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Abstract—Timely and accurate detection of series arc faults in
multiterminal dc microgrids is a challenging task. Existing series
arc fault detection methods suffer from different deficiencies in
terms of selectivity, applicability, and efficiency. To solve these prob-
lems, this article introduces a model-based series arc fault detection
scheme for dc microgrids. First, a minimized system model dedi-
cated to series arc fault detection is derived. On this basis, a bank of
reduced-order unknown input observers are established. Through
recognizing predefined patterns in the output of the observer bank,
various series arc faults can be detected and isolated in a timely
manner. The proposed method is advantageous in that it can simul-
taneously locate multiple series arc faults in complex dc microgrids
without relying on auxiliary power hardware, special measurement
devices, prior fault data, and avoid cumbersome threshold settings.
The performance of the proposed method has been verified through
numerical simulations with MATLAB/Simulink and experimental
tests.

Index Terms—DC microgrids, fault detection, protection,
reduced-order unknown input observers, series arc faults.

I. INTRODUCTION

R ENEWABLE energy generating facilities, energy storage
systems (ESSs) and electric vehicle chargers are booming

in modern power systems. In the integration of these devices,
which are essentially dc or embedded with dc links, dc mi-
crogrids offer multiple advantages in terms of controllability,
flexibility, and efficiency [1].

However, series arc faults (SAFs) are still one of the major
threats to the safety of dc microgrids. SAFs occur when plasma
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channels are formed in current-carrying wires due to wire break-
age. DC SAFs are self-sustaining, which can lead to fire hazards
in dc microgrids. Meanwhile, series arc currents are much lower
than short-circuit fault currents, which can be undetectable with
conventional protection devices.

So far, a number of series arc fault detection (SAFD) methods
for dc microgrids have been proposed, which are reviewed in the
following.

Signal-Based Methods: The time-domain variations in line
currents and load voltages [2], [3], [4], and statistical features,
such as the randomness [5], entropy [6], and derivation [7] in
current signals, are used as the references for SAFD. Besides,
the frequency-domain components of arc currents are extracted
with fast Fourier transform [8], short-time Fourier transform [9],
and wavelet transform [10] for SAFD. However, these methods
lack selectivity in locating SAFs in multiterminal dc microgrids.
Other SAFD methods rely on auxiliary power hardware, in-
cluding shunt capacitors [11] and resonant filters [12], which
restricts the applicability of these methods. Besides, SAFD is
also achieved through detecting electromagnetic radiations [13],
[14] emitted from dc SAFs. Yet these methods necessitate special
sensors and antennas located in proximity to fault locations.
These limitations in the existing signal processing-based meth-
ods are eliminated in the proposed method, as it solves the SAFD
in multiterminal dc microgrids without using any additional
power hardware or special sensors.

Data-Driven Methods: SAFD can be achieved with data-
driven fault classification models. In [15], hidden Markov mod-
els using time–frequency and time-domain extracted features
are introduced to discriminate between normal disturbances and
SAFs in dc microgrids. In [16], ensemble learning models are
trained to detect SAFs in dc microgrids. In [17], a multiclass
AdaBoost algorithm is developed to classify multiple fault types,
including SAFs, in dc microgrids. However, the training of
these fault classification models requires abundant historical
fault data, which can not be easily obtained in real-world dc
microgrids. By comparison, the proposed method does not re-
quire any historical fault data.

Model-Based Methods: Model-based fault diagnosis methods
make use of the analytical redundancy provided by mathematical
models that characterize the dynamics of protected systems.
Among different model-based methods, observers play a key
role in fault diagnosis with deterministic models [18]. Exist-
ing research efforts on observer-based protection methods for
dc microgrids have been mainly centered on converter switch
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failures [19], [20], [21], [22], [23], line short-circuit faults [22],
[23] and sensor faults [24], [25], whereas the observer design
for SAFD is not thoroughly studied. In [26], a model-based
SAFD method for dc microgrids through estimating system
operating states is presented. But this method can only protect
the SAFs occurring in load components. Yao et al.[27] pre-
sented an observer-based SAFD method for multiterminal dc
microgrids, which still have several problems. First of all, this
method requires as many full-order observers as protected lines,
leading to high computational costs. Second, the applicability
of this method is restricted to dc lines with capacitive ends.
Third, the selective isolation of faulty lines is based on the smart
choice of threshold values, complicating its implementation.
Yang et al. [28] proposed a decentralized implementation of the
SAFD observers developed in [27], aiming to reduce computa-
tional costs. However, the core designs and resulting limitations
of the two algorithms remain the same. By comparison, the pro-
posed SAFD method achieves the same fault diagnostic targets
using fewer lower-order observers, thus enhancing efficiency.
Moreover, it eliminates the reliance on shunt capacitors and
avoids individual threshold settings for fault isolation.

From the literature review, we can see that the conventional
SAFD methods for dc microgrids suffer from various limita-
tions. To solve all these issues, this article introduces a cen-
tralized SAFD method that can simultaneously protect multi-
ple lines in a dc microgrid with reduced-order unknown input
observers (ROUIOs). As an effective fault diagnosis approach
for complex systems, ROUIOs achieve selective fault isolation
through decoupling the influences of selected faults as unknown
disturbances [29], [30]. Moreover, since this method involves
only a fractional system model in fault diagnostic computa-
tion [31], its computational efficiency gets enhanced. In the pro-
tection of dc microgrids, ROUIOs have been primarily used for
diagnosing switch failures of power electronic converters [32],
[33] and short-circuit faults [33], whereas they are designed for
SAFD in this work. In this article, a minimized system model of
multiterminal dc microgrids tailored for SAFD is first derived.
On this basis, a bank of centralized ROUIOs are established in
a unified design process. Fault isolation in the proposed SAFD
scheme is achieved through identifying predefined fault signa-
tures in the outputs of the ROUIOs. Finally, the effectiveness of
the proposed SAFD method as well as its robustness against load
disturbances, uncertainties in line parameters and measurement
noises are verified with MATLAB/Simulink and hardware.

