energy level is
characterized by IHD change rate. Time points at which the
IHD change rate exceeds the threshold at converter stations are
applied to determine the fault line and to estimate the fault
section. The proposed protection scheme is then verified by
a simulation model of the Wudongde ±800 kV three-terminal
hybrid UHVDC transmission project. The appropriate sampling
frequency is selected for a real-time calculation, and the threshold
is selected considering the effect of noise. Results show the
proposed scheme can identify and trip fault lines quickly and
effectively, even for a 600 Ω grounding fault. Other waveshape
similarity algorithms are compared and analyzed. Compared
with existing protection schemes, the proposed scheme transmits
less data to improve communication speed and reliability.

Index Terms—Energy function, Hausdorff distance, pilot
protection, UHVDC transmission.

I. INTRODUCTION

THE development of a modern society is usually accompa-
nied by an increase in electricity demand. An increasing

number of devices have been connected on a large scale in
recent years, which has made the construction, operation,
and maintenance of power systems more difficult [1], [2].
To reduce the loss during long-distance transmission, ultra-
high voltage direct current (UHVDC) transmission technology
has gradually become a good choice due to its smaller trans-
mission corridor, higher transmission efficiency, and lower
cost [3]. Among the different types of UHVDC transmission
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technologies, a line commutated converter (LCC) is relatively
mature and low-cost and is widely applied in UHVDC trans-
mission projects. Despite its many advantages, continuous
commutation failure may occur when applying an LCC as
the inverter [4]–[6]. With the development of large-capacity,
full-controlled power electronic devices, flexible DC trans-
mission systems applying voltage source converters (VSCs)
with higher flexibility for controlling active power and reactive
power have been developing rapidly. The modular multilevel
converter (MMC) developed from traditional VSC reduces
switching frequencies along with harmonics, which makes
it promising for long-distance UHVDC transmission [7]–
[10]. However, application of MMC for large-capacity power
transmission significantly increases construction and operation
costs, which is why the LCC-MMC hybrid scheme was
proposed. By combining LCC with MMC, the hybrid scheme
applied LCC as the rectifier and MMC as the inverter can
transmit large capacity power without the problem of contin-
uous commutation failure and reduce construction cost. The
hybrid scheme combines the advantages of both converters
and fault clearance more economically [11]. The currently
completed hybrid three-terminal DC transmission project in
Wudongde was the first application of this hybrid UHVDC
transmission scheme, which achieved 8000 MW of power
delivery on the Yunnan side through LCC and 5000 MW and
3000 MW of power delivery on the Guangdong and Guangxi
sides through MMC, respectively [12], [13].

With the rapid development of UHVDC transmission sys-
tems, protecting DC lines has become a key issue to be
addressed. Structure of the hybrid UHVDC transmission sys-
tem is different from traditional UHVDC transmission sys-
tem with one type of converter, which means conventional
protection methods are not fully suitable. Traveling wave
protection is the main protection scheme for the UHVDC
transmission. With distortion and attenuation of the traveling
wave by special T areas and long-distance transmission lines,
sensitivity of traveling wave protection for high resistance
fault is reduced [12]. The traveling wave protection scheme
locates the fault line by the traveling wave generated by line
boundary elements such as smoothing reactors and DC filters.
However, there are no DC filters at the VSC side and the
reactor of the VSC is much smaller than the LCC [14], [15],
which makes it difficult to determine the fault line. To solve
the problems mentioned above, the ratio of the time-domain
transient voltage in different sampling periods was analyzed
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and utilized [12] to reduce the effects of high resistance
and T area. However, in practical engineering, acquisition of
high-frequency components is difficult, which brings higher
requirements of computational speed and storage capacity.
The method was verified by simulation, but computational
and transmission delays in practical engineering were not
discussed and analyzed. The first peak time of line-mode fault
component voltage (FPTV) was analyzed and proved to be
immune to the effects of fault resistance and fault type [16],
and the difference of FPTV between internal and external
faults was applied to locate the faults. Different converter types
and boundary elements were considered [16], but some faults
can’t be distinguished in the case without boundaries at line
ends. With higher sensitivity for high resistance faults and
without requirements for boundary elements, pilot protection
has been applied in a hybrid DC transmission system. Polarity
characteristics of the current and voltage fault components at
the rectifier and inverter were analyzed and utilized for pro-
tection [17]. The method is only applicable in a two-terminal
hybrid DC transmission system. Characteristics of fault com-
ponents are much more complicated in multi-terminal DC
(MTDC) systems with 3 or more terminals, and the fault is
difficult to locate only by polarities of fault components. Fault
direction discrimination criteria were proposed [18], and the
fault was located with direction information at both ends of
the line. The direction discrimination criteria proposed are
based on traveling wave characteristics, and criteria need to
be modified when system topologies change.

The Hausdorff distance (HD) was an algorithm to analyze
waveshape similarity between two different waves. The HD
reflects the difference between the normal state and the abnor-
mal state of the power system in a short time window, which
is suitable for UHVDC protection. However, the original HD
algorithm is sensitive to noise and abnormal data, which can
lead to significantly larger values. To solve this shortcoming,
some improved HD algorithms are proposed. In [19], [20],
ratios of the 2 directed HDs were calculated and compared
with the set threshold to select the true maximum distance.
In [21], a partial HD (PHD) algorithm was proposed. When
abnormal data emerged, the 6th largest value was selected as
the maximum distance to remove the abnormal data. Details of
these improved HD algorithms are introduced and discussed
in Section IV.

