energies

Article

Nystrom Minimum Kernel Risk-Sensitive Loss Based Seamless
Control of Grid-Tied PV-Hybrid Energy Storage System

Mukul Chankaya '@, Ikhlaq Hussain 2, Aijaz Ahmad !, Irfan Khan 3

check for

updates
Citation: Chankaya, M.; Hussain, I.;
Ahmad, A.; Khan, I; Muyeen, S.M.
Nystrom Minimum Kernel
Risk-Sensitive Loss Based Seamless
Control of Grid-Tied PV-Hybrid
Energy Storage System. Energies 2021,
14, 1365. https://doi.org/10.3390/
en14051365

Academic Editors: Victor Becerra and
Mohd. Hasan Ali

Received: 28 December 2020
Accepted: 24 February 2021
Published: 2 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and S.M. Muyeen **

Department of Electrical Engineering, NIT Srinagar, Srinagar 190006, India;
mukulchankaya@gmail.com (M.C.); aijaz54@nitsri.net (A.A.)

Department of Electrical Engineering, University of Kashmir, Srinagar 190006, India;
ikhlaqiitd2015@gmail.com

Marine Engineering Technology in a Joint Appointment with Electrical and Computer Engineering,
Texas A&M University, Galveston, TX 7553, USA; irfankhan@tamu.edu

School of Electrical Engineering Computing and Mathematical Sciences, Curtin University,

Perth, WA 6845, Australia

*  Correspondence: sm.muyeen@curtin.edu.au

Abstract: This paper presents Nystrom minimum kernel risk-sensitive loss (NysMKRSL) based
control of a three-phase four-wire grid-tied dual-stage PV-hybrid energy storage system, under
varying conditions such as irradiation variation, unbalanced load, and abnormal grid voltage. The
Voltage Source Converter (VSC) control enables the system to perform multifunctional operations
such as reactive power compensation, load balancing, power balancing, and harmonics elimination
while maintaining Unity Power Factor (UPF). The proposed VSC control delivers more accurate
weights with fewer oscillations, hence reducing overall losses and providing better stability to the
system. The seamless control with the Hybrid Energy Storage System (HESS) facilitates the system’s
grid-tied and isolated operation. The HESS includes the battery, fuel cell, and ultra-capacitor to
accomplish the peak shaving, managing the disturbances of sudden and prolonged nature occurring
due to load unbalancing and abnormal grid voltage. The DC link voltage is regulated by tuning the PI
controller gains utilizing the Salp Swarm Optimization (SSO) algorithm to stabilize the system with
minimum deviation from the reference voltage, during various simulated dynamic conditions. The
optimized DC bus control generates the accurate loss component of current, which further enhances
the performance of the proposed VSC control. The presented system was simulated in the MATLAB
2016a environment and performed satisfactorily as per IEEE 519 standards.

Keywords: PV; adaptive control; optimization; islanding and re-synchronization; seamless con-
trol; lead-acid battery; ultra-capacitor (UC); proton exchange membrane fuel cell (PEMFC); power
electronics; power quality

1. Introduction

Grid integrated photovoltaic (PV) systems are gaining substantial significance in the
modern grid scenario. The PV power generation rose 22% (+131 TWh) in 2019, to 720 TWh
as the second-highest absolute generation, slightly behind wind and ahead of hydropower
plants [1]. Despite the global slowdown of 2020, PV is expected to grow 15% annually from
720 TWh to almost 3300 TWh in 2030 [2]. Moreover, the world is expecting CO, emission
reductions from 33.5 Gt to 20 Gt by the year 2030 [3,4].

