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Abstract: Single-stage grid-interfaced PV topologies have challenges with high grid fault currents,
despite being more efficient, simpler to implement, and less expensive than two-stage ones. In such
systems, a single inverter is required to perform all grid-interface tasks. i.e., maximum power point
tracking (MPPT), DC voltage stabilization, and grid current control. This necessitates a hardware-
based fault current limitation solution rather than a software-based one to avoid adding to the
inverter’s control complexity and to mitigate the implications of PV system tripping. Therefore, in
this study, a dual-functional non-superconducting saturated-core inductor-based (SCI) reactor is
proposed to be applied at the output of a single-stage PV inverter. It involves two operation modes: a
grid pre-fault mode where it filters the line current, hence minimizing its THD, and a grid-fault mode
where it acts as a fault current limiter (FCL). Controlling the DC saturation current flowing into its
control winding terminals alters the core magnetization of the SCI to vary its impedance between
a low value during normal utility operation and a maximal value during faults. Consequently, the
system is protected against inverter failures or unnecessary circuit-breaker tripping, which preserves
service continuity and reduces system losses. Moreover, compared to existing FCLs, the proposed
topology is an appealing candidate in terms of cost, size, reliability, and harmonic filtering ability.
The bi-functionality and usefulness of the proposed reactor are confirmed using simulation and
experimental results.

Keywords: non-superconducting saturated-core inductor (SCI); PV single-stage inverter; grid
integration; energy capture and harvest; fault current limiter; low-carbon energy

1. Introduction

The current global energy crisis and environmental threats from fossil-fueled energy
resources have motivated research toward sustainable renewable energy resources (RES) [1].
Solar irradiance is a sustainable and clean energy source that can be used to generate
electricity using PV systems [2]. Nowadays, the integration of PV sources into the utility
grid is considered a common practice in many countries to prompt PV system penetration,
reduce operational costs, and improve economics [3,4].

However, for a consistent and successful PV-grid interface, several requirements
should be fulfilled [4,5]. First, PV cells’ non-linearity and dependency on varying irradiance
and temperature conditions should be overcome using an efficient MPPT technique to
harvest the maximum available PV power [6]. Then, for the successful transfer of this power
to the AC utility, robust DC/AC power conversion is needed. This mandates two control
loops: DC-link voltage regulation and AC grid current control. The former guarantees
energy balance at the DC link, while the latter is responsible for injecting sinusoidal
grid current into the grid with minimal total harmonic distortion (THD) at unity power
factor operation.

Energies 2023, 16, 4206. https:/ /doi.org/10.3390/en16104206

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16104206
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3572-0190
https://doi.org/10.3390/en16104206
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16104206?type=check_update&version=2

Energies 2023, 16, 4206

2 of 24

The previous tasks can be successfully achieved via different numbers of power
conversion stages, commonly either two-stage or single-stage topologies [7]. In the former
topology, two conversion stages are used, which involve a DC-DC converter for MPPT,
voltage level boosting, and buffering purposes. This was followed by a DC/AC inverter
stage for the PV-grid interface [8]. However, in the single-stage configuration, a single
DC/AC converter is placed between the PV and utility to achieve all the previously
discussed tasks, thus reducing the system footprint and increasing its overall efficiency [9].

However, the single-stage topology still has its limitations. First, the output PV
voltage is the DC-link voltage of the single-stage inverter [10]. Hence, this PV voltage
should be reasonably high for a successful interface. This requirement necessitates the
use of multiple PV modules connected in series, forming a PV string, rather than relying
on a single PV module. Another limitation in the single-stage topology is the absence of
decoupling between the PV and the inverter DC-link, which will result in a direct reflection
of the PV power oscillations on the grid current THD and vice versa. This requires a
large DC-link capacitor at the inverter input and a convenient AC filtering inductor at its
output [11]. Moreover, a single inverter is responsible for performing all functions of MPPT,
DC voltage regulation, and grid current control, which complicates inverter control [12,13].
This implies a robust control system in addition to a reliable inverter, especially during
grid abnormalities and faults. Otherwise, the system will entirely collapse since it relies
solely on a single converter. Unfortunately, single-stage PV systems are susceptible to grid
disturbances and exhibit delayed control dynamics following fault recovery [4]. As a result,
it is critical to offer support for utilities in case of malfunction when connecting PV plants
to the grid, particularly for single-stage systems.

Since solar inverters are designed to extract the maximum power available from solar
panels to the network prior to fault, it is argued that during faulted conditions, solar
inverters serve as a constant power source. Shortly after the occurrence of a fault, the
fault current exhibits large spikes, and the peak value varies according to the voltage drop
caused by the fault [14]. For this reason, grid-connected PV inverters use current-limiting
strategies or devices to protect critical components and avoid damage to PV inverter
components. Based on the results obtained from commercial PV inverters, up to 1.4 p.u.
is commonly indicated [15]. Accordingly, if any of the currents exceed this threshold, the
inverter is disconnected from the grid via overcurrent protection schemes, which affect
service-to-customer reliability and efficiency after fault clearance [16]. Another factor that
must not be neglected is the relatively long time it takes for a grid-connected PV system to
reach its maximum power output after grid restoration [17]. The excessive control action
accumulated in the inverter controller’s integral part must be compensated for by an input
error in the opposite direction. As a result, the DC-link voltage falls below the reference
value, which may cause the inverter to lose control and disconnect due to the significant
decrease in the DC-link voltage [16]. Thus, with post-fault clearance, the likelihood of
system instability increases.

