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Abstract — Flexible direct current (DC) distribution systems
have emerged as the development trend for future distribution
grids. However, these systems are vulnerable to DC faults, rapid
fault identification and faulted line selection method arerequired
toenhancethe security of theentiresystem. A novel transient high-
frequency impedance comparison based DC protection for flexible
DC distribution systems is proposed in this paper. The control-
independent high frequency impedance model of power converter
is also investigated. Based on this model, the proposed method
identified the faulted lines by comparing high frequency
impedance measurement differences. For DC bus with multiple
branches, this technique minimizes the threshold calculation job,
which is usually difficult to process for the transient value based
protections. Strict synchronization of dataisalso not required for
this method. The simulation model of four-terminal flexible DC
distribution networks is built in PSCAD/EMTDC to verify the
effectiveness of the proposed protection model. Simulation results
prove that the protection isrobust to fault transition resistances
and the measurement noise.

Index Terms— Flexible DC grid, modular multilevel converter,
high-frequency impedance, directional pilot protection

|. INTRODUCTION

ith widespread permeati on of the distributed energiesand

DC loads, the traditional AC distribution network needs
more power conversion stages and breakers with higher
breaking capacity. The DC distribution system can reduce the
power commutation link and not increase the fault current on
the AC side. In addition, the DC network is more suitable for
cable-transmission[ 1], which can aleviate the land shortage in
modern city. The larger power supply radius and the excellent
power quaity make it become the popular devel opment trend
for future power distribution grids[2-6]. However, the system is
vulnerable to DC fault. When a pole-to-pole fault occursin the
flexible DC distribution system, the fault current will rise
rapidly [7], seriously damaging the power converter and other
electronic devices in the system. Therefore, it is imperative to
identify faults rapidly, and selectively isolate the fault point by
DC protection. In previously published papers, the protection
applied in DC distribution systems could be divided into the
following two categories: 1) Time domain measurement based
DC protections; 2) Frequency domain measurement based DC
protections.

The DC protectiong[8-9] which directly utilize the time
domain data can be further divided into two categories
depending on whether the communications are required or not.
These are non-unit protections and unit protections. Non-unit
protections can identify the DC faults using localy measured
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information[10], such as overcurrent protection discussed in
Ref.[11], current derivative based DC protections (di/dt,
d?/dt?), and voltage derivative based protections (du/dt) which
were investigated respectively in [12-14]. However, applying a
suitable threshold setting for the above protections may require
a high level of the operation experience. Authors of the
literatures [15-17] constructed a clear protected boundary by
installing reactors a both terminals of the DC line. It is
relatively easy to partition the DC line faults using these
techniques by comparing the transient characteristics when the
fault is located in different positions (between the two reactors
or external). However, the additional DC reactors will reduce
the power transformation efficiency and deteriorate the
performance of control system that might not be available for
al of the DC distributions [18]. Traveling-wave (TW) based
protection introduced in reference [19-20] can rapidly
discriminate the DC faults. However, the TW-based protections
will suffer malfunctions or refused to operate when the fault is
located very close to the measuring devices [21]. Furthermore,
the TW-based protection is mainly equipped in thetransmission
systems especially the point-to- point transmission line. For the
DC distribution network with multiple branches, the TW-based
protection can be challenged due to wide reflection of the
travelling wave. Unit protections with the communication
naturally have clear boundaries, for example, current
differential protection can locate DC faults rapidly and
selectively [22]. However, measuring information at the both
terminds of the DC line is required, and the data
synchronization for both sides must be strictly carried out [23-
24]. In reference [25], directiona and over-current criteria is
adopted to determine the directions of the fault and carry out
fault identification via applying the directiona pilot protection.
This method does not require the strict data synchronization,
however, its operation performance can be challenged by the
oscillation of DC fault currents.

For frequency domain based protections, the authorsin [26]
calculated the current amplitude at the resonant frequencies of
the DC filter to identify the faults. The impedance angle was
calculated under the resonant frequencies of the DC filters to
carry out interna/external fault identificationin [27]. However,
the protection schemes proposed in [26-27] are mainly applied
in the conventional DC transmission systems, which mostly
utilize an inductive DC filter to smooth voltage waveforms. For
the flexible DC system, the DC filter is unnecessary due to its
excellent power quality. Thus, such protections would not be
suitable to the flexible DC system. In [28], accurate fault
area/pole identification is carried out by measuring transient
impedance. This method demonstrates excellent performance
when the filter-boundary exists, but it would be compromised
when used in the multi-branch system investigated in this study.