For conventional protection schemes, protection schemes
using voltage for judgment are easily influenced by fault
resistance [22]. Differential current protection can detect the
high resistance fault but has longer time delay to avoid
influence of capacitive current [23]. Overcurrent protection is
not suitable in MTDC systems, because high-level fault current
may cause protection maloperation of the non-faulted line [24].
There is a need to find a new protection criterion to overcome
these shortcomings. Energy function, which is an approach
for quantifying energy level of a power system, has been
applied to analyze stability of AC transmission systems [25],
[26]. For DC transmission systems, the energy function was
first mentioned in [27], proposing an energy function based
on the structure-preserving model to estimate transient energy
of a DC system. For the construction method, a numerical

method for constructing energy functions based on a detailed
model of AC and DC systems was proposed and verified
in [28]. To improve accuracy of stability prediction results,
the transient energy function that can represent the dynamic
characteristics of AC/DC systems was given in [1]. For the
protection scheme for UHVDC transmission, energy level is
selected as the action criterion. A method for calculating low-
frequency energy difference between two sides of DC lines,
which are immune to interference of lightning and sensitive
enough for high-resistance grounding faults, was proposed
in [29] to identify the fault pole and external or internal faults.
In this paper, a pilot protection scheme using energy level
as the criterion has been proposed, which can detect a high
resistance fault in a short time.

As discussed above, conventional DC transmission systems’
traveling wave protection schemes have shortcomings when
applied in hybrid DC transmission systems, and conventional
protection schemes are not fully applicable. Therefore, re-
search on a protection scheme of the hybrid DC transmission
system is needed. In this paper, energy function combined with
waveshape similarity algorithm is applied to construct pilot
protection for UHVDC transmission systems. A pilot protec-
tion scheme for a three-terminal hybrid UHVDC transmission
system is proposed, which is applied as backup protection and
an auxiliary criterion to identify the fault line and estimate the
fault section. For the three-terminal hybrid UHVDC transmis-
sion system, the energy function for MMC is constructed based
on the energy function for LCC. Then, energy levels for three
converter stations are derived. An improved Hausdorff distance
(IHD) algorithm is proposed to avoid incorrect results caused
by abnormal data, which may lead to protection maloperation.
A pilot protection scheme using the IHD algorithm to calculate
the energy level difference of different stations at normal
or fault state is proposed. Abrupt change in energy level is
characterized by the IHD change rate. Time points at which
the IHD change rates exceed the threshold are collected and
compared to determine the fault line and estimate the fault
section.

The rest of the sections are arranged as follows: In Sec-
tion II, the detailed process for constructing energy functions is
introduced. In Section III, the IHD algorithm is introduced and
applied in the proposed pilot protection scheme. In Section IV,
the protection scheme proposed is verified by a simulation
model of the Wudongde ±800 kV three-terminal hybrid
UHVDC transmission project built in PSCAD/EMTDC. The
IHD algorithm is then compared and analyzed with the ab-
solute distance algorithm and different HD algorithms, which
proves the advantages of the IHD algorithm. A comparison of
the energy level criterion and single state parameter criterion
illustrates the advantages of the protection scheme by apply-
ing energy functions. Communication delay of the proposed
protection scheme is discussed and compared with existing
schemes. The main contributions are concluded in Section V.

II. CONSTRUCTION OF THE ENERGY FUNCTION FOR A
HYBRID UHVDC TRANSMISSION SYSTEM

A. Hybrid UHVDC Transmission System Model
For the hybrid DC transmission system shown in Fig. 1,
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Fig. 1. Structure of the LCC-MMC three-terminal hybrid UHVDC trans-
mission system.

Station A is an LCC rectifier station, while Station B and
C are MMC inverter stations. CB is the DC circuit breaker
equipped on the DC line, and A, sA, B, sB, C and sC are bus
labels of the AC system. For the system shown in Fig. 1, the
voltage and current of the UHVDC system can be expressed
as (1). 

UdA0 = 1.35UA cosα

UdA = NA(UdA0 − 3IdAXA/π)

IdA = (UdA − UdB)/RAB

IdC = (UdB − UdC)/RBC

IdB = IdA − IdC

(1)

where XA is the commutation reactance of Station A, NA is
the number of groups of six-pulse converters in Station A, UA

is voltage amplitude of Bus A, α is firing angle, UdA0 is DC
voltage of Station A without a load, UdA, UdB, UdC, IdA,
IdB, and IdC are DC voltage and DC current of Station A,
Station B and Station C, respectively, and RAB and RBC are
resistances of Line AB and Line BC, respectively. The power
of Station A can be obtained according to (2).

PA = UdAIdA

QA = PA tanϕA

ϕA = arccos(UdA/1.35NAUA)

(2)

Power expressions of Station B and Station C are shown in
(3) and (4), respectively.{

PB = UBUsB sin δB/XB

QB = UB(UB − UsB cos δB)/XB

(3){
PC = UCUsC sin δC/XC

QC = UC(UC − UsC cos δC)/XC

(4)

where UB and UC are fundamental line voltage amplitudes
of Bus B and C, respectively, UsB and UsC are line voltage
amplitudes of Bus sB and sC, respectively, XB and XC

are fundamental reactance of transformers in Station B and
Station C, respectively, and δB and δC are voltage phase angle
differences of Station B and Station C.