Consequently, fault current limitation solutions are widely recognized to counter-
act all the aforementioned problems [18]. Commonly, they are software-based (control)
solutions [19,20] or hardware-based (equipment) solutions [21-23]. The latter is more
applicable for single-stage grid-tied RES systems, not to add to the control complexity of
the applied inverter, which is already responsible for all the MPPT and grid-integration
functions alone. Equipment-based measures need to be enabled /triggered during faults
and are disabled in normal conditions. They have a wide variety of options, such as
high-impedance transformers, high-voltage current limiter fuses, and fault current limiters
(FCL) [21-23]. FCLs are gaining attention in power systems applications with different
existing topologies such as FACTS devices, solid-state switch-based FCLs, superconducting
FCLs, hybrid FCLs, and non-superconducting FCLs.

Superconducting FCLs are based on the superconductivity characteristic of materials
that tend to lose their electrical resistance at certain temperatures, current density, and
magnetic fields. These devices can provide a self-acting action during over-current faults,
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thus serving as a lossless current-limiting variable impedance [24]. On the other hand,
solid-state switch-based FCLs dynamically insert an additional impedance into the line
when a fault event is detected via power-electronic equipment to handle short-circuit fault
consequences. For this reason, they are lower in cost compared to superconducting FCLs,
have a more flexible structure, and have a short response time [25]. The hybrid FCLs provide
a combination of superconducting FCLs and solid-state switch-based ones. As a result, these
FCLs enjoy the benefits of both technologies, with good response time and current-limiting
performance. Alternatively, FACTs devices are static power-electronic equipment deployed
in transmission networks to improve power transfer capabilities, enhance network stability,
and limit fault current through series and/or shunt compensation. Compared to other
FCL topologies, non-superconducting FCLs are considered an attractive alternative in
terms of cost, need for maintenance, and weight since no cooling systems or switching
devices are involved. This makes them a good option in renewable energy systems with the
minimum harmonic generation, a fast response time (during and after fault clearance), and
less control complexity [21,23]. Nevertheless, saturated-core devices create low insertion
impedance as well as high transient impedance during fault occurrence by changing the
permeability of the core material between saturated and unsaturated states. They are
feasible for implementation in high-voltage and high-power applications, with fast-acting
dynamics and short recovery times [26].

In this paper, the merits of non-superconducting FCLs and those of saturated-core
devices are combined, and a dual-functional non-superconducting saturated-core inductor
(SCI) is proposed to replace the existing filtering inductor between the PV inverter output
and the utility grid. The proposed SCI serves two different functions depending on the
utility’s operation mode. First, during grid normal operation, a DC saturation current
is injected into its control coil terminals, thus forcing its core into the saturation region
to minimize its impedance and just act as a filtering reactor. Oppositely, during grid
faults, when high line fault currents are exhibited, the SCI is forced out of saturation, thus
maximizing the reactor impedance to mitigate grid current increases. The proposed SCI
mainly contributes as follows:

e Its FCL functionality is quite effective, especially in single-stage grid-tied inverters,
since it is a hardware/equipment-based solution rather than a software-based one.
Thus, it does not add to the control complexity of the system’s single inverter.

e  Consequently, it supports the penetration of single-staged PV systems in the utility
grid, which feature less size, cost, and losses compared to two-staged ones.

e Itreplaces the already existing AC line smoothing inductor, thus avoiding the use of
dedicated FCL equipment for short-circuit current limitation.

o  Compared to existing FCLs, the non-superconducting saturated-core topology gives
the best compromise regarding low cost, size, control complexity, high reliability, and
harmonic filtering capability under normal conditions.

e  Due to its bi-functionality, it has a number of positive impacts on the grid, as follows:

1. Minimal grid current THD at grid normality as it acts as a current smoothing
filter.

2. Limited grid fault currents to 1.4 times their nominal value, thus preventing
inverter breakdown, enhancing its control robustness, and protecting utility
equipment from overheating and possible failure.

3. Reduced unnecessary tripping of utility protective devices, thus supporting
service continuity, reducing losses, and enhancing the entire system’s efficiency
and reliability.

Finally, the effectiveness of the proposed SCI in single-stage PV systems, during differ-
ent grid modes, is verified using simulation results. For further validation, an experimental
prototype is implemented to confirm its real-time performance.
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2. System under Investigation

For low-power (<10 kW) applications, PVs are usually interfaced with a 110/220 V
AC grid through a single-phase voltage-source inverter (VSI). The single-stage topology
normally applies a single inverter to carry out all the required interface tasks: MPPT, outer
DC-link voltage control loop, and inner grid current control loop [12,13].

2.1. System Design

A 3 kW, 220V, 50 Hz single-phase PV grid-tied system is considered with the schematic
diagram shown in Figure 1. The PV source is a string configuration of fifteen KC200GT PV
modules connected in series to meet the grid voltage level. This PV source is interfaced
with the grid through a single-stage, current-controlled VSI responsible for all the control
processes required for this interface. Table 1 gives the system parameters computed below.

