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Abstract

protection

Considering the advantages and limitations of traditional identification method, combined with the strategy of
active detection, the principle of DC grid pilot protection based on active detection is proposed to improve the
sensitivity and reliability of hybrid MMC DC grid protection, and to ensure the accurate identification of fault areas
in DC grid. By using the DC fault ride-through control strategy of the hybrid sub-module MMC, the fault current at
the converter station DC terminal is limited. Based on the high controllability of hybrid MMC, sinusoidal fault
detection signals with the same frequency are injected into the line at each converter station. Based on model
recognition, the capacitance model condition is satisfied by the detected signals at both ends during external faults
whereas not satisfied during internal faults. The Spearman correlation coefficients is then introduced, and the
correlation discriminant of capacitance model is constructed to realize fault area discrimination of DC grid. The
simulation results show that the active detection protection scheme proposed in this paper can accurately identify
the fault area of DC grid, and is not affected by fault impedance and has low sampling rate requirement.

Keywords: Hybrid MMC DC grid, Fault ride-through control strategy, Active detection, Model recognition, Pilot

1 Introduction

Nowadays most of flexible DC transmission projects use
half-bridge submodules (HBSMs) based modular multi-
level converter (MMC) which lacks DC fault clearance
capability, and thus is suitable for cable schemes with low
DC failure rates. However, due to the complexity of the
transmission environment and the increase of distance
and capacity, overhead lines are becoming increasingly
popular for future flexible DC transmission projects [1-6].
For example, the Zhangbei 500 kV flexible DC transmis-
sion project uses half-bridge submodules based MMC
with overhead transmission lines.

Overhead lines have a high probability of failure and the
topology of the half-bridge converter requires a very short
blocking time. After blocking, the DC power grid is iso-
lated from the external power grid. The recovery and re-
start process of the DC power system is complicated,
which makes power recovery time long. This may lead to
the loss of stability of the connected AC system. In
addition, the free-wheeling diodes in the MMC will also
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form an uncontrolled rectifier bridge, resulting in large
fault current feeding to the fault point. Considering that
there is no natural zero crossing for DC current, DC cir-
cuit breakers have to create artificial current zero leading
to complex circuity and high cost. In the meantime, the
relay protection must isolate the fault within milliseconds
and requires high reliability and speed. Therefore, the de-
velopment and application of half-bridge converter coop-
erated with DC circuit breaker need further study.

The full-bridge submodule has negative voltage output
capability, and can directly block the converter to suppress
the fault current. However, if converter blocking method
is adopted, all the converters will have to be blocked after
fault occurrence. During the blocking state, the DC power
grid is isolated from the external power grid. The restart
process of the DC grid is relatively complicated, resulting
in a long power recovery time, which may cause the con-
nected AC system to lose stability [7-9]. On the other
hand, the high controllability of the full bridge submo-
dules can be utilized to realize DC fault ride-through by
controlling the number of the submodules switched in in-
stead of blocking. This method can ensure the converter
to continue providing reactive power support to the AC
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side during DC faults. Compared with full-bridge MMC,
hybrid MMC is composed of half-bridge and full-bridge
submodules, which has certain economic advantages while
ensuring DC fault clearance capability. DC overhead line
transmission system based on hybrid MMC is now being
considered as one of the future development trends [7-9],
e.g. the DC project in Wudongde under construction.

At present, there is no mature protection scheme for
flexible DC transmission line protection, and at this
stage, guidance can only be provided from the traditional
current source HVDC system. The protection are mainly
divided into main protection and backup protection
[10-16].

1) For the main protection, traveling wave protection
and differential undervoltage protection are easily
affected by fault impedance, noise, lightning,
sampling rate, DC boundary, etc. Thus, the
reliability of protection is low and the protection
may have dead zones [10].

2) For the backup protection which is usually current
differential protection, when the line is long, the
delay introduced due to transmission delay,
transient process and other factors, becomes too
long for the flexible DC transmission system. For
this reason, many researchers have proposed
various new pilot protection principles for DC lines
[11-15]. However, most of them depend on the DC
boundary and the polarity characteristics of fault
component in the initial transient of the fault. The
pilot protection based on traditional model
identification realizes fault identification by
identifying the equivalent topology model of the
line and has higher reliability [16]. However, the
protection performance is closely related to the
effective fault information extracted and line
parameters, whereas the differential term of
electrical quantity is easily affected by the initial
instantaneous harmonic factor of the fault [17], and
thus, the protection performance needs to be
further improved.