B. Construction of the Energy Function

First, the energy function of Station A is constructed by
referring to the construction approach for DC systems given

in [27] and [28]. Considering universality of the energy
functions constructed, the construction approach without as-
sumption is adopted, which can be applied in more situations.
Assuming BA = π/3XA, we can obtain (5) from (1):

UdA =
NA(UdB +BARABUdA0)

BARAB +NA
(5)

According to (2), PA and QA can be derived by measuring
DC current IdA; then, energy level of Station A can be
calculated as:

VA =

∫ δA

δA0

PAdδ +

∫ UA

UA0

QAdu (6)

where UA0 and δA0 are voltage amplitude and its phase angle,
respectively, of Station A without a load when the system
operates normally. Since (6) is complex, it is difficult to find
a concise analytical expression, so the trapezoidal integral
method is applied to approximate the numerical solution of the
integral equation to represent the energy level of Station A.
Assuming the number of sampling points is N , the integration
result of (6) can be expressed as:

VA =
δA − δA0

2N

N∑
n=1

[PA(δn) + PA(δn+1)]

+
UA − UA0

2 N

N∑
n=1

[QA(Un) +QA(Un+1)] (7)

Second, for stations that adopted MMC, taking Station B as
an example, the energy function is constructed by extending
the construction method for LCC. The energy function is then
constructed by replacing active power, reactive power, voltage
amplitude, and its angle with corresponding values of MMC
according to (3). Then, the energy function of Station B can
be derived as:

VB =

∫ δB

δB0

PBdδ +

∫ UB

UB0

QBdu

= −UBUsB cos δ/XB|δBδB0

+ u2(2u− 3UsB cos δB)/6XB|UB

UB0
(8)

where UB0 and δB0 are voltage amplitude and phase angle
difference, respectively, of Station B when the system operates
normally. The energy function of Station C can therefore be
derived according to the energy function of Station B.

III. PROTECTION PRINCIPLES AND PROTECTION SCHEMES

A. Improved Hausdorff Distance Algorithm by Removing Ab-
normal Data

1) Original HD Algorithm
HD is a quantitative way to characterize the similarity

between two waveforms, which uses an Euclidean norm of sets
of waveform points to represent differences between wave-
forms. We assume the two-dimensional point sets consisting
of waveforms 1 and 2 can be represented as:{

W1 = {(t1, f1(t1)), · · · , (tn, f1(tn))}
W2 = {(t1, f2(t1)), · · · , (tn, f2(tn))}

(9)
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where t is time point and f is a function of t. The original
HD can be calculated as follows. First, calculate the distance
Di, which is the distance of a certain point (ti, f1(ti)) ∈W1

from the nearest point (tm, f2(tm)) ∈W2, as:

Di =
√

(ti − tm)2 + (f1(ti)− f2(tm))2

≤
√

(ti − tk)2 + (f1(ti)− f2(tk))2 (10)

where 1 ≤ k ≤ n. Then, the directed HD from W1 to W2 can
be calculated as:

h12 = max{Di|1 ≤ i ≤ n} (11)

The directed HD from W2 to W1 can be calculated similarly,
as:

h21 = max{Dj |1 ≤ j ≤ n} (12)

Then, ordinary HD can be obtained as:

H = max{h12, h21} (13)

Equation (13) means the larger value between two directed
HDs is the HD of two-point sets.
2) IHD Algorithm

In the process of data collection, there will be individual
abnormal data resulting in higher energy levels, which may
lead to higher HD results. An improved algorithm is proposed
here that can effectively avoid influence caused by abnormal
data, and the specific procedure is as follows.

First, all elements of Di are ranked in order from largest
to smallest. Then we derive new dataset {Dranki|1 ≤ i ≤ n},
where Drank1 is the largest element among the dataset and
Drankn is the smallest one.

Second, calculate judgment parameters G(Dranki) for every
element in the dataset {Dranki|1 ≤ i ≤ n} and make a
judgment, as follows:

G(Dranki) =
Dranki −Drank(i+1)

Drank(i+1) −Drank(i+2)
> Ggate (14)

where ‘Ggate’ is the manually set threshold value and can be
adjusted to a value larger than 1 according to request of the
project. In the case mentioned in this paper, Ggate is set to
100 because the difference of each element in the set is lower
than 0.01 p.u. under normal states, while abnormal data are
set higher than 1 p.u. If the G parameter of the maximum
element G(Drank1) exceeds the Ggate, then value of Drank1

is abnormal. Then, G parameter of the next element Drank2 is
checked. Until we find the first Dranki whose G parameter is
below the gate, this value is output as h12. Similarly, we can
obtain the value of h21 and finally obtain the IHD value. The
IHD algorithm proposed here is appropriate for cases when
several abnormal data points emerge and can avoid protection
against false line trips.

B. Fault Analysis Based on Equivalent Circuits for Three-
terminal Hybrid Systems

To analyze the fault on Line AB, a three-terminal hybrid DC
transmission model shown in Fig. 1 can be further simplified,
as shown in Fig. 2.
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Fig. 2. Simplified equivalent circuit of the three-terminal DC transmission
system.