VSI stage Filtering

CoTT T . Reactor
Ipv ' ! Ig
— |
i !
+ + | |
: I [
: I |
i C | b+
| |
- Vev T “dc I
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Figure 1. Schematic diagram of the considered system.
Table 1. Considered simulation system parameters.
Parameters Ratings

VMpp =15x%x263=3945V
Inpp=1x761=761A
MPP = 3000 W at STC

KC200GT
String (15 x 1)

Cyec 2200 uF, for Avdc = £2.5%
Lagc 5 mH, for THDi = 3%
Ve 395V

fswitching 15 kHz

2.1.1. Decoupling Capacitor Selection

In single-phase grids with unity power factor, i.e., grid current (ig) is in phase with
grid voltage (vy), grid power (P;) pulsates at double the line frequency (P cos 2wt) [27].
Hence, for single-staged PV systems tied to single-phase grids, the VSI DC-link capacitor
(C4c) is the main buffer to limit the propagation of these power pulsations to the PV side.
Hence, it must be properly sized to limit DC-link voltage ripple, which is mirrored on
the PV voltage (Vpy) and power (Ppy), to a desired level. This, in turn, prevents DC-bus
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overvoltage and minimizes PV power oscillations, the effect of which is reflected in the
grid current. Cj, that limits DC-voltage ripple Av,, to a desired value is given by [27,28]:

Py

Cpo=——5—
e WV Mg,

)

where w is the grid line angular frequency in rad/sec and V. is the inverter DC-link voltage.

2.1.2. Full Bridge Voltage Source Inverter (VSI)

The applied single-stage PV inverter is a full-bridge single-phase current-controlled
VSI operating with sinusoidal pulse width modulation (SPWM) featuring a switching
frequency (fswitcning) Of 15 kHz. For high switching frequency and near-unity power
factor operation, the inverter output voltage is almost equal to the grid voltage, and the
modulation index amplitude (m,) is given by [29]:

_ % v
T Ve
where Vg is the grid voltage peak.

For single-phase inverters, the DC-link voltage level is set to satisfy m, < 1 to achieve
acceptable total harmonic distortion in the grid current (THDi). Hence, the number of
series modules in the PV string is chosen to satisfy this level since in single-stage systems,
the inverter V. is equal to the PV voltages of all modules summed together.

2.1.3. Filtering Reactor

Conventionally, a filter inductor (L) is placed between the inverter AC output and
the grid current to filter the grid, thus L, is calculated from Equation (3) so as to limit the
magnitude of the switching harmonics in grid current as follows [30]:

Vie 1 \/1 , 8 4 A
= FMg — =My + gm 3
ZfswitchingLac 2\/§ 2 3n ¢ 8§ ()

Alg
where Al is the grid current rms value and is calculated from Equation (4) [30]:

Al
THDi = —% % 100 < THDi (required) 4)
8(1)

where I, (1) is the rms value of the grid current fundamental frequency component.
However, to make use of the mandatory presence of a filtering reactor between the
inverter output and the grid, L, is replaced by a bi-functional non-superconducting
saturated-core inductor (SCI) as proposed by this paper. Additionally, its grid current
filtering integrated feature has a fault current limiting capability to limit grid current rises
during grid faults. The design and operation of the proposed SCI are explained in Section 3.

2.2. System Control

The PV string is interfaced with the utility through a single-stage VSI responsible for
all the control processes required for this interface: MPPT, DC voltage control, and grid
current control. System control is shown in Figure 2 and explained as follows:
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Figure 2. Applied control scheme for the considered system.

2.2.1. MPPT

In order to harvest maximum PV power from the employed PV string under varying
irradiance and temperature conditions, a simple and efficient MPPT algorithm is mandatory.
Hence, the variable-step Inc. conductance algorithm proposed in [31] is applied due to its
low cost, simple implementation, and reliable performance. This algorithm determines the
reference MPP PV voltage at which the PV string operates at its maximum power relative
to the surrounding environmental conditions.

The reference produced PV voltage is considered the reference of the inverter DC-link
voltage, at which it should be regulated to maintain the energy balance at the inverter
DC-link and guarantee power flow from the PV source to the utility. Thus, for a successful
PV-grid interface, DC-link voltage regulation as well as grid coupling at unity power factor
are achieved using two control loops: the outer DC-link voltage control loop and the inner
grid current control loop.

2.2.2. Inner Grid Current Control Loop

The block diagram of the inverter’s inner grid current control loop is shown in Figure 3.
In this loop, the inverter must output a sinusoidal grid current with acceptable THD and a
close-to-unity power factor to achieve the required PV-grid integration. Thus, a sinusoidal
unit vector obtained from a phase-locked loop (PLL) synchronized with the grid voltage is
multiplied by the output of the DC-link voltage controller, which represents the reference
grid current amplitude. The inner current loop controller then forces the grid current to
coincide with this sinusoidal reference.

Vetrl
Grr(s) —> Kewmy

SLac

Figure 3. Inner grid current control loop of the applied control scheme.

When controlling sinusoidal signals, PR controllers perform better than conventional
PI ones [32]. In contrast to conventional PI controllers, the former can eliminate steady-state
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VP V-MPP-ref _

errors in the current’s magnitude and phase angle without the use of voltage feedforward.
Hence, for grid control, an ideal PR is applied with a gain given by Equation (5) [12,32]

s
Gpr(s) = Kp—r + Kl—rm ®)

where Kp_, is the proportional part gain, Kj_, is the resonant part gain, and w; is the
resonant frequency of the controller, which is chosen as the grid line angular frequency to
eliminate grid current harmonics.

