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Abstract: Fault currents of inverter-interfaced distributed generators (IIDGs) depend on
inverter controllers. Thus, [IDGs fault currents are different than those of synchronous-based
DGs, both from the magnitude and waveshape perspectives. In the event of short-circuit
faults, droop-based IIDGs switch between a voltage source and a current source, which
increases the complexity and non-linearity of short-circuit current calculation (SCC). This
paper proposes a new SCC algorithm that incorporates virtual impedance-fault current
limiters (VI-FCLs) to enable modelling droop-based IIDGs as a voltage source behind an
impedance. The VI-FCL was implemented as an additional control loop in the inverter
control scheme to limit I[IDG fault currents and achieve optimal protection coordination
(OPC). Further, the VI-FCL is adaptively adjusted to enhance overcurrent protection
sensitivity. A two-stage OPC algorithm for directional overcurrent relays (DOCRs) is
developed. In Stage I, an optimal value for the adaptive VI-FCLs and relay currents are
calculated. Stage II aims at obtaining optimal DOCRs settings. Time-domain simulations are
used to demonstrate the effectiveness of the proposed adaptive VI-FCL and the accuracy
of the proposed SCC algorithm. The proposed SCC algorithm and the OPC program are
successfully validated using an islanded microgrid that is part of a Canadian distribution
system.
Keywords: Renewable energy, Hybrid Microgrid, Battery Energy Storage, Particle Swarm
Optimization.

L. Intoduction

Renewable energy technology advances and government incentives allow distribution
systems to include RESs like solar and wind. Microgrids can maintain active distribution
networks (ADNs) with bidirectional power flow [1]. Grid connected and islanded microgrids
operate. Droop-based control can operate an islanded microgrid without communication [2].
If unprotected against short-circuit faults, islanded microgrids could be at risk. ADNs and

microgrids use DOCRs for bidirectional fault currents. Time-coordinated DOCRs reliably
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isolate failures and minimise load interruption. Distributed generators (DGs), whether

synchronous-based or inverter-interfaced, contribute differentially to microgrid fault currents.
Inverter-interfaced DGs (IIDGs) connect RESs with microgrids. Islanded microgrids use
IIDGs as droop-controlled voltage sources to distribute load. SBDGs affect fault current more
than IIDGs, which have a restricted short-circuit capacity. To coordinate DOCRs, use
shortcircuit current computation (SCC). Because they exclude inverter controllers, SBDG
fault analysis methods cannot be used to assess IIDG microgrids. A model must represent
IIDG behaviour during faults and be used in fault analysis to obtain DOCR short-circuit
currents [3, 4]. [3] used a superposition theorem-based SCC approach for IIDGs.
Photovoltaic (PV) source fault current was modified based on terminal voltage in Ref. [5]. [6]
developed a sparsity-based IIDG SCC algorithm. Droop-based IIDG SCC algorithms were
developed by [7]. The algorithm ignored current reference saturation.

A decoupled sequence control analytical fault analysis model for grid-connected IIDGs
was proposed in [8]. The model examined IIDG fault currents. The transient behaviour of
IIDG fault currents was modelled in [9] using IIDG controller saturation. The point of
common coupling (PCC) voltage was used to construct a domain of attraction (DOA) that
accurately assesses PI controller state. [10] modelled grid-connected IIDGs as voltage-
controlled current sources and considered fault ridethrough (FRT). With restricted
modulation signals, the model transitions from a voltage-controlled current to a voltage
source. The IIDG secondary control was modified to limit inherent fault current in [11].
(FCL). In [12], a central controller determined DOCR settings for adaptive protection. A
dynamic virtual impedance-fault current limiter (VI-FCL) [13] limits downstream fault
currents and protects a dynamic voltage restorer (DVR). Parallel synchronous generators
(SGs) in islanded microgrids limited inverter current with a virtual impedance. [14, 15]
reviewed virtual impedance control techniques for current and voltage source converters. The
power flow algorithm for droop-based islanded microgrids incorporated virtual impedances,
but the IIDG output voltage referenced the internal inverter voltage [16]. Ref. [17] proposes a
more accurate model that accounts for voltage loss across the virtual impedance. [18, 19]
investigated using physical FCLs in sequence with the ADN to reestablish protection
coordination in grid-connected and islanded modes of operation. [20] employed dual-setting
DOCRs with a low-bandwidth communication link to operate forward and backward. The

