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ABSTRACT DC distribution systems can provide effective solutions for integrating renewable energy
sources in future power systems. The low inertia of the DC distribution system causes several problems
regarding stability and fault response. For stability, this low inertia represents a major cause for instability
and voltage oscillations, especially with constant power loads. For fault response, the low inertia results
in very high fault currents with a significant rate of rising and limited damping. This study aims to use
superconducting fault current limiter (SFCL) as a virtual inertia for DC distribution systems under various
disturbances and fault conditions. The system description and modeling are first presented, including the
detailed dynamics of SFCL. The stability analysis for the DC system is carried out using the Hurwitz
criterion, from which the suitable range of SFCL resistance is identified. Considering this range and
fault current limitation, an SFCL resistance of 1.5 � is adopted. The whole system is implemented using
PSCAD/EMTDC software. A series of case studies are investigated to validate the effectiveness of SFCL
in strengthening the inertia of the DC system. These case studies include sudden variations in supply
voltage, sudden load changes, and faults. SFCL could successfully suppress voltage oscillations, keep voltage
stability, and limit fault currents.

INDEX TERMS DC distribution system, superconducting fault current limiter, virtual inertia, voltage
stability, voltage oscillations, faults.

I. INTRODUCTION
In recent years, the demand for electrical power has been
dramatically increased all over the world. It was coincided
with an increasing trend in fuel consumption [1], causing a
subsequent increase in carbon emissions [2]. So, there are
large efforts exerted by electrical utilities to increase the
penetration of renewable energy sources in electrical grids.

In this regard, the DC distribution system facilitates renew-
able energy integration due to the inherent DC characteris-
tics of most renewable energy sources and energy storage
devices [3]. In addition, the DC distribution system provides
high reliability and low power losses and doesn’t necessitate
reactive power control or frequency synchronization. Thus,
suchDC distribution systemswere expanded in various scales
starting from universal DC distribution system towards DC
microgrids and DC nano-grids [4], [5]. The main challenge
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in DC distribution systems is their low inertia making them
vulnerable to instability, voltage oscillations, and high fault
current levels.

Regarding instability and voltage oscillations, they are
mainly originated with constant power loads (CPLs) [6]–[8].
The dynamics of CPLs are nonlinear, and their incremental
impedance is negative. These both effects cause destabilizing
action and sometimes limit the amount of power transferred to
the load [9]. The DC voltage is considered the main indicator
for DC system instability.

The most widely used sources in DC distribution systems
are photovoltaic (PV) systems and battery energy storage
systems. PV systems have no inertial response due to the
absence of rotational mass and stored kinetic energy. In order
to provide such inertial response, PV systems are required to
operate below their maximum power point [10], [11], which
is not desired from the economic viewpoint. Battery energy
storage systems can provide virtual inertia response through
proper control, but this eventually reduces the battery lifetime

135384 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0002-3879-9589
https://orcid.org/0000-0003-2217-6923
https://orcid.org/0000-0002-6514-6807


D. M. Yehia, I. B. M. Taha: Application of SFCL as Virtual Inertia for DC Distribution Systems

due to fast variations inDCvoltage. It is important to point out
that providing virtual inertia response will enable to increase
the penetration level of renewable energy sources in DC
distribution systems.

On the other hand, several studies analyzed instability in
DC distribution systems and proposed various inertia control
methods to mitigate this instability [12]–[14]. Most proposed
methods require controllable actions, either linear or nonlin-
ear, by the DC-DC converters at the consumer side, which
are unmanaged by the power system operator. In addition,
these methods don’t contribute to the current limitation in
case of faults.

Regarding fault current levels, they are extremely large in
DC distribution systems. The low inertia acts towards high
rate of rising and limited damping for fault currents [15], [16].
The common way to mitigate the negative impact of high
fault currents in DC systems is fast-acting protection schemes
through disconnecting the proper unit/units [17], [18]. Never-
theless, this solution hinders the fault ride-through capability
of the system [19].

