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Abstract- This paper presents a novel fault protection scheme for standalone low-voltage (LV) DC microgrids (MG), which
relies on the first-order current and voltage derivatives to detect pole-to-pole (P2P) and pole-to-ground (P2G) faults in the system.
Local measurements of current and voltage signals are applied for the proposed protection scheme. To effectively adapt to high
noise levels of current and voltage sensors from the local measurements, a Chi-square-based statistic method is developed to
determine tripping thresholds of the current and voltage derivatives in this proposed protection scheme. To be highly adaptable
to the directional change of fault currents in the DC microgrid, moreover, the standard deviation- and mean-based calculation of
lower and upper boundaries of current and voltage parameters has been also applied for the protection system. As a new
contribution of the paper, this novel statistical and adaptive current- and voltage-based protection system can be more effective
in protecting source and load branches of the small-scaled LVDC microgrid. Specifically, irrespective of large transients and
measurement noises during the standalone operation of DC MGs, different P2P and P2G faults can be detected and cleared within
a few milliseconds. The protection design procedure for DC microgrids is also detailed in this paper. For high applicability,
solid-state relays and microcontrollers are equipped for the off-grid 48Vpc microgrid testbed to implement and validate the
suggested novel fault protection algorithm by doing multiple staged-fault tests at different positions in this microgrid testbed.

Keywords Chi-square threshold, current derivative, DC microgrid, voltage derivative, fault current, islanded operation.

1. Introduction high fault currents from DC-link capacitors in the system [5,
6]. Therefore, a fast and adaptive protection system is needed
A direct-current microgrid mainly consists of DC-power- ~ to limit the negative impact of fault disturbances on the

consumed loads, DC-power-generating sources like  operation of DC microgrids by detecting and clearing different
photovoltaic (PV) arrays, and energy storage systems (ESS)  faults within the expected time frame.

[1, 2]. The DC microgrid technology uses fewer power-
conversion stages as compared to the AC microgrid [3].
Moreover, the operation of multiple parallel converter-based
distributed generators (DG) can be an easier task in the DC
microgrid as compared to the AC microgrid due to ignoring
synchronization conditions and reactive power control
requirements [4]. However, the operation of a DC microgrid
can face fault-related challenges because power converters
and loads in the DC microgrid can be susceptible to extremely

Faults in an LVDC microgrid can be classified into short-
circuit faults or arc faults [7]. A short-circuit event can either
happen between lines (or poles), creating a line-to-line (or
called pole-to-pole (P2P)) fault, or between the line and the
ground, creating a line-to-ground (or called pole-to-ground
(P2QG)) fault. The lines in the DC microgrid are categorized
further into positive or negative lines. In addition, arc faults
normally occur in high-voltage DC microgrids due to
deterioration of components, random weather conditions, and
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lack of maintenance. For P2P faults, the microgrid’s
components can be susceptible to extremely high fault
currents from DC-link capacitors of DC/DC or AC/DC power
converters. Depending on different microgrid configurations
and grounding systems, a P2G fault can be either a low-
impedance or high-impedance fault, which adds another layer
of the protection challenge to be overcome in developing an
accurate and adaptive protection scheme for LVDC
microgrids.

In [8-10], the authors discuss overcurrent-based
protection schemes by comparing the measured current value
with its tripping threshold to detect the P2P fault in the DC
microgrid, with a relatively fast operation time. However, the
overcurrent (OC) relay may be not properly activated under
current transients because of the fast discharging of DC-link
capacitors in the DC system [11]. In [12], it presents a local
measurement method using the rate of current change to detect
the fault in a ring-topology LVDC microgrid. However,
threshold settings of the first-order and second-order current
derivatives are only based on the pre-fault voltage, time
interval, line loading, and equivalent impedance from the
source to the faulted location, without considering the
historical dynamic data of the change rates of current and
voltage in the off-grid LVDC microgrid. Furthermore, the
noise level of sensors can also complicate the accurate
calculation of current/voltage derivatives, which may cause
the maloperation of the protection. In [13, 14], overcurrent-
and undervoltage-based protection solutions are proposed for
the DC microgrid. In [15], a communication-supported
overcurrent protection system for PV-based DC microgrids is
developed by using the differential current principle to protect
line sections of the system. The DC microgrid protection is
implemented by blocking and intertripping schemes.
However, the use of communication infrastructures for the
off-grid LVDC microgrids may lead to high costs. In [16], an
adaptive statistical fano factor tool-based protection scheme is
proposed to detect and classify faults with enhanced sensor
tolerance capability, however, its applicability is
demonstrated by simulation results from the PSCAD/EMTDC
software. In [17], the OC relay is used to detect low-
impedance faults while the wavelet-based protection scheme
is proposed to detect high-impedance faults in the microgrid.
However, the advanced data collection and processing can
make traveling-wave- or artificial-intelligence-based
protection methods unsuitable for practical implementation
with the possible minimum protection time. In [18], the
authors present a handshaking method to detect, locate, and
isolate the faulted DC lines. In [19], it depicts differential-
current and overcurrent functions with continuous monitoring
hardware to detect and isolate the fault without shutting down
the entire bus. In [20], the authors propose a protection scheme
using the rate of current change and the slope characteristic of
the current, but no information about threshold settings of
current derivatives. In general, regarding the islanded and
small-scaled LVDC microgrids, a fault protection system
using local current and voltage measurements with derivative-
based tripping thresholds can get a fast fault detection time
without paying attention to communication failures, and
combined with magnitude-based tripping thresholds to get
better adaptability and higher accuracy [21-23].