The major contributions of this work can be synthesized as
follows.

1) A centralized SAFD framework based on ROUIO is pro-
posed for dc microgrids. This framework enables the de-
tection and isolation of multiple SAFs in multiterminal dc
microgrids without relying on shunt capacitors, auxiliary
hardware, special sensors, or prior fault data.

2) The proposed method has an enhanced computational effi-
ciency compared with conventional model-based methods
due to its neat design in system modeling and system state
decoupling.

3) By eliminating the need for threshold settings in fault
isolation, the proposed method not only simplifies

Fig. 1. Reference dc microgrid model.

TABLE I
SYSTEM PARAMETERS

implementation but also enhances robustness against mod-
eling uncertainties and measurement noises.

II. SYSTEM OVERVIEW AND PROBLEM FORMULATION

A. DC Microgrid Model

The study case of dc microgrids is shown in Fig. 1, whose
parameters are listed in Table I. The system includes two inde-
pendent power sources: a three-phase voltage-source converter
(VSC) connecting the ac utility grid to Node 1, and a boost
converter integrating a photovoltaic (PV) array at Node 3. On
the load side, two resistive loads and two ESSs are supplied
through buck converters at Nodes 5, 6, 7, and 8. Nodes 2 and
4 serve as intermediate nodes linking the power sources to the
load components. The dc microgrid comprises seven dc cables
with two ratings (Type 1 and Type 2). The SAF occurring in
each dc cable is denoted as Fh (h = 1, 2, . . . , 7).

B. Problem Formulation

In the multiterminal dc network illustrated in Fig. 1, SAFs can
occur in any dc lines. Under such conditions, conventional SAFD
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methods designed for single dc branches are unsuitable, as they
are highly susceptible to SAF-induced disturbances in adjacent
lines. Furthermore, due to the absence of shunt capacitors—
commonly used to filter high-frequency components—at Nodes
2 and 4, arc noise generated by SAFs in this grid can propagate
into neighboring lines. Hence, traditional SAFD approaches that
rely on capacitive terminations at line ends are also inapplicable.

To address these challenges, we propose a centralized scheme
that can detect and isolate different SAFs in a multiterminal dc
microgrid in one go. The proposed centralized scheme makes use
of line currents and node voltages. Besides, only line impedances
in the protected dc microgrid are required to design the proposed
SAFD algorithm.

III. MODELING OF DC MICROGRIDS

A. Representation of System Topology

The topology of a dc microgrid consisting of N nodes and
H lines can be represented by an undirected graph denoted as
G = {N , E}. Here,N = {1, 2, . . . , N} denotes the set of nodes,
and E = {(p, q), . . . , (P,Q)}, where (p, q) and (P,Q) denote
the set of edges (lines) (p, q, P,Q ∈ N ). For an undirected graph
where (p, q) equals (q, p), we will consistently denote a line as
(p, q) where p < q [27]. The connection relationships between
all dc lines can be represented by a transition matrix denoted
as θ ∈ RH×N . For a dc Line (p, q), the pth column and the qth
column of a row in θ are 1 and −1, respectively, while all other
elements in that row are 0.

B. System Model

The proposed method requires the actual mathematical model
of protected system, incorporating both system topologies and
cable data. In this work, we intentionally limit the scope of sys-
tem modeling to the protected dc lines, excluding components
installed at dc busbars, such as shunt capacitors and converters.
This simplification minimizes the rank of the system model,
thereby improving the computational efficiency of the proposed
SAFD method. In addition, by eliminating the dependency on
shunt capacitors and the operational characteristics of convert-
ers, the proposed method achieves greater versatility across
various dc microgrids.

Although shunt capacitors and converters are excluded in
model parameters, their effects on the system are not ne-
glected. The dynamics induced by these components are cap-
tured through changes in node voltages, which are used as input
signals to the system model.

The dynamics of a dc microgrid can be expressed as follows:

{
ẋ = Ax+Bu+ Ef
y = Cx

(1)

in which u, f , x, and y denote the input vector, the fault vector,
the state vector, and the output vector, respectively.A,B,C, and
E are parametric matrices.

In this work, u and x are the node voltages and line currents
in the monitored dc network, respectively, i.e.,

u =
[
v1 . . . vN

]T
(2)

x =
[
i(p,q) . . . i(P,Q)

]T
. (3)

The A and B matrices are determined by line impedance

A = diag
(
−R(p,q)

L(p,q)
. . . −R(P,Q)

L(P,Q)

)
(4)

where R(p,q) and L(p,q) denote the resistance and inductance of
Line (p, q), respectively.

B = γθ (5)

in which

γ = diag
(

1
L(p,q)

. . . 1
L(P,Q)

)
. (6)

The C matrix is dependent on the selection of output signals
in y. The representations of E and f will be elaborated in
Section III-D.

