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Abstract: Integration of rooftop solar-PV (RTSPV) systems and extensive use of nonlinear loads in the
low-voltage distribution system (LVDS) leads to poor power quality (PQ). Therefore, it is necessary
to address the issues leading to poor PQ at the point of common coupling of the LVDS. In this article,
a multi-band hysteresis current control (MB-HCC) for the multi-functional inverter (MFI) is proposed
which improves the efficiency of the MFI and also enhances the PQ of the LVDS. The MB-HCC
uses simple switching logic and outperforms in its multi-functional tasks such as active power
injection and power conditioning. MB-HCC offers better efficiency over variable double-band HCC
(VDB-HCC) as it operates at a lower switching frequency. The performance of the proposed system
is simulated by using MATLAB/Simulink and validated by OPAL-RT based real-time simulation
studies. During the variation of solar irradiation, the proposed MFI has an average efficiency of
98.5% under the ideal grid and 97.34% under the distorted grid. Moreover, the percentage of Total
Harmonic Distortion under ideal and distorted grid conditions is brought down to below 5%, and
also, reactive power compensation maintains unity power factor operation complying with the
IEEE-519-2014 and 1547 standards. These results substantiate the hypothesis of scalability of the
single-phase MB-HCC-based MFI for an LVDS contributing to economy and ecology.

Keywords: grid integration; low-voltage distribution system; maximum power point tracking;
multi-band hysteresis current control; multi-functional inverter; power conditioning; power quality;
rooftop solar-PV system

1. Introduction

The number of installations of rooftop solar-PV (RTSPV) systems in low-voltage distribution
systems (LVDS) is growing. Such a high penetration is due to the rise of consumer demand associated
with high electricity tariffs furthering deterioration of environmental concerns [1,2]. The availability
of low-cost SPV panels and advanced power electronic converters made RTSPV feasible and viable,
reducing the dependency on conventional energy resources [3,4]. Moreover, government policies are
encouraging consumers to install the RTSPV systems and become prosumers to receive payback for
the energy supplied to the grid through net metering which reduces consumption of grid power [4,5].

While the growth of grid-connected RTSPV systems is welcome, the poor power quality (PQ)
introduced by power electronic converters is not worthy. The other reason for the deterioration of PQ
in LVDS is power electronic-based nonlinear loads such as air conditioners, arc welding machines,
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compact fluorescent lamps, consumer electronics, light emitting diode lamps, personal computers,
uninterruptible power supplies, and electric vehicle charging stations [6-9]. The poor PQ affects the
performance of appliances in a single-phase LVDS due to current harmonic distortion and induced
reactive power causing overheating of the equipment, machine vibration, blowing of capacitor fuses,
imprecise metering, and malfunctioning of protection systems [9]. This will influence the stability and
the reliability of LVDS, impacting the national economy negatively.

A two-stage RTSPV integration is an efficient system for single-phase rooftop installations which
perform both active power feeding and power conditioning at the point of common coupling (PCC)
to the LVDS in tune with the global standards. This approach helps us avoid the use of power
conditioning equipment [10-15]. A two-stage RTSPV integration system consists of a DC-DC boost
stage and multi-functional inverter (MFI) stage. Literature survey suggests that the selection of an
efficient maximum power point tracking (MPPT) technique for the DC-DC boost stage, designing of
a simple control methodology for the inverter to coordinate the multi-functional operations such as
grid synchronization with active power feeding, reactive power, and harmonic compensation are still
major topics to be explored under both ideal and distorted grid conditions. However, designing simple
control for single-phase multi-functional system is not addressed sufficiently in the literature [15].

Several MPPT techniques have been reported in the literature [15-18]. MFI perturb and observe
(P&O) technique applications have been adopted for maximum power extraction [15,16]. Incremental
conductance (INC)-based MPPT is also another technique for maximum power extraction. The advantages
of INC-based MPPT over P&O-based MPPT are: (i) No need to compute power, (ii) better dynamic
response, and (iii) low ripple power. Given the simplicity, efficiency, accuracy, and tracking capabilities of
the INC-based MPPT technique for the DC-DC boost stage, converters are exploited in this research work.

The control technique is very crucial to improve the robustness and efficiency of an MFL Various
current control techniques are reported in the literature, with their own merits and demerits, depending
on the system operating conditions [10]. Cupertino et al. proposed a proportional-integral (PI) current
control method [19] to perform the multi-functional operations using a grid-connected SPV inverter.
However, tuning the gain values of the PI controller as per the variations in solar irradiation and
consumer loads is quite complicated. The proportional-resonant (PR) controller has been proposed for
better dynamics over the PI controller [20], but the PR controller is a complex controller and selection
of the individual harmonic frequency for compensation under distorted grid conditions is one of the
limitations. Chatterjee et al. reported that the model predictive controller-based PV inverter integrated
with the grid [21]. Nevertheless, the requirement of the high sampling frequency, i.e., 200 kHz, and
the optimization process agnostic to the controller cost function and heavy computation during the
operation of single-phase systems affected nonlinear loads. Kim proposed sliding mode control for
grid-connected SPV systems. However, the time-varying surface selection is a complex task to perform
multifunctional operations [22].

In contrast to the above methods, the hysteresis current control (HCC) is a simple method
for multi-functional operation as it offers advantages such as rapid current controllability, easy
implementation, and load insensitivity with respect to parameter variations, maximum current limit,
and better stability [15,16,23-28]. But, the major limitation of the HCC is its highly variable switching
frequency to match variation in solar irradiation and associated compensation requirements that results
in higher switching losses. To overcome the drawback of high variable switching frequency, advanced
HCC methods are described in the literature [29-31]. A variable double-band (VDB)-HCC concept is
presented in [30] for single-phase full-bridge bi-directional converters. However, the selection of the
optimum variable hysteresis band to attain the highest efficiency is not yet reported.

Moreover, the double-band (DB)-HCC concept for single-phase active filtering is presented in
References [29,31]. The bandwidth of the DB-HCC method proposed in References [29,31] is constant,
and the compensation objective depends on the bandwidth values. Moreover, there is an offset issue
under distorted grid condition which has a limitation in compensation with varying highly distorted
nonlinear load conditions under a weak grid. The detailed comparison of the HCC methods, in view
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of the performance under weak grid (PWG), active power injection (API), PQ improvement (PQI),
steady-state and transient characteristics (SS & TC), inverter peak efficiency (IPE), inverter efficiency
under low irradiation (IELI), average switching frequency (ASF), and implementation complexity (IC)
are exhibited in Table 1.

Table 1. Comparison of previous hysteresis current control (HCC)-based single-phase grid-tied
inverter literature.