From the literature review above, this paper proposes a
novel statistical and adaptive current and voltage-based fault
protection scheme for standalone LVDC microgrids, with
main contributions as follows: i) relying on the first-order
current and voltage derivatives to quickly detect P2P and P2G
faults in a few microseconds right after the fault inception
time; ii) improving the adaptability of the protection scheme
to the sensor’s high noise from local measurements,
specifically, a Chi-square-based statistic method is used to
adaptively determine tripping thresholds of current and
voltage derivatives according to the historical dynamic data of
the current and voltage; iii) being adaptable to the directional
change of fault currents in the DC microgrid wherein the
standard deviation- and mean-based calculation of lower and
upper boundaries of the current and voltage is applied for both
detection and location of different faults in the system; iv)
protecting effectively the source and load branches of the
ungrounded/high-impedance-grounded LVDC  microgrid
based on the over-voltage protection function; and v)
validating the proposed fault protection scheme by doing
multiple practically staged-fault tests from an off-grid PV-
battery-contained LVDC MG testbed instead of using
simulation results as in most previous studies.

The structure of the paper is as follows. Section 2 presents
a fault analysis of the LVDC microgrid during the standalone
operation. More details about the proposed fault protection
scheme can be seen in Section 3. In Section 4, the off-grid
ungrounded 48Vdc microgrid testbed is described in detail.
The microgrid testbed is built to do multiple staged fault tests
for validating the suggested protection system. Section 5
presents experimental results; and finally, the main
conclusions of this study will be discussed in Section 6.

2. Fault Analysis of the Off-grid LVDC Microgrids

Studying fault current and voltage behaviors of source and
energy-storage branches is a significant prerequisite for
developing a DC-microgrid protection system [24-26]. A
standalone LVDC microgrid network used for fault analysis is
shown in Fig. 1. This MG network consists of a PV-source
branch, a branch of battery energy storage systems (BESS),
and a load branch. In Fig. 1, the symbols of P1, P2, P3, P4,
and P5 are protection devices installed to protect PV arrays,
PV-boost converters, battery packs, battery converters, and
DC loads respectively. Three faulted positions at the DC
common bus (F1), the BESS branch (F2), and the load branch
(F3) are analyzed in this study. Different fault types of pole-
to-pole (P2P), positive-pole-to-ground (PP2G), and negative-
pole-to-ground (NP2G)) are also considered during the fault
analysis.

2.1. P2P Fault Analysis of Power Converters in Source and
Energy-Storage Branches with the Faulted Location F1

In a typical DC microgrid, sources and energy-storage
branches are mostly connected to a DC common bus via buck
and/or boost converters as shown in Fig. 1. The DC link
capacitor of power converters contributes a large fault current
in the P2P fault event. Various converter components
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Fig. 1. Network diagram of an off-grid PV-BESS-included
LVDC microgrid.

contribute different current values corresponding to fault
stages [27]. As seen in Fig. 2 and Fig. 3, for the P2P fault
occurrence, non-linear equivalent circuits of the PV-boost
converter and BESS bidirectional converter are solved in three
distinct time intervals, specifically, the natural response time
of the RLC circuit from the fault inception time # to ¢, the
response time of the free-wheeling diode from ¢ to £, and the
time at the steady state from # to onwards.

a) The natural response stage of the RLC equivalent circuit
in the period [to,t] ) : All power converters that have the

output filter capacitors will go through this stage. From
the fault beginning time /, , the output capacitor begins

to discharge through an RLC equivalent circuit, as
illustrated in Fig. 2b and Fig. 3b. A second-order
differential equation of the RLC circuit can be expressed
in the frequency domain by Eq. (1).

L (s) svc,j(O)/Leq+1'L!j(0)s2

i, (s)=

TR g
L.C

eq eq —eq

where v, ; (O) and i, ; (0) are the initial values of the

voltage across the output capacitor and the current in the
line respectively for the /™ power converter right before

131}

the fault starting time; 5 = “PV”” when considering the

731

PV-boost converter, or ‘5 = “BESS” when considering
the BESS-bidirectional converter, as shown in Fig. 2a
and Fig. 3a. The equivalent resistance and inductance of

the cable to the faulted location F1 are denoted by R,
and L, , respectively. In Fig. 1, there are R,=2R,,
Leq =2L,, ,Ceq =C ufor the PV converter; and
C,, = C, for the BESS converter. In this period [7,,t,),
the fault current i, (t)|lo_n is significantly contributed

1

by the DC-link capacitor, which can be expressed by Eq.