C. Modeling of Fault-Free System

The dc microgrid shown in Fig. 1 contains eight nodes
and seven lines, whose topology can be described as
N = {1, 2, 3, 4, 5, 6, 7, 8} and E = {(1, 2), (2, 4), (2, 5), (2, 6),
(3, 4), (4, 7), (4, 8)}. In fault-free (f = 0) conditions, the state-
space model (1) of this dc microgrid can be defined with the
following information:

u =
[
v1 v2 v3 v4 v5 v6 v7 v8

]T
(7)

x =
[
i(1,2) i(2,4) i(2,5) i(2,6) i(3,4) i(4,7) i(4,8)

]T
(8)

A = diag

(
− R(1,2)

L(1,2)
− R(2,4)

L(2,4)
− R(2,5)

L(2,5)
− R(2,6)

L(2,6)

− R(3,4)

L(3,4)
− R(4,7)

L(4,7)
− R(4,8)

L(4,8)

)
(9)

B = γθ =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
L(1,2)

−1
L(1,2)

0 0 0 0 0 0

0 1
L(2,4)

0 −1
L(2,4)

0 0 0 0

0 1
L(2,5)

0 0 −1
L(2,5)

0 0 0

0 1
L(2,6)

0 0 0 −1
L(2,6)

0 0

0 0 1
L(3,4)

−1
L(3,4)

0 0 0 0

0 0 0 1
L(4,7)

0 0 −1
L(4,7)

0

0 0 0 1
L(4,8)

0 0 0 −1
L(4,8)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(10)

where

γ =
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Fig. 2. Equivalent circuit model of a dc line with an SAF.

diag
(

1
L(1,2)

1
L(2,4)

1
L(2,5)

1
L(2,6)

1
L(3,4)

1
L(4,7)

1
L(4,8)

)
(11)

θ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 −1 0 0 0 0 0 0

0 1 0 −1 0 0 0 0

0 1 0 0 −1 0 0 0

0 1 0 0 0 −1 0 0

0 0 1 −1 0 0 0 0

0 0 0 1 0 0 −1 0

0 0 0 1 0 0 0 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (12)

For simplicity, C is set to be an identity matrix, so

y = x. (13)

D. Modeling of SAF

As detailed in [34], the effect of an SAF can be effectively
modeled as a time-varying resistance. Leveraging this principle,
we constructed the equivalent circuit of a dc line experiencing
an SAF, as depicted in Fig. 2. The figure highlights that an SAF
in Line (p, q) manifests as an unexpected increase in the line
resistance R(p,q), represented by an additional arc resistance
Rarc(p,q). This effect of SAF on line resistance is expressed as

R(p,q) → R′
(p,q) = R(p,q) +Rarc(p,q). (14)

This representation provides a clear foundation for analyz-
ing the impacts of SAFs on the dynamic behavior in the dc
microgrid. By integrating the expression of the SAF (14) into
the system model (1), an analytical model of the SAF can be
obtained.

Taking F1 in Line (1,2) in the reference dc microgrid as an
example to clarify the mathematical modeling of SAFs. Replac-
ing R(1,2) with R(1,2) +Rarc(1,2) in the state-space equation of
the system model (1) yields (Due to space limitation, only the
state-space equation that is relevant to the modeling of F1 is
presented)

i̇(1,2)︸︷︷︸
ẋ

= −R(1,2)

L(1,2)
i(1,2)︸ ︷︷ ︸

Ax

+
1

L(1,2)
(v1 − v2)︸ ︷︷ ︸
Bu

− 1

L(1,2)︸ ︷︷ ︸
E

Rarc(1,2)i(1,2)︸ ︷︷ ︸
f

. (15)

From (15), the expressions of E and f for F1 can be derived.
The mathematical models of other SAFs can be derived in the
same process. E and f for all the seven SAFs in the reference
dc microgrid are summarized in Table II.

TABLE II
SAF MODELS

TABLE III
SENSITIVITY MATRIX

IV. SAFD METHOD

This section explains the designs of observers and the fault
signature recognition scheme in the proposed SAFD method,
whereafter, a complete workflow is presented.

A. Observer Bank Design

To simultaneously diagnose multiple SAFs in a dc microgrid,
a bank of multiple observers with individual fault diagnostic
targets are designed. Instead of using as many observers as
protected lines, this work employs a highly efficient design
scheme, in which the number M of observers required to cover
H independent faults is determined as [22]

M ≥ �log2 (H + 1)�. (16)

To ensure the selectivity of protection, each observer must be
designed to be sensitive only to specific faults, while treating
other faults as disturbances. The sensitivities of M observers to
H faults can be represented by a sensitivity matrix S ∈ RM×H .
The elements in S are defined by

Smh =

{
1, if Observer m is sensitive to Fault h

0, if Observer m is insensitive to Fault h
(17)

where m = 1, 2, . . . ,M, h = 1, 2, . . . , H . Each column of S
represents the sensitivities of the M observers to a fault, which
is referred to as a fault signature. The elements in the sensitivity
matrix can be freely determined as long as all fault signatures
are unique.

To detect all the seven SAFs in the reference dc microgrid,
only three observers are enough according to (16). The sensi-
tivity matrix of this observer bank is represented in Table III.
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In this sensitivity matrix, each column is a unique three-digit
vector, which guarantees the selectivity in SAFD.

B. ROUIO Design

With the sensitivity of an ROUIO determined, its parameters
can be designed in the process described in [35], which is
explained in the following.