The converter PWM block can be represented by a simple gain as given by Equation (6)
and shown in Figure 2 since a high inverter switching frequency is applied [27,33]

KPWMU = = (6)

where V,,; is the amplitude of the triangular carrier signal

2.2.3. Outer DC-Link Voltage Control Loop

The block diagram of the inverter’s outer voltage control loop is shown in Figure 4.
In this loop, the inverter DC-link voltage is regulated to a reference value, which is the
PV MPP voltage, to guarantee PV operation at MPP and maintain energy balance at
the DC-link. This loop outputs Ig/,;f, which represents the reference grid current active
component denoting the power available at the inverter DC side that should be injected
into the grid [27,33]. A proportional-integral (PI) controller is employed in this loop
as shown in Equation (7), where Kp_; and K;_; are controller proportional and integral

gains, respectively.

K,‘
Gpi(s) = Kp_j + ——

@)

Iy £y, v
gref Vg d
GPI (S) 1 ’ 2s Cdc Vdc C >
+

Figure 4. Outer DC-link voltage control loop of the applied control scheme.

Featuring unity feedback and a few kHz of bandwidth, the inner grid current loop
can be represented by [27,33]: a unity gain at the low-frequency range applied for the
DC-link voltage loop. Moreover, the relationship between the average DC-link voltage and
fundamental grid current variations can be computed using Equation (8) depending on the
average power balance equation, neglecting converter losses [27,33]:

‘/EC (S) - Vg (8)
Ig (S) 25Cgc Ve

where I; is the injected grid current amplitude.

3. Operation and Design of the Proposed SCI

Based on magnetically controlled reactors, the proposed SCI utilizes the nonlinear
variation of its core material to restrict the short-circuit current of the system.
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3.1. Proposed SCI Operation

Saturated-core FCLs (SCFCLs) typically consist of an iron core wrapped around
two counter-connected main AC windings and a DC control winding. The two AC
coils are linked in series with the system, while the DC winding input is controlled so
that the produced DC magnetomotive force (MMF) causes the core to reach a state of
deep saturation.

Figure 5 shows the connection diagram of the proposed SCI. Under normal working
conditions (no-fault), the AC MMF magnitude is not adequate to drive the core into
saturation, so the DC bias current is set to make the core in a deep saturated state. This is
achieved by injecting DC current, Ipc_gscy into the SCI. At this point, the SCI acts as a filter
inductor with very low impedance, i.e., a low voltage drop across its AC windings.

Ig

)
\

5
i

I gpeak

— max

\

1.4x% ig—peuk nominal gl

Figure 5. SCI schematic diagram.

If a fault incidence occurs and the magnitude of the grid peak current, I,k exceeds
1.4 times its nominal value (I e wominal ), the SCI shifts operation and acts as a FCL.
At this point, the fault current amplitude increases, generating an AC MMEF that is large
enough to oppose the DC bias MMF and lead the core out of saturation. To guarantee the
latter and maintain robust performance, a switch is triggered in this case to disconnect the
employed current source. Thus Ipc_gc; is set to zero. Hereby, the SCI presents a large
impedance, which serves to restrict the short-circuit current [26].

3.2. Proposed SCI Design

The design procedure of the SCI is demonstrated in the following section, as shown in
the flowchart in Figure 6.

3.2.1. Core Design

Since the SCI will operate at a low power supply frequency, silicon iron laminations are
suitable due to their low cost and high saturation flux density [34]. These types of cores can
be manufactured in a variety of geometries, such as the EI configuration used in this study.
For large reactors, stacked laminations of core materials are typically utilized for manag-
ing a significant amount of power to avoid excessive costs associated with high-quality
core materials.

To determine the size of EI laminations, it is first required to determine the SCI area
product, Ay, which is given by Equation (9) [35]:

S x 10*
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where S is the apparent power rating of the SCI, k¢ is the waveform coefficient of the
sinusoidal input current, k, is the window utilization coefficient, which represents the
amount of copper appearing in the window area. k; is a constant for temperature rise in
the SCI core and is usually related to core configuration, f is the supply frequency, and and
By, is the maximum flux density of the core material.

( sart )

v

Input SCI Specifications

v

Core Dimensions, Construction

and Material Selection
Main & Control Winding Design, I

Current Density & Window Utilization

v

Main & Control Winding Resistance
Determination and Inductances

v

Winding & Core Losses Calculation

No

Accepted Design

Figure 6. SCI design flowchart.

Using EI lamination design tables and values obtained in Equation (9), core area, A,
and window area, W, are determined accordingly.

3.2.2. Main and Control Winding Design

This step involves determining the required number of turns for both main and DC
control windings, cables, and wiring selection according to current density capabilities, as
well as window areas for each group of windings [34].

The main AC winding number of turns, N, is determined by Equation (10)

V x 10*
Nygin = (kachm> (10)
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where V is the main winding voltage. The current rating of the main winding, I,,,,;,,, can be
calculated according to Equation (11) such that:

S
Lnain = (V) (11)

Accordingly, the current density of the main winding, [, the bare wire area,
Apain—wg(bare), and the main winding window area, W;_y,in can be determined
as follows:

Jmain = ij(I)5125 (12)

I .
A __ ~main (13)

main—wg(bare) — j
main

Using AWG wiring tables, the main winding wire area, A;;4in—wg can be determined.