To simultaneously enhance the inertial response and limit
fault current levels in DC distribution systems, it is proposed
in this paper to use superconducting fault current limiters
(SFCLs). SFCLs have succeeded in many applications with
DC systems [20]–[22] due to their fast operation once their
current attains the critical one. In [20], SFCL has succeeded
in reducing current transients either for DC faults or for AC
ones. In [21], SFCL could prevent sudden drop in the state
of charge for batteries connected to the DC system when
a fault occurs, thereby preserving their lifetimes. In [22],
SFCL could delay the voltage drop in DC grids following
fault occurrence, enabling sufficient time for interruption
at lower currents.

The paper is organized as follows. First, the system
description and modeling issues are presented. Then, the DC
system stability is analyzed using the Hurwitz criterion, and
the stability conditions are extracted. Based on this analysis,
the suitable current limiting resistance is determined. After
that, the performance of SFCL as virtual inertia is evaluated
through a series of simulation results. Different disturbances
are considered, including sudden variations in supply voltage
and sudden load changes. Finally, the behavior of SFCL in
limiting fault currents is assessed under system faults.

II. SYSTEM DESCRIPTION AND MODELING
A. DC DISTRIBUTION SYSTEM
The schematic representation of the DC distribution system
under study is shown in Fig. 1. It consists of a DC bus
feeding CPLs through a transmission line. The DC bus is
considered to be fed from various renewable energy sources,
either DC sources or AC ones, as well as energy storage
devices. The DC transmission line has a length of 400 m
with an inductance (L) of 0.1 mH/m and resistance (R)
of 0.13 �/m. At the load side, a DC capacitor (C) of 150 µF
is used.

Regarding the loads, they can be AC or DC loads. Both
types are interfaced to the DC system through proper power
electronics converters in order to adjust and maintain the
voltage level. Therefore, such converters-based loads behave
as constant power loads introducing negative incremental
impedance at the load side. The rated voltage of the sys-
tem is 400 V, and its rated power is 30 kW. SFCL was
inserted in series to the transmission line at the load termi-
nals. PSCAD/EMTDC platform was used to model the DC
distribution system, SFCL, and CPLs.

FIGURE 1. Configuration of DC distribution system under study.

B. SFCL MODEL
Resistive-type SFCLs were considered in this study since
inductive-type SFCLs can be detrimental to the system’s
stability. The resistive-type SFCL was modeled so that it
represents the nonlinear transition of SFCL from supercon-
ducting mode to flux flow mode and resistive mode. This has
been performed through using a combination of controlled
switch (S), nonlinear resistor (Rsc) representing the resistor
of superconducting material, and stabilizing resistor (Rst ) as
illustrated in Fig. 2. The controlled switch and nonlinear
resistor are controlled for current magnitude, while the sta-
bilizing resistor is modeled as a fixed resistor. The controlled
switch is responsible for the transition from and to supercon-
ducting mode. In superconducting mode, where the current
magnitude is lower than the critical current, this switch is set
closed, providing a short path across Rsc and Rst . Once the
current magnitude exceeds above the critical value in case of
faults or disturbances, S changes its state to an open state.
In this case, the combination ofRsc andRst provides the SFCL
resistance (RSFCL) according to the thermal and electrical
dynamics of Rsc. The resistivity ρsc has a dynamic value
depending on the status of current density (J ) and temperature
(T ) as follows [23]:

ρsc

=


Ec
Jc

(
J
Jc

)n
, Flux flow mode (J > Jc,T < Tc)

f (T ) , Conducting mode (J > Jc,T > Tc)
(1)
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where Jc is the critical current density, Tc is the critical
temperature, Ec is the critical electric field, and n is a constant
having a value of 20 or higher [24].

FIGURE 2. Schematic representation of SFCL model.