(2) [28].
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According to the value 1/ L,C,, that is less than, equal

to, or greater than (Req / 2L, )2 , the values of p, & p,

can be real, imaginary, or complex conjugate,

respectively. In case of p, = p,, there are

R,=R.=2 / L, / C,, - The fault current rises at the
high rate of di/dt and gets the peak at the time Lo when

the DC-bus voltage reduces to approximately zero.
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Fig. 2. Fault analysis of the PV-boost converter: (a) faulted

converter configuration, (b) RLC equivalent circuit, (c) the

free-wheeling diode stage, and (d) the steady state circuit of
the converter during the P2P fault at F1.
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The peak current magnitude / Lkt the time # ok is expressed

as in Eq. (5) and Eq. (6), which depends on fault types, cable
parameters, and the DC-bus voltage value v ; (t)

t =itan’1 )
pE @, a ®)
~ VC,.I'(O) —alp (©6)
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Fig. 3. Fault analysis of the BESS-bidirectional converter:
(a) faulted converter configuration, (b) RLC equivalent
circuit, (c) the free-wheeling diode phase, and (d) steady
state circuit of the converter during the P2P fault at F1.

b) The free-wheeling diode’s conduction stage in the time
interval [t1 , tz) : At this stage, the initial inductor current

of power converters begins to contribute its high fault
current to the faulted location F1 in the DC microgrid as
soon as the voltage of DC-link capacitors drops to a
sufficiently low value. As seen in Fig. 2¢ and Fig. 3c, the
high fault current flows through the free-wheel diodes,
which may damage the diodes while the controlled
switches of converters are turned off to protect

themselves. The fault current 7, ; (t ) at this second

Loty

stage is expressed by Eq. (7).

i, (I)L e i, (O)e-(RM/LM);’vt . I:tlatz) o

iy, (1), ., =lcow, (t)+ic, (¢).Vte[t.1,)

i, (t)—> 0; with " j" = "PV" or "BESS"

®)

where the initial line/cable current at the converter output
with the starting time t; is denoted by iy ; (0). This stage
contains the converter’s free-wheel diodes with high
fault current contributions and therefore must be taken
into account when designing a DC-microgrid protection
system. It has been investigated that the critical time
of the peak current is when the power converter enters
the free-wheeling stage. The expected protection time
top is expressed in Eq. (9), which includes the detection

time and the fault clearing time.
top + tcb + tcom < tpk - top < tpk - tcb - tcom (9)

where the communication delay is denoted by t,,, and
the working/switching time of circuit breakers (or solid-
state relays) is denoted by t;,.

c) The steady-state fault stage from the time t, onwards: If
the power converter operates as the buck converter, it
will not contribute any current if the P2P fault persists
for a long period, or longer than the time t,. However, in
the case of boost converters and bidirectional DC-DC
converters, there are current-source responses forced by
the cable inductor and the DC-link capacitor in the
converters. As illustrated in Fig. 2d, the controlled
switches of the converters are blocked, at this steady-
state stage the fault current of the PV-boost converter,
i prr (%), contributed by the PV source can be obtained,
as expressed in Eq. (10) and Eq. (11).

(0],

. G
Lsc.py (t) = (ISC,STC +K, (T —Tge ))[G_J (11)

STC

=i p (1), VI 21, (10)

where K. is a current temperature coefficient for the

photo-current, normally at 3~5mA/°C [29]; G and

STC
T, are the solar irradiance and ambient temperature at

the standard test condition (STC), i.e. 1000 W/m? and
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25°C, respectively; G and T represent non-standard
quantities under random changes in solar irradiance and

temperature; and /. ¢, is the short-circuit current of
the PV source at the STC. As seen in Fig. 3d, the fault
current, I 1 .BESS (t ) , in the time domain contributed by

the battery source in the BESS branch can be expressed
as in Eq. (12).

v a —t Ty 3
Vit - Reqb—:RB (l—e ' Sln(a)dt)) (12)

iL,BESS (t)

where L is the inductance of the BESS-bidirectional
converter and 7, , = (LBESS +2L,, )/(Req +RB); and

R, is the internal resistance of the battery source.

2.2. P2P Fault Analysis of Battery and Load Branches
Corresponding with the Faulted Locations F2 and F3

When a P2P fault occurs at the load branch (i.e. a faulted
position at F3) in the LVDC microgrid, fault responses of the
PV-source branch and the BESS branch are similar to their
responses in the case of the faulted location F1. However, it is
necessary to consider further line resistance and inductance,
R;; and L3, as seen in Fig. 1, which will significantly affect
the exponential damping coefficient, the natural and resonant
frequencies, and the arbitrary constant of the equivalent fault
circuit diagram of the DC microgrid. In addition, when a P2P
fault happens at the terminal of battery packs (i.e. a faulted
position F2) as shown in Fig. 1, the battery fault current,
ipqat (), is calculated by Eq. (13) [30].

v A
R

B

Iy (1) = (13)

where Rp and Lp are the internal resistance and inductance of
the battery source, respectively; and vg,.(0) is the battery’s
initial operating voltage just before the fault occurrence.
Protection devices, P3, as fast-acting DC fuses are commonly
used to protect the battery packs in the system.

2.3. P2G Fault Analysis of Power Converters in Source and
Energy-Storage Branches with the Faulted Locations F1,
F2, and F3

A standalone and small-sized low-voltage DC microgrid
is mostly ungrounded or high-impedance grounded, so if a
pole-to-ground (P2G) fault occurs at F1, F2, or F3 in the DC
microgrid as seen in Fig. 1, the P2G fault current is considered
as the DC leakage current which may insignificantly affect the
continuous operation of the MG. In general, it is possible to
identify the negative/positive-pole-to-ground faults based on
over-voltage characteristics or the rate of change of voltage at
the positive or negative line of the DC microgrid. It is possible
to sample the voltages at the positive and negative poles of the
LVDC microgrid by creating a middle point of two series-
connected capacitors at the DC bus in order to get the common
voltage. Hence, the positive-pole voltage is the potential

difference between the (+) pole and the middle point of the
DC-link capacitors, while the negative-pole voltage is the
potential difference between the (-) pole and this middle point
in the DC microgrid configuration.

