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Abstract—Low voltage DC (LVDC) microgrids facilitate the
integration of renewable energy systems and modern loads.
However, they suffer from the lack of a sensitive, selective,
reliable, and fast protection strategy. The low fault current
of high-resistance faults makes fault detection and faulty zone
identification challenging tasks for protection engineers. This
paper proposes a protection scheme that is effective for both
bolted and high-resistance faults at LVDC feeders. The developed
strategy relies on two intelligent electronic devices at both ends
of the protected zone, calculating the normalized superimposed
component of the line current. By adding this component to
the input of the periodically-forced harmonic oscillator (PFHO),
both fault occurrence and fault direction can be simultaneously
determined based on the oscillator state variable with only two
possible values during stable and unstable modes. It eliminates
the need for selection of various protection thresholds for
different LVDC microgrid structures/topologies. The proposed
protection strategy can classify pole-to-ground and pole-to-pole
faults and is effective for both grid-connected and islanded LVDC
microgrids. The reliable performance of the developed PFHO
based protection is assessed on the simulation model of a ±750 V
meshed LVDC microgrid with the TN-S grounding system.

Index Terms—Fault detection, directional protection, harmonic
oscillator, high-resistance fault, low voltage DC microgrid.

I. INTRODUCTION

ONE of the main technical challenges of low voltage DC
(LVDC) microgrids that remains unsolved is to develop

a protection system with acceptable sensitivity, selectivity,
reliability, and speed [1], [2]. DC microgrids are prone to both
pole-to-ground (PG) and pole-to-pole (PP) faults. The high
fault current magnitude and rate of change caused by capacitor
discharge make the protection requirements of DC microgrid
different from those of AC microgrids. Also, the conventional
AC circuit breakers are ineffective in DC microgrids due to
the need for the high-speed current interruption and no zero-
crossing point. The limited fault current of converters and short
lines are other protection challenges of DC microgrids.

Various protection schemes proposed for DC microgrids
can be broadly classified into two categories: (i) non-unit
protection schemes and (ii) unit protection schemes.

Category I–Non-Unit Protection Schemes: Distance protec-
tion, overcurrent protection, and current derivative protection
are the main groups of this category.
• Distance Protection: Using voltage reference comparison,

[3] measures the distance to the fault point while the
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ground faults are located using ground resistance and
distance to the fault estimations by circuit analysis. The
distance protection scheme proposed in [4] measures the
apparent instantaneous resistance using converter voltage
and current. The low protection speed is the main disad-
vantage of this group.

• Overcurrent Protection: Similar to the conventional pro-
tection system of distribution networks, the overcurrent
protection is proposed for DC microgrids. Ref. [5]
presents an overcurrent based protection strategy for mul-
titerminal DC distribution networks. Using passive ele-
ments and current and voltage transducers, [6] presents a
hybrid passive overcurrent relay for DC microgrids which
can detect high-resistance faults by employing both real-
time discrete wavelet transform and overcurrent function.
However, these schemes suffer from low sensitivity or
need for extra devices.

• Current Derivative Protection: The protection scheme
proposed in [7] is based on the line current derivative
while employing DC current natural characteristics and
its first and second derivatives are the basis of the pro-
tection scheme proposed in [8]. Susceptibility to noise
is the main disadvantage of this group.

Category II–Unit Protection Schemes: The bidirectional
fault current of looped/meshed microgrids commonly makes
the non-unit protection schemes ineffective. To address this
problem, the unit protection is commonly used that the differ-
ential and directional protections are its main groups.

• Differential Protection: The differential protection that
compares the current at both ends of the protected zone is
proposed in [9], [10]. Modified cumulative sum average
methods are employed in differential protection schemes
proposed in [11], [12]. However, differential protection
suffers from the need for synchronization.