Taking into account the target of SAFD, the system model (1)
can be rewritten as{

ẋ = Ax+Bu+ E1f1 + E2f2

y = Cx
(18)

in which{E1, f1} corresponds to the faults to which the observer
is insensitive, and {E2, f2} corresponds to the faults to which
the observer should respond. Discretizing (18) yields{
x(k + 1) = Adx(k) +Bdu(k) + Ed,1f1(k) + Ed,2f2(k)

y(k) = Cdx(k) .
(19)

Applying state transformation z = Tx on (19) yields⎧⎪⎨
⎪⎩
z(k + 1) = TAdT

−1z(k) + TBdu(k) + TEd,1f1(k)

+TEd,2f2(k)

y(k) = CdT
−1z(k)

(20)
where the nonsingular matrix T = UT

1 , and U1 is obtained from
the singular value decomposition (SVD) of Ed,1:

Ed,1 = U1

[
Σ1

0

]
V T
1 . (21)

The transformed system model (20) can be split into

z1(k + 1) = A11z1(k) +A12z2(k) +B1u(k) + E11f1(k)

+ E21f2(k) (22)

z2(k + 1) = A21z1(k) +A22z2(k) +B2u(k) + E22f2(k)
(23)

y(k) = C1z1(k) + C2z2(k) (24)

in which the following relationships exist:

TAdT
−1 =

[
A11 A12

A21 A22

]
(25)

TBd =
[
B1 B2

]T
(26)

CdT
−1 =

[
C1 C2

]
(27)

TEd,1 =
[
E11 0

]T
(28)

TEd,2 =
[
E21 E22

]T
. (29)

Applying output transformation on (24) yields

y�(k) = T1y(k) (30)

where T1 = UT
2 . The SVD of C1 results in U2:

C1 = U2

[
Σ2

0

]
V T
2 . (31)

By partitioning y�(k) into [y�1(k) y�2(k)]
T and T1C2 into

[C21 C22]
T, (30) can be expressed in a modified form:

y�1(k) = Σ2V
T
2 z1(k) + C21z2(k) (32)

y�2(k) = C22z2(k). (33)

Substituting z1(k) from (32) into (23) yields⎧⎪⎨
⎪⎩
z2(k + 1) = Ā22z2(k) +B2u(k)

+A21(Σ2V
T
2 )+y�1(k) + E22f2(k)

y�2(k) = C22z2(k)

(34)

where Ā22 = A22 −A21(Σ2V
T
2 )+C21 and ()+ denotes the

Moore–Penrose pseudoinverse.
Equation (34) is the reduced system model for ROUIO design.

Its rank n2 is determined by

n2 = ns − rank(Ed,1) (35)

which is lower than the rank ns of original system model (19).
The necessary and sufficient conditions for the existence of an
ROUIO for the system defined by (19) are [36]

1) rank(CEd,1) = rank(Ed,1).
2) (C22, Ā22) is a detectable pair.
Based on the reduced-order system model (34), the ROUIO

can be expressed as⎧⎪⎨
⎪⎩
ẑ2(k + 1) = (Ā22 −WC22)ẑ2(k) +B2u(k)

+A21(Σ2V
T
2 )+y�1(k) +Wy�2(k)

r(k) = y�2(k)− C22ẑ2(k)

(36)

in which r is the residual generated by the ROUIO.

C. Order Analysis

The reduction of observer complexity is accomplished
through the elimination of system states that are irrelevant to
fault diagnosis, as detailed in the following.

As demonstrated in Section IV-B, the transformed state-space
representation of the dynamic system (20) can be decomposed
into two subsystems described by (22) and (23), respectively.
The state vector z1 in (22) is influenced by both disturbances
f1 and faults f2, while z2 in (23) is affected only by faults f2.
This allows fault diagnosis to rely solely on the reduced-order
subsystem (23). The resulting reduced-order model (34) retains
only z2, forming the basis for ROUIO design.

The order reduction mechanism is quantitatively character-
ized by the relationship established in (35). Since ns remains
constant for an system, n2 exhibits an inverse relationship with
the number (rank(Ed,1)) of disturbances. This means that n2 is
an adjustable parameter tailored to the specific fault diagnostic
target of the observer. Specifically, as more faults are treated as
disturbances by an ROUIO, its rank n2 decreases accordingly.
But as rank(Ed,1) is a positive value below ns, the rank of
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ROUIO is always lower than the order of the original system
model.

D. Signature Recognition Scheme

This section introduces a signature recognition scheme that
locates faulty lines based on the residual norms generated by the
ROUIO bank.

Let rm denote the residual generated by the mth observer in
the bank of M ROUIOs (m = 1, 2, . . . ,M ). The L2 norm of rm
can be represented as

Jm(k) =‖ rm(k) ‖=
√
rm(k)Trm(k). (37)

The SAFD function is triggered when the residual norm gen-
erated by any observer consistently exceeds its corresponding
threshold for a certain duration, i.e., if ∃m ∈ [1, 2, . . . ,M ] such
that

Jm(k) > Jm,th, k = 1, 2, . . . ,K (38)

where the threshold Jm,th is set to avoid the maximum error
in Jm in fault-free (f = 0) operating conditions. It should be
noted that Jm,th is a fixed value for a specific observer, which
is independent of faults to detect.

The selection of data length K is critical as it directly affects
the response time of the SAFD function. The UL 1699B standard
allows for 2 s for arc interruption [37], [38]. In our work, we
choose K to correspond to a sampling delay of only 10 ms.
This choice guarantees the fast response of the proposed SAFD
method in the early phase of SAFs.