To account for thermal and electrical dynamics of Rsc,
its model was developed using thermal and electrical sub-
modules. The thermal sub-module is responsible for obtain-
ing thermal dynamics; namely, the temperature variation
against current, as illustrated in Fig. 3(a). The amount of
heat generated in the superconducting material Qsc and heat
dissipated to the surrounding cryogenic system Qdiss can be
given by [25], [26]:

Qsc =
∫
I2scRscdt (2)

Qdiss =
∫

T (t)− Ta
θsc

dt (3)

where Isc is the superconductor current, Ta and T (t) is the
cooling and actual temperatures, respectively, and θsc is the
thermal resistance from the superconducting element to the
surrounding. The temperature T(t) depends on the difference
between the generated and dissipated heats as follows:

T (t) =Ta +
1
csc

∫ t

0
(Qsc − Qdiss) dt (4)

where csc is the heat capacity of the superconductor.
Regarding electrical sub-module, it is aimed to get ρsc

and corresponding Rsc using equation (1) in terms of the
temperature obtained from thermal sub-module as shown in
Fig. 3(b). K1, K2, K3 and a are constants and asc is the
cross-section area of the superconductor. The critical current
density Jc is obtained as follows:

Jc = Jco
Tc − T (t)
Tc − Ta

(5)

where Jco is the critical current density at the cooling tem-
perature Ta, which is 77 K for liquid nitrogen cooling.
Rsc is given by the summation of flux flow resistance (Rff )
and temperature-dependent resistance (RT ). Since developed
Rsc is high compared toRst , the total SFCL resistance (RSFCL)
will be governed by the stabilizing resistance (Rst ) value.

FIGURE 3. SFCL thermal and electrical modeling.

C. CPL MODEL
The load model was developed considering the concept of
voltage sensitivity, which evaluates the dependence of load
power p on its voltage v as given by the following equation:

p =
Po
V αo

vα (6)

where Po and Vo are rated power and voltage, respec-
tively, and α denotes to the voltage sensitivity parameter.
The α parameter takes the value of 2, 1, and 0 for con-
stant impedance, constant current, and constant power loads,
respectively. So, based on this concept, the load was modeled
as a current-dependent nonlinear resistor, whose current is
varying to keep its consumed power constant.

III. STABILITY ANALYSIS
Stability analysis for the considered DC system in Fig. 1 was
performed using the Hurwitz criterion. The equivalent circuit
for the DC distribution system is depicted in Fig. 4. First, let
us consider a small disturbance in the load voltage1v. Under
this condition, the power of the CPL in Equation (6) will be
given by:

p(t) =
Po
V αo

[v(t)]α =
Po
V αo

[Vo +1v]α (7)

135386 VOLUME 9, 2021



D. M. Yehia, I. B. M. Taha: Application of SFCL as Virtual Inertia for DC Distribution Systems

Thus, the CPL current i(t) is expressed as:

i(t) =
Po
V α0

(Vo +1v)α−1 (8)

FIGURE 4. Equivalent electrical circuit for the DC distribution system.

By expanding i(t) using Taylor series expansion:

i(t) =
Po
Vo
+ (α − 1)

Po
V 2
0

1v+ (α − 1) (α − 2)

×
Po
2V 3

0

1v2 + . . . (9)

The higher-order terms starting from 1v2 are very small
and can be neglected, making i(t) in the following form:

i(t) =
Po
Vo
+ (α − 1)

Po
V 2
0

1v =
Po
Vo
+ K1v (10)

where K is a constant depending on the load ratings and type
as follows:

K = (α − 1)
Po
V 2
0

(11)

For CPL, α parameter takes the value of 0, causing K to
have a negative value, thus introducing a destabilizing effect.
The dynamic equations of the system can be expressed as
follows:

vs (t) = Ris (t)+ L
dis (t)
dt
+ v (t) (12)

is (t) = C
dv (t)
dt
+ i (t) (13)

i(t) =
Po
Vo
+ K1v =

Po
Vo
+ K [v(t)− V o] (14)

where vs and is are the source voltage and current,
respectively. By transforming equations (12)-(14) into
s-domain:

vs (s) = is (s) [R+ Ls]+ v (s) (15)

is (s) = Csv (s)+ i (s) (16)

i(s) = Kv(s) (17)