Reference [29-30] analyzed the AC-side high-frequency
impedance characteristics of the Two-level VSC converter and
further propose a high-frequency impedance measuring based
fault location method. However, for DC distribution system, the
high-frequency impedance model is inapplicable and needs to
be rebuilt according to specific converter topology (MMC,
DC/DC converter) and the fault types (DC fault). Paper [31]
proposed a wavelet-transform (WT) based DC fault detection
method via calculating Pearson correlation coefficient between
the wavelet and fault pattern, the faults can be detected using
loca measurements. Ref [32] investigated a STFT-based DC
fault detection strategy. The fault isidentified according to the
distortion of frequency spectrums. Comparing with WT-based
method, the STFT-methods are more efficient in computation
speed. However, for multi-termina system, the faulted line is
required to be further selected out to trigger the specific relays.
The fault detection and location method based on the WT are
investigated in the Ref [33-34]. In paper [35], the faulted line
could be discriminated by comparing the wavelet coefficients
with the setting thresholds which are determined by multiple
simulations. The discrete wavel et transform (DWT) magnitude
iscaculated in Ref [34] to discriminate the faulted line with the
inductive terminals. For the investigated DC system, there may
be no line reactors to form the inductive boundary.

A novel unit protection utilizing the high frequency domain
information to identify the DC pole to pole faults rapidly and
selectively is proposed in this paper. When a DC fault occurs, a
deep voltage sag will occur at the fault point, which can be seen
asthe superposition of alarge number of high-frequency signals
with attenuation characteristics. Power converters can be
linearized into a constant impedance in the high frequency
band, regardless of different control strategies. Faults|ocated at
different positions can be distinguished using comparisons of
the measured transient high-frequency impedances. As the
high-frequency signal source is located at the fault point, the
proposed protection remains robust when experiencing fault
transition resistance compared with traditional protections. On
the other hand, the high-frequency impedance model of power
converter is investigated which simply performs as a constant
impedance. Therefore, the proposed protection is only slightly
affected by different converter control schemes. The proposed
method a so does not require complexed threshold setting in the
case of multiple line connection, the strict synchronization of
data measurement is unnecessary and is low-bandwidth for the
data communication. In addition, the sensors are equipped
around the DC bus rather than on the both ends of each branch
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Fig. 1. Structure of theinvestigated DC distribution network
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comparing with traditional pilot protection, which is beneficia
for the multi-branch system with distributed energy integration.
To verify the effectiveness of proposed protection algorism, a
four-terminal flexible DC distribution system has been built in
PSCAD/EMTDC platform.

The remainder of this paper is structured as follows: in the
Section |1, an analysis of the transient high-frequency signals
generation mechanism and the control -independent impedance
model of the converter in the high frequency band is presented,
whichisthe basis of proposed protection. Section 111 detailsthe
novel fault identification criterion. Section IV verifies the
performance of the new protection under different influencing
factors. Finaly, conclusions are drawn in Section V.

Il. TRANSIENT HIGH-FREQUENCY IMPEDANCE ANALYSIS

A. Structure of the Investigated DC Distribution System

The investigated flexible DC distribution system, as shown
in Fig. 1, is composed of the modular multilevel converters
(MMC) and DC/DC converters. The MMC converters adopt a
special topology based on clamp double sub-module (CDSM),
which can clear DC fault currents within 3 ms after the fault
inception (the detailed topology of CDSM-MMC is present in
subsection C). The rated voltage of the DC distribution system
is £10 kV with the insulated neutral, and the AC system is
grounded through the Z-type transformer. The symbol fi~fs
denotes the fault positions, ‘SW’ represents the fast isolators.
(For the economic and applicable reasons, the fast isolators
are used to remove the faulted lineinstead of the DC circuit
breakers) The measuring device groups of ‘1~4' deployed on
the DC bus (as shown in the dashed box) includes No. 1~10
units respectively connected with each of the DC linesto obtain
line’ svoltages and currents. Intheinvestigated system, the DC-
side neutral points of the two DC/DC converters are connected
to the ground through a high-impedance (10°Q2), the transient
current is too weak to be detected and not damage the system
when the DC pole-to-ground fault occurs. Therefore, this paper
will mainly focus on the DC pole-to-pole faults which is
required to be removed very fast.