Wi = Amainfwg(:zre) X Niain (14)
u

Assuming that the main winding will occupy 70% of the space and the control
(DC) winding will occupy the rest. Using AWG tables, similarly, the number of turns
of DC control winding, Npc, control winding current, I .1, control winding bare area,
Acontrol—wg(bare), and control winding area, Agontror—wg can be calculated.

3.2.3. Main and Control Winding Resistance Determination

Main and control winding resistances, Ry, and Riyutr0, can be calculated as

follows [35]:

micro — ohm
Rmain = MLT x Nmain X T (15)

micro — ohm

Rcontrol = MLT x N, x T (16)

Such that MLT, is the mean length turn for both windings and is dependent on
the dimensional data of EI laminations, and the W values are obtained from
wiring tables.

3.2.4. Winding and Core Loss Calculation

Total copper losses, P, _tos1 for both main and control windings, Py, and Pgy 4101
can be calculated as follows:

Pey—total = Prain + Peontrol (17)

Such that,
pmain = Igmianuin (18)
Pcontrol = Igontmchontml (19)

The core loss calculation, P, can be expressed by Equation (20):
P. = kB £ (20)

where « and B are coefficients that depend on material properties.

According to the previous design procedure, the parameters of the proposed SCI, to
be applied in the considered PV system demonstrated in Section 2, are selected and listed
in Table 2.
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Table 2. SCI Parameters for the considered simulation system.

Parameter Value
Rated kVA 5000 VA
Main Winding Voltage (rms) 220V
Control Winding Voltage (rms) 110V
Main and Control Winding Resistances 0.337 O
Frequency 50 Hz
Equivalent winding resistance 040

4. Simulation Results Analysis

In order to verify the functionality of the proposed SCI, the considered 3 kW, 220V,
50 Hz single-phase, single-stage grid-tied PV system, which has been demonstrated in
Section 2, is tested using MATLAB/Simulink at a temperature of 25 °C and irradiance of
1000 W/m?2. Simulation results have been carried out considering three grid conditions:
(i) normal operation (t = 0-3 s); (ii) fault condition (v reduced to 0.5 p.u. during the period;
t =3-6s); and (iii) severe fault condition (v¢ reduced to 0 p.u. during the period; t = 6-9 s).
The considered system, under these scenarios, is tested twice. First, when an AC filtering
inductor, L, of 5 mH, is used at the inverter AC output. Then, when replacing L, with
the proposed SCI, the simulation results for both cases are shown in Figures 7 and 8, along
with the system performance parameters provided in Table 3.

3000 | -
2500 |- \/ i
; 2000 L |
= 1500 s
[a N
0O 1000 i
500 L/’_
O -
0 1 2 3 4 5 6 7 8 9
Time, s
(a)
600 |- I
500 |
400 _\ S~
> 300}
g
< 200
100 |
0 =
-100 |
0 1 2 3 4 5 6 7 8
Time, s

Figure 7. Cont.
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Vg,V ig, A
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Time. s

(d)
Fundamental (50 Hz) =19.25, THD=2.41%

25

1.5

Mag (% of fundamental)

0 200 400 600 800 1000
Frequency, Hz

(e)

Figure 7. Simulation results for normal, 50%, and 100% faults using L, of 5 mH: (a) Ppy; (b) Vpy;
(c) vg vs. ig; (d) vg vs. ig for the selected time period; (e) grid current THD for the selected
time period.
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500

Figure 8. Cont.
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Figure 8. Simulation results for normal, 50%, and 100% faults using SCI: (a) Ppy; (b) Vpy; (c) vg vs. ig;

(d) vg vs. ig for the selected time period; (e) grid current THD for the selected time period.
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Table 3. Performance parameters of the simulation system with L, and the proposed SCIL.

L, Proposed SCI
Normal at STC (0 < t < 3)
Ppy 3000 W 3000 W
Vbe 400V 400V
Ly peak 19 A 195 A
THD % 2.41% 3.55%
50% Fault (3 <t < 6)
Ppy 3000 W 200 W
Vbe 400V 480 V
Ly peak 38A 19 A
Short-circuit Fault (t > 6)
Ppy 80 W B W
Vbe 500V at t = 7 s and keeps increasing 490V
Iy peak 230 A at t =7 s and keeps increasing 27 A

Normally, during the interval preceding the fault (0 < t < 3), the grid voltage is
maintained at 1 p.u., and the conventional L, acts as a grid-filtering inductor. Similarly, the
proposed SCI acts as a smoothing inductor since it is driven into a saturation state with the
help of the DC control winding current, Ipc_gcy, as long as the peak nominal grid current,
Iy pear 1s within safe limits (<1.4 Lo peak nomina 0f 20 A). During the normal condition time
period, it is clear that L, and the proposed SCI provide nearly similar results. In both
cases, the maximum PV power of 3 kW is successfully tracked as per Figures 7a and 8a,
the DC-link voltage is accurately regulated at about 400 V as per Figures 7b and 8b, and
the sinusoidal grid current, i¢ at unity power factor, is injected into the grid as indicated
by Figures 7c,d and 8c,d. Moreover, minimal THD is achieved, corresponding to 2.41%
and 3.55%, when using the conventional L,. and the proposed SCI, respectively, as per
Figures 7e and 8e.