• Directional Protection: The operating principle of direc-
tional protection is current direction change during the
fault condition in only one end of the faulty zone. Using
the current direction information at protected zone ends,
[13] presents a directional protection scheme for DC

microgrids. The fault direction information in [14] is
determined by the least square method based fault path
parameter estimation. Using the oscillation frequency and
transient power information at both ends, [15] detects
and locates the fault, respectively. However, when the
fault path resistance is high, the current direction does
not change, making directional protection ineffective.
To address this problem, the superimposed component
based directional protection schemes have recently gained
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popularity among researchers. In [16], a superimposed
current based directional protection is proposed while
in [17], the superimposed component of transient energy
is used in directional protection. The directional protec-
tion scheme proposed in [18] is based on the modified
squared poverty gap (MSPG) index calculated using the
superimposed component of current.

The unit protection schemes suffer from two problems: (1)
their reliable operation depends on the proper selection of the
fault detection threshold that its value may not be the same for
different microgrid structures/topologies and (2) they are eval-
uated for either a grid-connected (most of them) or an islanded
DC microgrid. To address these problems, this paper presents
a superimposed component based unit protection for feeders of
meshed LVDC microgrids. In the proposed protection strategy,
each protected zone is equipped with two intelligent electronic
devices (IEDs) to calculate the superimposed component of
the line current at both ends. This component is added to the
input of the periodically-forced harmonic oscillator (PFHO).
The main feature of the proposed PFHO based protection
scheme is that by monitoring the PFHO state variable, the fault
occurrence and fault direction are determined simultaneously
without the need for the threshold calculation because inde-
pendent of microgrid structure/topology, this variable is either
smaller than two for the normal operation/forward fault or
infinity for the reverse fault. The proposed scheme can detect
high-resistance faults and is evaluated in both grid-connected
and islanded microgrids. Also, unlike the conventional unit
protection of AC networks, it can classify PG and PP faults.

The rest of the paper is organized as follows. Section II
presents the proposed PFHO based protection algorithm. The
test meshed LVDC microgrid network and control structure of
DC and AC converters are described in Section III. Section IV
is dedicated to evaluating the performance of the proposed
strategy. Finally, Section V concludes the paper.

II. PROPOSED METHODOLOGY

The meshed LVDC microgrid requires an effective protec-
tion system, addressing the bidirectional and low amplitude
fault current during high-resistance faults without the need
for threshold selection and with the proper performance in
both grid-connected and islanded modes of operation. To this
end, this paper proposes a unit protection system using the
bifurcation theory that can effectively detect the weak signals.

A. Bifurcation Theory

1) Hyperbolic Equilibrium Points in Continuous-Time Sys-
tems: Consider a continuous-time parameter-dependent dy-
namic system as [19]

ẋ = f(x, α), (1)

where x ∈ Rn and α ∈ Rm are the state variables and set
parameters, respectively, and f is a smooth function. Assume
that x0 = 0 is an equilibrium point of system (f(x0) = 0) and
A is the Jacobian matrix df/dx calculated at x0. Also, n−,
n0, and n+ are the number of A eigenvalues with negative,
zero, and positive real values, respectively. If n0 = 0, the

equilibrium point is hyperbolic (no eigenvalue at imaginary
axis) and if n−n+ 6= 0, the equilibrium point is saddle
hyperbolic.

In the case of a two-dimensional dynamic system as

ẋ = f(x, α), x = (x1, x2)T ∈ R2, (2)

with smooth f and an equilibrium point of x0 = 0, A has
two eigenvalues λ1 and λ2. There are three topological cate-
gories for hyperbolic equilibrium points of a two-dimensional
system: stable foci (nodes), saddles, and unstable foci (nodes).
Foci and nodes are topologically equivalent and can be simply
identified based on eigenvalues. Stable equilibrium points have
two-dimensional stable manifolds without any unstable mani-
fold; these conditions are vice versa for unstable equilibrium
points. Saddle equilibrium points have one-dimensional stable
and unstable manifolds. There are two conditions where the
equilibrium point is not hyperbolic. In the first case, for some
values of α, a simple real eigenvalue is close to zero and
λ1 = 0, which is called fold bifurcation. In the second case, a
couple of simple complex eigenvalue is close to the imaginary
axis and λ1,2 = jω0 with ω0 > 0, that is called Hopf
bifurcation. In this paper, the latter case is adopted in the
proposed strategy.