The voltage source converter (VSC) controls based on conventional, adaptive, predic-
tive, and artificial intelligence (AI) techniques have been implemented on a grid-tied PV
system. The synchronous reference frame (SRF) and power balance theory [5] controls have
been extensively used for grid-tied PV systems. Researchers have implemented various
adaptive VSC controls, such as least mean square (LMS) [6], which uses a fixed step-size
for adaptation to find the balance between the convergence equation and maladjustment
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error results at low-convergence speed and larger steady-state oscillations. The least mean
fourth (LMF) algorithm [7] acts as a higher-order adaptive filter for better mean square
error (MSE) reduction with fixed step-size. The power normalized KLMS (PNKLMS) [8]
utilizes the power kernel for fundamental current component extraction with reduced com-
putational burden. The analysis of variance (ANOVA) kernel Kalman algorithm (AKK) [9]
is the hybridization of the Kalman filter and kernel trick, which significantly reduces
the algorithm delay and complexity. The normalized Laplacian kernel adaptive Kalman
algorithm (NLKAK) [10] is a Laplacian kernel that is combined with an estimator process
for pattern reorganization. The KAF methods utilize the MSE as a cost function, which
provides adequate accuracy, stability, and convergence rates with Gaussian noises. More
robust adaptive algorithms, such as maximum correntropy criteria (MCC) [11], which
is a biased estimator, utilizes the Gaussian kernel for better mean square stability. The
reweighted zero-attracting MCC (RZA-MCC) [12] enhances the performance of MCC with
a zero-attracting algorithm resulting in a better convergence rate and reduced harmonics
level. The variable parameter zero-attracting LMS (VPZALMS) [13] uses an adaptive
coefficient to smooth out the transients, which results in better performance. The kernel
risk-sensitive loss (KRSL) [14] is where the cost function is made insensitive towards heavy-
tailed Gaussian noises. The proposed control based on the Nystrom minimum kernel
risk-sensitive loss (NysMKRSL) [15] algorithm with a linear growth network can manage
both Gaussian and non-Gaussian noises with high filtering accuracy and robustness, as
compared to other adaptive control algorithms. In the model predictive controls (MPC),
the cost function parameter selection is vital for system performance. The finite control
set MPC (FCSMPC) [16] is the optimization based control of the inverter. The weighting
factor design based MPC (WFDMPC) [17] utilizes automated weights of cost functions for
better performance, which have been utilized for VSC control. Al techniques such as an
artificial neural network (ANN) [18] and adaptive network-based fuzzy interface system
(ANFIS) [19] have been utilized in micro-grids.

The VSC control enables it to perform multifunctional operations, including reactive
power compensation, power quality enhancement, load, and power balancing while main-
taining unity power factor (UPF). The VSC performs multifunctional operations during
steady-state and various dynamic states, i.e., irradiation variation, load unbalancing [20,21],
grid voltage sag and swell, and fixed power mode.

The grid-tied PV system may face an islanding problem during very low solar irradia-
tion levels (low PV power yield), under and over-grid voltages, or frequency fluctuations,
curbing the effect of grid faults and system maintenance [22,23]. The grid islanding condi-
tion should be quickly detected and eliminated by seamlessly re-synchronizing the grid.
Several VSC controlling strategies and topologies have been proposed by researchers for
seamless control, such as in [24] where the same control loop is utilized in grid-tied and
islanded mode. In [25], indirect control strategies involve a current control loop that reg-
ulates grid current by providing a reference voltage to the voltage control loop. In [26],
the grid-tied mode is controlled by droop control or integral control, whereas in islanded
mode, nominal voltage and frequency values are regulated. In [27], VSC and current source
converter (CSC) are utilized to achieve seamless control. In [28], a quasi proportional and
multi-resonant grid synchronization scheme is presented. In [29], a voltage control strategy
is used in both grid-tied and islanded mode with a D-module filter to extract the positive
sequence voltage component. In [30], a current controller regulates the grid current, and a
voltage controller handles the filter capacitance in the grid-tied mode. Whereas, during
grid-islanded mode, the voltage controller regulates the output voltage.

The hybrid energy storage system (HESS) consisting of energy storage elements of
contrasting characteristics provides the ability to manage disturbances of sudden, interme-
diate, and prolonged nature, i.e., faults, voltage sag, and swell. The ultracapacitor (UC)
and lead-acid battery with ultra-high and high-power density, respectively, can provide
a high amount of power in a short span for a small duration [31,32]. In comparison, the
proton exchange membrane fuel cell (PEMFC) has high energy density, which can provide
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power for a longer duration without considerable change in load profile [33,34]. For better
PV power utilization, a dual battery storage system is presented in [35]. The PV-HESS
system can operate in both grid-tied and islanded mode while maintaining the system’s
stability and power quality.