HCC Type PWG API POI SS&TC IPE IELI ASF IC
Gl-based HCC [15] NR! Yes Yes Good M5 Low High M5
SB-HCC [22,23] NR ! Yes NR! Good Low Low High High
NE-based HCC [24] NR ! Yes Yes VG?3 Low Low High M?
Grid-interactive system using HCC [25]  NR!  Yes Yes Good M5 Low High M5
Single-phase PQ theory based [26] NR'! Yes Yes Good High Low High High
Modified PQ theory-based HCC [27] NR! Yes Yes Good M5 Low  High M5
SOGI-based HCC [28] NR ! Yes Yes VG3® High Low High M?
VDB-HCC [30] NR!  Yes NR! VG3® High NR! M5 Low
DB-HCC [29,31] NR? NR!  Yes VG3 NR! NR!' M?> Low

Proposed scaling factor-based MB-HCC
in this paper

1 NR = Not Reported, 2 Ex = Excellent, 3 VG = Very Good, 4VH= Very High, 5 M = Medium.

Ex 2 Yes Yes Ex 2 VH ¢ M?> Low Low

Table 1 shows the metrics for single-phase grid-tied inverters, where the HCC method shows
a limitation related to the highly variable switching frequency leading to switching losses and hence
reduction in the MFI conversion efficiency. On the other hand, the VDB-HCC-based bi-directional
converter [30] and the DB-HCC-based active power filter configuration [31] have not been explored
for weak-grid conditions; also, the IELI is not reported. Particularly, the DB-HCC [29,31] exhibits
unipolar switching characteristics to reduce the switching losses, but during the zero modulation
index case, it has a limitation of high switching frequency. Moreover, the inverter switches are
triggered with imbalance switching pulses. In addition to that, the inverter multi-functional capabilities
are not explored using DB-HCC. The VDB-HCC method is an alternative method to overcome the
limitations of the DB-HCC method, however, the selection of the optimum variable band to attain
maximum efficiency is not yet reported. Moreover, VDB-HCC is also not considered for MFI operation.
Hence, it is necessary to explore the DB-HCC method application concerning the fast, reliable, and
efficient operation of the MFI to perform multifunctional tasks effectively and also to overcome the
limitations of the VDB-HCC method for MFI operation. The selection of the appropriate MPPT
for boost converter is also important, to extract the maximum power from RTSPV under variable
environmental conditions in order to support the multi-functional capabilities of MFI. Further, it is also
necessary to consider the effect of the distorted grid condition while designing the control method for
MFI as per IEEE 519-2014 [32]. To fulfill the aforementioned tasks, in this paper the authors propose
a scaling factor-based multi-band (MB)-HCC with a simple switching logic by employing the two
hysteresis bands with reduced switching frequency to reduce switching losses in the inverter and
thereby increasing the inverter efficiency. Proposed MB-HCC bandwidths are adjusted as per the
current reference value using scaling factors under ideal and distorted grid conditions. In the proposed
MB-HCC-based two-stage RTSPV system, the DC-DC boost converter stage is controlled with the
INC-based MPPT to extract the maximum power from RTSPV, and the MFI stage is tuned with the
proposed MB-HCC, with scaling factors to execute the multifunctional operations to reduce the grid
consumption and improve the PQ of the LVDS. The proposed system configuration is modeled and
simulated in a MATLAB/Simulink environment using sim power system toolbox. The simulated
results are validated in real-time (RT) using an RT grid simulator.

The main contributions of this article are as follows:

e Proposed scaling factor-based MB-HCC was proposed to MFI for power injection and power
conditioning operations.
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e  Verified the proposed MB-HCC MFI operation under both ideal and distorted grid conditions
using simulation and RT experimental studies.

e  Compared the proposed MB-HCC method effectiveness with the VDB-HCC method reported in
Reference [30].

The organization of the paper is as follows: The proposed RTSPV integration system is presented
in Section 2 followed by a control methodology in Section 3. The simulation and RT results are
presented in Sections 4 and 5. The results discussion is described in Section 6, and, finally, conclusions
are presented in Section 7.

2. Configuration of RTSPV Integration System for LVDS Applications

In this section, the detailed schematic of the RTSPV integration system configuration for LVDS
applications is illustrated in Figure 1. The RTSPV system is connected in parallel to the LVDS at the
point of common coupling (PCC). The single-phase system is modeled as an ideal AC voltage source in
series with the source impedance, and it is connected to the nonlinear loads as depicted in Figure 1. The
key building blocks of the RTSPV system are the two-stage power circuit and the MB-HCC architecture.
The two-stage power circuit consists of an INC-based MPPT-controlled DC-DC boost converter coupled
with a current controlled voltage source inverter (VSI) as MFI with RTSPV interfacing.

Circuit Breaker 1
(CB1)

1 }i 154 LS RS
i Grid Suppl
— Point of Common§ "-' i
Coupling '-, UMFI": Us
STAGE-1 | [ STAGE2 I
DC-DC Boost Converter | <83 Single phase MFI + |
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Litpo 4@ S 4 S3 | Lmrr
CB2 >— = R
I Cic
}1 . Vi 4 S4 'IH} Sz
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_ )

e = - )
5o T51 Tsz Ts;Ts4
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Integral Control
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(Figure 4)
S

Figure 1. Proposed multi-band (MB)-HCC-based two-stage multi-functional inverter (MFI) for

single-phase low voltage distribution systems (LVDS).
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2.1. RTSPV System Modeling

A single diode model is considered as a PV cell for building the PV array in simulation studies [33].
According to the single diode model, the RTSPV output current and power are expressed as follows:

Irtpv = Iph —I;— Ip 1
qXx (Vrtpv + IrtpvRse> (Vrtpv + IrtpvRse)
Litpo = Lpp — Lsar [exp -1 - ()
P AKT R,
va = Vrtpv Irtpv- (3)

In this work, the RTSPV array is designed to deliver a maximum power of 6 kWp with 1000 W /m?
solar irradiation at 25 °C temperature conditions.

The shade-free rooftop space required for the SPV installation is considered as 732 sq.ft as per
the design procedures [5]. While building the SPV array using a MATLAB/Simulink environment,
five series and four parallel SUN POWER SPR-305 WHT PV [34] modules were considered to build
the PV array, which is capable of generating the 6.1 kWp power using MPPT-controlled DC-DC boost
converter. The Iryyy-Vitpo and Pytpo-Viyw characteristics of the RTSPV array concerning the variation of
solar irradiation are depicted in Figure 2.

Irtpo-Vipo and Ppo-Vrpo Characteristics of Rooftop PV Array at 25°C
30 T T T T

T
Ir = 1000 W/m?

Qo __ I=T0Wm 1
Nl —_— e —— -
8 - __ _Ir=500Wm
’:'10;_______________1r=_25_0vv_/m2 i
0 | | | | | by
0 50 100 150 200 250 300 350
Vrtpv
T T T ;
Ir =100Q W/m'

=
= F —_—TT TN i
= 14 == TI500 Wm2 N
g o
RN 2t - - Ir =250 W/m? ASIRY 1
- — e ——— T -~ \
06 ==——T \ \ \ N \\_
0 50 100 150 200 250 300 350
Vrfpv(‘/)

Figure 2. Liyyo-Vitpo and Pryyp-Viypo characteristics of rooftop solar-PV (RTSPV) array.