Where k is a number ranging from 0 to 1 to split Line AB
into two sections, Um is voltage of the splitting point under
normal operation, Z1(Zc, γ) and Z2(Z ′c, γ

′) represent line
impedances of Line AB and Line BC [30], and distributed pa-
rameters of DC lines Zc and γ represent surge impedance and
propagation constant, respectively. For simplicity, distributed
parameters are not displayed in the figures or equations in the
following analysis. UaAs, UdBs, and UdCs represent equivalent
DC voltages of the three converters, ZBC and UdBC represent
equivalent impedance and DC voltage after merging Station B
and Station C respectively, and ZA, ZB, ZC, ZBC, and UdBC

are calculated as (15).

ZA = RA + jωLA + jωLs

ZB = RB + jωLB + jωLs

ZC = RC + jωLC + jωLs

ZBC = ZB(ZC+Z2)
ZB+ZC+Z2

UdBC = (ZC+Z2)UdBs+ZBUdCs

ZB+ZC+Z2

(15)

where Rx and Lx (x = A, B, C) represent equivalent
resistance and impedance of converters and DC filters in three
stations, Ls represents equivalent impedance of the smoothing
reactor. Voltages of three points shown in Fig. 2 under normal
operation are calculated as (16).

UdA = (Z1+ZBC)UdAs+ZAUdBC

ZA+Z1+ZBC

UdB = (ZA+Z1)UdBC+ZBCUdAs

ZA+Z1+ZBC

Um = (1−k)Z1UdAs+(ZA+kZ1+ZBC)UdBC

ZA+Z1+ZBC

(16)

When a fault occurs at a point between two sections
of Line AB, suppose Rf is grounding resistance, and the
superimposed fault-component network is obtained based on
the superposition principle, which is shown in Fig. 3, where
UdAf and UdBf are voltage changes at both ends of Line AB
caused by the fault, Uf is voltage change of the fault point on
the line.

+

−

ZA Uf

Rf

Um
I1 I2

ZBC

kZ1

UdAf UdBf

(1−k)Z1

Fig. 3. Superimposed fault-component network of Line AB fault.

We apply KVL in two loops shown in Fig. 3 to obtain (17).{
Um = (ZA + kZ1 +Rf)I1 +RfI2

Um = [ZA + (1− k)Z1 +Rf ]I2 +RfI1
(17)
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I1 and I2 are solved from (17) as follows:{
I1 = Um[ZBC+(1−k)Z1]

Rf (ZA+Z1+ZBC)+(ZA+kZ1)[ZBC+(1−k)Z1]

I2 = Um(ZA+kZ1)
Rf (ZA+Z1+ZBC)+(ZA+kZ1)[ZBC+(1−k)Z1]

(18)

Then, UdAf and UdBf are obtained as (19).
UdAf = −I1ZA

UdBf = −I2ZBC

Uf = (I1 + I2)Rf − Um

= − Um[ZBC+(1−k)Z1](ZA+kZ1)
Rf (ZA+Z1+ZBC)+(ZA+kZ1)[ZBC+(1−k)Z1]

(19)

According to (18) and (19), when Rf → +∞, there are
Uf → 0, UdAf → 0, and UdBf → 0, UdA and UdB will not
change. When Rf → 0, there is Uf → −Um, and{

UdAf → − ZA

ZBC+(1−k)Z1
Um

UdBf → − ZBC

ZA+kZ1
Um

UdA and UdB will change most in this case. It can be
concluded that voltages at both ends of Line AB drop when a
fault occurs on Line AB, and the change value decreases with
the increase of Rf .

When a fault occurs on Line BC, the superimposed fault-
component network is obtained as Fig. 4.

+

−

ZAB ZC

Rf

Um2

kZ2

UdBf2 UdCfUf2

(1−k)Z2

Fig. 4. Superimposed fault-component network of Line BC fault.

In Fig. 4, ZAB is equivalent impedance after merging
Station A and Station B, UdBf2 and UdCf represent voltage
changes at both ends of Line BC caused by the fault, and Uf2

is voltage change of the fault point on Line BC. Therefore,
expressions of UdBf2 and UdCf are in the same form as (18)
and (19), and detailed results are not shown here.

As voltage drops because of the grounding fault, the upper
limit of integration of the energy function will change, as
shown in (5)–(8). Energy level calculated becomes higher,
resulting in a difference relative to normal state, and corre-
sponding IHD will be significantly higher. Based on changes
in the system state quantities following a fault obtained above,
a protection scheme can be designed accordingly.

C. Protection Principle and Fault Location Estimation

A protection principle is designed according to the time
point of an abrupt IHD change. Based on conclusions derived
in the previous section, when a grounding fault occurs, line
voltages of the converter stations at both ends of the fault line
decrease. Voltage reduction can lead to changes in grid voltage
and transmitted power, which can thus result in an energy level
change. Changes in the energy level waveform can be quickly
detected and quantified by applying the IHD method. When
a fault occurs at different points, the change moments of the
IHD values of each converter station are different due to long

transmission lines. The change amount of the IHD at the same
moment is applied to determine the fault pole. The IHD value
of the fault pole changes more than that of the normal pole.
Then, the fault line, and even the fault section of the line, can
be determined based on the relationship of the change moment,
the length of the line, and transmission speed of voltage and
current signal. An action signal is sent accordingly.

