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Abstract—Discrete-time parameter identification techniques
are studied extensively and are implemented to detect and
localize the series arc discharge on a multi-load distribution node.
The techniques include Recursive Least Squares (RLS) and the
Kalman Filter (KF) which by estimating the line parameters
- resistance and inductance will help monitor their condition.
The systems electrical components vary abruptly during an arc
discharge on a line of the grid. This disturbance from the
arc discharge also travels to the adjacent loads and lines. The
RLS and KF will then act as detectors functioning on a line
and consequently help localize the faulted line/load. The two
mentioned techniques delineate the variation in values of the
grid parameters even for a large noisy arc.

I. INTRODUCTION

Considering the increase in the use of dc based microgrids
in areas such as the More Electric Aircraft (MEA), Electric
Vehicles (EVs), power-grid etc, it has become highly essential
to inhibit the hazards that occur during operation of dc circuits
at high-voltages. One such fault that can cause a major risk to
dc power systems is the series dc arc [1]. The dangers caused
by the dc arc are mentioned in [2], [3] where it shows that
extinguishing fire off an EV has a different approach to that
of a gasoline car. Also in [4], there are multiple approaches
shown to control fire that might occur in an EV. In [5], an F22
was also destroyed by an arc fault close to a hydraulic line.
Even though there are a variety of existing techniques available
to detect series faults, few research has been conducted on its
localization. It has been shown in [6]–[8], that the series arc
noise signatures can travel to adjacent lines, possibly triggering
detectors in multiple sections of the network. This paper uses
the same experimental setup shown in [8]. A localization
scheme for series and parallel ac arc faults has been proposed
in [9], [10] using Fast Fourier Transform (FFT) and least
squares. However, these methods require a large computation
due to the need of computing the FFT of multiple signals at
each time step. A similar approach for dc systems was studied
in [11].
The discrete-time parameter estimation methods include the
recursive least square algorithm and the Kalman Filter which
are used in estimating the parameters of a dc-dc buck converter

Fig. 1. Typical distribution node with N loads in parallel.

in [12]. The techniques used are adaptive in nature and [12]
infers that the Kalman Filter is more robust and reliable in
comparison to the recursive least square method by estimating
with higher accuracy when an abrupt load change is applied
to the buck converter. The theory, derivation and similarities
of numerous discrete-time identification techniques are studied
quite exquisitely in [13]. Lastly, in [14], a discrete-time model
reference estimation using Auto Regressive Moving Average
(ARMAX), was studied for the identification of ac faults.
In this paper, discrete-time parameter identification techniques
are used to detect/localize series arc. Parameter identification
techniques have recently been used for power electronics
and PV monitoring applications [15]–[17]. The dc microgrid
used in the paper is a linear circuit. A different identification
technique can be used if the circuit is non-linear [13]. This
paper is structured as follows. In Section II, a description of
the dc network is presented. In Section III, a summary of the
parameter identification techniques is discussed. Simulation
results and experimental results are analyzed in Section IV
and Section V respectively. Lastly, a conclusion and future
work are stated.
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Fig. 2. Distribution node with 5 loads and series arc in load 1.

II. SYSTEM DESCRIPTION

A simple distribution node of a typical dc microgrids
is shown in Fig. 1. Each load constitutes of a dc voltage
source, line inductance, line resistance, load capacitance, and
an active load or Constant Power Load (CPL). Nowadays,
there are Solid State Power Controllers (SSPCs) which are
similar to a circuit breaker. The SSPCs analyze the input
current and voltage transients to the loads and help in con-
necting/disconnecting loads if an overload occurs [18] thus
protecting the load. These SSPCs are embedded with micro-
processors using which advanced fault detection techniques
can be implemented.
On occurrence of an arc discharge in a single or multiple lines,
[6]–[8] reveal that the fault’s noise affects the adjacent lines.
The Fig. 2, displays a simulation of current flowing to five
loads in a distribution node. It helps us understand that the
noise from the fault that occurred on load one proliferates to
all the lines commonly connected to the same voltage-source
node. The current detection techniques would show faults on
all the connected loads as they focus on the line current. In this
section, two models will be presented to be used for parameter
identification.