3. A Statistical and Adaptive Current and Voltage-Based
Fault Protection System for DC Microgrids

A flowchart of the novel statistical and adaptive current
and voltage-based fault protection system for islanded LVDC
microgrids is shown in Fig. 4. There are four main stages of
the protection scheme, including i) the stage of sampling and
abnormal operation detection; ii) the stage of only P2P fault
detection; iii) the stage of P2P fault detection and identifying
the direction change of fault current; and iv) the stage of P2G
fault detection in the protection system.

Start

v

Sample the current i;, v;, v; (+), vj (=)

A 4" with a time interval of 1ms per sample
v
For each consecutive 100-sample data, calculate/update:
- The sample mean of current and voltage, p; and g,
- The sum of standard deviations of current and voltage, S;(n) and S, (n)
- The lower and upper triping thresholds of current, LT; and UT;
- The lower and upper triping thresholds of voltage, LT, and UT),

- Chi-square thresholds of the change rate of current and voltage,
di/dt ) and dv/dt

diy/dt < di/dtg &
d’U,‘,/dt < d’U/dt(,‘_)L

NO

A. Sampling and abnormal operation detection

Abnormal
operation flag = 1

Abnormal
operation flag =0

A <

i < LT}
& LT, < v < UTy

YES
Direction change
flag=1

NO

YES

Fault Flag =1

B. Only for the P2P fault detection

- Send tripping signals
: to relevant SSRs
No fault condition, but maybe
having dynamic op i
End Abnormal operation flag = 1 +
Fault Flag = 0

Direction change flag = 1

Fault Flag = 1

X JUALIND J0 3FURYD [BUONIAIIP BY) 3m1.{;uuep1_ DPUB U013 NE] d7d D

ALERT:
The current has changed its.
direction and maybe having
dynamic operations

w(+) > UTy(+) OR
vi(—) < UT.(-)

D. For the P2G fault detection

Fig. 4. A flow chart of the statistical and adaptive current and
voltage-based fault protection system proposed for the
islanded LVDC microgrids.
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In addition, the developed DC-microgrid protection uses
solid-state relays (SSR) to clear the fault right after the
proposed protection scheme sends tripping signals to them.
Solid-state relays are equipped with microcontrollers to set up
their tripping thresholds. The switching time of SSRs is
normally about 50us ~ 100us. The current and voltage can be
locally measured by current and voltage transducers with a
time interval of one millisecond per sample.

3.1. Parameter/Threshold Settings for the Proposed DC-
Microgrid Protection System

At the first stage (Stage A as seen in Fig. 4), the current
parameter, i;, the voltage between positive (+) and negative (-
) poles, v;, the positive voltage between the (+) pole and the
common point, v; (+), and the negative voltage between the
(-) pole and the common point, v; (—), are sampled at the time
interval of one millisecond in the LVDC microgrid, where the
subscript "i" is the order number of samples. For each

consecutive 100-sample data of the above signals, the
proposed DC-microgrid protection system will calculate the

threShOIdS Of .Iu‘l'.a .Iu‘i)'a .|u!)'(+)9 .Iu!)'(—)’ Sl‘. (n)? Su(n), LTL: UTL’
LT, UT,, UTU(-I-), UT, (—), di/df(tm, and dv/dt(m) as

shown in the following equations.

In this study, the sample mean calculation of currents and
voltages, Ui, ly, Uy(+), and Ly, (—y for each consecutive 100-
sample data is expressed in Eq. (14). The sum of standard
deviations of current and voltage S;(n) and S,(n) can be
calculated by Eq. (15) and Eq. (16). The lower and upper
tripping thresholds of the current, LT; and UTj, can be
determined by Eq. (17) and Eq. (18). The lower and upper
tripping thresholds of the voltage LT, and UT, can be
determined by Eq. (19) and Eq. (20).

gyt Tt
100
_ Vigg tentV,
" 100
Voo (F) .o+ v, (+) (14)
Hoy = 100
fe, = Voo );).(')'Hi( )

S (n)=>" i, —m) (15)
S, (m)=>" (v, —a,) (16)

(S; ()
LT; = p; — k = sqrt (%) 17
S;(n))?
UT; = u; + k = sqrt (%} (18)
LT, = 0.5*p, (19)

UT, =15+, (20)

According to the overvoltage characteristic for the P2G
fault in the un-grounded or high-impedance grounded LVDC
microgrid, the upper thresholds of the voltage between the (+)

pole and the common point, UT, (+), and the voltage between
the (-) pole and the common point, UT,,(—), are calculated by
Eq. (21) and Eq. (22), where an empirical factor of k. is
selected in a reliable range of 1.2 ~ 1.5.