The abrupt change in energy level can be characterized by
the change rate of IHD and corresponding threshold. Fault
location can be determined based on the time difference
between the change rate exceeding the threshold of each
converter station. For a three-terminal DC transmission system
shown in Fig. 1, assuming Line AB is longer than Line BC
and the fault is located at exit line of Station B, the time
difference between the abrupt change of Station A and Station
C is calculated as (lAB − lBC)/c, where lAB and lBC are
lengths of Line AB and Line BC respectively, c is transmission
speed of voltage and current signal, i.e., 3 × 108m/s. Then,
fault line selection criteria are obtained as (20) for Line AB
and (21) for Line BC.

tC ≥ tA −
lAB − lBC

c
+ ∆t (20)

tA ≥ tC +
lAB − lBC

c
+ ∆t (21)

where ∆t is dead time to avoid the time overlap, tA and tC
are time points of the abrupt change in IHD values of Station
A and Station C, respectively. It should be noted that (20) and
(21) only show the ideal time difference threshold, and the
difference in communication time delay needs to be further
considered for actual engineering applications.

In addition, the fault section of the line can be estimated
based on the time difference of the abrupt change in IHD
between converter stations at both ends of the line. Assuming
when a fault occurs on Line AB, the distance xA of the fault
point from Station A can be estimated according to (22).

xA =
lAB − c(tB − tA + 2td)

2
(22)

where tA and tB are the time points of the abrupt change in
IHD values of Station A and Station B, respectively, td is the
sampling interval.

On one hand, the time difference between change rates in
IHD of Station A and Station C that exceed the threshold is
applied to identify the fault line. On the other hand, the time
difference between adjacent stations is applied to estimate the
fault point on the fault line. The proposed protection scheme
applies local data to generate and transmit action signals in
order to determine the fault line and the fault section of the
line, which can reduce the amount of data transmitted, and
thus improve reliability.

D. Influence Analysis of the Distributed Capacitance

For long-distance UHVDC transmission lines, current mag-
nitudes will increase because of distributed capacitance, which
may result in maloperation of traditional protection if in-
creased capacitance current is not compensated properly.
When designing the protection scheme in this paper, currents
of the normal state at Station A, Station B, and Station C, i.e.,
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IdA, IdB, and IdC respectively, are selected as base values to
calculate normal state energy level. Currents mentioned above
contain increased current caused by distributed capacitance.
Thus, the derived energy level has already taken effect of
the capacitance current into account. When comparing the
energy level between fault state and normal state using the
proposed IHD algorithm, the relative difference in energy level
is compared. The difference becomes more obvious because
of amplification by distributed capacitance, which is beneficial
for fault detection.

E. Identification of Lightning Interference

Lightning strokes can lead to maloperation of the protection
system, which may result in unnecessary UHVDC system
outages. Therefore, it is critical to determine whether abnormal
data is generated by grounding fault or by lightning inter-
ference. Grounding fault increases current significantly, but
in most cases, a lightning stroke reduces current, which can
be applied as the criterion to discriminate between lightning
interference and grounding fault. There are other methods to
identify lightning interference. In [31], a high-speed method
was proposed to distinguish differences between lightning
interference and lightning fault. The method analyzes the
reverse voltage traveling wave characteristics to distinguish
the difference between different fault types. For the proposed
protection scheme, the initial change direction of the current
is collected to exclude cases of lightning interference.

F. Overall Process of Protection

The proposed protection scheme focuses on DC line ground-
ing faults. Directional elements are needed at both ends of
DC lines to discriminate between AC line fault and DC line
fault. For DC line fault, the overall protection process is
shown in Fig. 5, where the dashed lines indicate the action
signal transmitted to the DC circuit breaker. The parameters,
including values of NA, RAB, RBC, XA, XB, XC, and normal
energy level data, need to be input first. Voltage, current, and

A BCB CB

C

CB

C
B

Yes No Yes

t = t + Δt

Satisfy

(20)?

Satisfy

(21)?

Record the time that Hcrx

exceed the threshold - tA, tB, tC

Calculate the change rate

of IHD - HcrA, HcrB, HcrC

Calculate IHD -

HA, HB, HC

Calculate the energy level

at time t - VA, VB, VC

Fig. 5. Logic flow chart of protection.

voltage phase angle data of each converter station are collected
in order to calculate the energy level based on the energy
function constructed. The IHD value can be calculated based
on normal energy level data and real-time energy level. The
change rate is obtained, and the time point where the change
rate exceeds threshold is recorded. Finally, according to the
time difference where the change rates of Station A and Station
C exceed threshold, the fault line is determined and tripped.

IV. CASE STUDIES

To test effectiveness of the protection scheme proposed
in this paper, the Wudongde ±800 kV three-terminal hybrid
UHVDC model shown in Fig. 1 is built in PSCAD/EMTDC.
System parameters are set according to the actual project.
The DC transmission line is set as a frequency-dependent
model. The length of Line AB is 932 km, and the length of
Line BC is 557 km. All mentioned faults are set to occur at
0 ms. Simulation is run on an Intel Core i5-10400 2.90 GHz
computer with 16 GB of RAM.