2) Hopf Bifurcation: Consider the continuous-time
parameter-dependent two-dimensional system as{

ẋ1 = αx1 − x2 − x1(x21 + x22),

ẋ2 = x1 + αx2 − x2(x21 + x22).
(3)

For all α values, this system has the equilibrium point x1 =
x2 = 0. This system always has the equilibrium point at the
origin. For α < 0, this point is a stable focus while for α >
0, it is an unstable focus. For the critical value of α = 0,
the equilibrium at origin is nonlinearly stable. In this system,
supercritical Hopf bifurcation occurs.

For the system with the opposite sign as{
ẋ1 = αx1 − x2 + x1(x21 + x22),

ẋ2 = x1 + αx2 + x2(x21 + x22),
(4)

the equilibrium stability at origin for α 6= 0 is the same as
system (3), while the equilibrium for α = 0 is nonlinearly
unstable. In this system, the subcritical Hopf bifurcation
occurs. This system has an unstable limit cycle that vanishes
when α crosses zero and being positive.

3) Basic Principle of the Proposed Method: Regarding
the insignificant change in the current of LVDC microgrids
during high-resistance faults, the fault current signal can be
considered as a weak signal. Following the above discussion,
a fault condition can be discriminated from a normal one
by adopting the parameter-dependent differential equation
of (1) is considered as the fault detection criterion that it
is in subcritical Hopf bifurcation condition. Therefore, by
changing α, until these changes are due to interference and
measurement errors, the equilibrium is asymptotically stable.
However, when a short-circuit fault occurs, phase portraits tend
to infinity exponentially; it increases the fault detection speed
significantly. It should be noted that the radius of the limit
cycle determines the maximum interference and measurement
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errors. In this case, the variable of DC microgrid current can
be considered as the bifurcation parameter in this dynamic
system. The adopted dynamic system is stable during normal
operating conditions while it is unstable during a short-circuit
fault. In the latter condition, phase portraits move towards
infinity and adopted tool can make a significant difference
between fault and normal conditions. In this paper, the PFHO
differential equations set is adopted as the protective decision-
making tool. The harmonic oscillator as a simple and linear
oscillator can properly distinguish a stable condition from
an unstable one. The variation of fault current as the PFHO
parameter can change the phase portrait from the oscillatory
stable state to the unstable state.

B. Analysis of Periodically-Forced Harmonic Oscillator

The second-order differential equation of PFHO is ex-
pressed as [20]

ÿ + pẏ + qy = cos(ωt), (5)

where p and q are equation constants. ω is the angular
frequency. The general solution of (5) can be expressed as

y(t) = N(t) + F (t), (6)

where N is the general solution of the unforced equation
while F is the particular solution of the forced equation. The
unforced form of harmonic oscillator equation is

ÿ + pẏ + qy = 0. (7)

Considering x1 = y and x2 = ẏ, one can write{
ẋ1 = ẏ = x2,

ẋ2 = ÿ = −pẏ − qy = −qx1 − px2.
(8)

The state matrix of state-space representation is expressed as

A =

(
0 1
−q −p

)
(9)

Thus, the eigenvalues of characteristic equation of (7) are

λ1,2 =
−p±

√
p2 − 4q

2
. (10)

The state of harmonic oscillator depends on p and q values. As
shown in Fig. 1, there are four stable states and two unstable
states as follows.

If λ1 < λ2 < 0, the oscillator state is overdamped with the
solution of

N(t) = c1e
λ1t + c2e

λ2t, (11)

where c1 and c2 are arbitrary constants.
If one eigenvalue is in the form of α+ jβ with the negative

real part and positive imaginary part, the oscillator state is
underdamped with the solution of

N(t) = c1e
αt cos(βt) + c2e

αt sin(βt). (12)

If one eigenvalue is in the form of jβ (p = 0) with β > 0,
the oscillator state is undamped with the solution of

N(t) = c1 cos(βt) + c2 sin(βt). (13)
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Fig. 1. Various states of harmonic oscillator.

If λ1 = λ2 = λ < 0, the oscillator state is critically damped
with the solution of

N(t) = c1e
λt + c2te

λt. (14)

If p < 0, both eigenvalues are in the right-hand side of
complex plane and thus, the harmonic oscillator is unstable.