A. 1st order system

In order to identify the line parameters, each line section
can be modeled into a first order differential equation given by,

dI

dt
= − r

L
I +

1

L
[Vin − Vout] (1)

where r, L are the line resistance and line inductance
respectively, I is the line current flowing through the inductor
and the resistance, and Vin − Vout defines the voltage across
the line with Vin as the input voltage and Vout is the
voltage at the output. We can convert the continuous-time
differential equation shown in (1) to discrete-time equation
by using Euler transformation where T is the time step.
Equation (2) will be used to estimate the line parameters r, L.

I(k) =

[
1− r T

L

]
I(k−1) +

T

L

[
Vin(k−1) − Vout(k−1)

]
(2)

The algorithms in the next section, require (2) to be placed in
linear regression form given by,

y(k) = H(k) x(k) + v(k) (3)

where x(k) contains the parameters to be estimated, H(k) is
the basis matrix, v(k) is the measurement error and the y(k)
is the measurement taken at the kth time. We can relate the
components of (2) to matrices of (3) as follows:[
Vin(k−1) − Vout(k−1)

]
=
L

T

[
I(k) − I(k−1)

]
+ r I(k−1) (4)

y(k) =
(
Vin(k−1) − Vout(k−1)

)
H(k) =

(
I(k) − I(k−1) I(k−1)

)

x(k) =

L

T
(k)

r(k)

 (5)

In state-space format,

x(k+1) =

(
1 0
0 1

)L

T
(k)

r(k)

+ w(k) (6)

B. 2nd order system

A second order system each load shown in Fig. 1 can be
designed when it is desired to estimate the capacitance as
well. This can be formulated in differential equations,

Vin = Ilr + L
dIl
dt

+ Vc C
dVc
dt

= Il − Iload (7)

where, Il denotes current through the inductor, Vc denotes
voltage across the capacitor and Iload is the opposing current
substituting for a large load.
Now, we can write (7) in continuous-time state-space:

(
İl
V̇c

)
=

(−r
L

−1
L

1
C 0

)(
Il
Vc

)
+

(
1
L
0

)
Vin +

(
0
−1
C

)
Iload (8)

and use Euler transformation to convert the above continuous-
time state-space to a discrete-time state-space:

(
Il(k)
Vc(k)

)
=

(
1− rT

L
−T
L

T
C 1

)(
Il(k−1)

Vc(k−1)

)
+

(
T
L
0

)
Vin(k−1) +

(
0

−T
C

)
Iload(k−1) (9)

The above discrete-time state space needs to be further sim-
plified in order to get it in a linear regression format.
As our focus is to estimate the r, L, C parameters of the grid
inorder to detect the arc discharge we need to arrange to form
the matrix equation as to contain the parameters in x(k) vector.
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TABLE I. Summary of RLS and KF techniques

Recursive least square method Kalman Filter

Initialize: Initialize:
P(0) = m P R = nR λ ∈ (0, 1] P−

(0)
= m P R = nR Q = q Q

Gain: Gain:
K(k) = P(k−1)H

T
(k)

[H(k)P(k−1)H
T
(k)

+ λR]
−1

K(k) = P−
(k)
HT

(k)
[H(k)P

−
(k)
HT

(k)
+R]

−1

Update: Update:
P(k) = 1

λ
[P(k−1) −K(k)H(k)P(k−1)] P+

(k)
= P−

(k)
−K(k)H(k)P

−
(k)

x̂(k) = x̂(k−1) +K(k)[y(k) −H(k)x̂(k−1)] x̂+
(k)

= x̂−
(k)

+K(k)[y(k) −H(k)x̂
−
(k)

]

Propagation:
P−
(k)

= F(k−1)P
+
(k−1)

FT
(k−1)

