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Abstract

This research presents a high frequency-based algorithm for zonal protection of meshed Multi-Terminal high voltage Direct
Current (MTDC) systems. Discrete wavelet transform (DWT) is used to capture high frequency current transients from one
end of each line. The faulty line is identified by analyzing two distinct high frequency bands form the captured transients. The
characteristics of these current transients during normal condition are different from faulty condition. A four-terminal meshed
MTDC model is used to test the performance of the protection algorithm. Various faults with different fault scenarios were
simulated using four-terminal meshed MTDC model. The simulation results showed success of the algorithm in identifying
internal faults. Moreover, the high frequency algorithm showed robustness against other abnormal conditions such as AC

faults and sudden change of wind power.
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1 Introduction

Generation of clean energy and reduction of toxic emissions
of conventional generation are growing concerns worldwide.
Wind farms’ installations are growing due to their ability to
generate significant amount of clean energy. Multi-Terminal
high voltage Direct Current (MTDC) systems facilitate the
interconnection between multiple AC grids and wind farms
[1]. Moreover, MTDC systems are ideal for connecting multi-
ple distant AC systems [1]. Voltage-source converters (VSC)
have proven its superiority over line-commutated converters
(LCC) for high-voltage direct current (HVDC) applications
[2, 3]. VSC-MTDC has faster dynamic response, no com-
mutation failures, independent control of active and reactive
powers, and ability to connect to weak grids [2, 3]. There-
fore, future installations of MTDC are expected to depend
mainly on VSC technology. Wind farms’ generated power
can be delivered to multiple existing distant AC systems via
VSC-MTDC technology [4, 5].

Although MTDC systems have numerous benefits for
transmission of electrical power, DC faults generate
extremely high current at very short time due to discharge
of converters’ coupling capacitors. This fault current may
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damage semiconductor devices of the terminal converters if
not cleared quickly [1]. Therefore, protection of MTDC sys-
tems is a challenging task since it needs very fast detection
and clearance of faults.

A distance protection technique is proposed in Ref. [6];
however, this technique was not tested for real size systems.
It was tested on 1 km, 1 kV transmission line which is not
realistic. Moreover, the presented distance protection method
suffers from inaccurate fault distance for faults with low fault
resistance (5 €2). These restrictions may limit its application
onreal systems. Cable faults in MTDC systems were detected
using discrete wavelet transform (DWT) in Ref. [7, §]. The
algorithm presented in Ref. [7] used initial variation of DWT
coefficients for voltage and current, and voltage derivative to
identify internal faults in cable-based MTDC system. Never-
theless, the wavelet coefficients for faulty and unfaulty cables
jump abruptly immediately after the fault, which may cause
overlapping between internal and external faults. Instead of
using the values of the wavelet coefficients, spectral energy
gives better insight about the wavelet coefficients. Moreover,
multiple faults with different locations and fault resistances
were not tested. Boundary wavelet transform was used in Ref.
[8] for protection of MTDC. Nonetheless, this paper showed
problems in internal fault identification for faults with fault
resistance. Moreover, the methods presented in Ref. [7, 8]
were tested on cable-based MTDC systems, they were not
verified for overhead lines.
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Double-end transient-based methods are presented in Ref.
[9-11]. The transient current components at both line ends
are used to identify internal faults. However, they need
high-speed communication system, which affects system
reliability, and adds to the installation cost. Moreover, the
relaying times for these algorithms are 3 ms or more due
to communication delay specially for long lines. Traveling
waves-based methods were presented in Refs. [12, 13]. These
methods depend on recording the arrival times of fault surges
at different locations to identify fault location. Yet, these
methods need fast and complex communication between all
measurement units. Moreover, they need very high sampling
frequency to provide acceptable performance, which com-
plicates the practical implementation of these algorithms.
Furthermore, the propagation delay of the communication
signals specially for long-lines MTDC systems increases the
relaying time of the relay which is very important design
factor. A transient current-based protection technique was
presented in Ref. [14]. Nevertheless, it is designed for HVDC
lines with line commutated converters, which have different
transient fault characteristics compared with VSC-MTDC.
Naive Bayes classifier was used to identify internal faults
using local measurements of voltage and currents in Ref.
[15]. However, Naive Bayes classification system depends
mainly on probability; accordingly, there is a gray zone in
which the fault cannot be classified with 100% dependability.
Moreover, faults with fault resistance higher than 10 Q were
not tested. Different protection algorithms were proposed in
Ref. [16-19] for protection of radial MTDC systems. How-
ever, they are not tested on meshed systems.