First, all the M obtained residual norms are normalized:

JN
m(k) =

Jm(k)

max{J1(k), J2(k), . . . , JM (k)} . (39)

Through the observer parameter design, multiple ROUIOs sen-
sitive to the same fault generate identical residuals. By normal-
izing these residuals, each residual norm is converted into a
binary output: 1 (indicating that the corresponding observer is
sensitive to the fault) or 0 (indicating insensitivity to the fault).
In such a way, an M -digit binary vector can be obtained through
normalizing the residual norms of all the M observers, which
should match a predefined fault signature. Therefore, the task of
SAFD becomes the recognition of predefined binary patterns in
the normalized residual norms.

To identify the fault signature that best matches the bi-
nary pattern in the normalized residual norms, the Euclidean
distance between the normalized residual norms JN(k) =
[JN

1 (k) JN
2 (k) . . . JN

M (k)]T and the fault signature Sh =

[S1h S2h . . . SMh]
T of Fh is calculated

Eh(k) =‖ JN(k)− Sh ‖ . (40)

Eh represents the error in reconstructing the fault signature Sh

from the normalized residual norms.
Then, the mean value of the reconstruction error over the

sampling period is calculated

Ēh =
1

K

K∑
k=1

Eh(k). (41)

TABLE IV
MEAN RECONSTRUCTION ERRORS IN DIFFERENT FAULT SCENARIOS

By finding the argument x of the minimum Ēh (h = 1, 2,
. . . , H), the signature of fault Fx can be recognized without
using any threshold values.

E. Workflow of SAFD Scheme

The complete workflow of the proposed SAFD process is
shown in Fig. 3, which can be divided into two blocks named
“Observer bank” and “Fault signature recognition.” In the “Ob-
server bank,” multiple ROUIOs are implemented in parallel,
sharing the common measurement signals u and y. The internal
parameters of each ROUIO are designed in the generic process
presented in Section IV-B. The “Fault signature recognition” is
triggered if the condition (38) is satisfied, then the mean recon-
struction errors are calculated with the residuals generated by the
observer bank. Through finding the argument x = arg minhĒh

(h = 1, 2, . . . , H), the faulty line with SAF can be recognized.

V. NUMERICAL SIMULATIONS

In this section, the performance of the proposed SAFD method
is tested in different fault scenarios in the reference dc mi-
crogrid through simulations with MATLAB/Simulink. Then,
its robustness against load disturbances, modeling errors and
measurement noises is verified.

A. Performance Verification

To verify the effectiveness of the proposed method, it was first
tested under different SAFs in the reference dc microgrid.

Fig. 4 presents the test results under SAF F1. We can see that
after the SAF occurs at 50 ms, J1 increases rapidly and stabilizes
at a high level, whereas J2 and J3 fluctuate at low levels. This
result aligns with theoretical analysis. According to the signature
of F1 in the predefined sensitivity matrix (shown in Table III),
Observer 1 is sensitive to F1, and Observer 2 and Observer 3 are
insensitive to F1.

Moreover, Fig. 4(b) presents the reconstruction errors under
F1, we can see that E1 is much lower than all the other six re-
construction errors. This indicates that the pattern in the residual
norms generated by the observer bank most closely matches to
the signature of F1.
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Fig. 3. Workflow of the proposed SAFD method.

Fig. 4. (a) Residual norms and (b) reconstruction errors during the SAF F1.

Table IV presents the mean reconstruction errors obtained
under all the seven SAFs in the reference dc microgrid. As we can
see, the mean reconstruction errors Ēh associated with Fh (h =
1, 2, . . . , 7) are always the lowest. Therefore, through finding the
minimum mean reconstruction errors, the different SAFs can be
recognized without using any thresholds.

B. Robustness Verification

1) Influence of Load Disturbances: To induce load distur-
bances in the reference dc microgrid, we simulated a sudden

Fig. 5. (a) Node voltage and line current, and (b) residual norms during the
abrupt change in Load 1.

increase in Load 1 at Node 5, which is fed via Line (2,5). The
voltage of Node 5, the current in Line (2,5), and the residual
norms during this disturbance are plotted in Fig. 5.

Fig. 5(a) shows that the load change (at 50 ms) leads to abrupt
changes in the line current i(2,5) and the node voltage u5. In the
meantime, the residual norms J1, J2, and J3 experience only
transient fluctuations during the load change. Since there is no
steady deviation in the three residual norms [see Fig. 5(b)], the
proposed SAFD function is not activated.
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Fig. 6. Residual norms during (a) the SAF F3 and (b) the SAF F4 under
different modeling errors in Line (2,5).

The good robustness of the proposed method against load
changes can be explained by the fact that the load change
only affects node voltages, which are the input variables in the
system model (1). Since the SAFs are modeled as the parametric
changes in the system model (1), they are irrelevant to input
values. Due to this reason, the proposed method is insensitive to
changes in operating environment.

2) Influence of Modeling Errors: To verify the influence of
the inaccuracy in line parameters on the performance of the
proposed method, we created extreme modeling errors by indi-
vidually increasing the resistance and inductance of Line (2,5) in
the simulation model by ten times, while keeping the parameters
of ROUIOs unchanged. Under the influences of the modeling
errors, the proposed method is tested under F3 occurring in Line
(2,5) andF4 occurring in its neighboring Line (2,6), respectively.