scheme preserved protection coordination. Communication channels are expensive despite
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minimal bandwidth. [21] solved the OPC as a non-linear programming (NLP) issue using a

hybrid symbiotic organism search method (HSOSA). Ref. [22] solved protection coordination
for an N-1 contingency. All studies [19-22] considered solely SBDGs. VI-FCLs limited IIDG
fault currents in an islanded microgrid with multi-IIDGs [23]. [24] presented a harmonic-
DOCR-based microgrid protection method (HDOCRs). The IIDG control system was
updated to inject an nth-order harmonic current produced by the HDOCRSs in islanded mode.
The scheme uses [IDG primary current controllers, which are control signal-saturable.

Although the IIDGs have little contribution to fault currents, built-in current hard limiters
may suffer from reference \scurrent saturation. The saturation block hard limiter limits IDG
output current after a grid disruption. Controlling the reference values of the IIDG active and
reactive current components in the dq-reference frame restricts the IIDG fault current to a
maximum. The IIDG fault current may saturate at its threshold regardless of fault location.
The IIDG model may switch between droop-based voltage and constant current sources.This
complicates the SCC and makes outer control loops unstable [14].

Physical FCLs limited fault currents [18, 19], but they are expensive, bulky, and require
maintenance. VI-FCLs limit IIDG fault currents in a reasonable way. Controlling the IIDG as
a voltage source behind a virtual impedance during faults saves inverter switches from
overcurrent or thermal damage and assures islanded microgrid stability and reliability. VI-

FCLs are inexpensive, keep IIDGs connected during faults, and increase transient stability.
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Figure 1 Droop-controlled IIDG control scheme with VI-FCL
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Previous studies used VI-FCL for non-OPC goals. This study presents a novel OPC

framework with an SCC algorithm for islanded microgrids: A VI-FCL limits IIDG fault
currents below their threshold. Unlike SCC approaches in the literature, the VI-FCL is
adaptively modified and integrated in the SCC algorithm. A two-stage algorithm is suggested
for islanded microgrids' OPC formulation. At the second stage, the algorithm calculates relay
currents and sizes the adaptive VI-FCL.

Figure 1 depicts the generic control block diagram for a droop-based IIDG with a VI-
FCL, in which a cascaded structure has an innermost current control loop that provides
control over its output current i0. The outer control loop is a power control loop that achieves
power-sharing by generating a voltage reference, Eo, which is subtracted from the voltage
drop across a VI-FCL, vfcl, to provide a voltage reference, v o, for the output voltage vo. By
generating a reference signal for a current controller, a voltage controller regulates the
voltage across the filter capacitor. The current controller is located in the innermost loop and
controls the filter inductor current by generating the inverter reference voltage u, also known
as gating signals.

This paper is structured as follows. Section 1 provides an introduction of Islanded
HMGS. Section 2 describes the mathematical model of hybrid microgrid system. Section 3
and 4 briefly introduces power management scheme and particle swarm optimization
algorithm respectively. Design considerations of islanded HMGS explain in Section 5.
Section 6 and 7 presents economic analysis and simulation results.

I1. The VI-FCL design

When using hard limiters in the current control loops of IIDGs, the inverter's output
currents may saturate following fault initiation. As a result, the IIDG model may alternate
between a constant current source and a droop-based voltage source, complicating the SCC.
The VI-FCLs model IIDGs as a voltage source behind an impedance similar to that of SGs.
As a result, it keeps the voltage source model of IIDGs intact during faults. As a result, a
control method was developed to incorporate a VI-FCL as an additional control loop in the
inverter control scheme to protect the IIDG switches from overcurrent and reduce the
complexity of SCC.

The VI-FCL is implemented in the IIDG control circuit and only activated during
faults to act as a high impedance. The VIFCL can be viewed as a transient impedance that is

engaged only during faults. It is added virtually by subtracting the voltage. The constant VI-
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FCL limits the IIDG fault current regardless of fault severity, limiting the range of fault

scenarios considered for protection coordination. Using an adaptive VI-FCL, on the other
hand, provides a more gradual fault current profile that accommodates a wider range of fault
resistances.