The forced response of (5) is

F (t) = a cos(ωt) + b sin(ωt), (15)

where

a =
q − ω2

(pω)2 + (q − ω2)2
, b =

pω

(pω)2 + (q − ω2)2
. (16)

If p = 0 and q = ω2, the oscillator state is resonant with the
forcing response of

F (t) = t
(
a cos(ωt) + b sin(ωt)

)
. (17)

C. PFHO Based Protection Strategy

The operating principle of the proposed PFHO based pro-
tection is to change the system state during a fault condition
by adding small turbulence. The main feature of PFHO is that
when the system state changes to chaotic motion (positive real
eigenvalue), the system becomes unstable and its state variable
suddenly increases to infinity. This promising feature makes
PFHO a proper choice for fault detection in LVDC microgrids.
It facilitates fault detection because independent of study
microgrid structure/topology, the PFHO state variable is either
infinity (during fault condition) or non-infinity (during normal
operation). The remainder of this subsection is dedicated to
the mathematical description of the proposed scheme.

Using a current transducer, the first step of the proposed
strategy is to measure the line current. The proposed scheme
relies on IEDs at both ends of the protected zone, processing
the current measurements. The filtered current measurement
is sampled using the IED. Then, it is normalized as

ipuIED [k] =
i [k]

Ibase
, (18)

where k is the sampling step and ipuIED and Ibase are the
normalized IED current and base current, respectively.
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To address the bidirectional current flow and low fault
current of weak fault conditions, the superimposed component
of current is commonly calculated. This component poses the
fault signature and can be calculated using the superposition
theorem [21]. The fault current component ipuIED,F can be as-
sumed as the sum of normal-running ipuIED,N and superimposed
ipuIED,SI currents. Thus, ipuIED,SI can be calculated as

ipuIED,SI[k] = ipuIED,F[k]− ipuIED,N[k]. (19)

To calculate the superimposed component, the Delta fil-
ter [22] is used as

ipuIED,SI[k] = ipuIED[k]− ipuIED[k − kd], (20)

where kd is the number of Delta filter time delay samples. The
promising feature of superimposed component is that during
normal operation, it is zero while when a disturbance occurs,
it changes instantaneously.

Using the superimposed component of current, the PFHO
equation is expressed as

ÿ + p′ẏ + qy = cos(ωt), (21)

where

p′ = p+ kamp · ipuIED,SI, (22)

and kamp is the amplifier gain.

In the proposed protection scheme, each protected zone
is equipped with two IEDs at its both ends. These IEDs
calculate the state variable of the PFHO equation. During
normal operation, the PFHO system is kept in one of the
four stable states. By adopting p = 1 and q = 0.5, the
eigenvalues of system (7) becomes λ1,2 = −0.5± 0.5j; thus,
the N is underdamped during normal condition, as stated in
Subsection II-B. By considering c1 = c2 = 1, and ω = 1, and
solving (5), the PFHO state is oscillatory stable and the peak
value of y is equal to 1.45. This peak value is independent of
study microgrid because it is the output of PFHO. During
normal operation when the superimposed current is nearly
zero, p′ ' p = 1 and thus, the system state is in stable
mode. When a fault occurs, the sign of superimposed current
determines whether the system motion is normal or chaotic.

During normal operation, the current direction at both ends
is the same. When a fault occurs inside the zone (internal
fault), the current direction depends on the severity of fault
condition. If the fault path resistance is high, the current direc-
tion at both ends does not change during the fault. As shown in
Fig. 2(a), however, the superimposed current direction changes
independent of fault severity. The superimposed components
of current at sending and receiving ends are calculated as{

ipu,sendIED,SI = ipu,sendIED,F − i
pu,send
IED,N = +ifault,

ipu,receiveIED,SI = ipu,receiveIED,F − ipu,receiveIED,N = −ifault,
(23)

where ifault is the fault current.

Fig. 2(b) shows that for the case of forward and reverse
external faults, the superimposed components of current at
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Fig. 2. Current components during normal and fault conditions. (a) Internal
fault and (b) external forward and reverse faults.

both ends are expressed as{
ipu,sendIED,SI = ipu,receiveIED,SI = +ifault, forward fault
ipu,sendIED,SI = ipu,receiveIED,SI = −ifault, reverse fault.