These equations are solved so that the transfer function of
the whole system relating the voltage at the load terminal to
the source voltage is obtained, and its characteristic equation
is given as follows:

a2s2 + a1s+ a0 (18)

where the coefficients of the characteristic equation are
deduced as follows:

a2 = LC

a1 = RC + KL

a0 = 1+ RK (19)

Using the Hurwitz criterion, the following two conditions
have to be fulfilled:

H1 = |a1| > 0

H2 =

∣∣∣∣ a1 a20 a0

∣∣∣∣ > 0 (20)

Accordingly, the stability conditions can be expressed as
follows:

a2 > 0, a1 > 0 and a0 > 0 (21)

H1 = a1 > 0 (22)

H2 = a0a1 > 0 (23)

Equation (19) show that a2 is greater than zero for all
transmission line parameters (L, C). However, coefficient
a0 determines the maximum value of system resistance R,
including transmission line resistance and RSFCL . At the same
time, the minimum value of R is obtained from a1. Therefore,
stable operation is obtained for certain line parameters (L,
C and R) if transmission line resistance is increased byRSFCL .
Based on transmission line parameters depicted in Section II,
the minimum and maximum values of SFCL resistance that
achieved voltage stability conditions are 0.5 � and 8 �,
respectively.

IV. RESULTS AND DISCUSSIONS
The rated current of the considered DC system is 75 A. So,
the critical current of SFCL was set at 100 A. From the
previous section, the range of SFCL resistance that achieved
voltage stability conditions was found to be 0.5 - 8�. On the
other hand, the range of SFCL resistance from 1 to 2 � was
sufficient for the current limitation in DC systems [21], [27].
Accordingly, in this study, SFCL resistance was adopted
1.5 �. For simulation purposes, the DC bus was modeled as
a DC source. The stability of the DC system was investigated
for sudden variations in the supply voltage as well as for
sudden load changes. In addition, the response of the system
against faults was obtained. For all these results, the impact
of using SFCL was evaluated.

A. SUDDEN VARIATIONS IN SUPPLY VOLTAGE
Since the DC bus is expected to be fed from renewable energy
sources, thus any changes in the environmental conditions
will lead to sudden variations in the DC voltage [28]. Two
case studies are considered, step down and step up in the
supply or source voltage. It is assumed that the voltage varies
within ±5% of its nominal value, which corresponds to
±20 V. Thus, for step down case, the voltage was considered
to be decreased from 420 V to 380 V. The instant of sudden
voltage variation is 0.5 s as shown in Fig. 5.

VOLUME 9, 2021 135387



D. M. Yehia, I. B. M. Taha: Application of SFCL as Virtual Inertia for DC Distribution Systems

Before using SFCL, there is growing oscillations in the
load voltage and current directly after the supply voltage
steps down as illustrated in Fig. 5. The first peak-to-peak
oscillation has been attained after about 1 ms and had a
value of 87 V representing about 22% of the nominal DC
voltage. In addition, the load current was oscillated with an
initial increase from 75 A to 95 A in less than 1 ms. After
about 19 ms, the system completely loses the stability. This is
attributed to the constant power load that draws larger current
with decreasing the voltage. The step up in the supply voltage
resulted in less pronounced impact on the DC system.

When using resistive-type SFCL of 1.5�, it is quenched to
resistive mode once the load current attains the critical value
of 100A as shown in Fig. 6. This effectively provided a virtual
inertia for the system assisting in the suppression of oscilla-
tions either in the load voltage or in the load current. SFCL
was quenched after about 2 ms of the instant of disturbance
for a sudden decrease in supply voltage. In this case, there was
no overvoltage occurred at the load side as shown in Fig. 6.