It is worth noting that the proposed adaptive VI-FCLs offer the following benefits:

(i) Unlike constant VI-FCLs, the proposed adaptive VI-FCL improves protection sensitivity
by allowing sensible fault current levels to be set based on fault severity.

(i1) During faults with hard limiters, the reference current may saturate, resulting in poor
dynamic performance in the outer control loops [14]. As reported in [25], VIFCLs, on the
other hand, prevent current saturation and contribute to microgrid transient stability.

(ii1) IIDGs with VI-FCLs behave similarly to SGs. The higher the fault current, the closer the

fault location to the IIDG. This behavior improves the selectivity of protection coordination.
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Figure 2 depicts a schematic diagram of a typical micro-grid integrated with a resistive

SFCL, with the SFCL installed at the point of common coupling (PCC) between the micro-
grid and the main network. All of these DG units, including the energy storage device,
photovoltaic (PV) plant, and wind farm, are connected to the micro-grid via inverters [9],
[10]. It should be noted that the energy storage device will function as a master DG, which is
used to stabilise the microgrid. The maser DG has two control patterns in general, known as
the P-Q control and the V-f control.

When the micro-grid is connected to the grid, each of the DG units will use the P-Q
control. If a short-circuit fault occurs in the main network, the micro-grid can be configured
to operate in the islanded state. The master DG's goal is to keep the micro-frequency grid's
and voltage as stable as possible, and its control pattern will shift from the original P-Q
control to the V-f control. Because reasonably controlling the master DG is a fundamental
method of ensuring transient performance, employing the resistive type SFCL is expected to
affect the control mechanism more actively and smooth out the transition process. Because of
the SFCL's rapid quenching characteristics, it can be used as a control trigger if the fault
current is detected to be greater than its critical value in a timely manner. That is, the SFCL's
trigger signal generated by the superconducting-normal (S-N) transition will be sent to a
collection system and used to activate the master DG's control switching.

A feasible method for effectively implementing the master DG's control switching is
presented below. Figure 3 depicts the energy storage device's control strategy in relation to
the resistive SFCL's trigger signal.

The bulk Bi series and YBa2Cu30Ox(YBCO) second-generation (2G) are currently the
primary high temperature superconducting (HTS) materials for electric power applications
[13], [14]. Given that commercial YBCO 2G tapes may have a high resistivity matrix with a
linear resistance of 0.354/m, the transition to the normal-conducting state may occur between
2 and 4 ms after the start of fault current. Furthermore, YBCO 2G tapes with stainless steel
reinforcement have good mechanical properties, such as tensile strength greater than 250
MPa at room temperature. Because the YBCO 2G components may actuate faster than the
Bi-2212 components [15], [16], and the expected current-limitation for the YBCO 2G
components after the S-N transition is higher for the YBCO 2G components, the YBCO 2G

tapes may be more suitable for making the resistive SFCL.
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In some ways, the AC loss will have a significant impact on the engineering application
of the SFCL. Its alternating current loss can be measured using standard electrical techniques
and calculated using finite-element simulations. In theory, the electrical properties of a
superconductor can be modelled using a nonlinear power law in which voltage varies.The
measured DC current-voltage characteristics can be used to calculate the critical current

density Jc and the power index n.
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Figure 3 Schematic diagram of a typical micro-grid integrated with the SFCL
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Fig. 4. Operating characteristics of the suggested resistive type SFCL. (a) fault
current at the PCC and (b) RMS voltage across the SFCL’s two terminals.
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TABLE I MAIN SIMULATION PARAMETERS OF THE SYSTEM MODEL

Proposed Microgrid System
Energy Storage (800 V /1000 Ah ) X5
PV Plant 100 kW X 10
Wind Farm 260 kW X 10
Load 1 0.2 MW
Load 2 0.1 MW + j0.05 Mvar
Voltage / Frequency 3kV/50Hz