B. High-frequency Signal Generation Mechanism

When DC fault occurs, the voltage of the fault point will
suffer a deep sag that is similar to a step signa superimposed
on the original DC voltage waveform, the step change and its
spectrum can be expressed as (1)(2). Fig.2(a-d) demonstrate the
transient DC voltage/current waveform and their spectrum
extracted via the Continuous-Wavelet Transform (CWT) when
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(a) The DC fault voltage waveform (c) The spectrum of DC fault voltage
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Fig. 2. The fault voltage/current waveforms and their spectrums
thefault islocated at f1. It can be concluded that spectra value
[U(jw)| of the DC voltage sag are distributed over the entire
frequency domain, its spectral energy isinversely proportional
to the frequencies. Therefore, the DC fault transient voltage at
the fault point will contain a large number of the frequency
components with high signal-to-noise ratios. These frequency
components can be seen as a signal source located at the fault
point in protected line, and can be used for fault identification.
Moreover, these frequency domain voltage and current signals
can be precisely extracted by CWT as detailed in [35]. The
transient impedance can be described in Laplace domain, as
shown in (3), in which o is the angular frequency, symbol j
denotes the imaginary unit.

1t>0
g(t)z{o,ko @)
F(jw):n5(t)+jiw )

Z(s)=U(s)/1(s)=2Z(je)=U(j)/I(jo) @)
Considering the converters will be blocked within 3 ms of
the fault inception [36-37], only the data before the converter
blocking is valid for the proposed method. The low-frequency
signals are difficult to obtain accurately in such a narrow data
window, while high-frequency information is easy to capturein
this scenario. Moreover, the converter internal capacitors will
behave the low-impedance characteristics compared with the
bridge-arm reactors in the high frequency band. Thus, the
converter DC-side equivalent circuit can be linearized into a
constant impedance by characterizing it in the high-frequency
domain (detailed analysis is provided in subsection C below).
Therefore, impedance information under the high-frequency
band will be investigated in this paper.

C. The DC-side High-frequency Impedance of Converter

The faulty converter is extremely difficult to model in time
domain due to its unpredictable switching behavior under the
fault. However, this can be simplified by characterizing itinthe
high-frequency band, in which the effect of the converter
switching could be eliminated considering the low-impedance
characteristic of sub-capacitorsin high-frequency domain.

i) High-frequency model of DC/DC converter

For DC/DC converters in the investigated system, a large
capacitor is parald on the high-voltage side, as illustrated in
the Appendix. Thus, the DC/DC converter will conduct thelow-
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Fig. 3(a). DC-side high-frequency model of CDSM-MMC
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Fig. 3(b). The RLC circuit in a certain switching status

impedance characteristic to the high-frequency signal that is
generated by the DC fault.
ii) High-frequency model of CDSM-MMC

For MM C-type converter, the sub-capacitors are distributed
inside the bridge-arm, and there is areactor connected with the
sub-capacitor in series. This high-frequency impedance model
will be dramatically different to DC/DC converters. A detailed
topology of CDSM-MMC is presented in the Fig. 3(a), which
includes three phase-units parallel connected between positive
and negative poles. Each phase-unit is further composed of 2N
sub-modules and two bridge-arm reactorsin series. To maintain
a constant DC-bus voltage, the converter modulation will
ensure the sum of ‘on-state’ sub-modules in each phase- unit
holds a constant N at any time. Thus, each bridge arm of MMC
can be described as a RLC circuit in a certain switching status
in Fig.3(b). Where Lo represents bridge-arm inductance, Co is
capacitance of the sub-modules, Riym denotes bridge-arm
resistance, and Nap, Nan, Nop, Non, Nep, Nen rePresent the number of
the ‘on-state’ sub-module in each bridge arm.

Although the ‘on-state’ sub-modules humber of each phase
unit is dynamic and is determined by the switching status, the
effects of converter’s switching behavior can be eliminated in
the high frequency band. It is mainly due to the sub-capacitor
low-impedance characteristic in the high-frequency band.

According to the Fig. 3, since the high-frequency inductive
impedance of the bridge-arm reactor is much larger than the
sub-capacitors capacitive high-frequency impedance (4), each
phase-units can be approximately replaced by the bridge-arm
reactors, and the three phase-unitsare almost symmetrical to the
high-frequency signal generated by the DC fault. Thus, the
shunt effects of grid equivalent impedance Ls can be ignored,
and the high-frequency model of the converter can be further
simplified as a RLC circuit. The total impedance of converter is
derived in (5) as a constant contributed by the converter sub-
capacitors, bridge-arm reactors, and resistors.
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D. Transient High-frequency Impedance Analysis

The fault superimposed networks for the different DC fault
positions are illustrated in Fig. 4. The signa source Us (jw) is
located at fault point. Symbols Z;1~Z4+ denote the transient
impedances in Laplace domain of DC/DC converters and the
CDSM-MMC. Subscript Z;; represents the transient impedance
of the No.i DC line, and Zj;; denotes the transient impedance of
j-th partition, which belongsto the No.i DCline (Symbol ' L’ in
Fig. 4 represents the potentia reference points rather than real
grounding €l ectrodes).