2.2. DC-DC Boost Converter Stage with MPPT Control

The RTSPV is connected to a DC-DC boost converter to supply the regulated DC-link voltage to
the inverter. Here the DC-link voltage of the MFI is rated at 500 V. The boost stage DC-DC converter
will amplify the RTSPV array voltage to rated DC-link voltage; simultaneously, it will inject the PV
power. The duty cycle (D) of the MPPT algorithm for boost operation is computed by using the
following expressions:

o Vrtpv
o Vrtpv
p=1- ( Vic ) (5)

The duty cycle to trigger the boost converter for boost operation is calculated according to the
INC MPPT algorithm to maintain the set value of MFI DC-link voltage. The MPPT control is depicted
in Figure 1. Due to the intermittent nature of solar energy and the availability of a shade-free rooftop
area of the building, the boost stage with MPPT is essential for a single-phase system to extract the
maximum power from RTSPV.
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2.3. Muti-Functional Inverter Design

A single-phase four-switch H-bridge VSI is considered as MFI to execute the active power
injection and power conditioning operations. The inverter is connected to the PCC by a ripple filter
(Lprr) as shown in Figure 1. Here the source current (is) is sensed and compared with the reference
current (is,f) generated by the sine-based unit vector template approach, then processed through
the proposed MB-HCC method to perform the multifunctional operation with reduced switching
frequency. The system parameters used in this study are tabulated in Table 2. The detailed control
configuration is presented in the next section.

Table 2. System parameters.

Parameter Value
Ideal vg 230 V (RMS), 50 Hz
Distorted vg 230 V (RMS), 50 Hz + Voltage harmonics (30 V at 150 Hz; 25 V at 350 Hz)
Source Impedance Source Resistance (Rs) = 0.1 Q), Source Inductance (Ls) = 0.01 mH

. Frontend Bridge rectifier with RL (R = 35 (), L = 400 mH) and parallel
1-¢ Non-linear load 1 RC (R =10, C =250 uF)
1-¢ Non-linear load 2 Frontend Bridge rectifier with RL (R =35 (3, L = 400 mH)
1-¢ Non-linear load 3 Frontend Bridge rectifier with RL (R =12 (2, L =20 mH)

) T Frontend Bridge rectifier with RL (R =30 (), L = 6 mH) and parallel RC
1-¢ Non-linear load 4 (R=10,C =200 uF)

Cpo 100 uF

Lh 5mH

Integral control gain 5

Cac 3700 uF

Ve 500 V

LMFI 3mH

Py 6.1 kWp @ Ir = 1000 W/m? and T = 25 °C
Vie 500V

Sampling Frequency (fs,y) 50 kHz

3. Multi-Functional Inverter Control Configuration

The objective of the controller was to pump the harvested maximum power from RTSPV to the
PCC of the LVDS through the MFI and PQ enhancement at PCC. The active power generated from the
MFI is expressed as follows

Pmrr = va + Plosses (6)

where Pj,5 constitutes the majority of switching losses of the MFI. The efficiency of the MFI can be
improved by minimizing the switching losses. While converting the RTSPV DC power to the AC
power using MFI, there will be some amount of losses, but if the losses are reduced by minimizing the
inverter switching losses, then the efficiency of the MFI is improved. Hence, the MB-HCC switching
logic was designed to reduce the switching losses, thereby improving the MFI efficiency. The MFI
controller configuration had two control loops—one was for inverter DC-link voltage control, and the
other one was for current control.

3.1. Reference Current Generation Scheme for MFI Control and Grid Synchronization

The detailed block diagram of the RTSPV interfaced MFI control is illustrated in Figure 1.
The sensed DC-link voltage supplied from the DC-DC boost stage was processed by a low-pass
filter (LPF) to reduce the DC-link voltage ripples compared with its reference DC-link voltage value.
To regulate the DC-link voltage, the error voltage was processed through the proportional-integral (PI)
voltage controller. The DC-link voltage error (V) sample value at nth point is expressed as

Vdce(n) = Vdcref(n) - Vdc(") 7)
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This output of the PI voltage controller is the peak value of the source current. The output
expression of the discrete PI voltage controller is represented as

im(”) = im(” - 1) + kp(vdce(n) - Vdce(n - 1)) + ki Vdce(”) (8)

where the k;, and k; gain values are obtained by using the Ziegler-Nichols second method [35,36].
Initially, the k, gain value was set by the Ziegler-Nichols second method table value as 0.6, then the
tuning procedure was continued by the proportional-integral-derivative (PID) controller autotuning in
the MATLAB/Simulink environment to obtain the k; value for improved performance. After successful
tuning using the PID auto-tuning procedure in the MATLAB/Simulink environment, the k; gain value
was obtained as 10. The main objective of this tuning is for attaining the lowest percentage total
harmonic distortion (THD) of the grid current which is within the limits of IEEE 519-2014 and IEEE
1547 standards, respectively [11,32]. The PI controller gains of the DC-link voltage loop were tuned for
alow crossover of the frequency range, i.e., in between 10 Hz to 20 Hz, to attenuate the high-magnitude
ripple content in MFI DC-link voltage. The Bode plot of the tuned PI controller with the obtained gain
values of the MFI DC-link voltage control loop which regulated the DC-link voltage and reduced the
steady-state error is depicted in Figure 3.

Bode Diagram
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Figure 3. Bode plot of the MFI DC-link voltage proportional-integral (PI) controller.

The unit vector (U;) is generated by using the grid synchronizing angle (wt), which is obtained
from a phase-locked loop (PLL) [37-39]. The PLL used in the MFI control under both ideal and distorted
grid conditions is illustrated in Figure 4. The PLL parameters selected in the MATLAB/Simulink
2013 environment for both simulation and RT implementation are tabulated in Table 3. The main
objective of this PLL was to obtain the synchronization angle accurately under ideal and distorted
grid conditions, in order to generate the sine unit vector template (U;). The peak value of the source
current (i) was multiplied by the Us to generate the source current reference (is.) in phase with
source voltage at unity power factor. To purge the harmonics and reactive power under ideal and
distorted grid conditions, it was necessary to force the source current to maintain a sinusoidal nature,
and it should be in phase with the source voltage. The sine unit vector template and reference source
current expressions under ideal and distorted grid conditions are given as follows:

U, = sin(wt) )

Z.sref =Us X im (10)
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The reference current is compared with the actual current to initiate the switching of the inverter.

The design of the MB-HCC control methodology is discussed in the next section.
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Figure 4. Single-phase phase-locked loop (PLL) used for both ideal and distorted grid voltage cases.

Table 3. PLL parameters.

Parameter Value
Minimum Frequency (Hz) 45 Hz
Initial Phase and Frequency 0and 50 Hz
PID Controller gains (kp, k;, kz) ky =180, k; = 3200, kg = 1
Time constant for derivative action (s) 10~4
Maximum rate of change of frequency (Hz/s) 12
Filter cut-off frequency for frequency measurement (Hz) 25
Sample time 20 psec
Automatic gain control enable

3.2. Current Control Methodology

In this section, the VDB-HCC and the proposed MB-HCC methods are described.

3.2.1. VDB-HCC

In the VDB-HCC, the switching logic was derived by considering the two hysteresis bands (HBs),

where the HBs bandwidths were comprised of a minimum band value and a maximum band value.
Here, the maximum band was multiplied by one fundamental periodic cycle [30].