(24)

Consequently, in the case of an internal fault, the state
variable y calculated at receiving end increases to infinity
because p′ < 0 and based on (10), the eigenvalues of PFHO
move to right-hand side of complex plane and the system
becomes unstable, while its peak at sending end is lower
than 2 because of p′ > 0. However, in the cases of external
faults, the system state at both ends remains in normal motion
for a forward fault or it falls into the chaotic motion and y
reaches infinity for a reverse fault. It should be noted that
for a fault with very high resistance where the fault current
change is negligible, p′ remains positive and the system does
not become unstable; however, such faults require special
protection measures which is out of the scope of this paper.
The PFHO based directional element DPFHO is defined as

DPFHO =

{
0, y < 2

1, otherwise.
(25)

The IEDs of each zone exchange the information of the
proposed directional element through the communication link.
If DPFHO at both ends is the same, this condition is interpreted
as a normal or an external fault condition. However, different
DPFHO values at both ends indicates an internal fault; in this
condition, the faulty zone IEDs send the trip signal to their
associated solid-state circuit breakers (SSCBs) for isolating
this zone from the healthy ones.

In the case of SSCB failure, the adjacent SSCBs should be
opened. To this end, if an IED sends the open command to
its associated SSCB and after a certain time delay, the fault
current is still non-zero, it sends an SSCB failure message
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Fig. 3. Flowchart of the proposed PFHO based directional protection strategy.

to adjacent IEDs at the same bus and they will trip their
associated SSCBs immediately.

D. Flowchart of the Proposed Algorithm

The flowchart of the proposed protection scheme is shown
in Fig. 3. The filtered current signal is processed by the IED to
calculate its superimposed component. Then, the PFHO equa-
tion is formed using this component and its state variable is
calculated at both ends. Based on this variable, the developed
directional element is determined and its information is sent to
the IED located at another end of the protected zone. It should
be noted that the directional element should be determined for
both poles for the detection of both positive pole to ground
and negative pole to ground faults. As shown in the Fault
Classification section of Fig. 3, the PG and PP faults can be
classified based on positive pole D+

PFHO and negative pole
D−PFHO directional elements at sending and receiving ends.
When a fault is detected and the trip command is sent to the
faulty zone SSCBs, the current is still monitored. If the fault
current persists for a certain time, the fault zone IED notifies
its adjacent IED(s) to trip adjacent SSCB(s) at the same bus,
as shown in the SSCB Failure section of Fig. 3.

E. Speed of Proposed Scheme

To protect the network equipment against DC microgrid
fault current with high magnitude and rate of change, each
severe fault should be isolated from the DC microgrid during
few milliseconds [13]. The amplifier gain affects the speed of
the proposed scheme. Increment of kamp increases the rate of
change of p′, speeding up the system change to unstable mode.
However, a high kamp results in malfunction of the proposed
method for normal small disturbances in line current signal.
In the developed scheme, kamp is adopted equal to 2000.

From the delay point of view, the high bandwidth fiber optic
communication reduces the queuing and transmission delays
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Fig. 4. Test meshed LVDC microgrid network.

to around 0.1 ms [13]. Also, using advanced routing, the pro-
cessing delay can be reduced to a few microseconds. Since the
microgrid lines are commonly short, the propagation delay is
in the order of a few microseconds. On the other hand, SSCBs
can interrupt a DC fault within a few microseconds [23]. It
ensures high speed of the proposed scheme.

III. STUDY LVDC MICROGRID

Fig. 4 shows the single-line diagram of the study meshed
LVDC microgrid [6]. The structure of this microgrid is similar
to the distribution part of the IEEE 14-bus system. This 8-bus
microgrid includes three photovoltaic (PV) sources and two
AC sources. The study microgrid is interfaced with the AC
utility grid through a three-phase three-level voltage-sourced
inverter (VSI). The bus 7 includes a resistive load supplied
from the microgrid through a DC-DC buck converter as a
constant power load (CPL). The operating voltage of the study
microgrid is±750 V. The study microgrid includes 8 lines with
a length of 1 km where the cable resistance and inductance are
0.017 Ω/km and 3.3 mH/km, respectively. It is a 3-wire system
(bipolar) and is equipped with the TN-S grounding scheme,
connecting the converter midpoint to the ground.