Resistive type SFCL

Normal - state Resistance 1Q

To quantitatively evaluate the resistive type SFCL’s effects on a micro-grid system’s
transient performance, the simulation model corresponding to Fig. 2 is built in MATLAB/
SIMULINK, and parts of simulation parameters are indicated as Table I. The access voltage
of the demonstrated micro-grid system is selected as 3 kV, and the short-circuit fault is
supposed to happen at the middle of the connecting line. During the simulation analysis, it is
set that the fault occurs at tO = 1 s and lasts for 100 ms. Further, the static-state switch will be
operated at t=1.1 s, and the micro-grid system will carry out the transition from its grid-
connected mode to islanded mode. Herein two different simulation cases are considered and
respectively reordered as case I and case II. For the former, the SFCL is not applied, and the
control switching will be implemented after the fault is cleared. Regarding the latter, the
resistive SFCL is employed, and this suggested device will be used for current-limitation and
control trigger.Before the fault happens, the micro-grid is connected to the main network, and
a certain power exchange between them is generated. There are about 1.8 MW active power
and 0.05 Mvar reactive power exporting to the main network. For example, the DG units in
the micro-grid can not only meet the power requirements of the two local loads, but also
provide energy to the accessed main network. The resistive SFCL will play its role in time
after the fault. The operating characteristics of the resistive type SFCL are depicted in Fig. 4.
The maximum value (root-meansquare, RMS value) of the SFCL's terminal voltage can be up
to 800 V due to the increased fault current. Given that the fault current will be quickly

detected to be greater than the critical value, it is assumed that the master DG's control
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transition will be activated once the terminal-voltage is detected to be greater than 200V and

can last for 5 ms (a quarter of the power-frequency cycle).

The characteristics of the fault currents provided by the wind farm and the PV plant
are shown in Fig. 5, and the effects of the SFCL are also considered. The detailed data results
are presented in Table II. According to Figs. 4 and 5, the resistive SFCL's current-limiting
characteristics can be confirmed, and the reduction of overcurrent inrush will have a positive
effect on the micro-grid.

Figures 6-7 depict the micro-bus grid's voltage, exchange power, and frequency
characteristics during control switching. It can be seen that the use of resistive SFCL can
make significant contributions to the performance of the micro-grid. Using SFCL can keep
the micro-PCC grid's voltage at 0.5 pu, whereas without SFCL, the PCC voltage drops to
0.08 pu, and the expected increase rate is approximately 84%. Furthermore, using the
resistive SFCL can make the micro-grid achieves a smooth transition, where power supply
reliability can be increased to some extent, and the SFCL's current-limiting resistance can

effectively absorb surplus power, thereby limiting frequency variations.
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Figure 5 Waveforms of the fault current provided by the DG included in the
micro-grid with and without the SFCL. (a) wind farm and (b) PV plant.
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Because the power quality of the micro-grid is a critical assessment index, the SFCL's
effects on the system frequency are investigated. Without FCL, the maximum deviation of
the frequency is about 0.3 Hz, and when SFCL is present, the fluctuating margin is less than

0.1 Hz. As a result, improving frequency quality will aid in the stabilisation of power sources

and local loads.
TABLE II FIRST PEAK OF THE FAULT CURRENT AT DIFFERENT

LOCATIONS
With Current limiting
Measuring | Without With the Current limiting
Proposed ratio of Proposed
point FCL SFCL ratio of SFCL
FCL FCL
PCC 3.8 KA 2.1 KA 2.0 KA 44.7 % 47.36%
Wind farm 1.9 KA 1.1 KA 1.01 KA 42.1 % 46.8%
PV plant 0.4 KA 0.255 KA 0.225 KA 36.2 % 43.75%
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Fig. 6. Waveforms of the micro-grid’s PCC voltage during the fault. (a) case I
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and (b) case II.
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CONCLUSION
In this paper, a resistive type superconducting fault current limiter is proposed to play the
role of transient performance enhancement of a micro-grid system during a fault. Theoretical
derivation, technical discussion, and simulation analysis are all performed. According to the
findings, using resistive SFCL can effectively limit the transient current rush, ensure power

balance, and improve the voltage and frequency stability of the micro-grid system.
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In the near future, a small-scale prototype of the resistive type SFCL will be built and

tested in a real microgrid system. The findings of the study will be reported in subsequent
articles.
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