Fig. 4(b). High-frequency superimposed network of f2 fault
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Fig. 4(d). High-frequency superimposed network of f4 fault

Transient impedances in Fig. 4 are operationa impedances
in Laplace domain, and can be described by using magnitude-
frequency curves. The analysisin the Section B proves that the
signas in the high-frequency band are suitable to be used for
protections. Thus, the transient high-frequency impedance is
defined as the amplitude at a certain high-frequency point (wy)
on the transient impedance magnitude-frequency curve.

When the fault is located at f1. It can be seen from Fig.4(a),
the theoretical high-frequency impedance of measuring unitlis
Z:1 (high-frequency impedance of MMC-1). The theoretical
measuring impedance of unit3isthe seriesimpedance of Z;4 and
Zi3. (The sum of high-frequency impedance of DC/DC-1 Z 4 and
high-frequency impedance of the DC Line3 Z3). The theoretica
measuring impedance of the unit2 is the parallel one of the Z;
and Z,. These above theoretical high-frequency impedances of
each measuring unit is described as (6):

Zi = Zrl( wk)
Z,=Z(o)IZ{ o) (6)
Z;=7Z (o) { o)

In (6), the theoretical high-frequency impedance of unit2 is
the parallel one of Z1 and Z3 (Z2=Z1//Z3). Considering the shunt
impedance is less than that of any branch, the measuring high-
frequency impedance of the unit2 (directly connects with the
faulted line) isthe minimum in device group (1) asshownin (7):

|Z2|<|2| and[Z,| <|2| ™

When the fault islocated at f.. It can be seen in Fig.4(b), the

theoretical measuring impedance of unitl isthe parallel one of

Z, and Zs. Therefore, the measuring transient high-frequency

impedance of unitl will be the minimum in the device group
(D asshownin (8):

2|<[z]ad 2| <[z, ®
Similarly, when the DC fault islocated at f; as shownin Fig.
4(c), the (9) can be obtained as following:

2] <[z [z <[z ©

As seen from (7)-(9), the measuring units which holds the
minimum transient high-frequency impedance are different in
measuring device group (1) when the fault is located at the
different positions. The measuring unit that directly connected
with the faulted line will hold the minimum value of transient
high-frequency impedance in the measuring device group due
to the shunt effect. The fault direction can be determined by
comparing these transient high-frequency impedances in the
same measuring device group deployed on DC bus.

However, if the DC bus only has two branches, the shunt
effect described in the (7)-(9) will not work. For instance,
considering the measuring device group (4), the theoretical
transient high-frequency impedance of the No. 9 and No. 10
measuring units can be obtained as formula (10-11), according
to Fig. 4(c-d) when fault is located at f; and fa, respectively:

Zy=2,,=2(0o,) (10)
Z,=2, =2 a)+Z{a)llZ{a)+Z L a)l(ZLa)+Z{ a)l(11)



Therefore, for the DC buswith only two lines connection, the
measuring units deployed on each branch will hold equal
transient high-frequency impedance for various fault locations.
However, these values of transient high-frequency impedances
vary for faults in different locations. The faulted line selection
can be achieved by comparing the theoretical value and the
measured val ue of the high-frequency impedances.

I11. PROPOSED DIRECTIONAL PILOT PROTECTION

A. Fault Identification Criterion

When there are multiple (more than two) lines connected on
the DC bus, as per the previous anaysis, the high frequency
impedance of fault-side measuring unit will be the minimum.
In this scenario, the fault direction could be discriminated by
comparing the high-frequency impedances in same measuring
device group. In order to calculate high-frequency impedance
Zi*(wy), the amplitudes of voltage/current frequency-domain
components |U(jwk)| and [I(jwk)| need to be extracted by the
CWT from the time-domain sampling data, respectively. Then
the high-frequency impedance at the frequency point wx can be
obtained viathe division of [U(jao)/|l (jww)|in (3).

The root mean square (RMS) A" of these transient high-
frequency impedances under multiple high-frequency pointsis
calculated in the (12) to reduce error. Symbol R isused to mark
the comparison result: the measuring unit which holds the
minimum high-frequency impedance sets R =1, indicating the
No.i DC line may contain a potentia fault point.