In addition, considering that the flexible DC system
has extremely short blocking time, the protection
principle based on effective fault information will be lim-
ited. The reliability and sensitivity of the above protec-
tion principles will be affected. Therefore, it is urgent to
study the protection principle of new DC power grid.

Based on the high controllability of hybrid MMC con-
verter, active detection, protection and reclosing technol-
ogy is becoming a new research hotspot. Researchers in
[18, 19] use square wave injection method to achieve fault
detection according to traveling wave transmission theory.
However, the influence of fault impedance and sampling
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Fig. 1 Fault blocking of full bridge MMC system

rate on traveling wave may affect the results of fault dis-
crimination. When applied to line protection, there still
exists a problem of protection dead zone. In [20, 21], it
points out that under coordinated control and protection,
since the DC current is always under control, the con-
verter will not be blocked due to overcurrent, and the DC
system no longer has to detect and identify the fault line
within milliseconds after fault occurrence. This makes it
possible for the DC protection to use some advanced algo-
rithms to improve the accuracy of fault detection and
identification. The above researches provide good refer-
ences for converter control and protection integration.

Based on the above analysis, this paper proposes a
pilot protection of hybrid MMC DC grid based on active
detection. The proposed protection makes full use of the
high controllability of the hybrid MMC system, com-
bined with the strategy of fault ride-through and active
detection. Considering identification method, the Spear-
man correlation coefficient is introduced to construct
the correlation discriminant of the capacitance model, in
which the capacitance model condition satisfied by the
detected signals at both ends for external faults while
not satisfied for internal faults. The proposed protection
is not easily affected by the initial instantaneous har-
monic factor of the fault. Compared with traditional dif-
ferential current protection, the proposed protection
method is faster and won't be affected by distributed
capacitance. The principle of DC grid pilot protection
based on active detection is proposed and is verified by
theoretical analysis and simulation.

2 Realization of active injection for protection

2.1 Significance of active detection protection

When traditional identification method is applied to DC
power grid, it will be affected by the limitation of effective
fault information, frequency-dependent parameters of the
lines and other factors.
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2.1.1 Effect of reliability

The fast rise of fault current in flexible DC system and the
poor capability of power electronic equipment to with-
stand overcurrent mean converters have to be blocked
very quickly. For a full-bridge MMC DC system, the time
from blocking of converter to attenuation of fault current
to zero is less than 10 ms [1], and therefore, the fault char-
acteristics are not significant. An example of the fault DC
currents is shown in Fig. 1 where the fault occurs at time
of 50 ms.

2.1.2 Effect of sensitivity

Real transmission line parameters are frequency-
dependent, and the frequency band of fault information is
wide after DC line faults. Figure 2 illustrates an example
of an external fault when applying the traditional model
identification method under a wide frequency band.

There are differences among line parameters under dif-
ferent frequencies. The traditional identification method
uses the electrical quantity information at the initial mo-
ment of the fault to identify the fault. The frequency infor-
mation of the electrical quantity at the initial moment of
the fault is complex, while the line parameters are
frequency-dependent, so these parameters are different:

Auy,(t)
dt

du,(t)

in(0)2C(0) . 1)

Lin(t)2C(w)

where C(w) is the capacitance value at a specific
frequency.

According to (1), the parameters corresponding to dif-
ferent frequencies are different, so the accuracy of model
identification will be reduced in principle and the pro-
tection performance based on model identification will
be affected.

In addition, considering that the protection principle
based on model identification method is closely related
to the numerical calculation of the first-order differential
term, the common method is to replace the differential
value with the difference between two sampling points
as
u(n)-u(n-1) _ kdu(t) 2

Ts dt

where Ts is the sampling interval.
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It can be seen from (2) that since the converter is
blocked quickly, when the information at the initial mo-
ment of the fault is used, the frequency content of the
fault information is complex, and k in (2) will become a
time-varying parameter [17]. Thus, the accuracy of
model identification will be reduced.

2.2 Proposed methodology

In view of the limitations of traditional model identifica-
tion pilot protection principle applied to DC power grid,
this paper proposes an active detection pilot protection
scheme based on the high controllability of the con-
verter. Taking the two-terminal system as an example,
its MMC active control strategy and the fault models at
the specific frequency for internal and external faults are
shown in Fig. 3.

2.2.1 Reliability

By injecting controllable sinusoidal signals with certain
amplitude, frequency, injecting time and duration, the
fault model can be identified using the sinusoidal signals
at that frequency (as shown in Figs. 3(a) and (b)) and the
fault section of the DC line can be identified more pre-
cisely. Compared with the traditional model identifica-
tion pilot protection principle, it can better obtain
effective fault information and identify fault section.