The study microgrid can operate in both grid-connected and
islanded modes. In the former mode, the VSI is controlled
using the external and internal control loops; the DC-link
voltage is regulated by the former loop while the real and
reactive components of the grid current are controlled using
the latter loop. The PV systems consist of 305.2 W SunPower
modules that are interfaced with the microgrid through the
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boost converters. In the grid-connected mode, the boost con-
verter is controlled by the maximum power point tracking
algorithm while in the islanded mode, it is controlled by the
droop based multi-loop control system [24]. Each AC source is
integrated with the microgrid through an AC-DC rectifier and
a DC-DC converter. In the islanded mode, DC-DC converter is
controlled by the multi-loop control system while in the grid-
connected mode, the current reference of the current control
loop is set by the microgrid management system. It should
be noted that the current reference of DC-DC converters is
limited to two times the nominal current of each converter to
protect the semiconductor switches.

IV. PERFORMANCE EVALUATION

The developed scheme is evaluated by performing several
case studies in the MATLAB/Simulink environment. The
sampling frequency of IED and kd are adopted equal to 10 kHz
and 1000, respectively. The base power and voltage for perunit
calculations are equal to 1000 kW and 1500 V, respectively.

A. Case 1: Bolted PP Fault in Grid-Connected Mode

In the first case study, a bolted PP fault is simulated at the
middle of line L8 (F1 in Fig. 4) in the grid-connected mode
of operation at t = 5 s. Fig. 5 shows the simulation results
from IEDs 15 and 16. This severe fault condition increases
the sending end line current to 10 times the base current.
The second row of this figure shows that the superimposed
component of current before the fault condition is zero while
after the fault occurrence, the calculated superimposed currents
by IEDs 15 and 16 change to about +5.5 pu and -1.5 pu,
respectively. It results in p′ decreases below zero in the
receiving end while the positive sign of ipuIED15,SI keeps p′

beyond zero. Consequently, the system state at the sending
end is normal motion while it is the chaotic motion at the
receiving end, as shown in the third row of Fig. 5. The fourth
row of the figure shows that during the normal condition, the
maximum of PFHO state variable y is lower than 2; when the
fault occurs, it increases to infinity at receiving end while it is
still below 2 at sending end. The proposed PFHO directional
element at receiving end changes to 1 at about 5.0001 s while
it does not change at sending end. Considering the processing,
communication, propagation, and SSCB operation delays, the
fault detection time is about 400 µs that is well shorter than
the required fault detection time of few milliseconds for DC
microgrids. Table I presents the PFHO state variable calculated
by IEDs of healthy lines where both system states of each line
are either equal to infinity or smaller than 2. Thus, the related
IEDs do not interpret this disturbance as an internal fault.

B. Case 2: High-Resistance PG Fault in Grid-Connected
Mode

The second case study is dedicated to evaluating the de-
veloped protection algorithm in the case of high-resistance
faults in the grid-connected operating mode. For this purpose,
a negative pole-to-ground fault with fault resistance of 30 Ω
is simulated at point F2 in Fig. 4 at t = 5 s. The simulation
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Fig. 5. Performance of the proposed PFHO based protection scheme during
a bolted fault in grid-connected operating mode.

TABLE I
PFHO STATE VARIABLE FOR HEALTHY LINES IN CASE 1

Line Number Sending End Receiving End
L1 yIED1 < 2 yIED14 < 2
L2 yIED2 = ∞ yIED3 = ∞
L3 yIED4 = ∞ yIED5 = ∞
L4 yIED6 = ∞ yIED7 = ∞
L5 yIED8 = ∞ yIED9 = ∞
L6 yIED10 < 2 yIED11 < 2
L7 yIED12 < 2 yIED13 < 2