R:{lv,Aj*>A*,j¢i

03A" <A, j#i
<A (12)

A = \/gzi*(wu/wkz /K

In accordance with the previous analysis, in the case where
there are only two branches connected with the DC bus, the
transient high-frequency impedances of these two measuring
unitswill beequal. The fault identification criterion in (12) will
not work under this circumstance. However, considering the
value of transient high-frequency impedances are different
when the fault is located at different branches, the faulted line
can be distinguished by comparing the theoretical vaue of
transient high-frequency impedance with the measured one, as
shown by formula (13):

R :{1' A e(KA KA)
0, A" ¢ (KA, KA)

A :\/i|zi (a)k)/a)k|2/K

where Zi(wk) denotes the theoretical transient high-frequency
impedance at the high frequency point wx.

Comparing with the (12), the high-frequency impedance
Zi(wy) in (13) isobtained from the actual system parameter. The
measuring units which conforming the theoretical value (with
the reliable coefficient ki and kn) will set its R =1 to flag the
fault direction. For instance, with regard to the measuring No.
9, 10 unitsin measuring device group (), the theoretical values

(13)

of Zi(w\) can be respectively calculated by (10) and (11) when
the fault occurs at f; and f4. Subscript A is the RMS of these
theoretical transient high-frequency impedances. The Ky (Kr>1)
and K| (Ki<1) are reliable coefficients.

Fault direction can be identified by measuring the transient
high-frequency impedance which is only related to the system
structure/parameters and stable. Traditional fault characteristic
detection based protection is driven by the converters and DC
loads, however the proposed method is driven by the high-
frequency source which is located at the fault point. The high-
frequency impedance can be different when the more loads are
connected. However, the proposed method is based impedance
comparison and the results will not change once the system’s
configuration is fixed. The proposed method is immune to the
flexible power flow and the oscillations of the fault transient
currents/voltagesin DC system.

To carry out faulted line identification, the directional pilot
scheme is adopted to protect the full-length of the DC line:
when the No. i measuring unit detects that the fault is on its
connected line, its R is set to ‘1" and will be sent to the other
end of DC line. Only when the measuring units deployed on
both ends of the DC line all determine that the fault is located
at their connected line, converters will be blocked and trigger
theisolators at both ends of the faulted line after fault current is
extinguished by the CDSM-MMC. The logica expression
mentioned above can be expressed by (13), in which M, N
denote the two ends of DC line.

{1mm&=1

(14)

OR, "R, =0

For the proposed protection, only a logic signal needs to be
delivered via the communications, so the data synchronization
between the two measuring device groups is unnecessary. The
proposed method could protect the full length of the DC lines
with the very |low-bandwidth requirement.

For the fault behind the DC/DC converters which is located
at the terminal of DC distribution network, the fault currents
will flow from the converter to the PV9[38] and it can be
detected by the directiona protection with over-current criteria.

B. Flow Chart of the Proposed Protection

According to the fault identification criterion, the flow chart
of the proposed protection is shown in the Fig. 5, and includes
the three steps. (1) Protection Startup; (2) Fault Detection; (3)
Faulted Line Selection. With reference to the configuration of
the protection in high-voltage direct current (HVDC) system,
the principles du/dt and di/dt are used as the start-up criterion
for the proposed protection. The under-voltage/over-current
principle is used to detect the pole to pole fault of the DC line.
The proposed transient high-frequency impedance comparison
based protection will then be used to carry out the faulted line
selection. When both the protection startup and fault detection
criterions are satisfied, the converters will be blocked to clear
the fault currents. The isolators installed on both ends of the
faulted line will then be triggered to isolate the fault point after
short-circuit current is extinguished by converter. Following
this, the converter can be restarted, and the non-fault area of the
DC distribution network will restore the power supply.
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Fig. 5. Flow chart of the proposed protection scheme

IV.SIMULATIONSAND VERIFICATIONS

In this section, the simulation model of the typical flexible
DC system in Fig. 1 is built in PSCAD/EMTDC to verify the
effectiveness of the proposed protection. The system includes
two independent AC systems (10 kV) connected via a 3.5 km
DC line. Two CDSM-MMCs (5 MV A) operate at the constant
DC voltage mode and the constant active/reactive power mode
respectively to carry out power conversion and transmission. In
addition, the photovoltaic arrays (2.5 MW) and DC loads (5
MW) are integrated with the DC system via DC/DC converter.
Simulation step is 10 ps and the sampling frequency is 50 kHz
to provide results with good SNR in the interested frequency
range and aso is within the data processing limitation of the
most signal processing boards, the fault duration timeis 0.8 s.
A more detailed outline of the simulation model parametersis
presented in the Appendix.