+Q(k−1)

x̂−
(k)

= F(k−1)x̂
+
(k−1)

+G(k−1)u(k−1)

This would form the linear regression equation shown in (3)
as follows:

y(k) =

(
Il(k) − Il(k−1)

Vc(k)−V c(k−1)

)

H(k) =

(
Il(k−1) Vin(k−1) − Vc(k−1) 0

0 0 Il(k−1) − Iload(k−1)

)

x(k) =


− rTs
L

(k)

Ts

L
(k)

Ts

C
(k)

 (10)

In state-space format,

x(k+1) =

1 0 0
0 1 0
0 0 1



− rTs
L

(k)

Ts

L
(k)

Ts

C
(k)

+ w(k) (11)

III. PARAMETER IDENTIFICATION TECHNIQUES

As the system can be written in the form of the equation
shown in (3), the goal of the identification techniques is to
estimate the system’s parameters stored in the vector x by
using the measurements obtained y and the matrix H . In
addition, identifying these parameters can help us detect a
change in their values, which would denote an occurrence of
an unprecedented event. In our case the techniques would help
detect the dc-arc.

A. Recursive Least Squares (RLS)

The RLS method starts by defining the covariance matrices:

R(k) = E(v(k)v
T
(k))

P(k) = E[(x̂(k) − x)(x̂(k) − x)
T
]

where R(k) denotes the measurement error covariance matrix
and P(k) denotes the error covariance matrix related to the
x(k). x̂(k) is the estimate of x at kth interval. P(k) and R(k)

are initialized as follows:

P(0) = m P R = nR (12)

where, m, n are positive integers. P and R are generally
identity matrices unless correlation exists.
The gain is calculated at every iteration by,

K(k) = P(k−1)H
T
(k)[H(k)P(k−1)H

T
(k) + λR]

−1

and the update phase of the RLS algorithm consists of the
following steps:

P(k) =
1

λ
[P(k−1) −K(k)H(k)P(k−1)]

x̂(k) = x̂(k−1) +K(k)[y(k) −H(k)x̂(k−1)]

where λ is the forgetting factor which takes a value ∈ (0, 1]
and K(k) is the gain matrix.

B. Kalman Filter (KF)

The Kalman Filter has, considerable number of similarites
to the RLS. Its higher efficiency to the RLS is because of its
formulation of the vector x as a state. This can be shown by,

x(k) = F(k−1)x(k−1) +G(k−1)u(k−1) + w(k−1)

The above state space for the 1st order system is shown in (6)
and for the 2nd order system is shown in (11). Here, w(k−1)

is called the process noise. The process covariance matrix is
hence defined as Q(k), which is given by Q(k) = E(w(k)w

T
(k)).

Q(k) can be initialized as Q = qQ in addition to P(0) and R
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(a) Tracking of line resistances

(b) Tracking of line inductances

(c) Tracking of capacitances

Fig. 3. Simulation results of a distribution node with five loads
using Recursive Least Squares when, series arc occurs at t = 0.02 s

in load 1 only.

which are shown in (12). Notice, that we can fix a constant
value for R and Q unlike P .
The gain of the Kalman Filter is given by,

K(k) = P−
(k)H

T
(k)[H(k)P

−
(k)H

T
(k) +R ]

−1

the propagation phase of the Kalman Filter are given by,

P−
(k) = F(k−1)P

+
(k−1)F

T
(k−1) +Q(k−1)

x̂−(k) = F(k−1)x̂
+
(k−1) +G(k−1)u(k−1)

(a) Tracking of line resistances

(b) Tracking of line inductances

(c) Tracking of capacitances

Fig. 4. Simulation results of a distribution node with five loads
using Kalman Filter when, series arc occurs at t = 0.02 s in load 1

only.

and the update phase for the Kalman Filter are given by,

x̂+(k) = x̂−(k) +K(k)[y(k) −H(k)x̂
−
(k)]

P+
(k) = P−

(k) −K(k)H(k)P
−
(k)