During the first fault scenario (3 < t < 6), a three-phase symmetrical short-circuit is
applied to the downstream network at a grid voltage, vy of 0.5 p.u. At this point, the fault
current is expected to flow in the grid, resulting in peak grid current, I, eq exceeding
1.4 times the nominal peak current of 20 A. Despite the fact that the PV power and DC-link
voltages, Ppy and Vpc are maintained at 3 kW and 400 V, respectively, when using L,
the grid current increase cannot be mitigated by the conventional AC inductor, as shown
in Figure 7c, which cannot be tolerated. Comparatively, the proposed SCI successfully
managed to limit the grid current, i; to a pre-fault value, as shown in Figure 8c. The SCl is
driven out of saturation state and acts as a FCL with high impedance, and consequently,
minimal active power is harvested and injected into the grid.

During the scenario of an extreme fault condition (6 < t < 9), the grid voltage,
vg suddenly drops to 0 p.u. Using the conventional L, the projected grid current value, i,
keeps increasing and exceeds the permissible inverter limits as per Figure 7c; thus, forced
inverter tripping is anticipated. Additionally, the DC link voltage, Vpc, is not stabilized as
shown in Figure 7b, leading to disrupted inverter operation. On the contrary, the superiority
of the proposed SCI and its blocking capability have been proven, as shown in Figure 8c.
Interrupting the DC saturation current, Ipc_sc flowing in its DC control winding forces
its core outside the saturation region, and a large impedance is acquired. Consequently,
the SCI was able to successfully limit the grid current to less than 1.4 times the nominal
value, thus preventing inverter tripping. PV operation is restricted to Vpc =490 V, which
is almost the PV open-circuit voltage, thus minimizing the power harvested from PV to a
level that is just adequate to be dissipated in system resistances. There is no active power
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to be injected into the grid in this case since the utility features zero grid voltage; thus, the
fault grid current is limited and the grid-tied inverter is protected.

Table 3 summarizes the simulation results of the three studied scenarios. It is evidenced
from the first scenario that during grid normality, the proposed SCI filtering capability is
proven where minimal grid current harmonics are achieved. During the other two fault
scenarios, the proposed SCI FCL capability is verified to have successfully limited the
grid fault current peak value, Ig_ peaks below 1.4 p.u. In addition, for all scenarios, stable
operation is assured for the DC-link voltage, Vpc, and PV power, Ppy, when applying the
proposed SCL

5. Experimental Implementation

An experimental setup is implemented in order to verify the real-time performance
of the proposed SCI and its bifunctionality role in limiting grid current increases during
grid voltage under-voltages or faults while filtering line current harmonics during normal
conditions. Practical validation is applied to a low-power experimental prototype with
a schematic diagram and test rig photography shown in Figure 9. The experimental
system parameters are listed in Table 4, while the experimental SCI parameters, computed
according to the design equations presented in Section 4, are given in Table 5. A detailed
comparison between the performance of the conventional output reactor and the proposed
SCI during three grid modes—normal mode, 50% fault, and entire short-circuit—is carried
out using two main experiments.

Table 4. Experimental system parameters.

Parameters Ratings
KC200GT Vipp =263 V
P MPP =200 W at STC
Cac 2200 uF, for Avy,=+2.5%
Lac 5 mH, for THDi = 5%
Viac 26V
fswitching 15 kHz

Table 5. Experimental SCI parameters.

Parameter Value

Rated kVA 5kVA
Primary Voltage (rms) 2 x 100V

Secondary Voltage (rms) 4x12

Frequency 50 Hz
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Figure 9. Considered system experimental prototype (a) schematic diagram (b) test rig.

In the first experiment, there is a step change from grid normality to 50% grid fault
(grid voltage decreases from 1 p.u. to 0.5 p.u.). In this case study, the conventional Lac and
the proposed SCI are tested on the experimental rig, and their results are demonstrated
in Figures 10 and 11, respectively. On the other hand, the second experiment involves a
step change in the grid condition from normality to a total short-circuit (SC) (grid voltage
decreases from 1 p.u. to 0 p.u.). Under this severe grid fault condition, only the proposed
SCl is retested on the experimental rig, with results shown in Figure 12. This is related to
the fact that with the conventional Ls, the grid current will keep increasing under grid
short-circuits, as concluded from simulation results, resulting in the inverter breakdown
which is not applicable in real life. Hence, in the second experiment, only the proposed
SCl is applied to the inverter output to verify its real-time capability of limiting such high
current increases during severe grid faults. Both experiments’ results are analyzed, and
performance parameters are summarized in Table 6.



Energies 2023, 16, 4206 17 of 24

Normal 50% Fault

500 ms/div, chM: 50 VA/div
(a)

e Vppr a

Ipp
= 26V Vev
‘!ﬂ'p\ﬂ‘ X h’l{“l\'ﬂ?f flﬂ ,l,:"‘u [h .b '.,_.L,: A J,Ilr'r'r

\
. = Ipv
I u

Normal : 50% Fault
> | ——————

500 ms/div, ch1:10 V/div, ch2:5 A/div
(b)

—————

Normal 50% Fault

500 ms/div, ch1:10 V/div, ch2:20 A/div

(c)
FFT Analysis 100%
= Fundamental (50Hz)=16.5, THD=5.21%
g . e
£
<
c
3
'06 3.4%
&
<
-
&
o 0 5 10 15 20
2 Harmonic Order
(d)

Figure 10. Experimental results for grid 50% fault using L, of 5 mH (a) Ppy; (b) Vpy vs. Ipy;
(¢) vg vs. ig; (d) grid current THD for the selected time period.