The switching logic of the VDB-HCC method used in Reference [30] is illustrated as given below:

VDB-HCC Switching Logic for MFI

I is(t) > (igpef(t) + i)

o Turn ON S; and S,

o Turn OFF S3 and Sy

If is(t) > (llsn,ﬂt) + HBVDB)

o) Turn OFF Sy, S3 and Turn ON S;, Sy; alternatively, Turn ON Sy, S3 and Turn OFF S;, Sy
If i5(t) < (igref(t) — Popin)

o Turn OFF S; and S,

o Turn ON S3 and Sy

If is(t) < (isef(t) — HBypp)

0 Turn ON 51, S3 and Turn OFF S,, Sy; alternatively, Turn OFF S, S3 and Turn ON Sy, Sy




Electronics 2019, 8, 302 9 of 28

where, the HB is expressed as follows

HBVDB = hmin + H|sm€| (11)
2H
HBy DBy = Hin + —— (12)

By considering the average hysteresis band expression, various combinations are derived as
listed in Reference [30]. Among the various combinations of maximum and minimum hysteresis
bandwidth values, ,,;, = 0.005 and H = 0.149226 are selected in view of the better performance indices
as reported in Reference [30]. The main limitation of the VDB-HCC is the high variable switching
frequency during the variations in solar irradiation and nonlinear load compensation requirements.
The inverter switches Turned ON and OFF for a long time during the source current touched the
maximum hysteresis band as shown in Figure 5a. Moreover, efficiency was low for the modulation
index value of less than 0.7 [30]. The mathematical expression for switching frequency (fs,) of the
single-phase inverter using VDB-HCC described in Reference [30] is expressed as

Vdc

=—— (1 —kysinb)k,, sinf 1
fsw ZLMPIHBVDB( m SIn ) m SIn ( 3)

4 Y4 N
Variable Double-Band HCC Method Current Tracking || Proposed Multi-Band HCC Method Current Tracking

HB1 = Main Hysteresis Band
} Runin HB2 = Sub Hysteresis Band

H = Maximum Hysteresis Band
hmin = Minimum Hysteresis Band

(a)

I\ (b) )

Figure 5. Comparision of the variable double-band (VDB)-HCC method and the proposed MB-HCC
method current tracking; (a) VDB-HCC current tracking; (b) MB-HCC current tracking.

Here, DC-link voltage (V) and ripple inductor (Lyry) values are fixed values. Hence, the
switching frequency can be controlled by varying the hysteresis bandwidths as represented in
Equation (11). The reported bandwidth values are not optimum for the multifunctional operation of the
inverter. Moreover, the optimum bandwidths of the hysteresis bands to attain high efficiency are not
yet reported. To overcome the aforementioned limitations and also to achieve low average switching
frequency, an MB-HCC method is proposed in this paper and is described in the next subsection.

3.2.2. Proposed MB-HCC

In this proposed MB-HCC method, two hysteresis bands are derived based on the scaling factors
approach. This method controls the MFI switches in such a way that it can force the actual source
current (is) to rise and fall and closely tracks reference current (is) between the main and sub hysteresis
bands (HB1 and HB2) as depicted in Figure 5b. The detailed flowchart of the MB-HCC algorithm is
illustrated in Figure 6. The switching pulses are generated through tracking current response between
dual hysteresis bands (HB1 and HB2). In contrast to the VDB-HCC method, the MB-HCC method
balances the switching frequency based on the current tracking uniformly, as shown in Figure 5b.

The h; and h; are the scaling factors of the dual hysteresis bands (HB1 and HB2) of the MB-HCC.
The optimum values of the scaling factors were set and verified by the RT simulation studies to obtain
the reduced THD as well as the MFI switching frequency simultaneously.
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Read the source current signal is (#)
and the reference current signal s (t)

L
13
Let h:=0.0125, h>=0.00125

ls(t) < (isref(t)x(1+h1))

Turn OFF: S1 and S2
Turn ON: Sz and Ss

or
ls(t) < (l’sref(t)x(l -hZ))

is(t) > (isref(t)x(1-h1))
or
is(t) > (isref(t)x(1+h2))

Turn ON: S1and S2
Turn OFF: Ssand Sa

Figure 6. Detailed representation of the stage-2 MB-HCC algorithm.

The scaling factors are obtained by the following step by step procedure.

Step-by-step procedure for MB-HCC scaling factor selection

Initially, the hysteresis band scaling factor (/;) range is obtained as 0.01 to 0.1 by using the

Step1:  generalized instantaneous switching frequency formula reported in Reference [40] to get the lowest
% THD at the reduced switching frequency (fsw).

Step 2:  The scaling factor (i) is considered as 10% of the h; to prevent the offset issues.

MATLAB and RT simulations are performed for the range of scaling factors 0.01 to 0.1 in order to

Step 3: .
°P obtain the optimum scaling factors for accurate tracking of the actual source current (is).
Based on the series of simulation studies with nonlinear loads, the current tracking is accurate with
Step 4 the scaling factor values of h; = 0.0125 and &, = 0.00125 (i.e., 10% of h1). Moreover, the % THD low

and the average instantaneous switching frequency is nearly constant by considering these scaling
factors in MB-HCC method for different nonlinear loads under ideal and distorted grid conditions.

In the MB-HCC method, the ranges of the two hysteresis bands are adjusted based on the reference
current (is,f) and their scaling factors (h; and hy), whereas in the VDB-HCC method, the hysteresis
band is determined by using Equation (11). The simple switching logic of the MB-HCC method is
as follows:

MB-HCC Switching Logic for MFI

o Ifis(t) < (igef(t) X (1+hy)) oris(t) < (igpep(t) x (1 — h3))
o Turn OFF S; and S,
o Turn ON S3 and Sy

o Ifis(t) > (igpef(t) X (1 — hy)) or is(t) > (igpep(t) x (1 + h3))
) Turn ON 5S¢ and S,
o Turn OFF S; and Sy
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Unlike the VDB-HCC, in the MB-HCC method, the hysteresis bandwidths are determined by
using the reference current and scaling factors as illustrated in Figure 6 in order to determine the
optimum bandwidths for improved efficiency and power quality. The MFI switches are triggered
by the switching pulses as per the sequence illustrated in Figure 6. These switching pulses generate
a pulse width modulated (PWM) AC voltage at the MFI output side (vyr;). This voltage causes
a current (ipsry) to flow through the ripple inductor (Lysry), which is injected at PCC to reduce the grid
consumption and mitigate the current harmonics and induced reactive power.

4. Simulation Study and Results

A set of simulations on the proposed MB-HCC-based RTSPV integration system configuration was
carried out using the MATLAB/Simulink software environment to validate the multi-functionalities
under ideal and distorted grid voltage conditions. The voltage was considered as the third- and
seventh-order harmonic distorted voltage, in accordance with the limits of IEEE 519-2014 standard [32],
i.e., the voltage percentage THD is 8%. The nonlinear loads connected to the LVDS were modeled
using a frontend diode bridge rectifier fed with RL and RC elements. The system parameters specified
in Table 2 were used in the simulation studies. The performance of the RTSPV interfaced MFI was
demonstrated in four modes, under both ideal and distorted grids, which were classified as follows:

e  Mode 1: MFI is OFF, and there is no power injection and power conditioning.

e  Mode 2: MFl is ON, with grid sharing or power conditioning.

e  Mode 3: MFI is ON, with grid feeding and power conditioning.

e  Mode 4: MFI is ON, with grid sharing and power conditioning during irradiation change.