In addition, to improve the adaptability of the proposed
protection scheme regarding the sensor’s high noise of local
measurements, a Chi-square-based statistic method is
proposed to determine tripping thresholds of current and

voltage derivatives, di/dt(n) and dv/dt (¢p). For the one-
sided confidence interval of the current derivative di/dt (or
the voltage derivative dv/dt), Chi-square thresholds of the
g = difdt
=dv/dt
Eq. (23) and Eq. (24), where 1 is the total number of samples
used for the Chi-square distribution, selected to 100 samples

and (1-) is the confidence coefficient, selected to 95%.
o{di/dt}  and g{dv/dt}  arethestandard deviations of

the random variables di/dt and dv/dt, which are the
positive square root of variances of gz{dl'/d[} _ and
0-2 {dv/dt}n.lia Wlth the

(l'a)a

current derivative y*{di/dt} (and the voltage

(th)

derivative lz{dv/dz} () can be expressed by

n-1l-a

Chi-square-based  confidence

coefficient respectively; and

ZN(”‘auat.gz)
are the constant values obtained from the

N('udufdt.az)

standard normal distribution table with the

confidence level (1-a).

selected

UT,(4+) = ke * py(4y 1)

UT,(—) = ke * pyp(—y (22)

dif dt ) = Hya + ZN(#d,-/d,,#) (G{di/dl}n,l—a) 23)
dvfdt, = Haa + ZN(ﬂdv/dt,az) (a{dv/ dt}ml—a) 24

1 1

di, _G—i, dv, _vi—v,

d A dt

,- g ; av.
Zj—i‘;‘?[dl/j Zj_igg(dt/j (26)
Maiar = 100 * Havar = 109
(di/dt )2
) n L; ~ Mayar
P {dl/dt}n'l,a e |:Z’I[ d/lé{dl’/df} e ]’OOJ (27)

, with At =0.001s (25)

282



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

~ D.M.Buietal., Vol.16, No.2, June, 2026

o? {dv/dt}n,l—a € {z:][(d‘}i/dt ) ﬂdv/m%{dV/dl}nl,la }OOJ (28)

3.2. Pole-to-Pole Fault Detection in the LVDC Microgrid

Right after completing threshold determination in the
developed DC-microgrid protection scheme, the conditions
di,[dt < di/dt, and dv,/dt <dv/dt,,, are checked. If all two

conditions are correct, the operation of the microgrid system
is normal (i.e. the flag of the abnormal operation is “0”).
Otherwise, if one of the two conditions is incorrect, then the
system operation is at an abnormal state (i.e. the flag of the
abnormal operation is “1”), as presented in Stage A of the
proposed protection system.

Next, two conditions i, < LT, and LT, <v, <UT, are
checked, if they are correct, one can conclude that the fault
current direction in the microgrid has been changed (i.e. the
direction change flag is “1”). Then, two conditions —U7; <1,

and LT, <v, <UT, are next evaluated, if they are right, one

can conclude that there is no faulted condition in the DC
microgrid (i.e. the fault flag is “0”), but there may be other
dynamic operations in the system; otherwise, two following
conditions i, < -UT,and v, < LT, are afterward estimated, if

they are correct, one can conclude that the direct/low-
impedance P2P fault has occurred in the DC microgrid (i.e.
the fault flag is “1”), hence, tripping signals will be sent to the
relevant SSRs to clear the P2P fault. However, if the two
conditions #, <-UT,and v, < LT are wrong, one can only

conclude/alert that the current has changed its direction, and
one of dynamic operations such as the load-power change, the
source-power change, may have happened in the microgrid, as
indicated by Stage C of the protection algorithm in Fig. 4.
After that, the proposed protection will continue to detect the
P2G fault in the MG as mentioned in Section 3.3.

On the other hand, if the two conditions # < L7, and

LT, <v, <UT,are non-satisfied, two following constraints

BOOST 1000W 20A

PV panels

Current Sensor: |l

Voltage Sensor: :o
SSR: 2=

DC fuses: —

LI-ON BATTERY 12V

=0

PV-boost converter

i, >UT, and v, < LT, are checked then. If both i, >UT, and
v, < LT, are correct, one can state that the direct/low-

impedance P2P fault has occurred in the microgrid (i.e. the
fault flag is “1”) and there is no change in the fault current
direction; hence, tripping signals will be sent to the relevant
SSRs to clear the P2P fault, as indicated in Stage B of the

protection algorithm in Fig. 4. Nevertheless, if i, > UT, and
v, < LT, are incorrect, the proposed protection will continue
to detect the P2G fault events as mentioned in Section 3.3.

3.3. Pole-to-Ground Fault Detection in the LVDC Microgrid

As shown in Fig. 4, if the two conditions of i, < -UT,and
v, < LT are all wrong or the constraints of i >UT, and
v, <LT are also all incorrect, then the proposed fault

protection scheme will check the two following conditions of
v,(+)>UTL,(+) &v, (=) <UT,(-). If one of these two

conditions is satisfied, it can be concluded that the P2G fault
has occurred in the ungrounded or high-impedance grounded
LVDC microgrid, as indicated at Stage D of the protection
algorithm. Hence, tripping signals will be sent to the relevant
SSRs to clear the P2G fault event in the system. Otherwise,
the protection procedure will be repeated from point A of the
flowchart as described in Fig. 4.

4. An Off-grid PV-Battery-based Low-Voltage DC
Microgrid Testbed and Multiple Staged Fault Tests

To demonstrate the effectiveness of the statistical and
adaptive current and voltage-based fault protection system for
islanded LVDC microgrids, the staged tests of P2P, positive-
pole-to-ground (PP2G), negative-pole-to-ground (NP2G)
faults are implemented at the common DC-bus (F1), as shown
in Fig. 5. Many serious P2P faults with the zero fault-
impedance (i.e. the direct short-circuit faults) are studied. The
PP2G/NP2G faults are high-impedance faults because this oft-
grid LVDC MG testbed is ungrounded. Microcontrollers
TMA4C are used to run the proposed fault protection program,
as seen in Fig. 6.