Energies 2023, 16, 4206 18 of 24

1SW
Ppys :
|
|

« Normal | . 50%Fault |

500 ms/div, chM: 50 VA/div

(a)
Vpr {

Ier |, ., | 30V Ve

(i (0 T

P T e T et
u

)
|tk a1t St |
17 ARG Iev

I L'ﬂ\u"‘v”&ﬂw\f

Normal 50% Fault
«— >

500 ms/div, ch1:10 V/div, ch2:5 A/div
(b)

7, -

Normal 3 50% Fault
» | = -

500 ms/div, ch1:10 V/div, ch2:20 A/div
(c)

FFT Analysis 1000

= Fundamental (50Hz)=16.8, THD=5.3%
t
]
£
<
c
3
& 3.5%
)
£
<
k-
c
o
a 0 5 10 15 20 %
2 Harmonic Order
(d)

Figure 11. Experimental results for grid 50% fault using the proposed SCI, (a) Ppy; (b) Vpy vs. Ipy;
(¢) vg vs. ig; (d) grid current THD for the selected time period.
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Figure 12. Experimental results for grid short-circuit using proposed SCI: (a) Ppy; (b) Vpy vs. Ipy;
(c) vg vs. ig.

Table 6. Performance parameters of the considered experimental system.

L, =5mH Proposed SCI
Normal (800 W/m?, 25 °C)

Ppy 165 W 165 W
Vbe 26 V 26V
Lo peak 165 A 16.8 A
THD 5% 5%
50% Fault
Ppy 165 W 15W
Vbe 26V 30V
Lo peak 35 A 16.2 A
Short-circuit Fault
Ppy _ 5W
Vbe _— 33V
Ly peak _ 25 A

For experiment 1 (grid voltage decreases from 1 p.u. to 0.5 p.u.), it is clear that during
grid normal conditions (Vg = 1 p.u.), both the conventional L, and the proposed SCI gave
almost similar results and close performance parameters, as shown in the first horizontal
segment of Table 6. This involves almost similar characteristics, including (i) tracked
PV maximum power of 165 W during test conditions of 800 W/m? and 25 °C, as shown
in Figures 10a and 11a, respectively. (ii) DC-link voltage (i.e., PV voltage) of 26 V, as
depicted in Figures 10b and 11b, respectively. (iii) Peaks of grid current reaching 16.5 A and
16.8 A, as shown in Figures 10c and 11c, respectively. Primarily, grid current THD attained
by both Lac and SCI is almost 5% (within standards) as depicted in Figures 10d and 11d,
respectively, which highlights both devices’ ability to filter grid current harmonics.

However, during the 50% grid fault (V; = 0.5 p.u.), the performance parameters of
both the conventional L,; and the proposed SCI are summarized in the second partition of
Table 6. In the case of L,. = 5 mH, although the PV power and DC-link voltage (i.e., PV
voltage) are maintained at 165 W and 26 V, respectively, as concluded from Figure 10a,b,
the grid current peak increased to almost 1.75 times its corresponding nominal value, as
shown in Figure 10c. In other words, it reached a 35 A peak, which is more than 1.4 times
the nominal peak current of 20 A. Hence, it is verified that the conventional L is not able
to limit grid current increases during grid faults. On the other hand, in the case of the
proposed SCI, it succeeded in limiting the increase in grid current where the grid current is
maintained at 16.2 A peak (less than the 20 A nominal peak), as evidenced by Figure 11c.
Hence, the fault current limiting capability of the proposed SCI is verified, along with



Energies 2023, 16, 4206

20 of 24

its outweighing performance compared to conventional smoothing reactors during grid
abnormalities. It is worth noting that to limit the grid current increase during grid faults,
the proposed SCI imposes a vast impedance within the circuit, which minimizes average
power injection into the grid and eliminates grid current increase. Hence, the PV operating
point changes (Ppy = 15 W and Vpy = Vpc = 30 V) to limit the harvested PV power, as
concluded from the PV power and voltage values shown in Figure 11a,b respectively.

For further validation of the proposed SCI capability to limit huge increases in grid
current during severe grid faults, experiment 2 is carried out. In this experiment, grid
voltage decreases from 1 p.u. to 0 p.u. while applying only the proposed SCI whose results
are shown in Figure 12 and whose performance parameters are listed in the third segment
of Table 6.

As shown in Figure 12c, the proposed SCI can successfully limit the peak grid current
to 25 A, which is still within safe limits (i.e., less than 1.4 of the nominal 20 A grid current
peak). Hence, its FCL effectiveness is confirmed even during severe grid conditions. It is
worth noting that to limit the grid current increase during grid faults and short circuits,
the proposed SCI imposes a vast impedance within the circuit, as previously explained.
This minimizes average power injection into the grid to eliminate grid current increases
above 1.4 times their nominal value. Hence, the DC-link voltage, i.e., the PV voltage, will
experience almost its open-circuit value (32.9 V) as per Figure 12b, and minimal PV power
of 5 W will be harvested as per Figure 12a, just adequate for DC-link compensation and
average power dissipation in the reactor’s resistance. Yet, the power flow has not ceased,
nor has the circuit breaker been tripped. Thus, whenever the fault is cleared, the SCI will
return to its normal small impedance, and normal active power harvesting and injection
into the grid will take place.