In Fig. 6, the original residual norms without modeling errors
are denoted by Jm (m = 1, 2, 3), while Jm,R25,10 (m = 1, 2, 3)
and Jm,L25,10 (m = 1, 2, 3) denote the residual norms obtained
under the resistive and the inductive modeling errors in Line
(2,5), respectively. As shown in Fig. 6(a) and (b), resistive mod-
eling errors in the protected Line (2,5) cause dc deviations in the
residual norms Jm,R25,10 (m = 1, 2), whereas inductive errors
only smooth out the fluctuations in residual norms Jm,L25,10

(m = 1, 2, 3). However, as we can see in Table V, even under

TABLE V
MEAN RECONSTRUCTION ERRORS UNDER MODELING ERRORS

Fig. 7. Residual norms during the SAF F6 under different measurement
noises.

the severe modeling errors (900% relative error), the mean
reconstruction errors Ē3 and Ē4 are still the lowest under F3

and F4, respectively, which guarantee correct fault diagnostic
results. These results prove the good robustness of the proposed
SAFD method against modeling uncertainty.

The robustness of the proposed method can be attributed
to the normalization of the residual norms. Although resistive
modeling errors can lead to deviations in residual norms, these
changes are still minor compared to those caused by SAFs.
Through the normalization of residual norms, the influences of
the modeling errors are effectively scaled down. As a result, the
functioning of the proposed method is not affected.

3) Influence of Measurement Noises: To evaluate the perfor-
mance of the proposed method in noisy measurement conditions,
it was tested under F6 in the reference dc microgrid with addi-
tional white Gaussian noises in the measurement signals.

Fig. 7 plots the original residual norms without measurement
noises (Jm, m = 1, 2, 3), as well as the residual norms obtained
under the measurement noises of 40 dB (Jm,40dB, m = 1, 2, 3)
and 30 dB (Jm,30dB, m = 1, 2, 3), respectively. We can see that
as the magnitudes of the additional measurement noises increase,
the fluctuations in the obtained residual norms become more
significant. Nevertheless, even under the most extreme noises of
30 dB, the fault signature [0 1 1]T in the obtained residual
norms Jm,30dB (m = 1, 2, 3) is still salient to recognize.

The quantitative results of the mean reconstruction errors are
presented in Table VI. We can see that Ē6 is always the lowest



WANG et al.: MODEL-BASED SERIES ARC FAULT DETECTION METHOD FOR MULTITERMINAL DC MICROGRIDS 2271

TABLE VI
MEAN RECONSTRUCTION ERRORS UNDER MEASUREMENT NOISES

under the different measurement noises. Under the extreme
noises of 30 dB, there is still a large margin between Ē6

(0.224) and all other mean reconstruction errors (from 0.777),
which proves the good tolerance of the proposed method for
measurement noises.

The proposed method exhibits good robustness against mea-
surement noises due to two key factors: normalization of the
residual norms and averaging of the reconstruction errors. The
normalization of the residual norms significantly reduces the im-
pact of measurement noises by scaling down their magnitudes.
The averaging of the reconstruction errors further diminishes the
influence of measurement noises since they are zero-mean.

C. Adaptivity in Different System Configurations

To validate the adaptivity of the proposed method in systems
with different topologies and cable lengths, the proposed method
is also tested in a modified system with the following changes:

1) Node 8 (including Buck 4 converter and ESS 2) is moved
from Node 4 to Node 2.

2) The length of new Line (2,8) is increased to 5 km.
In accordance with the updated system configuration, the

ROUIO bank is rebuilt. Here, the new SAF occurring in Line
(2,8) is defined as F7 and assigned the signature [1, 1, 1]T.

The output of the observer bank is presented in Fig. 8. As
shown in Fig. 8(a), J1 to J3 rise to the same high level after fault
occurrence, matching the predefined fault signature [1, 1, 1]T.
Meanwhile, the reconstruction errors in Fig. 8(b) indicate thatE7

is the lowest, confirming the occurrence of F7. These test results
demonstrate that the effectiveness of the proposed method is not
limited to a specific scenario but can be extended to dc systems
with different topologies and cable lengths.

D. Comparison With Model-Free Methods

To demonstrate the advantageous features of the proposed
method over conventional model-free methods, theoretical and
numerical comparisons are carried out in the following.

Table VII compares the proposed method with several model-
free SAFD methods in different dimensions. As we can see,
conventional signal processing methods [2], [3], [4], [5], [6],
[7], [8], [9], [10] are not suitable for protecting multiterminal
dc microgrids, as they fail to account for the impacts of external
SAFs in neighboring lines. Other SAFD methods are deficient
in that they rely on additional components, such as shunt ca-
pacitors [11], resonant filters [12], specialized sensors [13],
[14], or historical operating data [15], [16], [17], reducing their

Fig. 8. (a) Residual norms and (b) reconstruction errors during the SAF F7

under the new system configuration.

TABLE VII
COMPARISON WITH EXISTING METHODS
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Fig. 9. Standard deviation of voltage difference in (a) Line (2,4) and (b) Line
(4,7) during the SAF F2.

implementation feasibility. Moreover, most of these methods
require case-specific threshold tuning for fault isolation. All
these limitations are overcome by the proposed method. First,
it is designed for protecting multiterminal dc microgrids, ex-
tending its applicability beyond single-line protection. Second,
its implementation eliminates the need for shunt capacitors,
auxiliary hardware, specialized sensors, or historical fault data,
as demonstrated in the case study. Third, it isolates faulty dc lines
by identifying the minimum reconstruction error, bypassing the
challenge of threshold setting.