Continuous wavel et transformation is applied to extract the
high-frequency signals for the protection algorithms proposed
in this paper. The Morlet wavelet [39] is selected as mother
wavelet in the (15). Where the bandwidth frequency f» is 10
Hz and the center frequency fc is 2 Hz to emphasize the
accuracy of resultsin interested high-frequency range. Data
measurement window is 5 ms (respectively 2.5 ms before and
after the fault) to accurately extract the fault transient process,
however it is not the rigid requirement and can be modified
according the extraction effects.

The agorithms of the proposed protection are computed in
MATLAB R2014b and the computer is equipped with Corei5

CPU (3.4GHz) and 4.0 GB RAM. For industry application, the
field-programmabl e gate-array (FPGA) unit is used to process
the measuring data and send the protection trigger signal. The
total operation time will only take a few milliseconds after the
DC fault inception.
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Considering that the transient impedances of the MMC wiill
be linear to the frequency in high frequency band, the RM S of
high-frequency impedances at 1000, 1100, 1200, 1300, 1400,
and 1500 Hz are calculated using (10) and (11) to reduce the
measuring error. The selection principle of frequency band is
detailed below:

i) The upper limit of the selected frequencies

The upper limit of the selected frequencies should be lower
than haf of the data sampling frequency to meet the ‘ Nyquist
sampling theorem. Furthermore, the spectral energy density
must be high enough to accurately extract the high-frequency
signals when considering theinversely proportiona magnitude
-frequency characteristic in the Fig. 2(b)(d).

ii) Thelower limit of the selected frequencies

These selected frequencies should satisfy the constraints of
the (4). In this case, the DC-side equivalent model of the
converter can be linearized as a constant impedance.

iii) Influence of the converter switching frequency

Rich harmonics will be present around converter switching
frequency and that may cause a large error to the protection
algorithm. Thus, the selected frequencies should be far away
from the converter switching frequency.

A. Verification of MMC High-frequency Model

When thereis a DC fault, the rich frequency domain signals
will be generated on the fault point, and transient DC voltages
and the currents flowing through MMC at frequencies ranging
from 0.1~4 kHz can be obtained in the simulation. Therefore,
the DC-side high-frequency impedances under various control
strategies, controller parameters, and power outputs of MMC
can be calculated by (3) and are presented in Fig. 6. Where kp
isthe proportiona coefficient of the Pl controller, Pisthe active
power output of PQ-mode MMC.
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Fig. 6(3). High-frequency impedances under various control strategy
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Asillustrated in the Fig. 6, for the frequencies ranging from
0.5~3 kHz, the measured transient impedances are essentialy
the same as the theoretical curve calculated by the (5). For
frequencies ranging from 3~4 kHz, the difference between the
measured val ue and theoretical value of transient impedanceis
not obvious (maximum error is about 7 % and average error is
less than 3 %), that is caused by the signa attenuations. In
addition, the transient impedances in the high frequency band
will display a strong inductive characteristic according to (5)
which is independent to the control strategies/parameters of
converter. The theoretical analysis corresponds well with the
simulation results, verifying the proposed high-frequency
impedance model of the MMC.
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B. Performance of the Proposed Protection

To verify the protection algorism, apoleto polefault is set at
fron DC linel. Thetransient high-frequency impedance of each
measuring unit in measuring device groups (1) and 2) are
shown in Fig. 7(a) and (b), respectively. Values A*, calculated
by (14) of each measuring unit, are provided in Fig. 7(c).

Asillustrated in Fig. 7(a)(b), the high-frequency impedance
of the No. 2 measuring unit in measuring device group (1) isthe
minimum at each frequency point in the selected frequency
band, and so is the No. 4 measuring unit in device group (2).
This finding proves the amplitude of the fault-side transient
high-frequency impedance is the lowest in the same measuring
device group when multiple lines connect on the DC bus. As R,
= R4 =1, the fault will be located at the DC-line 1, which is
directly connected to measuring unit 2 and 4, respectively.
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Fig. 7(a). High-frequency impedances of measuring device group (1)
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Fig. 7(c). Values A" of each measuring unit when fault is located at f1

In addition, for the fault located at DC-line 1, the theoretical
transient high-frequency impedance of the No. 7-10 measuring
unitsis the high-frequency impedance of the DC/DC converter.
Thus, the values A" of No. 7-10 measuring units will be much
smaller than the ones of No. 1-7's, as shown in the Fig. 7(c),
which are mainly caused by the low-impedance characteristics
of high-voltage smooth capacitors in high-frequency band.