In summary, experimental results verify those attained during simulation work, which
validates the bifunctionality and FCL ability of the proposed SCI. Similar to the conventional
Lac, the proposed SCI has the filtering and smoothing ability to minimize the grid current
harmonics and maintain its THD within standards. However, during grid faults, the
proposed SCI has an extra FCL feature, outweighing performance. Unlike the conventional
Lac, the proposed SCI can successfully limit increases in grid current during faults, even
severe short-circuit ones, thus enhancing system reliability, efficiency, and robustness.

6. Discussion

As demand for electric energy increases, many distributed generation systems are
being integrated into the power system. However, the increase in the penetration of variable
renewable sources, transmission congestion, increased network complexity, and aging of
power grid components all contribute to higher short-circuit levels. This poses additional
challenges for preventing interruptions and blackouts, particularly with single-stage grid-
tied renewable energy systems. Although single-stage topologies are less complex and more
efficient compared to two-stage ones, many challenges are associated with their operation,
particularly during grid faults. The unstable inverter operation of the inverter during faults,
the dynamics after fault clearance, and the need to withstand high short-circuit currents
pose challenges to the topology of the system. It is important to find solutions that address
these challenges without adding complexity to the control system [36,37]. Economically,
introducing FCLs into the power grid can be a good option to tackle these issues. As can be
noted from Table 7, the literature presents numerous types of FCLs that have been utilized
in different applications.
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Table 7. Comparison between the most recent existing FCLs and the proposed SCI.

FCL Topology Type Application Cost Weight Harmonics
UPFC [38,39] e  Medium and high voltage grids
FACTs-based Topologies DVR [40] e  Distribution network High High High
STATCOM [41] e  Transmission system
Switched Impedance e  Distribution network
Solid-State-based [42-44] e  Transmission network .
topologies R Type [45] e  DBattery energy storage system Low Moderate High
esonance 1ype e  HVDC Systems
Capacitive Type [46] e  Renewable energy systems
: Resistive [47,48]
Superconducting e HVDC $y§tems High High Low
Topology Saturated Core [49,50] ®  Transmission network
DC power system
Hybrid Topologies Bridge Type [51,52] \I;\\f}nd tllrbmes Moderate ~ High Moderate
systems
Perma{r;e;n;}l\]/lagnet e  HVDC Application High Low Low
Non-superconducting Proposed Saturated FCL and grid current filter in Low Moderate Low
Core Inductor (SCI) single-stage grid-tied PV systems

FACTs-based topologies are common in high- and medium-voltage transmission and
distribution networks to achieve functions of power flow control. However, the costs
of their design for fault current limitation as a secondary functionality might make it a
non-viable option [23]. Similarly, solid-state FCL topologies are suitable for distribution
networks, yet at a lower cost and weight. However, both topologies, being dependent
on several semiconductor switches, suffer from switching losses, thermal management
problems, high harmonic generation, reliability issues, and high failure rates [33].

Superconducting FCLs are a hotspot in the field of current limiters, experiencing
minimal harmonic generation. However, they are limited by refrigeration systems, which
in turn increase their size, weight, maintenance requirements, and costs [33].

To balance the limitations and advantages of the previous topologies, a hybrid topology
is developed that combines the solid-state and superconducting topologies. However, its
initial and operating costs, as well as its harmonic generation, make it still not appealing
for single-staged RES, where minimal THD is mandatory to eliminate their direct impact
on the MPPT process and the harvested power ripples. Although permanent magnet FCLs
have the advantages of low harmonic interference and small size, they are considered a
high-cost option [33].

Alternatively, the proposed SCI offers an ideal option for single-stage grid-tied PV
systems in terms of cost, size, control complexity, harmonic generation, reliability, and
robustness. In addition, it exploits non-linear magnetic properties, enabling it to serve
two functions, primarily as a FCL and also as a smoothing inductor. This eliminates the
use of dedicated FCL equipment for short-circuit current mitigation. Finally, as a FCL, it
automatically reacts to the fault, so a fast response is guaranteed and a delayed operation
is avoided. Once the fault is cleared, the high impedance of the proposed device becomes
negligible in the power system. The core of the device returns to the saturation region,
resulting in a small impedance that is primarily used for grid current filtering purposes.

7. Conclusions

In this paper, a non-superconducting saturated-core inductor (SCI) is proposed to
replace the smoothing inductor at the output of the single-stage PV inverter. Instead of
relying on an additional device for fault current limitation, the proposed SCI technique
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serves two functions simultaneously. Its impedance is varied according to utility operation
by controlling its core flux by adjusting its input DC saturation current. Normally, it is
used as a smoothing filter with minimal impedance for minimizing line current harmonics,
while during grid abnormalities, it features high impedance to limit grid fault currents.
The proposed topology does not add to the PV inverter control complexity and is quite
promising for its relatively low cost and size, as well as its high reliability and harmonic
filtering ability when compared to existing FCL topologies. Its design, modeling, and
operation are thoroughly explained. The bi-functionality of the proposed SCI technique in
single-stage PV grid-tied systems has been verified through simulated system results and
experimental testing on a test rig.
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