P2 F1 P5

= A
AT — IR
\

i RESISTOR RXG20
100Q

DC load

ISL81601EVALLZ

Fig. 5. An off-grid PV-Battery-based LVDC microgrid testbed.
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Fig. 6. Control circuit of SSRs from the proposed DC-
microgrid protection scheme.

The standalone 48Vdc MG testbed consists of i) two
parallel-connected solar panels with an operating voltage of
40.5V, a rated-current value of about 3.52A, a short-circuit
current of 4.86A, and a rated power of about 80W at standard
testing conditions; ii) fast-acting DC fuses; iii) solid-state
relays and their activation circuits installed at positions of P1,
P2, P3, P4, and P5 in the system; iv) current and voltage
transducers; v) an adjustable 12~80Vdc PV boost converter
rated at the power 1000W and the current 20A; vi) a 150W &
48V-12V bidirectional BESS converter; vii) 12V Li-ion
battery packs; and viii) DC loads. Line resistance is 20m<2 per
km, line inductance is 100pH per km, and the filter capacitor
is 25 mF.

5. [Experimental Results of the Statistical and Adaptive
Current and Voltage-Based Fault Protection Scheme
for a LVDC Microgrid Testbed

5.1. Protection Results of the Algorithm Regarding the P2P
Faults at F1, F2 & F3 in the DC MG Testbed

a) P2P faults at the common bus (F1): When a direct pole-
to-pole fault occurs at the DC common bus (F1), the proposed
protection system can detect and clear the fault very fast in a
few milliseconds to protect the PV-source branch and the
BESS branch in the DC MG, as shown in Fig. 7, Fig. 8, and
Fig. 9. Noted that the time interval between two adjacent
samples is one millisecond. For more detailed, Fig. 7 shows
the protection results of the PV-source branch. Lower and
upper thresholds [LT;, UT;] of the current at the PV-source
branch are 1.1A to 1.7A. Similarly, thresholds of
[-LT;,,—UT;] are approximately -1.1A to -1.7A. Tripping
thresholds LT, and UT,, are calculated to be 28.5V and 60.5V
respectively. It is noted that these thresholds are updated for
each consecutive 100-sample data of current and voltage
signals in the system. When a direct P2P fault F1 occurs, both
the current and voltage at the output of the PV-boost converter
experience a steep change in value in a very short amount of
time, specifically the peak fault current at around 3.5A and the
voltage drops from 48 volts to under 5 volts. Therefore, two
constraints i, > UT, and v, < LT, are satisfied, and the tripping

signal is sent to the SSR at position P2 to clear the P2P fault
at F1. The fault protection time of the system for the PV-
source branch is about 3ms.

Fig. 8 and Fig. 9 show the protection results of the BESS
branch for the direct P2P fault at F1 when the BESS is
charging or discharging respectively. In case of the charging
state of the BESS, as indicated in Fig. 8, the branch current
changes its direction when the fault happens at F1. The fault
current i; is larger than both —LT; and UT;, so the directional
change of current has occurred at the BESS branch. Moreover,
the voltage at the output of the BESS converter significantly
reduces below its lower tripping. Therefore, the two
conditions 7, >UT, and v, < LT, are satisfied, consequently,

the direct P2P fault at F1 is detected and isolated to protect the
battery branch in the MG with the actual fault protection time
of about Sms. In case of the discharging state of the BESS, as
presented in Fig. 9, the branch current does not change its
direction but exceeds the upper tripping threshold, so the
tripping signal is sent to the SSR at position P4 to isolate the
fault with the total fault cleating time of about 3ms.

Table 1 summarises the achieved experimental results of
the proposed DC-microgrid protection scheme with regard to
the P2P fault event at F1 and also shows detailed discussions
of this protection scheme. Noted that the faulted position F1 is
the most serious fault occurrence of the DC MG because it is
at the DC-common bus wherein all source and energy-storage
branches are mostly susceptible with this P2P fault type.
Regardless of large transients and measurement noises of the
current and voltage during the standalone operation of the
48V 4. DC microgrid testbed, the direct/low-impedance P2P
fault at the common bus can be detected and cleared within a
few milliseconds.

b) P2P faults at the battery’s terminal (F2) and the load
branch (F3) in the LVDC microgrid testbed: In case of the P2P
fault occurring at the battery’s terminal (F2), the switching
devices of BESS-bidirectional converter are quickly blocked
to protect themselves from the high fault current flowing from
the DC common bus into the faulted position. The protective
device, a solid-state relay, at the position P3, is used to protect
the battery against the fault.

As shown in Fig. 10, regarding the seriously direct/low-
impedance P2P fault at F2, the fault is detected at about 3ms
after the fault inception. With the low-impedance P2P fault at
the battery, though the battery fault current gets high within a
short time and also exceeds its upper tripping threshold, the
battery fault voltage might only gradually reduce if the battery
capacity is full right before the fault occurrence. Hence, an
abnormal operation alert of the battery can be quickly given
by the proposed protection system regarding the low-
impedance P2P fault at F2, i.e. the flag of the abnormal
operation of the algorithm is “1”, but the fault detection time
can be a little bit longer. Furthermore, it can be suggested to
use the additional fast-acting DC fuses for the proposed
algorithm to protect the battery more reliably.