2.2.2 Sensitivity

Considering the influence of frequency-dependent pa-
rameters of the lines, by injecting single frequency sinus-
oidal detection signals at both ends of the lines, the
voltage and current (Y., .)w) Limnyw)) at the specific fre-
quency are extracted from the positions where protec-
tions are installed for fault identification, as shown in
Fig. 3(a) as:

dum(w)

) du
i) = () - n(w)

ain(w) = C(w) At (3)

C(w) in the capacitance model can be determined, so
the accuracy of fault model identification is improved in
principle, and the influence of frequency-dependent pa-
rameters of the lines is overcome.

in(1) f

1)

MMC 2

L _Capacitance model _ |

Fig. 2 Traditional model identification method
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Fig. 3 Block diagram of active pilot protection

In addition, the frequency of the characteristic signal
is determined considering the sinusoidal signal injected
as

Uy = A sin(wt + ¢) (4)

When the difference between two sampling values is
used instead of the differential value, there is:

u(&,)(n)—u(&,)(n—l) _ kdu(m)
Ts dt (5)
_ 2 n(oTs/2) M
~ wTs dt

From (5), the difference between the two sampling
values and the differential value are correlated by the co-
efficient 2/(wTs)sin(wTs/2), which is independent of ¢
and the initial phase angle ¢, and is only related to w
and Ts. Therefore, the coefficient is constant and error
correction can be performed.

Compared with the traditional model identification
pilot protection using initial fault transient information,
the method proposed in this paper overcomes the influ-
ence of frequency-dependent parameters and error fac-
tors of electrical quantity differential terms [17], and
thus improves the sensitivity of the protection. The
injecting time, amplitude, length and type of detection
signal are controllable, leading to higher reliability in
principle.

Thus, taking full consideration of the above factors
and combined with the high controllability of MMC and
the advantages of traditional identification method, the

principle of DC grid pilot protection based on active de-
tection is proposed in this paper.

3 Injection strategy of active detection

3.1 Fault ride-through strategy of hybrid MMC

For hybrid MMC, the control strategy adopts closed-loop
controls similar to those of the half-bridge MMC and is
shown in Fig. 4. As seen, the outer loop bridge arm volt-
age control regulates the average capacitor voltage of the
bridge arm submodules, and the voltage balance algorithm
is adopted to switch in or out the submodules based on
the set upper and lower limits of the allowed fluctuation
of the capacitor voltage [4, 7, 8]. When the mixing ratio of
the full-bridge and half-bridge submodules of the bridge
arm reaches 1:1, the range of the DC voltage modulation
ratio My of the hybrid MMC is [- 0.1, 1], and the output
range of the bridge arm voltage is [- 0.1, 1] times the rated
DC voltage under unit power factor condition [4, 7, 8].

As can be seen from Fig. 4, the control strategy of the
hybrid MMC is different from the traditional half-bridge
MMC with an added closed-loop DC control loop. The
DC current reference value Iy ¢ generated by the outer
DC voltage control loop is taken as the input of the
inner DC current control loop, and the DC voltage refer-
ence value is obtained through the PI regulator to act on
the switching process of the submodules to realize the
control of DC voltage and current.

When the MMC system detects that the DC voltage
drops to 0.5p.u or the DC current rises to 2p.u, it
switches to the fault control mode 1, and sets the DC
current reference Iy.r of the inner loop to a pre-set
value Iy, thereby controlling the DC current to the



Song et al. Protection and Control of Modern Power Systems

| chu D

| C voltage control §§ \ E N

IVdcref O : | Y

r—"—».—».— & N Useer, i 5T L

E—— e | ‘g‘ ! :‘ A M
Fault control | S | Izrreeff:l?

(2020) 5:6

———————————— v

Page 5 of 15

M.
— [T/ 2
Mp
— [Uaeny 2]
M.
— Udcn/ 2

Vrefpa
Vrefpb
Vrefpe

Lacpu JI Vrefnc

Circulating current suppression controlj

Fig. 4 Control block diagram of hybrid MMC

preset value such that the IGBTs will not be blocked
due to bridge arm overcurrent. This ensures that the
converter can still provide reactive power support to the
AC side and realize fault ride-through when a DC fault
occurs.

3.2 Generation of detection signals

In the event of a DC fault, once the MMC system detects
sudden change of DC current or DC voltage, it will switch
to fault control mode 1 and control the DC current to the
pre-set value Iy.s which can be set to a low value (0.1p.u in
this paper).

Once the MMC system is under fault control mode 1
and the DC current is controlled within the pre-set
range, it will switch to fault control mode 2 and set the
DC voltage reference value Ugerer t0 Ugeser to inject the
sinusoidal characteristic signal.