4.1. Mode 1: MFI OFF, with No Power Injection or Power Conditioning

Initially, the load behavior at PCC under MFI OFF condition was assessed by simulation studies,
and the simulation results illustrate the source current harmonic distortion and reactive power effect
under ideal and distorted grid conditions as depicted in Figure 7.

Ideal Grid Voltage Case Distorted Grid Voltage Case
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N
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Figure 7. Simulated waveforms under MFI OFF mode; (a) ideal grid source voltage, current, active,
and reactive power; (b) distorted grid source voltage, current, active, and reactive power.

4.1.1. Ideal Grid Voltage Case

Under ideal grid conditions, the source current had a THD percentage of 34.08%. The active
and reactive power profiles at PCC under ideal grid conditions is depicted in Figure 7a. The loads
draw an active power of 9.068 kW from the grid under the ideal grid condition as shown in Figure 7a.
The reactive power under the ideal grid case was 1.005 kVAR.
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4.1.2. Distorted Grid Voltage Case

The percentage of THD of the source current under a distorted grid condition was 42.69%. The
active and reactive power profiles at PCC under the distorted grid condition is depicted in Figure 7b.
The active power consumed from the grid under a distorted grid condition was 9.331 kW as described
in Figure 7b. The reactive power under a distorted grid case was 0.655 kVAR. In both cases, the
harmonics and reactive power were deteriorating the LVDS power quality. Therefore, it is necessary to
compensate for the harmonics and reactive power to improve the operating efficiency and reliability
of the LVDS under both ideal and distorted grid conditions.

4.2. Mode 2: MFI is ON, with Grid Sharing and Power Conditioning

In this mode of operation, the MFI functionality as active power injector—to reduce the grid
consumption by sharing the RTSPV power and power conditioner to compensate the harmonics and
reactive power at PCC—are exhibited under both ideal and distorted grid cases.

4.2.1. Ideal Grid Voltage Case

The source voltage and current responses after compensation of harmonics and reactive power
under the ideal grid condition are depicted in Figure 8a along with MFI and load currents. From
these results, it is observed that the source current harmonics were compensated, and it was in-phase
with the source voltage. Thus, the power conditioning task is achieved effectively. Moreover, grid
consumption was also minimized simultaneously. The detailed response of RTSPV power generation
at irradiation of 1000 W/m? and the DC-link voltage responses are presented in Figure 8b. These
results confirm that the DC-link voltage is maintained stably at a rated value of 500 V. The load active
and reactive power profiles are also illustrated in Figure 8b. The grid sharing response is depicted
in Figure 8c; from this, the source power consumption was reduced, which was owing to the active
power feeding from the MFI. The MFI also supplied the necessary reactive power to reduce the source
side reactive power close to zero, as shown in Figure 8c.

4.2.2. Distorted Grid Voltage Case

In Figure 8d the source voltage and current responses after compensation of harmonics and
reactive power, under the distorted grid voltage condition, are represented along with MFI and load
currents. Here, the source current was transformed to sinusoidal and in-phase with the source voltage,
irrespective of the load current nature, with the help of the MFI current. The inverter DC-link and
RTSPV generation at an irradiation level of 1000 W/ m? is depicted in Figure 8e, where the DC-link
was stable at 500 V, and the RTSPV power was 6 kW. In addition to that, the load active and reactive
power profiles under distorted grid conditions are also illustrated in Figure 8e. The source reactive
power was also reduced close to zero by injecting the required reactive power, as shown in Figure 8f.

Based on the listed active and reactive power summary of the source, load, and MFI under both
ideal and distorted grid voltage conditions in Table 4, the MFI performed the grid sharing and power
conditioning tasks effectively.

Table 4. Active and reactive power summary of the source, MFI, and load under grid sharing mode.

MFI ON Full Load—Grid Sharing
Parameters Ideal Grid Distorted Grid
Ps (kW) 3.046 3.318
Qs (kVAR) 0.007 0.015
Puyier (kW) 6.022 6.003
Qwmrr (kVAR) 1.005 0.64
P; (kW) 9.068 9.321

Q; (KVAR) 1.012 0.655




Electronics 2019, 8, 302 13 of 28
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Figure 8. Simulated output waveforms under MFI ON, grid sharing, and power conditioning mode.
(a) Ideal grid input voltage, current, MFI current, and load current; (b) MFI DC-link voltage, solar
irradiation, PV power, and load active and reactive power under ideal grid; (c) source active power,
reactive power, and MFI active and reactive power under ideal grid; (d) distorted grid input voltage,
current, MFI current, and load current; (e) MFI DC-link voltage, solar irradiation, PV power load, and
active and reactive power under distorted grid; (f) source active power, reactive power, and MFI active
and reactive power under distorted grid.

4.3. Mode 3: MFI is ON, with Grid Feeding and Power Conditioning

In this mode, the grid feeding and power conditioning operations of the MFI during the reduced
load condition under both ideal and distorted grid situations are demonstrated.
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4.3.1. Ideal Grid Voltage Case

The source voltage and current responses under grid feeding and power conditioning mode are
illustrated in Figure 9a. Here the source current is out of phase with the source voltage, which means
that the surplus current, after injecting to the local loads at PCC, is feeding to the grid; the reduced
load current nature due to the reduction of the loads is illustrated in Figure 9a. Here, the MFI was
serving the local load simultaneously, pumping the excess power to the grid. The inverter DC-link
voltage response and the active and reactive power profiles of the loads are presented in Figure 9b.
The active and reactive power supplied by the MFI is depicted in Figure 9c.

Ideal Grid Voltage Case Distorted Grid Voltage Case
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Figure 9. Simulated output waveforms under MFI ON with grid feeding and power conditioning
mode; (a) ideal grid input voltage, current, MFI current, and load current; (b) MFI DC-link voltage, and
load active and reactive power under ideal grid; (c) source active power, reactive power, and MFI active
and reactive power under ideal grid; (d) distorted grid input voltage, current, MFI current, and load
current; (e) MFI DC-link voltage, and load active and reactive power under distorted grid; (f) source
active power, reactive power, and MFI active and reactive power under distorted grid.
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4.3.2. Distorted Grid Voltage Case

The simulation studies verify the MFI performance under distorted grid voltage condition. Here,
Figure 9d illustrates the source voltage and source current responses after compensation of harmonics
and reactive power along with MFI current and load current. In this condition, the source current was
out of phase with the source voltage, similar to the ideal grid case, which enumerates the grid feeding
of surplus MFI current in sinusoidal form, irrespective of source voltage disturbance.

The inverter DC-link voltage response and the partial load active and reactive power profiles
under the distorted grid condition are presented in Figure 9e. The active and reactive power profiles of
the source and MFI are illustrated in Figure 9f.