IV. SIMULATION RESULTS

The grid shown in Fig. 1 was simulated with the values
of the electrical components shown in the Table II, the dc
microgird model being used for the simulation is a 2nd order
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TABLE II. Simulation Parameters for Distribution Node with Five
Loads

Load Number Line r (Ω) Line L (µH) Load C (F)

Load 1 0.010 10 0.001

Load 2 0.015 15 0.001

Load 3 0.005 5 0.001

Load 4 0.012 12 0.001

Load 5 0.017 8 0.001

system with five loads. Each of the resistance, inductance,
capacitance and load combination making a line section is
tracked by their respective RLS or KF algorithms. The motive
of the RLS and KF techniques is to track the values of
line resistances, line inductances and load capacitances and
eventually help localize the series dc arc faults with high noise.
The inputs fed to the microgrid was 270 + 5sin(40000 πt).
Notice, that the input voltage consists of an ac frequency
as it can be naturally generated by the switching of power
electronics. The fault noise is implemented by a controlled
current source driven by a random number generator with a
variance of 1e5.
The RLS and KF techniques for each of the line sections with
their respective loads were formulated in MATLAB on the
basis of the Table I with the second order model.
The series arc was set to occur at 0.02s on the line connected
to load 1. Fig 2 shows the repercussions of the series arc
discharge in the form of a noise. The figure shows that an
arc discharge affects all of the loads connected in parallel to
the common voltage source node.
The results of the tracking of line parameters by RLS method
are shown in Fig 3 and tracking by the KF technique are
shown in Fig 4. As the series arc was set to occur at 0.02 s
the tracking results by both the methods depict the same i.e.
the line resistance connected to the load 1 shows a significant
increase in its resistance value which indicates the occurrence
of series high impedance arc fault.

V. EXPERIMENTAL RESULTS

The experiment setup shown in Fig.7 was conducted using
a single CPL which was approximated using a buck converter
controlled by an Opal RT system [19]. The dc power supply
was fed by Keysight N8929A [20]. The series high impedance
arc was generated using, two copper rods which can be
separated by a fixed speed to a set distance apart. The hardware
setup for the experiment is shown in the paper [8].
The Figs. 5 and. 6 by RLS and KF respectively shows the
estimation of line resistance and also detects the series arc by
showing an increase in value of the same as an outcome of
the high impedance of the fault. It should be noted that the
inductance can be estimated accurately by using richer input,
i.e. one more frequency.
The input voltage was set at 290 V and the CPL was set to
approximately 15 A. Series arc was set to occur at around
0.12 s. The first few samples taken during the arc discharge

(a) Tracking of line resistance

(b) Tracking of line inductance

Fig. 5. Experimental results using Recursive Least Squares when,
series arc occurs.

shows it to be random, but eventually it leads into a sustained
arc which is traced by a constant high impedance value in the
plot showing line resistance estimation in both the techniques.

VI. CONCLUSION AND FUTURE WORK

Parameter identification techniques in discrete-time were
studied and were evaluated in order to detect and localize
series dc arc within a faulted line/load. In particular, RLS and
KF were implemented both in simulation and experimental
results to estimate the line resistance and line inductance. It
was shown that these methods are effective in detecting series
arc by properly estimating the line resistance and its change
during series arc, even in the presence of noise generated by
it. The simulation results obtained from the microgrid with 5
loads shows localizing of the fault line and to avoid it from
tripping off multiple loads since the disturbance spreads to
all of its adjacent loads.
In future, multiple CPLs will be set in parallel to test the
identification techniques shown in this paper as well as in
[8]. Also, a microgrid consisting of non-linear electrical
components will be simulated/tested upon using suitable
algorithms. This would help bring forward applications of
localizing a crtical arc discharge in electrical equipments.
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(a) Tracking of line resistance

(b) Tracking of line inductance

Fig. 6. Experimental results using Kalman Filter when, series arc
occurs.

Fig. 7. Experimental setup for series dc arc with active loads.
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