The detailed fault mode switching process is shown in
Fig. 5.

Considering that the bridge arm reference voltages
Vietpm and Viem can be expressed as:

Vreﬁam = O-SUdcref_um (6)

Vrefnm = 0-5udcref + Um

The number of full bridge submodules put into the
upper and lower bridge arms can be expressed as:

n, = round [(O.SUdcref—um)/Um]

{n,, = round[(0.5U geref + thm) /U cn] (7)

where U, represents the rated voltage of the submodule
capacit.

Since the full-bridge submodule can output a negative
voltage level, the equivalent total number of bridge arm
submodules can be expressed as:

N =n, +ny,

(8)

From (8), it can be seen that Uy. = N U, As the num-
ber of submodules changes, the DC voltage of the ter-
minal also changes. Therefore, it can be seen from (7) and
(8) that the DC terminal voltage can be changed by chan-
ging the DC voltage reference value Ugycerr Therefore,
without affecting the main MMC control system, disturb-
ance (injecting characteristic signals of certain length and
amplitude) can be applied for fault identification.

3.3 Selection of characteristic signals
3.3.1 Frequency of injected signal

1) The frequency of the detection signal should be
much lower than the sampling frequency of the
quantity processing unit at protection installation
and the switching frequency of the MMC. In
general, the switching frequency of typical MMC

Fig. 5 Additional control block diagram
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sub-modules in practical engineering is around 10
kHz, and the sampling rate of electrical parameters
in engineering protection installation is normally
lower than 20 kHz [2-7]..

2) Considering the attenuation effect of transmission
lines on electric quantities, it is appropriate to select
low frequency band. As an example, the quantities
transmission attenuation curve of typical overhead
lines are illustrated in Fig. 6.

As can be seen from Fig. 6(a), as the length of
the line and frequency increase, the amplitude
attenuation becomes more severe. While from
Fig. 6(b), it can be seen that the attenuation of
the signal information amplitude at a frequency
of 200 Hz or higher becomes more and more
significant. Therefore, the characteristic
frequency of the signal should be lower than
200 Hz.

3) The influence of distributed capacitance current
can be further reduced with the reduction of filter
cut-off frequency [22], and the cutoff frequency can
be approximated according to the fitting error of
linear voltage distribution as:

E,, = 1- cos(wl/2v) 9)

where w is the cut-off frequency of the low-pass filter, /
is the line length, and v is the wave velocity.

Taking a typical length of 250 km as an example and
considering that the wave velocity is approximately the
velocity of light, if the cut-off frequency of the low-pass
filter is 100 Hz, the fitting error E,, is calculated as 4.9%
which is within the acceptable range [22]. The lower the
cut-off frequency is, the smaller the fitting error and the
influence by the distributed capacitance current are.

Considering the above factors, the frequency of the
injected signal is selected to be 100 Hz.
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3.3.2 Length of injected signal

In order to ensure the reliability of protection principle, the
length of injected signal should not be too short so as to
provide sufficient margin for arc extinguishing time and
reclosing discrimination time [18, 19]. On the other hand,
the length should not be too long to ensure the speed of
protection. Considering the delay time of the characteristic
signal transmitted to the fault point or reflected back from
the opposite end system, the maximum delay is about 2 ms
for the line length of the existing projects not exceeding
300 km. In addition, the total data length should be greater
than the data transmission delay length. Based on the above
factors, the length of the injected characteristic frequency
signal in each converter station is chosen to be 5 ms.

3.3.3 Amplitude of injected signal

Taking account of the tolerance of power electronic equip-
ment at the protection installation point and the converter,
the amplitude of the characteristic signal should not be too
large, while be sufficient to reduce the influence of line fre-
quency attenuation characteristics to facilitate model identi-
fication and analysis. Considering the tolerance of MMC to
short circuit current is limited to 2~3 times of rated
current, according to [18, 19], it is suggested that the ampli-
tude of active square wave pulse should not exceed 0.2
times of the rated DC line voltage. Therefore, 0.1 times the
rated voltage is chosen as the injection amplitude of the
sine wave detection signal.

4 Scheme of the pilot protection for DC grid
based on active detection

4.1 Identification method

According to the high controllability of the hybrid MMC
converter, the DC current at each end of the DC system is
controlled, and the DC current Iy of the inner loop is
set to Iyeser (0.1p.u) under fault conditions. When it is de-
tected that the current is limited to the range by the con-
verters, the system will switch to the fault control 2 mode,
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~ I~
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and set the DC voltage reference value Ugcper to Ugeger 1-€.
injecting sinusoidal voltage characteristic signals with
equal frequency into each end at the same time.