Besides the theoretical discussion, numerical comparisons
are also conducted with the signal processing-based methods
presented in [3], [5], [8], [10]. These methods are chosen for
comparison because they do not rely on shunt capacitors, aux-
iliary hardware, specialized sensors, or historical fault data,
aligning with the implementation constraints of the proposed
method. This ensures a fair and unbiased comparison between
the proposed method and the selected alternatives.

In this comparative test, we simulate the SAF F2 in Line (2,4)
and monitor four signal types from Line (2,4) and its adjacent
Line (4,7): the standard deviation of voltage difference [3], the
Hurst exponent [5], and the Fourier [8] and wavelet compo-
nents [10] of the line current. The simulation results in Figs. 9–12
demonstrate that the four SAFD reference signals show abrupt
increases after fault inception in both the faulted Line (2,4) and
its neighboring healthy Line (4,7), reaching values substantially
higher than their prefault baselines. Thus, faulty lines can not be
isolated simply through comparing prefault and postfault signal
amplitudes. For comparison, Fig. 13 presents the outputs of the
proposed method under the same fault scenario. The residual
norm patterns in Fig. 13(a) demonstrate that during the SAF F2,
J2 becomes dominant while J1 and J3 maintain low values,
consistent with the predefined signature of F2 in Table III.
Furthermore, the reconstruction errors shown in Fig. 13(b) reveal
successful E2 minimization for F2, enabling accurate SAFD
through minimum-error identification.

Fig. 10. Hurst exponent of current in (a) Line (2,4) and (b) Line (4,7) during
the SAF F2.

Fig. 11. Fourier components of currents in (a) Line (2,4) and (b) Line (4,7)
during the SAF F2.

Fig. 12. wavelet components of currents in (a) Line (2,4) and (b) Line (4,7)
during the SAF F2.
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(a)

(b)

Fig. 13. (a) Residual norms and (b) reconstruction errors during the SAF F2.

The superiority of the proposed model-based method stems
from the following key characteristics that address the inherent
limitations of model-free techniques:

1) Unlike signal processing-based methods that can fail un-
der arc-induced disturbances, the proposed method em-
beds the mathematical model of system dynamics. By ob-
serving system operating states and verifying their consis-
tency with physical laws, it pinpoints the fault location that
best explains the observed dynamics, thereby requiring no
additional sensors, dedicated hardware, or case-specific
threshold tuning.

2) Unlike data-driven methods, the proposed method detects
SAFs based on first-principle system models. This prop-
erty ensures its validity across unseen operating conditions
without requiring fault databases for training.

E. Comparison With Model-Based Methods

While model-based SAFD methods remain relatively scarce
in the literature, the proposed method demonstrates significant
advancements over existing approaches, particularly the notable
work of [27] as one of the few comparable studies, with marked
improvements in computational efficiency and practical appli-
cability, as will be detailed subsequently.

1) Efficiency: The computational load of observer-based sys-
tems is jointly determined by both the quantity of observers

and their individual orders. And the proposed SAFD method
achieves enhanced efficiency through limiting both the number
and the ranks of observers involved in fault diagnostic compu-
tations, which is explained in the following.

The first improvement in the proposed method lies on a
multifault diagnostic framework, enabling a single observer to
concurrently monitor and identify multiple SAFs across various
dc lines. According to (16), the minimum number of observers
required in the proposed method to coverH independent faults is
as low as �log2 (H + 1)�. This represents a substantial enhance-
ment compared to the conventional approach in [27], which
requires a dedicated observer for each individual line protection.

The second improvement in our work is the reduction of
observer order through two key mechanisms: 1) the implementa-
tion of a minimized system model whose rank is determined by
the number of protected dc lines, in contrast to the conventional
approach in [27] that incorporates both dc lines and capaci-
tors; and 2) more critically, the deployment of reduced-order
observers in our work whose ranks are substantially smaller than
the full-order observers employed in [27], as demonstrated by
the theoretical analysis in Section IV-C.

As the proposed method optimizes observer bank design by
reducing both the number of observers and their respective ranks,
its computational efficiency gets enhanced through the following
mechanisms:

1) Reduced matrix operations: Fewer observers mean less
observer parameter matrices, which reduces the number
of matrix-vector multiplications during real-time signal
processing. Lower-order observers further simplify the
computations by reducing the size of these matrices, lead-
ing to fewer arithmetic operations and faster execution.

2) Lower memory and storage requirements: With fewer
lower-order observers, the method requires less memory to
store observer parameter matrices and intermediate com-
putational results. This is particularly advantageous for
real-time systems with limited computational resources.

3) Reduced data handling overhead: Processing fewer ob-
servers and lower-dimensional signals decreases the
amount of data that needs to be transferred and manip-
ulated during each computation cycle.

In summary, by employing fewer and lower-order observers,
the proposed method achieves a higher computational efficiency.

2) Practicality: The proposed method demonstrates signifi-
cant advancements in practicality over the existing model-based
SAFD approach presented in [27], primarily through its in-
dependence from capacitive line ends and the elimination of
threshold-based fault isolation requirements. These improve-
ments are substantiated by two key aspects: system configuration
adaptivity and fault isolation methodology.

Regarding system configuration adaptivity, while the dc mi-
crogrid studied in [27] mandates the installation of shunt ca-
pacitors at every network node, the proposed method maintains
reliable operation regardless of capacitive element presence.
This capability has been experimentally verified through both
simulation and experimental tests.