This paper presents a single ended protection algorithm for
meshed MTDC systems. The algorithm depends on captured
high frequency transients at one line end to identify internal
faults. This protection algorithm is designed to overcome the
shortcomings of the research indicated in the literature sur-
vey. The high frequency-based algorithm has the following
advantages:

1. Ttis based on data captured from one line end; therefore,
it does not need long communication channels. Accord-
ingly, the protection system is cheaper, more reliable, and
less complex.

2. Itperforms very well for faults at different distances, fault
resistances, and fault inception times.

3. The trip signal takes only 1 ms to be issued for internal
faults, which is very fast relaying time. This time guar-
antees protection of converters’ semiconductor devices
from damage due to the high initial fault current.

4. The used sampling frequency is 100 kHz which is not
too high to be realized. Therefore, the implementation of
the high frequency algorithm presented in this research
is anticipated to be feasible using current hardware plat-
forms.
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Fig. 1 Meshed power system model

5. The protection algorithm is tested for different abnormal
conditions such AC faults and sudden change in the wind
power injection. Many current protection techniques did
not include relay response under non-fault abnormalities.

2 MTDC model

Figure 1 shows a four-terminal meshed bipolar MTDC sys-
tem which connects two AC grids with two wind farms
via four overhead lines. The voltage level is 500 kV (£
250kV). The line lengths are shown on Fig. 1. The resistance,
inductance, and capacitance of each line are 0.028 <2/km,
0.553 mH/km, and 20.2 nF/km, respectively. AC grids are
fed from the MTDC system via two 400 MW DC to AC con-
verters, namely, Grid Side Converters (GSCs). Two 400 MW
Wind farms are supplying the MTDC system of wind power
via AC to DC converters, namely, wind side converters
(WSCs). This model is built in MATLAB/SIMULINK envi-
ronment.

The AC currents of all involved converters are controlled
to ensure extracting maximum available active power from
WSCs, while injecting this power into the involved AC grids
with the desired sharing ratios. The power share between the
GSCs is achieved by applying droop control. The droop con-
trol selects the proper DC voltage reference for each GSC.
The AC currents of all converters are controlled by apply-
ing dg-current control. The difference between the current
control in GSC and WSC is the estimation of direct current
reference. For WSCs, the direct current reference is selected
based on maximum power point tracking block (MPPT),
which is used to generate the proper maximum available
power reference (P") that can be extracted from the WECS,
while the direct current reference at the GSC is selected to
ensure that its DC voltage is kept constant at the desired DC
voltage reference level. The dg-current control for GSCs and
WSCs is shown in Fig. 2.
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Fig.2 Current control block diagram of the MTDC converters a dg-current control of GSC b dg-current control of WSC

The three-phase voltages and currents are transformed into
dqO (direct, quadrature, and zero components) coordinates by
the Park transformation as in (1);
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For given active and reactive power reference, the refer-
ence currents in dg-axis, namely, i and i*q are given by (2)
and (3) for zero quadrature voltage (vq = 0).
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where P* and Q" are the reference three-phase active and

reactive power, respectively, and v, is the direct voltage.
For GSC, the power is controlled by controlling the refer-

ence signal of ij, while the reactive power reference is set to

zero, i.e., i;‘ = (. Then the reference current i;‘ is extracted

from the dynamic behavior of the DC link capacitor voltage.
To keep DC link capacitor voltage (Vpc) constant, the power
balance condition should be achieved. The equation is given
by (4);

d_, 2

EVDC = E(Pin - Pout) (4)

where Pj, is the input power to capacitor, Py is the output

power of the DC link capacitor, and C is the capacitance.
Then the reference current i*q is extracted from the dif-

ference between the actual and reference DC-link voltage as

in (5).

ig =kp(Vie = Voe) + (ki /(Vic — Vbc)dr) ©)

where k, and k; are the gains of proportional-integral (PI)
controller, and V;C is the reference DC-link voltage.