results from IEDs 10 and 11 for both positive and negative
poles are shown in Fig. 6. Since the healthy positive pole is
not affected by the fault, the superimposed current at both ends
is zero. Thus, the PFHO state variable remains lower than 2,
preserving the stable mode at both ends. In this condition,
the associated SSCBs of these IEDs at positive pole remain
closed, as shown in the third row of Fig. 6. This weak fault
condition does not result in current direction change and it
changes the superimposed currents of sending and receiving
ends only to +0.03 pu and -0.018 pu, respectively. However,
the PFHO equation enters unstable mode at receiving end
while it remains in stable mode at sending end. The associated
SSCBs of the negative pole are opened at 5.009 ms by IEDs
10 and 11. Thus, the proposed method properly classifies this
event as a negative pole-to-ground fault. Although the overall
fault detection time is slightly longer than 4 ms, the fault
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Fig. 6. Performance of the proposed PFHO based protection scheme during
a high-resistance fault in grid-connected operating mode.

current is very limited in this case and is not harmful.

C. Case 3: High-Resistance PP Fault in Islanded Mode

The performance of the protection strategies in an islanded
LVDC microgrid is rarely investigated. The third scenario aims
to evaluate the effectiveness of the proposed protection scheme
in the islanded mode of operation. To this end, the point of
common coupling (PCC) switch is opened and the microgrid
is controlled using the droop control. A high-resistance PP
fault with fault resistance of 200 Ω in the line L4 (F3 in
Fig. 4) at t = 10 s makes this scenario a challenging condition.
Fig 7 shows the simulation results from IEDs 6 and 7. No
current direction change and low superimposed current at both
ends are evident in the first and second rows of this figure,
respectively. However, p′ decreases to -3.4 at receiving end
that causes the associated PFHO state variable reaches infinity,
while this variable is less than 2 in another end. The overall
fault detection time is 39 ms.

D. Comparative Assessment

To make a comparison between the proposed protection
scheme and superimposed based protection strategies, a PG
fault is simulated at F1. The fault detection time in MSPG
calculated using superimposed current [18] is about 2 ms
while the superimposed transient energy based protection
strategy proposed in [17] detects this fault after about 5 ms.
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Fig. 7. Performance of the proposed PFHO based protection scheme during
a high-resistance fault in islanded operating mode.

However, the fault detection time of the proposed strategy is
about 700 µs which verifies the effectiveness of the proposed
protection strategy. On the other hand, Table II compares the
features of the proposed protection strategy and unit protection
schemes reviewed in Section I. In addition to evaluating the
performance for bolted and high-resistance PP and PG faults
and consisting of a fault classification scheme, the proposed
strategy is evaluated in both grid-connected and islanded
modes of operation and does not require threshold calculation
for different microgrid structures/topologies.

V. CONCLUSION

This paper has proposed a unit protection scheme for
meshed LVDC microgrids. In this scheme, each line is
equipped with two IEDs at both ends, processing the current
measurements. Each IED calculates the superimposed compo-
nent of current as the additive input of the PFHO equation and
communicates with the IED at another end of the protected
zone for fault detection and with the adjacent IED(s) in the
event of SSCB failure. In the case of a reverse fault that
the superimposed current is negative, the PFHO state variable
increases to infinity while the positive superimposed current in
the case of a forward fault keeps the oscillator in stable mode,
preserving the PFHO state variable lower than 2. The two-state
value of the PFHO state variable eliminates the need for proper
protection threshold selection in different microgrid struc-
tures/topologies. The proposed scheme effectively protects
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TABLE II
COMPARISON BETWEEN PROPOSED STRATEGY AND SOME EXISTING UNIT PROTECTION SCHEMES

[13] [14] [15] [16] [17] [18] Proposed
Are both PP and PG faults considered? No Yes Yes No No Yes Yes
Is fault classification considered? No No No No No Yes Yes
Is high-resistance fault considered? No Yes Yes Yes Yes Yes Yes
Are both grid-connected and islanded modes of operation considered? No No No No No No Yes
Is no threshold calculation required? No No No No No No Yes

both grid-connected and islanded LVDC microgrids without
the change of protection settings. Several case studies on a
meshed LVDC microgrid show that a bolted fault is isolated
by the developed periodically-forced harmonic oscillator based
strategy in less than 500 µs while it can determine the faulty
zone with the fault path resistance of 200 Ω in less than 40 ms,
verifying the speed and sensitivity of the proposed scheme.
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