Given the listed active and reactive power summaries of the source, MFI, and load under both ideal
and distorted grid conditions in Table 5, the MFI executed the grid feeding and power conditioning
tasks successfully.

Table 5. Active and reactive power summary of the source, MFI, and load under grid feeding mode.

MFI ON Full Load—Grid Sharing
Parameters Ideal Grid Distorted Grid
Ps (kW) —2.895 —2.789
Qs (kVAR) 0.003 0.008
Puyier (kW) 6.022 6.013
Omrr (kVAR) 1.009 0.788
P; (kW) 3.127 3.224
Q; (kVAR) 1.012 0.796

4.4. Mode 4: MFI is ON, with Grid Sharing and Power Conditioning during Irradiation Change

4.4.1. 1deal Grid Voltage Case

In this mode of operation, the MFI performance during irradiation change under ideal and
distorted grid conditions is illustrated in Figure 10a,b.

In the current response depicted in Figure 10a, there was a rise in amplitude during the irradiation
change from 1000 W/m? to 500 W/m? at time ¢ = 1.6 s because of the reduction in RTSPV power. This
means the grid consumption was raised. However, the source current harmonics were compensated
for successfully. The inverter current injected at the PCC, and the load current responses are illustrated
in Figure 10a. The DC-link voltage and PV power concerning the variation in solar irradiation
are described in Figure 10b at t = 1.6 s. Even though the solar irradiation was decreased, the
MEFI could supply the active power corresponding to that irradiation as per the INC-based MPPT
characteristics. Thereby, the MFI was performing the grid sharing partially and power conditioning
without interruption.

4.4.2. Distorted Grid Voltage Case

The dynamic response of the system during the solar irradiation change under the distorted
grid condition is presented in Figure 11a,b. In this case, the current consumption from the grid was
increased due to the reduction in PV power because of the irradiation change as shown in Figure 11a.
However, the MFI executed the power conditioning effectively. The MFI was capable of extracting the
maximum power with respect to the reduced irradiation as per the INC-based MPPT effectively. Thus,
the MFI is successful in executing the multi-functional tasks simultaneously without interruption.
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Ideal Grid Voltage Case
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Figure 10. Dynamic response at PCC during grid sharing and power conditioning; (a) ideal grid input
voltage, current, MFI current, and load current; (b) MFI DC-link voltage, solar irradiation, and PV

power under the ideal grid.
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Figure 11. Dynamic response at PCC during grid sharing and power conditioning; (a) distorted grid
input voltage, current, MFI current, and load current; (b) MFI DC-link voltage, solar irradiation, and
PV power under the distorted grid.

5. Real-Time Experimental Validation

In this section, the RT software in loop (SIL) testing of the proposed RTSPV MFI system interfaced

to the LVDS is presented.
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The proposed RTSPV integration system with the LVDS loads was modeled in the RT-LAB
environment and tested in RT using the OP4500 RT grid simulator [41,42]. The main purpose of
validating in RT is to understand the proposed MFI system behavior for real-world implementation.
The OP4500 is one of the commercially available RT power grid simulators. The detailed architecture
and specifications are illustrated in Reference [42]. The laboratory test setup for RT validation is shown
in Figure 12.

OPAL-RT OP 4500 Real-Time

Ethernet Grid Simulator Target

Communication

SIMULINK

Analog output

Work Station with MATLAB/
Simulink and RT-Lab

Mixed Signal Oscilloscope
Figure 12. Laboratory test setup of real-time (RT) software in loop (SIL) validation.

5.1. SIL RT Test Results of Mode 1: MFI OFF

The SIL RT test results of the LVDS during the MFI OFF condition are depicted in Figure 13. These
responses are identical to the simulation results depicted in Figure 7, and showcase the harmonic and
reactive power effects at the PCC of the LVDS under both ideal and distorted grid conditions. Hence,
it is essential to improve the LVDS power quality for efficient and reliable operation.
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Figure 13. RT SIL test waveforms under MFI OFF mode under (a) the ideal grid and (b) the
distorted grid.

5.2. SIL RT Test Results of Mode 2: MFI is ON, with Grid Sharing and Power Conditioning

5.2.1. Ideal Grid Voltage Case

The SIL RT results of the MFI grid sharing and power conditioning mode are presented in
Figure 14a—c. The RT results authenticate the simulated results of MFI grid sharing and power
conditioning operations presented in Figure 8. Here, the source current harmonics were compensated,
and the source voltage and source current were an in-phase nature. The compensated current injected
at the PCC by the MFI to make the source current sinusoidal is presented in Figure 14a. However, the
load draws the nonlinear current as shown in Figure 14a. The regulated DC-link voltage of 500 V and
the RTSPV maximum power of 6 kW extracted at the solar irradiation of 1000 W/ m? are illustrated in
Figure 14b. In Figure 14c, the active and reactive power profiles of the source and MFI are depicted.
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This enumerates the reduction of grid consumption from 9 kW to 3 kW. Furthermore, the source
reactive power is reduced to zero by the MF], as described in simulated results.
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Figure 14. RT SIL test output waveforms under the MFI ON, with grid sharing and power conditioning
mode; (a) ideal grid input voltage, current, MFI current, and load current; (b) MFI DC-link voltage,
solar irradiation, and PV power under the ideal grid; (c) source active power, reactive power, and MFI
active and reactive power under the ideal grid; (d) distorted grid input voltage, current, MFI current,
and load current; (e) MFI DC-link voltage, solar irradiation, and PV power under the distorted grid;
(f) source active power, reactive power, MFI active and reactive power under the distorted grid.

The simulated DC-link voltage controller had high bandwidth and responded instantaneously,
including to the high-frequency current harmonics flowing through the capacitor, observed by
rapid variations in the DC-link voltage, as depicted in Figure 8. However, in the RT-implemented
system, the DC-link voltage was discretized; the whole bandwidth decreased, and there was also
moving-average filtering of the analog-to-digital converter (ADC) feedback signals. Therefore,
the closed-loop response for such a DC-link voltage control loop was not so rapid, the capacitor voltage
had fewer fluctuations, and had less ripple when compared to the simulated case-study, as observed
in Figure 14. Such a smoother capacitor voltage in RT control is, indeed, a very desirable feature.

5.2.2. Distorted Grid Voltage Case

The RT results of the MFI grid sharing and power conditioning operation under the distorted grid
condition are presented in Figure 14d—f. These RT results were identical to the simulated results of the
MFI grid sharing and power conditioning mode. In this case, the source current was sinusoidal, and
it was in-phase with the source voltage. However, the load behavior was nonlinear as illustrated in
Figure 14d. The MFI current injected at the PCC to compensate for the harmonic distortion is described
in Figure 14d. The DC-link voltage regulated at 500 V and the RTSPV maximum power of 6 kW
extracted at the solar irradiation of 1000 W/m? under the distorted grid are illustrated in Figure 14e,
which are similar to the simulated results. In Figure 14f, the active and reactive power profiles of the
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source and MFI obtained by the RT simulation are illustrated. These profiles enumerate the reduction
of grid consumption from 9 kW to 3 kW, as discussed in the simulated results. Furthermore, the
reactive power effect was compensated for successfully.