A 15 mH current limiting reactor is inserted at both ends
of each line to limit the initial fault current slope to a max
of 10 kA/ms for near-bus bolted faults [20]. The value of
inductance is selected using trial and error. Figure 3 shows
positive pole to ground (p-g) bolted fault in line 1-3 at 1 km
from the relay position with and without current limiting
reactor. It is clear from Fig. 3a that the fault current increases
to extremely high values in a very short period for no reactor
case. The fault current slope is around 185.6 kA/ms (fault
current increased by 263.61 kA in 1.42 ms) which is a value
that cannot be cleared by a regular DC circuit breaker. The
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Fig.3 Comparison between fault current for a bolted positive pole to
ground fault in line 1-3 at 3 km from relay location a without current
limiting inductance b with current limiting inductance

fault current for the same fault with current limiting reactor
is shown in Fig. 3b. It shows that the current slope is reduced
very much to an acceptable value of 9.95 kA/ms according
to [20] (fault current increased 62.09 kA in 6.24 ms). The
selected sampling frequency is 100 kHz, which is enough
to capture the needed high frequency transients; therefore,
sampling period is 10 ws. This algorithm is single ended
algorithm; therefore, no communication is needed. One relay
is placed for each line as shown in Fig. 1. All relays are placed
near the DC to AC converters.

3 The high frequency-based algorithm

The high frequency-based protection algorithm relies on
fault generated high frequency transients. Any fault gen-
erates transients that travel along the line to both ends in
the form of traveling waves. Part of these traveling waves
is reflected to the same line, and the other part passes to
other lines. These fault transients can be utilized to iden-
tify internal and external faults. For example, a fault in line
1-3 is assumed internal fault to relay Rj3; nevertheless, it
is assumed as external to all relays of other lines. For inter-
nal faults, the line relay is exposed to fault transients with all
frequencies without any attenuation. For external faults, high
frequency transients are attenuated by the busbar stray capac-
itance, which is very low capacitance that connects busbars
to ground [21]. A typical value for this capacitance is 0.1 pF.
[21]. The reactance of this stray capacitance is reduced very
much at high frequency. Accordingly, it attenuates the high
frequency transients generated from an external fault before
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Fig.4 Proposed protection concept a internal fault b external fault

reaching the relay. However, the low frequency transients are
slightly affected by this stray capacitance due to its higher
reactance. Thus, by calculating the spectral energies of a high
frequency and a lower frequency bands, the ratio of the high
frequency energy over lower frequency energy will be high
in case of an internal fault and low in case of an external
fault. This technique is presented before and showed success
in case of AC networks [21, 22].

In case of radial MTDC systems, it was proven that the
stray capacitance only could not be used to differentiate
between internal and external faults [16, 23]. However, in
case of meshed MTDC systems, the DC line contains DC
current limiters at both ends. These current limiters act as
high frequency filters, which will help the stray capacitance
to perform the high frequency filtration in case of external
fault.