When a direct P2P fault happens at the load branch (F3),
the protective device, a solid-state relay, at the position P5
must be activated to clear the fault. The total fault current is
contributed by both the PV-source and BESS branches in the
system. As indicated in Fig. 11, the load fault current increases
quickly from 0.6A up to 8.0A, so the condition i, >UT, is

satisfied. In addition, the load fault voltage experiences a steep
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drop from 48 volts down to unstable 14 volts and finally 7
volts, so the condition v,<LT, 1is also satisfied.

Consequently, according to two constraints at Stage B of the
proposed algorithm, the P2P fault at F3 is rapidly detected
within 2ms. The SSR at the position P5 can be very fast
activated in some microseconds to clear the fault. Table 2
summarises the achieved experimental results of the proposed

DC-microgrid protection scheme with regard to the
direct/low-impedance P2P fault events at F2 and F3 and gives
detailed discussions of this protection scheme. Noted that the
staged fault test at F2 is to validate the protection scheme for
protecting the battery storage device, while the staged fault
test at F3 is to check the suggested protection operation for
protecting the load branch in the DC microgrid.

Table 1. Summary and discussion on the achieved experimental results of the proposed protection scheme with regard to the
P2P fault event at F1 in the DC-microgrid testbed

Pole-to-pole fault at the common DC-bus F1 of the off-grid 48Vic MG testbed

Protection cases The fault-
.. Discussions
clearing time
When the P2P fault occurs at the common bus, the DC-link capacitor of the PV boost
converter discharges very fast to the faulted position F1, therefore, the change of the
current with respect to time is very high and right after the two constraints i, > UT, and
Protecti Its of . .. .. .
rotection resufis o v, < LT are also satisfied; consequently, the SSR at the position P2 as indicated in
the PV-source 3ms i Y ) ) ) o
branch Fig. 5 is very qu1'ck!y activated to 1sqlate the faulted posmog F1 and to protect the PV-
source branch within the expected time of 3ms. By comparing the methods presented
in [31-33], the proposed protection scheme is superior to protect the PV-source branch
from the P2P fault occurrence in the DC microgrid system.
Protection results of In this study, the charging current is negative while the discharging current is positive
the BESS branqh Sms as seen in Fig. 8 ang Fig. 9 respectively. Irrespective of the charging and discharging
under Fhe charging operation modes of the BESS branch, the proposed protection scheme can detect and
operation mode clear very fast the P2P fault occurrence at the common bus. The output capacitor of
Protection results of the battery bidirectional converter contributes a high fault current to the faulty location
the BESS branch F1, so not only the di/dt value is very high but also two constraints i, > U7, and
under the 3ms . . .
discharging v, < LT, are correct; as a result, the SSR at the position P4 is activated to protect the
operation mode BESS branch from the P2P fault F1 within 3 ~ 5ms right after the fault inception.

Table 2. Summary and discussion on the achieved experimental results of the proposed protection scheme with regard to the
P2P fault events at F2 and F3 in the DC-microgrid testbed

Pole-to-pole fault at the battery’s terminal (F2) and the load branch (F3) of the off-grid 48Vac
P . microgrid testbed
rotection
cases Thef.ault- ' '
clearing Discussions
time
o It is proposed to combine the developed DC-microgrid protection scheme with fast-acting
fuses to protect the battery packs when the P2P fault occurs at F2. These fuses work as
) the back-up protection for the SSR in the studied microgrid [34].
Protection The change in battery fault current is very high such that the SSR at the position P3 can
results of the : :
batt 3 be quickly activated to protect the battery packs.
attery source ms This study does not consider the inside protection of BESS-bidirectional converter
from the P2P oo . . .
because these switching devices of the converter will be rapidly blocked to protect
fault at F2 .
themselves from the short-circuit occurrence [35].
By comparing the methods presented in [31-33], the proposed protection scheme is
superior to protect the battery packs from the P2P fault at F2.
Solid-state relays at the positions P2, P4, and P5 in the DC MG testbed can accurately
detect the P2P fault event at F3 because of the very high current change and satisfaction
Protection of both the conditions #, > UT, and v, < LT, at Stage B of the protection algorithm.
results of the The tripping operation of P2, P4 and P5 are determined by a coordination time interval of
load branch 2ms 5ms. In case all the devices P2, P4 and P5 simultaneously find out the fault event at F3,
from the P2P the relay PS5 will be firstly activated to protect the load branch. If the P2P fault F3 still
fault at F3 remains until 5ms after the fault inception time, the relays P2 & P4 will be next activated
to clear this fault. This time interval-based protection coordination is suitable with the off-
grid and small-scaled LVDC MG instead of using the communication links to coordinate
among the devices P2, P4 & PS5 as presented in [15, 36].
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5.2. Protection Results Of the Algorithm Regarding Pole-to- v; (+) increases to approximate]y +47V hlgher than the

Ground Faults at 1 in the DC MG Testbed tripping threshold UT;,(+) of about +29V. Therefore, the

NP2G fault can also be identified within 3ms by the suggested
protection algorithm. One can conclude that the statistical and
adaptive current and voltage-based fault protection system is
effective and validated for detecting high-impedance faults in
off-grid ungrounded or high-impedance-grounded low-
voltage DC microgrids.