Taking a four-terminal grid as an example shown in Fig.
7, combined with the principle of frequency selection in
Section 3.3, the characteristic frequency voltage of 100 Hz
is injected separately, and the voltage and current infor-
mation at the characteristic frequency are extracted at the
relay protection installations.

Taking the single-pole fault of DC line L; and DC line
L, as examples, the protection installation positions m
and # on DC line L; are selected for analysis.

When DC line L, fails, the equivalent circuit diagram
is shown in Fig. 8, where iy, iy, and uy, u, are the re-
spective current and voltage values at the characteristic
frequency measured after characteristic signal injection.
I, and I, are the equivalent capacitance currents flow-
ing through the two-terminal lines at the characteristic
frequency, respectively. Zy,,, Zy,, and Cy,, Cp, are the im-
pedance and capacitance values on both sides of the DC
line at the characteristic frequency, respectively, and R¢
represents the fault impedance.

As can be seen from Fig. 8, when the DC line L fails, the
capacitance currents i, and i, flowing through the capac-
itances at both ends of the DC line can be expressed as:

duy,
icm Clm L

i (10)
len = Clnd—tn

om
3

MMC 1

@_l_

=
Ung ClmI

Fig. 8 Internal fault equivalent diagram

im_ Zim ﬁ Zin

L Iondw

MMC 4

The fault current injected into the fault point by the
DC system from both sides is:
im"'in :icm+icn+i_f (11)
where i is the short-circuit current flowing through the
fault point.
The differential current iy and voltage u.q are defined
as:
icd = lm + ina Ueg = Uy + Uy (12)

From (10)~(12), the differential voltage and current at
both ends of the line have the following relationship:

, dueg
led = Clmd—;

it

+ (Clm = Cln) dt

+ iy (13)

It can be seen from (13) that there is no linear rela-
tionship between differential voltage u.q and current i.q
across the DC line due to the existence of the last two
terms when the DC line has an internal fault. Therefore,
the defined differential voltage and current do not satisfy
the capacitance model.

When the DC line L, fails, it is an external fault for
the protection installation point m and # at both ends of
L, as shown in Fig. 9.

As can be seen from Fig. 9, the capacitance currents
iem and i., flowing through the capacitances at both
ends of the DC line L, can be expressed as:

;. n\/\
T T

Lien
Rr—= MMC 2
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duy,
icm = CIL

d‘:’f (14)
.Cn — C n
: r

The fault current injected into the fault point by the

DC system at both ends is:

According to (14) and (15), differential current i.q and
voltage u.q satisfy:

ducd
dt

ig = Cy (16)

It can be seen from (16) that there is linear relation-
ship between differential voltage u.q and current i.q.
Therefore, the defined differential voltage and current
satisfy the capacitance model.

Considering the compensation effect when faults occur,
the differential voltage in (16) shall be compensated as
follows:

du'cq  d(ueq + K.uo)
{ dt 7\/_ dt
2
(Co/C1-1)

(17)
I(c == 7
where u’ 4 represents the compensated differential volt-
age of each phase, and u, represents the zero-mode volt-
age at the protection installation positions on both sides.
K. represents the zero-mode compensation coefficient,
and Cp and C) represent the zero-mode and line-mode ca-
pacitances of the unit length of the line, respectively.

4.2 Introduction of line model correlation discrimination
According to Section 4.1, the defined differential voltage
and current satisfy the capacitance model when the ex-
ternal fault occurs. The differential current i.4 increases
with the increase of the differential voltage derivative
du q/dt as can be seen in (16), indicating a positive cor-
relation. When the internal fault occurs, the capacitance
model is not satisfied and the differential current i.q has
no direct relationship with du4/dt.

Based on the above characteristics, this paper introduces
the Spearman correlation coefficient [23] to measure the
correlation between the two variables by checking whether

[
eed

ARG

MMC 2
Un

Lien
C

I

4

they have synchronous change trend (increasing or de-
creasing at the same time). Compared with Pearson cor-
relation coefficient [24], Spearman correlation coefficient
is not affected by data dimension, which makes correlation
coefficient insensitive to large abnormal numbers and is
more suitable for processing discrete data. Therefore,
Spearman correlation coefficient is selected as the meas-
urement method of similarity for model identification
based on active detection.