Figure 4 shows a zoom-in for busbar 3 in the model. Two
lines are connected to this busbar: line 1-3 and line 2-3. A
current limiting reactor is placed at the end of each line as
shown in Fig. 4. The reactance of the current limiting reac-
tor is high in case of high frequency transients and low in
case of low frequency transients. In case of internal fault, for
example fault F13, the relay Ry3 is exposed to low frequency
transients (LFg13) and high frequency transients (HFg;3) gen-
erated form this fault as shown in Fig. 4a. LFp3 is minimally
affected by the current limiting reactor due to its low reac-
tance. HFEy3 is affected only by the reactance in line 1-3.
Therefore, HFg;3 will be reduced, but not to very high value.
In case of external fault (F24), the fault generated transients
will pass through the current limiting reactors of lines 2—4
and 1-3, and pass by the busbar stray capacitance to reach
relay Rj3 as shown in Fig. 4b. With respect to HFp»4, the
high reactance of series current limiting reactors of lines 1-3
and 2—4, and the low reactance of the shunt stray capacitance
will highly attenuate HFpy4 when they reach Rj3. On the
other hand, the low frequency transients of the external fault
(LFpp4) will reach the relay Rj3 with minimal attenuation
due to the low reactance of the series limiting reactors and
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the high reactance of the shunt stray capacitance. Accord-
ingly, by calculating the spectral energies contained in high
frequency band and low frequency band, the ratio of the high
frequency energy to the low frequency energy will be high
for internal faults and lower for external faults. This ratio
can be used directly to identify internal faults. Therefore,
existence of current limiting reactors helps in realization of
high frequency-based method presented in Refs. [21, 22] for
protection of meshed MTDC systems. Moreover, the con-
clusion presented in Refs. [16, 23] indicating that the high
frequency-based protection method cannot be used for pro-
tection of MTDC is correct in case of radial MTDC systems
only. However, it will be shown in the simulation results that
the high frequency-based protection method can be effec-
tively used for meshed MTDC systems with current limiting
reactors.

DWT is a very effective signal processing technique which
preserves the time information of a processed signal. DWT
is used in this research as a signal processing tool. DWT
decomposes the signal into an approximation and several
details. Each detail covers a frequency band based on the
sampling frequency, i.e., each detail represents a band-pass
filter. The selection of mother wavelet depends on the appli-
cation. There are many orthogonal wavelet families that are
suitable for DWT such as Daubichies (db), Symmlets (sym),
and Coiflets (coif). The Daubichies (db) family is selected
because it has the advantage of asymmetry over the Symm-
lets and Coiflets. Asymmetry of Daubichies wavelet family
makes it suitable for fast fault transients. Daubichies family
includes 10 mother wavelets. From db1 (haar) to db10. For
short and fast transient disturbances, such as fault transients,
mother wavelets such as db4 and db6 are better, while for
slower transients, high order mother wavelets such as db§
and db10 are suitable [24]. The mother wavelet db4 showed
notable success in different protection algorithms [8, 22, 25].
Accordingly, db4 is used in this study for analysis of fault
generated transients.

For 100 kHz sampling frequency, detaill (dl) coeffi-
cients and detaill (d5) coefficients cover frequency bands
of 25-50 kHz and 1.56-3.13 kHz, respectively. These two
frequency bands are found suitable for application in the
high frequency-based protection algorithm. Coefficients of
d1 represent the high frequency band, while coefficients of
d5 represent the low frequency band. If the frequency of
the high frequency band is increased to increase frequency
gap between the two bands, sampling frequency should be
increased also. As result, the complexity and cost of applica-
tion increases. Moreover, this frequency band gives reliable
results as evidenced by simulation studies. Furthermore,
lowering the frequency of the high frequency band may pro-
duce overlap between internal and external faults due to the
decreased effect of the busbar capacitance and current lim-
iting reactor. With respect to the low frequency band, taking

lower frequency (higher detail level) is found to be not suit-
able because it may be affected by other system disturbances
or operational issues such as superimposed transients on the
main current signal during normal operation. The DC cur-
rent contains some current ripples, which cannot be removed
completely unless extremely high smoothing capacitor is
used. On the other hand, increasing the frequency of the low
frequency band will have the same effect of reducing the fre-
quency of the high frequency band, which is overlap between
internal and external faults.

The energy index of the high frequency band for positive
pole is calculated as follows.

k
Epp =Y _di,(k)At (6)

where Ep: positive pole energy index for the high frequency
band, c: an index representing fault detection sample, k: an
index representing the ongoing sample, d1,(k): d1 coefficient
for positive pole at sample k, and A¢: sampling period.

The same approach is used to calculate the energy index
for the low frequency band.

k
Epp=) d3,(k)At @)

where Ep,: positive pole energy index for low frequency
band, and dsp(k): d5 coefficient for positive pole at sample
number k.

Similarly, the high and low energy indices for the negative
pole are represented in (8) and (9)

k

Epn =) _ di,(k)At ®)
k

Epy =Y d3,(k)At ©

The energy ratios are calculated as follows

PR = M (10)
Erp
E

NR = SO Enn (11)
ELn

where PR: the trip ratio for positive pole, NR: the trip ratio
for negative pole, and CO: ratio constant.