Table | provides the values of A" for the DC fault located at
different positionsin Fig. 1. The measuring units that conform
the fault identification criterion (their R isset to ‘1’ to flag the
fault direction) have been marked using a dashed box, thus the
faulted line can be selected out by applying logica expression
in (14). Table | shows that the proposed method completes the
faulted line selection reliably via measuring the transient high-
frequency impedancesin flexible DC systems.

For the measuring device group (1) and (2) deployed on the
DC bus with three branches, the fault identification criterion in

TABLEI

SIMULATION RESULTS WHEN FAULTS ARE LOCATED AT DIFFERENT LINES

Fault location f1 fp fa fa fs
A (x109) 17.481 2681 9.725 9679 9551
A’ (x109) 5.381 7.683 7.650 7617 299
A’ (x109) 7.775 4.165 4.285 4287 4.283
A’ (x109) 5574 2093 2977 2954: 7716
A’ (x109) 7.791 4.308 4.294 4283 4088
A’ (x109) 17.401 0.831 9.729 9550  9.656
A’ (x109) {0436 0424 044 04490 {0799
A’ (x109) 0.436 0.424 0.424 0449 0799
A’ (x109) 0.429 0.906 0.803 8867 0434
Ag (x10%)  D04%9: 0006 OB0% 8967 0434
Results Linel MMC1 Line3s  DC/DCl  Line2




TABLETI TABLEIV
THEORETICAL HIGH-FREQUENCY IMPEDANCE AND RELIABLE COEFFICIENTS SIMULATION RESULTS WITH NOISE UNDER VARIOUS SIGNAL TO NOISE RATIO
Units Jgﬁg'ﬁ‘;;egg@') Reliable coefficient  Setting ranges (x10°) Fw;,t\,g,?gon ?f’g f1 ;g 5%
7 0.36 K;=0.25; Kn=4.0 (0.09, 1.44) A" (x109) 22.035 84773 9.578
8 93 K= 0.80; Ky=12 (7.44,11.16) A’ (x109) 4694 24.657 7.806
9 93 K =0.80; Kh=1.2 (7.44,11.16) A (x109 6.192 4.048 4.399
10 0.36 Ki=0.25; Ky=4.0 (0.09, 1.44) A’ (x109) 2:620 1o44 3028
(12) can be used without the threshold settings. However, for AT (1079 10728 3767 4.195
the device groups (3 and (@) with only two branches, the A (409 1937 o641 10.909
threshold criterion should be used. In the practical application, A7 (407 L 210! Q04
the measuring high-frequency impedances won't strictly equal A’ (<109 2859 1835 0.366
to their theoretical values due to the measuring errors and the A’ (<109 2616 0.798 0.809
uncertainties of system parameters. The reliability coefficients Ay’ (x10%) 1765 1,028 0.792:
should be considered when the theoretical value is taken into Results Linel Line3 Line3

account during the protection decision. The high-frequency
impedance and setting range of each measuring units in group
® and @ areprovidedin Tablell.

The measuring errors of the sensors, the computation errors
of data processing and the uncertainties of system parameters
(such as the impedance errors of DC line) have been taken into
account when determining the reliable coefficients. The fault
directions could be distinguished by comparing the theoretical
value and the measuring value of high-frequency impedances.
The measuring units which conform to the setting ranges are
marked with a dashed box in the Table.

C. Influence of Fault Transition Resistance

For the proposed method, the signal source is located at the
fault point. The transient high-frequency impedances are only
related to systems own topology/parameter, and are irrelevant
to the fault transition resistance. However, the fault resistance
will lead to the attenuation of transient high-frequency signal
generated by the fault point, and will cause errors in measured
high-frequency impedances.

Table 11 presents the simulation results for DC distribution
network in the Fig. 1, in which the fault occurs at f; and f3,
respectively, with thetransition resistance of 50 /100 Q. It can
be seen that the proposed method can identify the faulted line
reliably, even when the transition resistance reaches up to 100
Qinthe+10kV DC system. Thisresult showsthat the proposed
method is robust to fault transition resistance.