FIGURE 5. Response of DC system for sudden decrease in source voltage
before using SFCL.

To compare the results before and after using SFCL,
voltage-current characteristics were presented as shown
in Fig. 7. Without using SFCL the voltage-current charac-
teristic run away, and the system loses stability. With using

FIGURE 6. Response of DC system for sudden decrease in source voltage
after using SFCL.

FIGURE 7. Voltage-current characteristics of the DC system for sudden
decrease in source voltage before and after using SFCL.

SFCL, the voltage-current characteristic exhibit slight oscil-
lations before reaching a new steady state value.

B. SUDDEN LOAD CHANGES
Fig. 8 presents the load voltage and current due to sudden
applying load at 0.5 s without SFCL. The load changed from
a light load of 300 W to a rated load of 30 kW. As illus-
trated in the figure, the load voltage increased from 400 V to
480 V with high oscillations in the output voltage. The load
voltage reached to steady-state after approximately 40 ms.
Also, the load current has a high oscillating response with
a first peak of 152 A. on the other hand, Fig. 9 presents the
load voltage and current during sudden load change at 0.5 s
with applying SFCL. The results illustrate the effectiveness
of SFCL to reduce both the oscillation peak and the time.
The oscillation peak of the load voltage is reduced to 450 V,
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FIGURE 8. Response of DC system for sudden load change before
using SFCL.

FIGURE 9. Response of DC system for sudden load change after
using SFCL.

the maximum peak of the load current is decreased to 105 A,
while the oscillation time decreased to about 20 ms. It is clear
that SFCL provides high damping for the DC system and
suppresses oscillations in both voltage and current.

C. SYSTEM FAULTS
For investigating the impact of SFCL on the performance of
DC system against faults, a solid fault case was considered

FIGURE 10. Fault response of DC system before using SFCL.

FIGURE 11. Fault response of DC system after using SFCL.

at the load side. The fault instant is 0.5 s and its duration
is 20 ms. Without using SFCL in Fig. 10, the fault current
increased to a maximum value of about 3.1 kA, which is
extremely high. The load voltage decreased to zero during
fault and recovered to 400 V after fault clearance. During
voltage recovery, an overvoltage occurred and attained about
1100 V before returning to its nominal value after several
oscillations persisting for about 5 ms.
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After using SFCL in Fig. 11, there is a significant differ-
ence in the fault response of the DC system either regard-
ing the maximum fault current or regarding the oscillations
following the fault clearance. For maximum fault current,
it reached about 260 A. The oscillations in voltage and cur-
rent after fault clearance were effectively suppressed with no
overvoltage occurrence at all.

V. CONCLUSION
In the present study, SFCL was proposed as virtual inertia
for DC distribution systems. First, a detailed model for SFCL
was built, taking into consideration thermal and electrical
issues. Then, the model was implemented with a DC system
feeding constant power loads. The stability of the DC system
was analyzed using Hurwitz criterion. Different case studies
were investigated to validate the effectiveness of SFCL in
strengthening the inertia of the DC system. The following
conclusions have been reached:
1- For the considered transmission line system, the min-

imum and maximum values of SFCL resistance
that achieved voltage stability conditions are 0.5 �

and 8 �, respectively, as obtained from the Hurwitz
criterion.

2- For step change in the supply voltage, the system
exhibits growing oscillations in the load voltage and
current, and the system loses stability. By using SFCL,
the oscillations were damped effectively, and the system
reached a new steady-state value without losing stability.

3- For sudden load changes, SFCL could provide high
damping for the DC system and suppressed oscillations
that occurred in both voltage and current following the
load change.

4- The fault current reaches very high values without
SFCL, and the system undergoes fast transients in the
voltage and current after fault clearance. After using
SFCL, the system could successfully restore its normal
operation after fault clearance without any oscillations,
and the fault current was limited effectively.
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