A. Selection of Sampling Frequency

Sampling frequency is directly related to the amount of data
collected and the speed of calculation. When applying a higher
sampling frequency, the amount of data collected is larger, and
the calculation speed required is higher, but the fault can be
detected earlier. In contrast, it is easier to achieve real-time
calculations on lower sampling frequency because of the lower
amount of data, but the time point of detecting the fault lags.
In this section, the midpoint fault on Line AB is set as an
example to test sampling frequencies. Calculation time, peak
time point, and other data are collected and compared to select
the appropriate sampling frequency for simulation. Data from
1 kHz to 50 kHz are shown in Table I, and the IHD change
rate figures for 25 kHz, 10 kHz, 5 kHz, and 1 kHz are shown
in Fig. 6. The unit of the IHD change rate is p.u./ms.

TABLE I
COMPARISON OF DIFFERENT SAMPLING FREQUENCIES

fs (kHz) td (ms) tc (ms) Ratio of td to tc tp (ms)
50 0.02 361.634 18 081.7 1.80
25 0.04 57.247 1 431.2 1.84
10 0.1 5.912 59.1 2.00
5 0.2 1.269 6.3 2.20
1 1 0.095 0.1 4.00

In Table I, fs represents the sampling frequency, td rep-
resents sampling interval, i.e., 1/fs, tc represents calculation
time, and tp represents the time point of first detected peak.
The ratio of td to tc is applied to estimate the required speed
multiple to achieve real-time calculation. Based on data in
Table I, real-time calculation of 10 kHz sampling can be
achieved when calculation speed is increased by approximately
60 times. Results are obtained using MATLAB R2021a on
an ordinary desktop computer, whose calculation speed and
efficiency are much lower than those of the computers applied
in engineering practice. We suppose the real-time calculation
can be achieved on 10 kHz by upgrading the hardware and
optimizing the algorithm. Therefore, 10 kHz is selected as
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Fig. 6. IHD change rate figure of the different sampling frequencies.

the sampling frequency for the following simulation, and the
sampling interval td is 0.1 ms.

B. Determination of the Threshold and the Criteria

Since IHD value is much less when a high-impedance
grounding fault occurs, IHD change rate is also less than the
grounding fault without impedance. The threshold is selected
under an extreme state with a grounding resistance of 600 Ω,
which can ensure the protection system can detect the fault,
even in the event of a high impedance grounding situation. In
addition, influence of noise should also be considered when
selecting the threshold. The Gaussian noise signal with a 40 dB
signal-to-noise ratio (SNR) is added to the original energy
data. Change rate peak values caused by the IHD change and
by the influence of noise are shown in Table II. Fault point
numbers are shown in Fig. 7, where FLT1, FLT2, and FLT3
divide the line into 4 equal sections.

Based on data in Table II, the threshold must be less than

TABLE II
IHD CHANGE RATE PEAK TIME AND THE VALUE OF DIFFERENT FAULT

TYPES WITHOUT NOISE AND WITH NOISE

Fault Type Station Peak
Time (ms)

Peak Value
(without noise)

Noise Peak
(SNR = 40)

FLT1 600 Ω
Grounding

A 0.7 0.28
0.18B 3.2 3.47

C 4.5 1.10

FLT2 600 Ω
Grounding

A 2.0 0.53
0.23B 2.0 1.74

C 3.2 0.38

FLT3 600 Ω
Grounding

A 3.2 0.70
0.23B 0.7 0.53

C 3.2 2.20

FLT4 600 Ω
Grounding

A 4.5 0.15
0.21B 0.7 0.32

C 0.7 0.47

A

B

C

FLT1 FLT2 FLT3

FLT4

Fig. 7. Illustration of different fault points.

0.28 to ensure detection of the 600 Ω grounding fault. On the
other hand, the threshold must be higher than 0.23 to avoid
false actions caused by noise. Therefore, 0.25 is selected as the
threshold. When change rates exceed the threshold, protection
starts. Then, the fault pole is selected according to the change
amount of the IHD. Fault pole selection criterion is:{

∆Hp > ∆Hn, Positive pole fault
∆Hn > ∆Hp, Negative pole fault

(23)

where ∆Hp and ∆Hn are the IHD change values of positive
pole and negative pole, respectively. The fault can be located
based on moments where the change rates exceed threshold.
According to (20) and (21), combined with the length of Line
AB and Line BC, ∆t is set as 0.01 ms and fault line selection
criterion is calculated as:{

tC ≥ tA − 1.24, Line AB fault
tA ≥ tC + 1.26, Line BC fault

(24)

The proposed algorithm is effective to reduce the effects
of abnormal data caused by noise or data error. However, to
further avoid effects caused by noise, background noise needs
to be detected and filtered during signal acquisition.

C. Verification Under Different Fault Types

Three fault cases are tested and analyzed in the following
text to verify the proposed protection scheme.
1) Midpoint Fault of Line AB Positive Pole

When a grounding fault occurs at midpoint of Line AB
positive pole, the energy function is applied to calculate energy
level of each converter station. IHD value and its change rate
are then calculated, which are shown in Fig. 8. The orange
lines with marks indicate IHD values, blue lines indicate the
change rate of IHD, and red dashed lines indicate the threshold
of change rate.
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Fig. 8. IHD and its change rate of the midpoint fault on Line AB.

When a 600 Ω grounding fault occurs at the midpoint of
Line AB, the IHD value and its change rate decrease, shown
in Fig. 9.
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Fig. 9. IHD and its change rate of the midpoint 600 Ω fault on Line AB.