When a positive-pole-to-ground (PP2G) fault occurs at
the common bus (F1), the fault voltage responses of the PV-
source and BESS branches are shown in Fig. 12 and Fig. 13
respectively. The proposed protection scheme will check two
conditions v,(+) > UT, (+) and v,(-) <UT,(-) , if one of them

is correct, then the algorithm can detect the high-impedance
PP2G fault in the ungrounded 48V4. DC microgrid testbed. Table 3 summarises the achieved experimental results of

Just after the fault occurrence, the voltage value v;(—) ;’hllegozgfie(Lll))gé}mlt%ﬁ%rigge;lolf"llsciltfénes& l\fvhs rZi?;g;Z

decreases to approximately —47V lower than the threshold  giscyssions of this protection scheme. Noted that the off-grid
UT,,(—) of about —27V. Therefore, the fault can be identified ~ 48Va. MG testbed is ungrounded. The SSRs at the positions
within 3ms by the suggested protection algorithm. P2 and P4 should detect high impedance faults in the DC

microgrid based on the over-voltage protection function as

In addition, Fig. 14 and Fig. 15 also show tripping presented in most previous studies [5, 7, 17, 36].
thresholds and fault voltage waveforms at the PV-source and

BESS branches for the NP2G fault at F1. The voltage value

Table 3. Summary and discussion on the achieved experimental results of the proposed protection scheme with regard to the
PP2G and NP2G fault events at F1 in the DC-microgrid testbed

Positive/negative pole-to-ground faults at the common DC-bus F1 of the off-grid 48V
. MG testbed
Protection cases
The f 'ault-. Discussions
clearing time
Protection results of the e The proposed DC-microgrid protection can effectively work to protect the
PV-source branch and 3ms source and load branches of the ungrounded/high-impedance-grounded
the BESS branch for the microgrid based on the overvoltage response of negative and positive lines.
PP2G fault at F1 o In case of different P2G faults, the protection algorithm can send a tripping
signal to the relevant SSR to clear the fault or give an abnormal operation alert
of the MG regarding high-impedance faults.
Protecti lts of th e The empirical-factor- and sample-mean-based calculation of lower and upper
rotection results of the . .
PV-source branch and bound.arles of .the voltag.e, UT, (+) al:ld .UTV (—) , as shf)wn. in Eq. (21) and Eq
the BESS branch for the 3ms (22), is effectively applied for identifying different high-impedance faults in
NP2G fault at F1 the DC-microgrid system.

e The proposed protection scheme is validated by the practical staged-fault
testing results from an off-grid PV-battery-contained 48V 4. MG testbed instead
of the simulation results.
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(a) Fault current waveform at the output of the PV-source branch. (b) Fault voltage waveform at the output of the PV-source branch.

Fig. 7. Protection results of the PV-source branch for the direct P2P fault at the DC common bus F1.
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(a) Fault current waveform at the output of the BESS branch.
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(b) Fault voltage waveform at the output of the BESS branch.

Fig. 8. Protection results of the BESS branch for the direct P2P fault at the DC common bus (F1)
when the BESS is under the charging operation.
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(b) Fault voltage waveform at the output of the BESS branch.

Fig. 9. Protection results of the BESS branch for the direct P2P fault at the DC common bus (F1)
when the BESS is under the discharging operation.
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(a) Fault current waveform at the battery output.
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(b) Fault voltage waveform at the battery output.

Fig. 10. Protection results of the battery packs for the direct P2P fault at F2 when the BESS is discharging.
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(a) Fault current at the load branch in the 48V 4c microgrid testbed.
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(b) Fault voltage waveform at the load branch in the MG testbed.

Fig. 11. Protection results of the load branch in the 48V 4. MG testbed for the direct P2P fault at F3.
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Fig. 12. Tripping thresholds and fault voltage waveform at
the PV-source branch for the PP2G fault at F1.
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Fig. 13. Tripping thresholds and fault voltage waveform at
the BESS branch for the PP2G fault at F1.

6. Conclusions

This paper has developed a novel statistical and adaptive
current and voltage-based fault protection scheme for
ungrounded/high-impedance-grounded  standalone  low-
voltage DC microgrids. This developed microgrid protection
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Fig. 14. Tripping thresholds and fault voltage waveform at
the PV-source branch for the NP2G fault at F1.
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Fig. 15. Tripping thresholds and fault voltage waveform at
the BESS branch for the NP2G fault at F1.

can quickly detect the P2P and P2G faults within a few
microseconds of the inception time. Chi-square-based tripping
thresholds of the first-order current and voltage derivatives are
effectively used for the proposed protection algorithm to adapt
to the sensor’s high noise of local current and voltage
measurements in the LVDC microgrid. Tripping thresholds of
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the protection can be continuously updated for each pre-
determined sampling data package from the measurement
system. The standard deviation- and mean-based calculation
of lower and upper boundaries of current and voltage are
properly applied for the protection algorithm to get high
adaptability with the directional change of fault currents in the
PV-battery-based DC microgrid. Experimental results of
staged fault tests from the islanded 48V4. microgrid testbed
have been presented and analysed in this study to demonstrate
the effectiveness of the proposed algorithm for protecting the
PV-source, energy-storage, and load branches of the
ungrounded/high-impedance-grounded and small-scaled
device/package to integrate the microcontroller with the

solid-state DC circuit breaker, which will be then tested
under different configurations and operation modes of the DC-
microgrid (e.g. DC microgrids with the effective grounding
system, the larger power capability, the higher operating
voltage, the integration of more PV sources or more energy-
storage devices, or with the grid-connected operation mode).
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