The Spearman correlation coefficient is calculated by
product moment and the correlation between two vari-
ables (y and z) is expressed by multiplying the deviation
between them based on the deviation between the two
variables and their respective average values as

> 0(D)-y(0) (2(0)-2())
i-1 (18)

r,2) = — y
\/Z OO0 Y (eli)-=(0)°

i=1 i

where r(y,z) is the correlation coefficient, and the value
range is [- 1,+ 1]. i is the sampling point, Ts the sam-
pling interval and N the total number of sampling points
of the data.

r<0 means negative correlation and the increase of
one variable may cause the decrease of the other vari-
able, whereas r = 0 means no correlation between the
two groups of variables and the two groups of variables
are largely independent. When r > 0, the positive correl-
ation is satisfied, and the increase of one variable may
cause the increase of the other. For 0 < r<0.5, there is
weak positive correlation, while 0.5<r<1 indicates
strong positive correlation and r = 1 indicates perfect
positive correlation.

4.3 Fault identification

According to Section 3.1 and 3.2, combined with active de-
tection strategy and correlation discrimination principle of
DC line model, voltage and current differential values in
the fault model do not have positive correlation character-
istics for internal faults, while for external faults, positive
correlation characteristics are satisfied. This can be used to
construct protection criteria. Replacing the differential
form by the difference form, the instantaneous values of



Song et al. Protection and Control of Modern Power Systems

differential current and voltage derivatives at the i-th sam-
pling point y(i) and z(i) can be expressed as:

y(l) = icd(i) . )
{Z(i) wTs Ueq (§)—uteq (i-1)

_ (19)
2 sin(wTs/2) T

where Ts is the sampling interval, o represents the angu-
lar frequency of the characteristic signal, @ = 2nfand f =
100 Hz.

For convenience, replacing the right side of z(i) in (19)
with z.4(i)” as.

MCd(i)/ ) sin?cf;"s/Z) qu(L)_Ylf;d(l_l) (20)

Substituting (19) and (20) into (18), the capacitance
model correlation discrimination equation is constructed
as:

-

I
=

(icd(i>—icd(i)) (Mcd(i)/_m)

15

}”(y,Z):\/

According to the correlation discriminant of the fault
model in (21), the fault section of the DC power grid is
discriminated.

By comparing the set value of positive correlation co-
efficient, the correlation can be used to further deter-
mine the fault section of DC power grid. Then the
operating criterion is as follows:

(21)
(ucd(i),_M) i

-

||
=

(icd _@) g

M=

Il
—

15

r(y,2) < Fee (22)
where 7, is the set value of positive correlation
coefficient.

When r(w(i),x(i)) < rs positive correlation is not sat-
isfied, which indicates an internal fault. In contrast,
when r(w(i),x(i)) > rep positive correlation is satisfied,
indicating an external fault. In order to improve the reli-
ability while considering the sensitivity, the set value
should theoretically be as large as possible, with the
maximum value being 1. However, considering the influ-
ence caused by data acquisition, a certain margin should
be reserved with strong positive correlation still satisfied,
so the threshold value is set to 0.5.

The fault identification process is thus as follows.

e The two correlation coefficients at the protection
installation on both sides of the positive and
negative poles are calculated respectively;

e If the two correlation coefficients are all greater than
0.5, it means external faults;

e If at least one of the two correlation coefficients is
less than 0.5, it means internal faults, and the

(2020) 5:6
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correlation coefficient less than 0.5 corresponds to
the faulty pole.

5 Process of protection

The process of pilot protection of hybrid MMC DC grid
based on active detection when a DC line fails is given
as follows and the flow chart is shown in Fig. 10.

de>2Iden or W |

Y

Fault control
mode 1

[ dc satisfies?

N
Fault control mode 2
Calculate the
correlation
External

fault

1>0.5&7r2>0.5?2

Internal fault
Protection operates

1<0.5&72<0.5? 11<0.5&1>0.5

Pole-to Negative Postive
pole fault fault fault
I I
End

Fig. 10 Protection flow chart
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Table 1 Protection results
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Fault position Correlation coefficient (Positive/Negative) Fault section Fault pole Operate or not(Y/N)
f1(pole-to-ground) — 0.881/0.934 internal pole-to-ground Y
f1(pole-to-pole) —0.872/— 0921 internal pole-to-pole Y
fr(pole-to-pole) 0.976/0.963 external / N
f3(pole-to-pole) 0.977/0.954 external / N

1) When the hybrid MMC system detects that the DC
voltage drops to 0.5p.u or the DC current rises to
2p.u, it switches to the fault control mode 1 to limit
the fault current to a pre-set value. The converter
stations at both ends are not blocked during the
fault but remain continuous control.