The ratio of high frequency energy index over low fre-
quency energy index for internal fault is always higher than
that for external fault. However, a separating value for the
ratio should be identified to differentiate between internal
and external faults. The best way to do this is to multiply the
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ratio by a constant CO. The philosophy of adding the con-
stant is to keep the ratio above unity for internal faults and
below unity for external faults. The transient components
are reduced as the frequency increases; therefore, the energy
index at high frequency band is lower than that at low fre-
quency band. Accordingly, the constant CO should be larger
than unity. These energy indices depend on a large num-
ber of factors such as system topology, fault resistance, fault
inception time, system parameters, values of current limiting
rectors, and distance of fault to the relaying point. Therefore,
these energy indices, and subsequently the constant CO, are
very difficult to be modeled in a closed form mathematical
equation. Alternatively, it is customary to select such ratios
based on trial and error [21, 22]. The steps of finding the
constant are as follows:

1. Start from a value of CO.

Perform multiple simulations for internal fault and exter-
nal faults under different fault distances covering the
whole line length, different fault inception times, differ-
ent fault resistances, and different fault types.

3. Check if the trip ratios are above unity for all internal
faults and below unity for all external faults. If this con-
dition is fulfilled, the CO is final and can be used. If this
condition is not fulfilled, adjust CO according to step 4.

4. Ifthe trip ratios for cases of internal faults are blow unity,
increase the CO by a value that guarantees that the trip
ratio is above unity for all simulated internal faults with-
out affecting the external fault cases. If, on the other hand,
the trip ratio for external faults is above unity, this means
that the CO is too large. Accordingly, it should be reduced
to alevel such that the trip ratio is below unity for external
faults without affecting the internal fault cases.

5. Re-simulate different external and internal fault cases as
explained in step 2. Then, find the trip ratios using the
updated CO. If the trip ratios are always above unity for
internal faults and below unity for external faults, the CO
is final and can be used. If any deviation is found, go to
step 4 until finalizing CO.

Based on the aforementioned steps, the constant “CO” is
found to be 2000.

A flowchart for the algorithm is shown in Fig. 5. Initially, a
2 ms moving window is loaded with 200 data samples. DWT
is performed for positive and negative poles’ currents in the
window. The window moves sample by sample, and the DWT
is performed for each position of the moving window until d1
for positive or negative pole currents exceeds a threshold of
0.5. This threshold is found suitable based on simulations to
quickly detect any abnormality. If this threshold is exceeded,
a check is done for internal fault. Enp, ELp Enn, ELns PR,
and NR are calculated according to (10), (11). If PR and NR
are lower than unity, the calculation is terminated, and the
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Fig.5 Flowchart for the high frequency protection algorithm

abnormality is identified as external fault or other external
abnormality. The next sample is loaded and whole process
restarts again. If PR or NR is larger than unity, an intentional
delay is carried out by a counter called trip counter. The trip
counter is increased by one and the next sample is loaded,
the same process is done for the new window. This delay is
necessary to calculate the energy indices and to avoid false
tripping.

One hundred samples (1 ms) delay is used to achieve short
relaying time. This time delay is within the recommended
range of relay operating time for MTDC systems according
to [1]. This delay gives reliable results as seen in the per-
formance evaluation. It is worth mentioning that the authors
tested other time delays; however, the 1 ms gives excellent
results without any overlap between internal and external
faults. Accordingly, this time delay is used to achieve full
accuracy of the results. If one or both ratios stay over unity
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Fig. 6 Positive pole to ground bolted fault in line 1-3 at 100 km from
relay position a line 1-3 currents b line 1-4 currents ¢ line 2-3 currents
d line 2—4 currents

for 100 samples (1 ms), a fault is identified as internal, and
a trip signal is issued. If both ratios fall below unity before
the counter reaches 100, the fault is identified as external,
counter is reset, the next sample is loaded, and the process
starts again.

4 Performance evaluation for DC faults

Various faults with different conditions are simulated to
verify of the high frequency algorithm. The following sub-
sections illustrate relay responses for a fault in each line.