As shown in Fig. 8, the change rate of Station A exceeds the
threshold at 2 ms, while the change rate of Station C exceeds
the threshold at 3.2 ms. According to (24), the fault is located
on Line AB when satisfying tC ≥ tA − 1.24. For the case
of a 600 Ω grounding fault shown in Fig. 9, the time points
at which the change rates exceed the threshold are similar to
those in Fig. 8; thus, the same conclusion can be drawn.
2) Midpoint Fault of Line BC Positive Pole

When a grounding fault occurs at the midpoint of Line BC
positive pole, the IHD value and its change rate are shown in
Fig. 10.
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Fig. 10. IHD and its change rate of the midpoint fault on Line BC.

When a 600 Ω grounding fault occurs at the midpoint of
Line BC, the IHD value and its change rate decrease, shown
in Fig. 11.

As shown in Fig. 10, the change rate of Station C exceeds
the threshold at 0.7 ms, while the change rate of Station A
exceeds the threshold at 4.5 ms. According to (24), the fault
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Fig. 11. IHD and its change rate of the midpoint 600 Ω fault on Line BC.

is located on Line BC when satisfying tA ≥ tC+1.26. For the
case of the 600 Ω grounding fault shown in Fig. 11, the change
rate of Station A is still within the threshold after Station C
exceeds the threshold by 1.26 ms, which can also locate the
fault on Line BC.
3) Faults at Different Fault Points of Line AB Positive Pole

The time that IHD change rate exceeds the threshold can
also be applied to estimate the fault section on the fault line.
Taking the grounding fault at different points on Line AB as
an example, the IHD values with respect to distance and time
of Station A and Station B are shown in Fig. 12. Fault location
axis shows the distance between the fault point and Station A.
As shown in Fig. 12, the IHD of the converter station closer
to the fault point changes increasingly earlier. In contrast, the
IHD of the converter station farther from the fault point rises
later with a lower magnitude. Peak of the IHD for Station A
is located at the fault point closer to Station A, while the peak
of the IHD for Station B is located near Station B.

Based on the difference in time, the IHD change rates of
Station A and Station B exceed the threshold, and the fault
section can be estimated. A fault is set at FLT1, as shown
in Fig. 7, and the IHD and its change rate at Station A and
Station B are shown in Fig. 13.

As shown in Fig. 13, values of tA and tB in (22) are 0.7 ms
and 2.0 ms, respectively, and distance xA obtained by (22) is
241 km, which is close to the exact distance 233 km.

D. Discussion of Other Waveshape Similarity Algorithms

Abnormal data may cause distance value to be much higher
than usual and may lead to protection maloperation. In this
section, abnormal data is added to the energy data of the
positive pole at Station A at −0.5 ms, i.e., 0.5 ms before
the fault on Line AB positive pole occurs. Five different
waveshape similarity algorithms are discussed and compared.
Results are shown in Fig. 14.

As shown in Fig. 14(a), the IHD algorithm proposed can
eliminate the effect of abnormal data. For two different waves,
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time.
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Fig. 13. IHD and its change rate of fault at FLT1 on Line AB.

calculating the absolute distance between the points as (25) can
also reflect the similarity.

Dx(t) = |Vx(t)− Vx0(t)| (25)

where Dx(t) is the absolute distance between two waves at
time t, Vx(t) and Vx0(t) are the energy levels of the present
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Fig. 14. Comparison of different waveshape similarity algorithms. (a) IHD
algorithm. (b) Absolute distance algorithm. (c) Original HD algorithm. (d)
DHD algorithm. (e) PHD algorithm.

state and the normal state, respectively. However, the absolute
distance algorithm cannot eliminate the effect caused by the
abnormal data and a peak emerges as shown in Fig. 14(b).

HD is a type of algorithm used to evaluate waveshape
similarity, but the original HD algorithm is also easily affected
by abnormal data. As shown in Fig. 14(c), the step emerges at
0.5 s, which is caused by abnormal data. To solve this problem,
some improved HD algorithms have been proposed.

In [15], [16], similar to the IHD algorithm proposed in this
paper, the directed HD Di from W1 to W2 and the directed
HD Dj from W2 to W1 are ranked in order from largest to
smallest to obtain Dranki and Drankj , respectively. Values of
Dranki/Drankj (i = j = 1, 2, 3, · · · ) are calculated and
compared with the set range to select maximum values of
Di and Dj . As shown in Fig. 14(d), the algorithm, which is
named DHD here, can eliminate the effect of the abnormal
data. However, compared with Fig. 14(a), the fault detection
time point of the proposed IHD algorithm is much earlier than
that of the DHD algorithm.
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In [17], the PHD algorithm is proposed. In the algorithm,
the larger one between Dranki and Drankj (i = j) is selected
as Hranki. Average value after removing the first 5 values
of Hranki is calculated and compared with the threshold to
determine whether Hrank1 or Hrank6 will be selected as the
maximum value. Results are shown in Fig. 14(e), where H1
and H6 are Hrank1 and Hrank6 respectively, average H is the
average value of Hranki without the first 5 values. As is shown
in Fig. 14(e), a step emerges in H1 curve, and H6 curve is not
affected by abnormal data. However, compared with Fig. 14(a)
and H1 curve in Fig. 14(e), fault detection time of H6 curve
is later, which means the sensitivity of using Hrank6 as the
maximum value is worse.