Regarding fault isolation methodology, the determination of
threshold for fault isolation involves computationally intensive
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TABLE VIII
COMPARISON WITH THE EXISTING MODEL-BASED METHOD [27]

Fig. 14. Photo of hardware setup.

inequality calculations and is highly sensitive to system param-
eters, making the method in [27] complicated to implement in
real-world scenarios. In contrast, the proposed method intro-
duces a “settingless” fault signature recognition mechanism,
which identifies faulty lines through reconstruction error calcu-
lation. This approach eliminates the need for complex threshold
determination, thereby significantly improving the feasibility of
practical implementation.

In summary, the proposed method offers a more practical solu-
tion compared with the existing SAFD approach, as evidenced
by its adaptivity in system configuration and its setting fault
isolation mechanism.

Table VIII presents a comprehensive comparison of the two
model-based methods across multiple dimensions.

VI. EXPERIMENTAL VERIFICATION

To understand the performance of the proposed method in
a realistic condition, experimental tests were carried out on
laboratory hardware.

A. Test Setup

Fig. 14 demonstrates the hardware of the experimental test
setup, whose circuit diagram is depicted in Fig. 15. The param-
eters of the system are listed in Table IX. The experimental dc
grid is a four-terminal system configured in a star topology. It
consists of a constant dc voltage source and two resistive loads,
interconnected through three dc lines. Each line is modeled using
two sets of series-connected RL components. At the midpoint
of each line, an arc generator can be connected in series.

In signal acquisition, we utilize LV 25-P voltage sensors
to measure node voltages and LAH 25-NP current sensors to

Fig. 15. Circuit diagram of hardware setup.

TABLE IX
PARAMETERS OF EXPERIMENTAL SETUP

TABLE X
SENSITIVITY MATRIX

measure line currents. The acquired signals undergo analog-to-
digital conversion via a digital signal processor (DSP) board
embedded with TMS320F28335 chip, where analog signals are
digitized at a 100 kHz sampling rate. This digital data stored in
the DSP is further exported as. dat files.

For signal processing, MATLAB is employed to read the. dat
files, transforming the data from hexadecimal to single-precision
floating-point format. The measurement data, initially in the
range of 0–3 V, is subsequently rescaled to reflect the original
voltage and current values.

B. Test Design

Under each test, the arc generator is connected in series into
one of the dc lines, emulating an SAF. To detect and recognize
the three different SAFs, a bank of two observers were built
in the design process explained in Section IV. The sensitivity
of the observer bank is presented in Table X. With the voltage
and current data measured from the laboratory dc microgrid,
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Fig. 16. (a) Residual norms and (b) Reconstruction errors during the SAF Fh1
in the hardware test.

Fig. 17. (a) Residual norms and (b) Reconstruction errors during the SAF Fh2
in the hardware test.

the residual norms as well as the reconstruction errors were
obtained from the observer bank in MATLAB. For comparison,
the residual norms derived with simulation data under the same
scenarios are also included.

C. Test Results

Figs. 16–18 show the residual norms and reconstruction
errors under the three fault scenarios. As seen in Figs. 16(a) to
18(a), the hardware-based residual norms (Jm,h, m = 1, 2, blue

Fig. 18. (a) Residual norms and (b) Reconstruction errors during the SAF Fh3
in the hardware test.

curves) and simulation-based residual norms (Jm,s, m = 1, 2,
red curves) exhibit nearly identical temporal patterns during var-
ious SAFD events and converge to the same steady-state values:
Under SAF Fh1, both observers generate high residuals after
fault; Under SAF Fh2, only Observer 1 generates a high residual;
Under SAF Fh3, only Observer 2 generates a high residual. This
close agreement demonstrates the method’s consistency across
both experimental and simulated conditions.

Notably, Jm,h is slightly higher than Jm,s under pre-fault
normal operating conditions. The difference arises becauseJm,h

incorporates parametric and measurement uncertainties inherent
to the hardware setup, whereas Jm,s is derived from idealized
numerical simulations that exclude such uncertainties. Besides,
Jm,h exhibits a transient response lasting several milliseconds
before reaching steady-state, unlike Jm,s which change in a
stepwise manner. This is attributed to the fact that the SAFDs in
the hardware tests were generated by manually separating the
electrodes in the arc generator, whereas the simulation models
them as abrupt changes in line resistances.

These minor differences in experimental conditions do not
affect the method’s fault diagnostic decisions. As clearly shown
in Figs. 16(b)–18(b), the reconstruction error (Eh, h = 1, 2, 3)
for each fault in the hardware test consistently maintains a
significantly lower magnitude compared with the reconstruction
errors of other faults. This substantial error margin provides
strong fault discriminability and robustness of the proposed
method in the presence of implementation variations.

VII. CONCLUSION

This article introduces a novel model-based SAFD method for
dc microgrids, which is a centralized scheme for simultaneously
detecting SAFs occurring in different segments. The proposed
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method brings several improvements. First, the proposed method
has good applicability to multiterminal dc microgrids without
requiring auxiliary hardware, special sensors and prior fault
data. Second, the proposed method has a reduced computational
complexity. Third, the pattern recognition-based fault isolation
scheme simplifies the implementation and enhances the robust-
ness of the proposed method. In the verification tests, the pro-
posed method demonstrates excellent performance, detecting
and isolating various SAFs in a multiterminal dc microgrid
with a short sampling delay of 10 ms. Moreover, the proposed
method is proven to be robust against abrupt load disturbances,
severe modeling errors up to 900% of nominal values, and
heavy measurement noises up to 30 dB. Overall, the proposed
method offers a promising solution to SAFD in multiterminal
dc microgrids.
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