4.1 Afaultinline1-3

A p-g bolted fault is simulated in line 1-3 at 100 km from
relay position (midpoint of the line). Figure 6 shows the posi-
tive and negative poles’ currents for all lines during this fault.
It is evident that the fault current in line 1-3 is the highest
among all currents. Figure 7 shows d1 coefficients of both
poles’ currents for all lines. The d1 coefficients for positive
pole current of line 1-3 only exceeded the threshold value,
which means that the fault is not even detected in the healthy
lines using the used detection threshold. The reason behind
that is the extra filtration effect of the current limiting reactors
together with the effect of the stray capacitance. This double
filtration effect minimizes the high frequency transients of
external faults to lower than the fault detection level. This
effect appears in case of low values of high frequency com-
ponents of external fault. Therefore, the energy ratio will be

Fig. 7 Detail 1 coefficients for positive pole and negative pole currents
for line 1-3 fault a—d detail 1 coefficients for positive pole currents
e-h detail 1 coefficients for negative pole currents
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Fig.8 Energy ratios for positive pole and negative pole currents for
line 1-3 fault at the last window a—d ratios for positive pole currents
e-h ratios for negative pole currents

calculated for positive pole current of line 1-3 only. It is clear
from Fig. 8 that the ratio of positive pole of line 1-3 exceeded
unity level for the whole intentional delay of 100 samples.
The unity level is depicted by the red line. As result, Ry3
issues a trip signal to isolate line 1-3 due to positive pole to
ground fault.
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4.2 Afaultinline 1-4

Figure 9 portrays line currents for a negative pole to ground
(n-g) faultin line 1-4. The fault is located at 10 km from relay
position with 10 €2 fault resistance. This fault is located at 3
percent from the line length. Following the same approach,
Figs. 10 and 11 show d1 coefficients for all line currents and
the positive and negative energy ratios for all lines at the
last window. The fault is detected in line 1-4 only because
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d1 coefficients of the negative pole of line 1-4 exceeded the
threshold, whereas d1 of other currents did not. This effect is
due to the double filtering effect explained in line 1-3 fault.
The trip ratio of the negative pole of line 1-4 remained above
unity for 100 samples, which means that a permanent fault
occurs in negative pole of line 1-4.

4.3 Afaultin line 2-3

A positive pole to negative pole (p-n) fault is simulated in
line 2-3. The fault is positioned at 290 km from relay posi-
tion with 50  fault resistance. This fault is very close to
remote bus of the line, as it is located 97 percent from the
line length. Figures 12, 13, 14 demonstrate the line currents
for the fault, d1 coefficients, and the trip ratios for all lines at
the last window. According to performance Figs., the fault is
detected in line 2-3 only, and the ratios for both negative and
positive poles’ currents of line 2-3 exceeded the threshold
and remained above unity for the 100 samples. As result, the
relay decides a p-n permanent fault in line 2-3.

4.4 Afaultinline 2-4

An n-g fault is simulated in line 2—4 at 20 km from relay
position. Fault resistance is 100 2. Fault currents, detail 1
coefficients, and energy ratios at the last window for all lines
are shown in Figs. 15, 16 and 17, respectively. It could be
noted that d1 coefficients for negative pole of lines 1-4 and
2-4 passed the threshold. Therefore, the ratios are calculated
for negative poles of these lines. Figure 17 indicates that the
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ratio of the negative pole current for line 2—4 passed the unity
for the whole period of 100 samples (1 ms). However, the
ratio of the negative pole of line 1-4 passed the unity for few
samples only (3 samples); then, it dropped below unity for
the remaining samples of the intentional delay, which means
that no fault in line 1-4. Accordingly, a trip signal is sent to
circuit breakers of line 2—4 only due p-n fault. Although d1
coefficients of line 1-4 passed the threshold, the energy ratio
of line 2—4 only passed the unity level for whole intentional
delay time.