TABLEII
SIMULATION RESULTSWITH VARIOUS TRANSITION RESISTANCE
Fault location fi fi f3 fa
r;;";ﬂ;’;z 50 100 50 100
A’ (x109) 24.361 31237
A’ (x109) 7.424 24.795
A (x109) 10.700 13.661
A’ (x109 7414 10,045
A’ (x109 10.743 14710
A’ (x109 23919 31.668
A’ (x109) {0,470} {0801
A (x109) 0.470 0.801
A’ (x109)
Ay (x109

Results

D. Influence of Sgnal Disturbance

The transient-impedance characteristics of DC distribution
network in high-frequency band is analyzed and is then used to
form the proposed fault identification criterion in this paper to
improve the high-impedance fault detection. However, the
transient high-frequency signal can be disturbed by noise from
the sensing instrument itself or in other unpredictable ways.
Therefore, it is necessary to evaluate the noise effects on the
proposed transient high-frequency impedance measured based
protection in this paper.

Simulations are carried out to estimate the influence of the
measurement noise by adding Gaussian-noise with different
intensity to voltage/current sampling data. The values A" of
each measuring unit are provided in TablelV, for when the fault
is located a f, and fs, respectively. Compared with the
simulation results in Table I, it is obvious that the calculation
error of A" for each measuring unit increases with added noise.
Simulation results show the proposed method can tolerate at
least 30 dB of the signal-to-noiseratio (SNR).

Overall, the noise of the system is not larger than 30 dB, thus
the proposed protection is proven to have the satisfactory noise
immunity that can reliably achieve faulted line selection under
noi se circumstances.

V. CONCLUSIONS

This paper proposed a transient high-frequency impedance
comparison based protection for the flexible DC distribution
systems. The main contributions are as follows:

(1) In order to eliminate the effects of unpredictable switching
behavior on the time-domain fault characteristics of converter,
the control-independent high-frequency impedance model of
the MM C-type converters was investigated for the first timein
this paper, which can be linearized as a constant impedance in
high-frequency band. The converter offers constant impedance
regardless of the control strategies, which is the foundation of
the network high-frequency impedance anaysis in MM C-type
DC distribution system.

(2) For the traditional DC protections, the fault characteristics
detected by the protection are driven by the converters and DC
loads, so the protection is normally sensitive to fault transition
resistance. However, for the proposed method, the fault itself is
regarded as a signal source located at the fault point, so the



proposed method is robust to the fault transition resistance.

(3) The deployment of measuring units was only required on
the bus side of each branch to form the measuring device group.
Complex threshold settings in the case of multiple lines
connection were aso not required. This is beneficial for the
multi-branch system with distributed energy integration.

(4) Although the proposed protection is a pilot communication
method, compared with traditional pilot protections (such asthe
differential protection), the strict data synchronization isn't
required, and the high-frequency impedancesareonly related to
the system structure/parameters. Thus, the proposed method is
immune to the flexible operating modes of the system.

I. APPENDIX

In this paper, DC/DC converters are used to carry out DC
voltage matching for photovoltaic arrays and DC loads. The
DC/DC converter includes the three dual active bridge (DAB)
units with the structure of input-parallel/output-series (IPOS) to
boost the DC voltage. For each DAB unit, there are two
capacitors paralel on the high voltage (HV) and low voltage
(LV) sides, respectively, to smooth the DC voltages.

U,

U
= DAB 1
3&@ W s
|
& i | } R
[ DAB2
sy sy QZJL)‘ jg Qy
H T L
V| V|
D] —4 |D|
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Fig. Al. Detailed structure of the DC/DC converters
The following tables present detailed parameters of the
simulation model in Fig. 1.

TABLEAL
CAPACITY AND CONTROL SCHEME OF THE CONVERTERS

Converter type  Transformationratio  Capacity Control scheme
CDSM-MMC1 AC10kV/DC+10kV 5MVA Constant-voltage
CDSM-MMC 2 AC10kV/DC+10kV 5MVA Constant-power
DC/DC1 DC+10kV/DC750V 25MW MPPT
DC/DC2 DC+10kV/DC750V 5MW Constant-power
TABLE A.Il
DETAILED PARAMETERS OF THE DC LINES IN SIMULATIONS
. ength Resistance Inductance Capacitance
DCline  “xm) (Q/km) (mH/km) (F/km)
Linel 35 0.0669 0.6857 8.34*10°
Line2 175 0.0669 0.6857 8.34*10°
Line3 175 0.0669 0.6857 8.34*10°

TABLE A.III
DETAILED PARAMETERS OF THE MMC AND DC/DC CONVERTERS
The bridge-arm inductance Lo 15mH
MMC The sub-module capacitance Cy 300uF
The output voltage level number 11
DC/DC The high-voltage s_ide capac.i tance 500pF
The low-voltage side capacitance 150uF
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