5.3. SIL RT Test Results of Mode 3: MFI is ON, with Grid Feeding and Power Conditioning

5.3.1. Ideal Grid Voltage Case

The MFI grid feeding and power conditioning responses under the ideal grid case when the load
consumption as reduced are described in Figure 15a—c. In this case, the MFI was feeding the load as
well as the grid, simultaneously. Moreover, it as also taking care of the harmonic and reactive power
compensation. The DC-link voltage regulated at 500 V and the reduced load power and reactive power
responses are presented in Figure 15b. The active and reactive power profiles under grid feeding mode
are depicted in Figure 15¢c. Here, the negative response of the active power represents the grid feeding
operation; simultaneously, the reactive power at the source side was reduced to zero. The RT results
are identical to the simulated results.
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Figure 15. RT SIL test output waveforms under MFI ON, with grid feeding and power conditioning
mode; (a) ideal grid input voltage, current, MFI current, and load current; (b) MFI DC-link voltage,
solar irradiation, and PV power under the ideal grid; (c) source active power, reactive power, and MFI
active and reactive power under the ideal grid; (d) distorted grid input voltage, current, MFI current,
and load current; (e) MFI DC-link voltage, solar irradiation, and PV power under the distorted grid;
(f) source active power, reactive power, and MFI active and reactive power under the distorted grid.

5.3.2. Distorted Grid Voltage Case

The MFI grid feeding and power conditioning responses under the distorted grid case when
the load consumption was reduced are described in Figure 15d—f. In this case, the MFI was feeding
the load as well as the grid, simultaneously. Moreover, it as also taking care of the harmonic and
reactive power compensation. The DC-link voltage regulated at 500 V and the reduced load power and
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reactive power responses are presented in Figure 15e. The active and reactive power profiles under
the grid feeding mode are depicted in Figure 15f. Here, the negative response of the active power
represents the grid feeding operation. Moreover, the reactive power at the source side was reduced to
zero, simultaneously. The RT results are identical to the simulated results.

5.4. SIL RT Test Results of Mode 4: MFI is ON, with Grid Sharing and Power Conditioning during
Irradiation Change

The pictorial representations of the dynamic source current variation during irradiation change
under both the ideal and distorted grid conditions are represented in Figure 16a—d. Here, the source
current magnitude was increased because of the drop in active power delivery from the MFI due to
irradiation change from 1000 W/m? to 500 W/m?. Figure 16 responses are identical to the simulation
responses of Figures 10 and 11. Hence, in RT it was also confirmed that the proposed RTSPV interfaced
MFI performs the power conditioning and power injection for ideal and distorted supply conditions
effectively during the irradiation change.
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Figure 16. RT SIL test dynamic response at PCC under grid sharing and power conditioning mode
during Solar irradiation change (a) Ideal Grid Input Voltage, Current, MFI current and load current;
(b) MFI DC-link voltage, solar Irradiation and PV power under ideal grid; (c) Distorted Grid Input
Voltage, Current, MFI current and load current; (d) MFI DC-link voltage, solar Irradiation and PV
power under distorted grid.

5.5. Active and Reactive Power Exchange

The summary of the active and reactive power profiles of the source, MFI, and loads obtained
from the RT SIL test are tabulated in Table 6.

Table 6. Active and reactive power summary under ideal and distorted grid conditions under Ir =

1000 W/m?.
MFI ON Full Load—Gtrid Sharing Reduced Load—Grid Feeding
Parameters Ideal Grid Distorted Grid Ideal Grid Distorted Grid
P; (kW) 3.036 3.329 —2.877 —2.755
Qs (kVAR) 0.004 0.005 0.005 0.003
Puyier (kW) 6.039 6.008 6.032 6.020
Qmrr (kVAR) 1.002 0.655 1.015 0.800
P; (kW) 9.075 9.337 3.155 3.265

Q; (kVAR) 1.006 0.660 1.020 0.803
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6. Discussion

In this section, the detailed summary of the SIL RT results of the proposed RTSPV integration
system and its comparison with the VDB-HCC method presented in Reference [30] are discussed.

6.1. Switching Frequency

The instantaneous switching frequency values of the VDB-HCC and the proposed MB-HCC are
calculated concerning the switching frequency formula given in Reference [40]. The instantaneous
average switching frequency of the MFI using MB-HCC was maintained at 10 kHz, whereas the
VDB-HCC [30] had 16 kHz under nonlinear load conditions. The precise tracking of the current in
between the two bands (HB1 and HB2) and the corresponding switching logic of the MFI resulted in
a reduction of MFI switching frequency.

6.2. MFI Efficiency

The MFI efficiency concerning the solar irradiation under both full load and reduced load
conditions using VDB-HCC [30] are presented in Figure 17.
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Figure 17. MFI efficiency using VDB-HCC: (a) full load; (b) reduced load.

The MFI had a peak efficiency of 98.3% and an average efficiency of 97.18% under the ideal grid
condition at full load. In a distorted grid case, the MFI had a peak efficiency of 95.9% and an average
efficiency of 93.82% at full load condition. In the reduced load case, the MFI had a peak efficiency of
98.1% and an average efficiency of 96.9% under the ideal grid voltage case, whereas in the distorted
grid condition, the peak efficiency was 96.9% and average efficiency was 95.62%.

The MFI efficiency variation concerning the solar irradiation under both the full load and reduced
load conditions using MB-HCC are presented in Figure 18. The peak efficiency of the MFI was 99.01%,
and the average MFI efficiency under the ideal grid voltage was 98.77% at the fully loaded condition,
whereas in the distorted grid voltage case, the peak efficiency was 98.5% and average efficiency
was 97.56%.

During the reduced load case, the peak efficiency of the MFI was 98.9%, and the average MFI
efficiency under the ideal grid voltage was 98.55%. In a distorted grid voltage condition, the peak
efficiency was 98.5%, and the average efficiency was 97.57%. This means that the MFI exhibited better
efficiency using MB-HCC under both ideal and distorted grid voltage conditions when compared
to the VDB-HCC method. The MFI inverter efficiency was reasonable under the lower irradiation
case when compared to the VDB-HCC method. However, in the proposed MB-HCC method, the
MEFI efficiency under the lower irradiation condition (i.e., <500 W/ m?) in a distorted grid case was
slightly lower when compared to the peak efficiency of the MFI at irradiation >500 W/m?, but the
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power conditioning task performed effectively as per the requirements of IEEE 519-2014 and IEEE
1547. This was because, under the lower irradiation case, the MB-HCC based MFI was more efficient
in compensating for the highest percentage THD when compared to the ideal voltage case nonlinear
load percentage THD.
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Figure 18. MFI efficiency using MB-HCC: (a) Full Load; (b) Reduced Load.