2) In order to ensure the speed and reliability of fault
location, when it detects that the fault current is
within the set value range Iycser; (all three
consecutive sampling points are satisfied), the fault
control mode 1 is switched to the fault mode 2.
Taking the four-terminal grid as an example in this
paper, sinusoidal voltage waves of 100 Hz, with
amplitude of 0.1p.u, initial phase of 0, and length of
5 ms, are injected respectively by the four
converters.

3) The 100 Hz characteristic frequency electrical
quantity information is extracted from the
protection installation positions of the positive and
negative lines, and is fed into (21). Through
calculating the correlation coefficients r; and r, of
the positive and negative lines and comparing with
the set values, accurate discrimination of the fault
area is realized, and corresponding protection
operates.

6 Results and discussion

Referring to the hybrid MMC HVDC transmission sys-
tem and actual parameters, a + 400 kV bipolar four-
terminal hybrid MMC DC grid as shown in Fig. 7, is

Table 2 Protection results under noise interference

simulated in PSCAD, with the rated capacity of 1200
MVA. The 250 km long DC line is simulated using fre-
quency dependent line model. The aerial mode and zero
mode impedance are 0.027 + j0.87 Q/km and 0.046 +
j1.97 Q/km, respectively at 100 Hz frequency. Each
bridge arm consists of 200 sub-modules with equal
numbers of half-bridge and full-bridge sub-modules, and
an arm reactance of 19 mH. Capacitance of each sub-
module is 15mF. The AC system is rated at 380 kV with
the equivalent short circuit impedance of 18%. Simula-
tion time step is selected to be 100 ps, the sampling fre-
quency for signal processing is 10 kHz and the
simulation duration is 2 s. The fault occurs at 1 s.

The fault locations are respectively at f; (pole-to-pole
fault/ pole-to-ground fault in the midpoint of DC line
L,), f and f; (pole-to-pole fault in the midpoint of L,
and L3, which are external faults for L;), lasting for 1 s.
The simulation data obtained by PSCAD are imported
into MATLAB to verify the protection algorithm. In
order to improve the accuracy of the algorithm, consid-
ering the data transmission delay, the protection algo-
rithm can use the last 3 ms of the total data length (5
ms) for operation.

6.1 Verification of protection scheme

When the DC line fails, the systems on both sides are
switched to fault control mode 1, and the DC current refer-
ence value is set to 0.1p.u. When the fault current is de-
tected to have decreased to O.lp.u at m (with three

Distance km / (fault type) Correlation coefficient (positive/negative) Fault section Fault pole Operate or not (Y/N)
30(single-pole) —0.873/0.945 internal positive Y
100(single-pole) —0.923/0.937 internal positive Y
150(single-pole) —0.895/0.916 internal positive Y
250(single-pole) —0.832/0.907 internal positive Y
f(pole-to-pole) 0.941/0.932 external / N
30(pole-to-pole) —0.824/-0.865 internal pole-to-pole Y
100(pole-to-pole) —0.866/— 0.897 internal pole-to-pole Y
150(pole-to-pole) —0.813/—- 0.821 internal pole-to-pole Y
250(pole-to-pole) —0.842/- 0.851 internal pole-to-pole Y
fz(pole-to-pole) 0.913/0.922 external / N

From the simulation results, it can be seen that the protection principle has strong anti-interference capability
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Table 3 Protection results under grounding fault with fault impedance

Fault impedance ()/distance Correlation coefficient (positive/negative) Fault section Fault pole Operate or not (Y/N)
0.01/150 —0.903/0.931 internal positive Y
50/150 —0.801/0.928 internal positive Y
100/150 —-0.731/0916 internal positive Y
300/150 —0.633/0.902

0.01/250 —0.923/0.919 internal positive

50/250 —-0.836/0.917 internal positive

100/250 —0.766/0.913 internal positive Y
300/250 —0/612/0.901

0.01/f, 0.942/0918 external / N
50/ f, 0.937/0.922 external / N
100/ f, 0.926/0911 external / N
0.01/f 0.954/0.947 external / N
50/ f3 0.946/0.932 external / N
100/ f3 0.928/0915 external / N

From the simulation results, it can be seen that the model identification pilot protection based on active detection using the capacitance model to identify the

fault section has strong anti-fault impedance capability in principle

continuous sampling points), the converter is switched to
fault control mode 2. The 100 Hz sine wave signal is
injected into the line by changing the DC voltage reference
value, and the correlation coefficients of positive and nega-
tive poles is calculated by using (22). Take L1 as an example,
the positive DC current, DC voltage and the correlation re-
sults at m when an pole-to-pole fault occurs are shown in
Fig. 11, Fig. 12, Fig. 13, Fig. 14. The correlation coefficients
in Fig. 11, Fig. 12, Fig. 13, Fig. 14. are averaged, and the re-
sults are summarized in Table 1.