E. Advantages of Using Energy Function

When a grounding fault occurs on a DC line, amplitude
of AC voltage and its phase angle at both ends of the line
will also change rapidly. Combined with the proposed IHD
method, the fault line can be theoretically discriminated by a
single state parameter. However, compared with criterion of
the energy level obtained by the energy function, the single-
state parameter criterion cannot reflect overall energy level or
operating states of the entire system. In other words, criterion
using a single state parameter is not reliable because when
a fault occurs, the single state parameter may not change
significantly, which may cause the fault to not be detected and
cleared accurately. In this section, we choose a fault occurring
at the midpoint of Line AB positive pole as an example to
verify the advantage of criterion applying the energy function.
Simulation is performed using three criteria: energy level, AC
voltage, and voltage phase. Results are shown in Fig. 15.
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Fig. 15. Comparison of the energy level criterion and single state parameter
criterion.

As shown in Fig. 15, IHD calculated using energy level
criterion is larger than IHD of the other two criteria. A greater
degree of variation means the energy level criterion is more
sensitive and more effective at determining faults. Specifically,
when using AC voltage as the criterion, only the IHD of
Station B changes considerably to approximately 0.386 p.u.,

while the IHD of Station A and Station C only change to
0.035 p.u. and 0.039 p.u., respectively. The fault section cannot
be determined correctly with the IHD of one station rising
significantly. When using voltage phase as the criterion, the
change in IHD at Station A is close to the counterpart of the
energy level criterion. However, change in IHD at Station B is
much smaller than IHD change of the energy level criterion.
Therefore, it can be concluded that using energy level as a
criterion of the protection scheme has advantages over using
a single state parameter as the criterion.

F. Communication Delay Analysis and Comparison of Exist-
ing Methods

The sum of time taken by each process can be calculated
using (26).

ttotal = tcal + tcom + tact (26)

where tcal is time required to complete detection, which
mainly includes time that the IHD change rate exceeds the
threshold and time to complete the judgment. According to
Table II, when a fault occurs near Station A (FLT1), there is
tA = 0.7 ms < 1.24 ms, then the fault can be detected in
0.7 ms based on (24). When the fault occurs near Station B
(FLT3), detection time is tA = tC = 3.2 ms, thus time tcal
ranges from 0.7 ms to 3.2 ms for faults at different locations.
tcom is time spent on communication, including time to receive
the signal of each converter station, time to return the action
signal, and time delay, whose maxima are approximately
3.1 ms, 3.1 ms, and 10 ms, respectively. tact is time for the
DC circuit breaker to complete the opening process, which
is approximately 2 ms. Maximum of ttotal is approximately
21.4 ms, which can meet the requirement of backup protection
for the UHVDC transmission system. Several backup pro-
tection schemes for the Wudongde ±800 kV three-terminal
hybrid UHVDC transmission projects are introduced in [32],
which are listed in Table III.

TABLE III
ACTION TIME OF DIFFERENT BACKUP PROTECTION SCHEMES

Backup Protection Scheme Action Time (ms)
Current Differential Protection Scheme 1 100
Differential Current Energy Ratio Scheme 23.3
Undistorted Factor Scheme 22.2
Fault Current Similarity Scheme 20.1
Proposed Protection Scheme 21.4

The current differential protection scheme usually requires
a delay time of 1100 ms to eliminate the impact of transient
currents caused by line distribution capacitance, which cannot
act rapidly. A differential current energy ratio scheme pro-
poses a criterion by comparing the energy distribution of the
differential current in the high- or low-frequency band. When
the ratio of low-frequency current energy to high-frequency
current energy is greater than 1, the fault is determined to
be an internal fault; otherwise, it is determined to be an
external fault. The undistorted factor is introduced in [32] to
indicate the relationship between voltages of the measured
point and fault point, thus identifying the internal fault or
the external fault. A method for calculating the undistorted



WANG et al.: ENERGY-FUNCTION BASED PILOT PROTECTION SCHEME FOR HYBRID UHVDC TRANSMISSION APPLYING IMPROVED HAUSDORFF DISTANCE 901

factor is proposed in [32], which can eliminate the effect of
line mode voltage at the fault point using a double-ended
quantity. Although the two protection schemes mentioned
above can effectively improve action speed, the requirement of
communication synchronization is much higher. Fault current
similarity scheme compares similarity of current waveforms on
both sides of the line to determine internal fault and external
fault. The scheme does not require strict communication
synchronization, but it does require synchronous transmission
of real-time current data, which requires high communication
speed and stability. In contrast, the protection scheme proposed
in this paper can effectively improve reliability because it
only transmits the action signal and corresponding time point
information.

V. CONCLUSION

To improve sensitivity and reliability for high-resistance
grounding faults of a UHVDC transmission protection system,
a protection scheme applying the DC system energy function
and the IHD algorithm was proposed. A simulation model
of the Wudongde ±800 kV three-terminal hybrid UHVDC
transmission project was applied to verify the proposed pro-
tection scheme. Simulation results showed the fault line was
identified, and the fault section was estimated quickly and
accurately by the proposed scheme, even in the case of a 600 Ω
grounding fault. Moreover, other waveshape similarity algo-
rithms and single-state parameter criteria were discussed and
compared. Communication delay was analyzed and compared
with existing protection schemes. Results showed the proposed
method meets the time requirement of backup protection and
improves speed and reliability by only transmitting the action
signal and corresponding time point information.
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