6.3. Percentage THD at Point Common Coupling

The %THD at PCC during no compensation and with MFI compensation cases under ideal
and distorted grid voltage conditions using the VDB-HCC method [30] is illustrated in Figure 19.
The %THD was brought down from 34.08% to 3.56% under the ideal voltage condition at full load. For
the reduced load case, it as reduced from 53.79% to 3.19%. In a distorted grid voltage condition, the
%THD was reduced from 42.69% to 2.64% at full load case. In the reduced load case, the %THD was
minimized from 64.5% to 3.4%.
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Figure 19. %THD at PCC using VDB-HCC: (a) ideal grid condition; (b) distorted grid condition.

The %THD comparison at PCC during no compensation and with MFI compensation using
MB-HCC method under ideal and distorted grid conditions are depicted in Figure 20. The %THD at
full load was brought down from 34.08% to 2.34% under the ideal grid condition, whereas in the half
load case it was reduced from 53.79% to 2.98%. In a distorted grid condition, the %THD was reduced
from 42.69% to 2.04% under the full load case. In the reduced load case, the %THD was minimized
from 64.5% to 2.77%. The %THD results using VDB-HCC [30] and the proposed MB-HCC methods
comply with the IEEE 519-2014 and 1547 standards.
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Figure 20. %THD at PCC using MB-HCC: (a) ideal grid condition; (b) distorted grid condition.

6.4. True Power Factor at Point Common Coupling

The true power factor (TPF) at PCC before and after compensation of reactive power, under ideal
and distorted grid voltage conditions, using the VDB-HCC [30] method is described in Figure 21.
Under the ideal grid voltage condition, the TPF was improved from 0.9407 to 0.9993 at full load,
whereas in the half load case it was improved from 0.8379 to 0.9990. In a distorted grid condition,
the TPF was enhanced from 0.9174 to 0.9996 at full load. In the reduced load case, the TPF was
enhanced from 0.816 to 0.9989. The power factor (PF) at PCC before and after compensation of reactive
power, under ideal and distorted grid voltage conditions, using the MB-HCC method, are described in

Figure 22.
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Figure 21. True power factor at PCC using VDB-HCC: (a) ideal grid condition; (b) distorted grid condition.

The TPF was improved from 0.9407 to 0.9997 at full load under the ideal grid voltage, whereas in
the half load case it was improved from 0.8379 to 0.9995. The TPF under the distorted grid condition
was enhanced from 0.9174 to 0.9997 at the full load case. In the reduced load case, the TPF was
enhanced from 0.816 to 0.9996. Given the TPF results of the VDB-HCC and MB-HCC methods, both
will maintain the TPF close to the unity value.

From the summary of the results presented in Table 7, it is justified that the MFI efficiently performs
the power feeding at PCC as per the solar irradiation and compensates the source harmonics and
reactive power with reduced switching frequency as per the IEEE 519-2014 and IEEE-1547 standards.
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These results exhibit the scalability and feasibility of the proposed system in LVDS under ideal and
distorted grid conditions.
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Figure 22. True power factor at PCC using MB-HCC: (a) ideal grid condition; (b) distorted
grid condition.

Table 7. RT results summary.

VDB-HCC [30] Proposed MB-HCC
Full load Reduced Load Full load Reduced Load
Ideal Distorted Ideal Distorted  Ideal Distorted  Ideal Distorted
Grid Grid Grid Grid Grid Grid Grid Grid
Average Efficiency 97.18 93.82 96.9 95.62 198.77 197.56 198.55 197.57
% THD 3.56 2.64 3.19 34 12.34 12.04 12.98 12.77
TPF 0.9993 0.9996 0.999 0.9989 170.9997  10.9997  10.9995  10.9996

7. Conclusions

This research article has demonstrated a two-stage RTSPV integration system using a DC-DC
boost converter with INC-based MPPT and single-phase MFI with the proposed scaling factor-based
MB-HCC method. The importance of the RTSPV interfaced MFI for grid sharing and feeding
capabilities were investigated by a MATLAB/Simulink simulation and validated with OPAL-RT
results. The proposed MB-HCC triggers insulated-gate bipolar transistor (IGBT) switches of the MFI
through tracking current response between inner and outer hysteresis bands, leading to reduced
switching frequency which, in turn, reduces switching losses. The RT results enumerated the potential
of the proposed system regarding efficiency and improved PQ capabilities as per IEEE 519-2014 and
IEEE 1547 standards. During the variation of solar irradiation, the proposed MFI had a peak efficiency
of 99.01% and an average output efficiency of 98.77% under the ideal grid, and in the distorted grid
case the peak efficiency was 98.5%, and the average efficiency was 97.31%. Moreover, the percentage
of total harmonic distortion under ideal and distorted grid conditions was brought down to below 5%,
and reactive power compensation was effective, resulting in unity power factor operation. The MFI
efficiency under the full load condition was elevated by the proposed MB-HCC over the VDB-HCC
by 1% under the ideal grid condition and 4% in the distorted grid condition. In the reduced load
condition, the MFI efficiency was raised by the proposed MB-HCC over the VDB-HCC by 2%, under
both ideal and distorted grid conditions. MB-HCC is scalable for variations in the solar irradiation and
efficient over the VDB-HCC. The average percentage of THD was reduced up to 2.75%, and the source
side power factor was close to unity. The simulation and RT results substantiate the hypothesis of
higher efficiency and scalability of the MB-hysteresis current controlled MFI for a single-phase LVDS.
The proposed two-stage MFI with MB-HCC is a unified solution to reduce grid consumption and
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maintain the PQ of the single-phase LVDS, and hence it is ideal for adoption in support of global green
energy initiative.
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Nomenclature

A Boltzmann’s constant Ir Irradiance

CB  Circuit Breaker Ls Source inductance

C4c  DC-link capacitor Lvirr MFI interfacing inductance

Cpp PV side boost stage capacitor Ly Boost stage inductor

Dy Boost stage Diode Py Source active power

D Duty cycle P; Load active power

fsw  Switching Frequency of the MFI Puyirr Active power from MFI

hyin  Minimum Hysteresis Band Ppy Active power generated from SPV
H Maximum Hysteresis Band PI Proportional Integral Controller
km Modulation Index Qs Source reactive power

HB1 Main Hysteresis Band Q Load reactive power

HB2 Sub Hysteresis Band OmrF1 Reactive power from MFI

h Scaling Factor 1 q Electron charge

hy Scaling Factor 2 Rs Source resistance

i Source current Rse Single diode model series resistance
isr  Reference current Ry Single diode model Parallel resistance
impr MFI current S1,S5,53,S4 IGBT Switches

i Load current Sp Boost stage IGBT switch

im Peak value of the source current T Junction temperature in Kelvin
Isc Short circuit current Us Unit vector template

Lipp  Rooftop PV output current Us Source voltage

Iy Current through the Diode UMEFI MFI output voltage

Igqt Saturation current Ve DC-link voltage

Imp  Current at maximum power Ve Reference DC-link voltage

I Current through the Parallel resistance V. DC-link voltage error

Iy, Photovoltaic current Vitpo Rooftop-PV output DC voltage
k Ideality factor of the diode Vinp Voltage at maximum power

kp Proportional Gain Voc Open circuit voltage

k; Integral Gain Vitpo Rooftop-PV output DC voltage
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