Fig. 14 Energy ratios for positive pole and negative pole currents for
line 2-3 fault at the last window a—d ratios for positive pole currents
e-h ratios for negative pole currents
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Fig. 15 Negative pole to ground fault in line 2—4 at 20 km from relay
position with 100 2 fault resistance a line 1-3 currents b line 1-4
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For this particular fault, the negative pole current of line
1-4 has more transients compared to the remaining non-
faulty lines. Accordingly, d1 coefficient of this negative pole
of this line is the only one which passed the detection thresh-
old. The double filtering effect in this case did not fully absorb
the fault generated high frequency transients due to their high
level for this particular fault. Although d1 coefficients passed
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the threshold for line 14, the trip ratio identifies an internal
fault in line 2—4 only.

5 Performance evaluation for other
abnormal conditions
This section analyzes the performance of the algorithm

against other abnormal conditions such as AC faults and sud-
den change in the injected wind power. Figure 18 shows the
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DClline currents for a three-phase AC fault at grid 1. Figure 19
depicts d1 coefficients for the DC currents. According to
Fig. 19, d1 coefficients did not pass the threshold; there-
fore, trip counters of all relays do not even initiate counting,
i.e., no relay in the DC system responds to this abnormality.
Figure 20 represents the DC currents for a sudden increase
in wind farm 2 power from 200 to 400 MW. This sudden
change in the power may cause false tripping for other relay-
ing techniques. However, the relay presented in this paper
did not respond to this major abnormality. The coefficients



Electrical Engineering (2022) 104:3313-3324

3323

<
L = 500 | 4
25 3 |
5 -g-soo ‘ : -
0 50 100 150 200
= ()
I = 500 H
[ L 4
g e 08 f=In B
| 5'5 . L .
0 50 100 150 200
2 , (b) ,
& = 5001 — =
C gl 4
g e 0 [—1n
5 5-500 ‘ ‘ ‘
0 50 100 150 200
S =500,
o 5 0f] P
c @ H—1In
5 -::;-500 ‘ ‘ ‘
0 50 100 150 200

(d) Time (ms)

Fig. 20 Step increase of wind farm 2 from 200 to 400 MW a line 1-3
currents b line 1-4 currents ¢ line 2-3 currents d line 2—4 currents

[0) Q<
25 002 272 0.02
o & o
c o 2o
-2 502 L5 0.02
= 2. - ..
©a 1(00) 200° 2 0 1(0% 200
a o e
+ 2 <5
=g oot =3 oot
£2 o £2 o
L g 0.01 L g 0.01
= o 0. = -0.
T a T 100 200° 2 0 100 200
Q3 001 (b) Q% 0.01 ®
Q.
£2 o £2 o
L g 0.01 L g 0.01
= o -0. = -0.
©a o 100 200 ° & 0 1(0(3 200
o c o
g 002 (©) J'g 002 g
[0] [0]
(= T
5 &-0.02 5 §-0.02
a o 100 200° 2 0 100 200
(d) (h)Tlme (ms)

Fig. 21 Detail 1 coefficients for positive pole and negative pole currents
for the step power increase a—d detail 1 coefficients for positive pole
currents e-h detail 1 coefficients for negative pole currents

of d1 of DWT for all DC currents did not pass the thresh-
old as shown in Fig. 21. Accordingly, no fault is detected.
The moving window continues to load new samples, and the
relay keeps performing fault detection check. Consequently,
the algorithm is robust as it does not respond to external
abnormalities.

6 Conclusion

A high frequency-based protection algorithm was applied
on meshed MTDC system. The current limiting inductors
together with the busbar stray capacitance filter the external
fault current from its high frequency transients. The filtration
effect is much lower for internal faults. The ratio of 1 ms-
based energy indices for a high and a low frequency bands
was used to classify internal faults. The 1 ms relaying time
can be considered as one of the lowest relaying times for pro-
tection of MTDC systems. A meshed four-terminal MTDC
system with wind farms is used to verify the algorithm.
Numerous faults with various conditions and fault resistances
were simulated to verify the algorithm. It was found that the
high frequency-based algorithm correctly identified all sim-
ulated internal faults. Moreover, the relay showed robustness
for external abnormal conditions. It did not respond to exter-
nal DC faults, AC faults, or sudden change in the injected
wind power.
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