From Fig. 11, Fig. 12, Fig. 13, Fig. 14. it can be concluded
that when the system switches to the fault control mode 1
after fault occurrence, the fault current can be limited to
the set value within a few milliseconds. Then the system
switches to fault control mode 2. By changing the reference
value of DC voltage and injecting signals into the line, it
can be seen that DC voltage and current are approximate
sine waves within one cycle. In case of internal pole-to-
pole fault, the correlation coefficient of the positive and
negative poles is less than the set value, thus the protection
can operate correctly. When an external fault occurs, the
correlation coefficient of the positive and negative poles is

Table 4 Protection results with different sampling rates

larger than the set value, and the protection does not
operate.

6.2 Anti-interference capability

Considering the interference of external noise and trans-
former transmission error on the protection principle in
practical engineering, this paper uses random Gaussian
white noise to verify the anti-interference performance
of the principle. The signal-to-noise ratio of the white
noise signal is 30 dB. The anti-interference performance
of internal metallic grounding fault and pole-to-pole
fault in different fault positions (30 km, 100 km, 150 km,
250 km) of the DC line, and external pole-to-pole faults
(f> and f3) are verified as shown in Table 2.

6.3 Anti-fault impedance capability

Taking internal faults with 0.01 Q, 50 Q, 100 Q fault im-
pedances at 150 km and 250 km of f; in the positive pole
and external faults at the midpoint of f, and f; as exam-
ples, the anti-fault impedance performance of the
principle is tested, as shown in Table 3. In addition, in

Sampling rates (kHz) Correlation coefficient (positive/negative) Fault section Fault pole Operate or not (Y/N)
2 —0.833/0.905 internal positive Y
5 —-0.825/0.917 internal positive Y
10 —-0.819/0913 internal positive Y
15 —0.896/0.924 internal positive Y
20 -0.931/0911 internal positive Y

From the simulation results, it can be seen that the correlation coefficient is largely not affected by the sampling rate, ensuring the correct operation of the

protection in case of internal faults
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Table 5 Protection results with different correlation coefficients
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Methods Correlation coefficient Fault section Fault pole Operate or
(positive/negative) not (Y/N)

Spearman 0.941/0.932 external pole-to-pole N

Pearson 0.618/0.594 external pole-to-pole N

From the simulation results, it can be seen that the Spearman correlation coefficient is more superior

order to verify the protection performance under internal
fault with 300 Q fault impendence, the trigger criterion of
converter fault control is adjusted to that the DC voltage
drops to 0.8p.u. or the DC current rises to 1.5p.u.

6.4 Performance at different sampling rates

Taking internal faults with 0.01 Q transition impedance
at 200 km in positive pole as an example, the protection
scheme is tested with sampling rates of 2 kHz, 5 kHz, 10
kHz, 15 kHz and 20 kHz, as shown in Table 4.

6.5 Compared with Pearson correlation coefficient

Taking external pole-to-pole faults (f;) as an example,
the protection scheme is tested with sampling rates of
10 kHz, as shown in Table 5.

7 Conclusion

Combing the high controllability of hybrid MMC sys-
tem, fault ride-through strategy and characteristic signal
injection strategy, a pilot protection principle based on
active detection is proposed in this paper using model
identification. The following conclusions are obtained.

1) For the hybrid MMC converter system, its high
controllability can be fully utilized, and the
characteristic frequency signal can be injected by
controlling the DC voltage through acting on the
switching process of sub-modules to realize the
control of DC current and voltage.

2) Characteristic signals of the same frequency can be
injected into the lines at different converter
stations, and the frequency characteristic signals
extracted at the protection installation position. By
utilizing the characteristic that the frequency signals
satisfy the capacitance model for external faults but
do not satisfy for internal faults, the fault section
identification can be realized by combining the
model identification method and the Spearman
correlation identification method.

3) Pilot protection of hybrid MMC DC grid based on
active detection is not affected by distributed
capacitance current and is superior to traditional
model identification protection principle in
reliability and sensitivity. Combining the fault ride-
through strategy and the active detection signal in-
jection strategy, the proposed method is not af-
fected by line frequency-dependent parameters and

electric quantity differential term errors while on
the other hand, fault information can be used ef-
fectively and flexibly to identify fault sections. In
addition, the proposed method has strong anti-fault
impedance and anti-interference capability, and
does not depend on high sampling rate and DC
boundary.
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