The DC bus voltage Vpc, on the DC side of the inverter, significantly influences
the system stability. The dynamics of PLL, reactive power control of the inverter, and
impedance of the grid collectively influence the Vpc [36]. Variations in Vpc may occur due
to the transfer of control from grid-tied mode to isolated mode, solar insolation variation
(PV power variation) [37], load unbalancing, and power unbalancing. Several conventional
and intelligent controls have been utilized for Vpc regulation [38,39]. An optimized energy
management system for better efficiency is presented in [40], and battery voltage optimiza-
tion is presented in [41]. The system performance can further be enhanced by optimizing
the PI controller gains by various evolutionary optimization and swarm intelligence tech-
niques, such as genetic algorithm (GA) [42], which have versatile applications and require
less information about the problem, although the rate of mutation and crossover as well as
the selection criteria affect the outcome. The parallel evolutionary algorithm (PEO) [43]
speeds up the convergence rate as compared to other sequential evolutionary algorithms,
but it requires a large population size as it produces a large number of results before
finding the best solution. Particle swarm optimization (PSO) [44] is simple to understand
and implement and delivers better computational efficiency, but it suffers from getting
trapped in local minima. Salp swarm optimization (SSO) [45] uses an adaptive mechanism
to balance convergence and divergence, hence preventing the stagnation on local minima,
and many more [46].

The proposed system is a three-phase four-wire grid-tied dual-stage PV-HESS system.
The DC link voltage is regulated by the SSO-tuned PI controller, which generates a more
accurate loss component of current (I;1) and delivers better stability. The better I;; further
elevates the performance of the proposed VSC control. The stable DC link voltage helps
VSC control to generate more accurate weight signals and reduces overall losses of the
system. The VSC control is provided by the NysMKRSL algorithm to facilitate multifaced
operation during steady-state and various dynamic states. Seamless control is provided by
the grid current control (GCC) during grid-tied mode and voltage control in islanded mode.
The HESS consisting of a battery, UC, and PEMFC can handle any disturbance occurring
on the proposed system’s PV, load, and grid side. The main contributions of the paper are
outlined below.

a.  Vpc regulation: The DC link voltage is regulated with the gain optimized PI con-
troller based on the SSO algorithm that generates an accurate loss component of
current and enhances the stability of the system.

b.  Adaptive control of VSC: The NysMKRSL-based VSC control uses excess mean
square error (EMSE) as the cost function to speed up the convergence and enhance
precision. The optimized DC bus further improves the performance of the pro-
posed control by better extraction of the weight signal and fundamental component
of currents.

c. Seamless control: The system facilitates the transition from grid-tied mode to island-
ing mode to re-synchronization mode without any major transients and disturbances
to the system stability.

d.  Multifunctional operation of VSC: The VSC will perform the multifunction oper-
ations, including reactive power compensation, load and power balancing while
maintaining UPF throughout the operation.

e. Dynamic operating conditions: Various dynamic conditions have been induced,
such as irradiation variation, load unbalancing, fixed power mode, and grid voltage
variation (sag and swell) to analyze the system.

f. HESS: The HESS consisting of lead-acid battery, UC, and PEMFC can manage the
system irregularities occurring on the grid, load, and PV side.
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The rest of the paper is organized as follows. Section 2 describes the proposed topology.
Section 3 presents the implemented control strategies, i.e., VSC control, seamless control, DC-
DC bi-directional converter control and SSO optimized DC link voltage control. Section 4
describes the results and discussions of the presented system during various induced
dynamic conditions. Section 5 concludes the work.

2. Proposed Topology

The proposed system is a three-phase four-wire grid-tied dual-stage PV-HESS system,
as shown in Figure 1. The PV system of 32 kW, with an incremental conductance (InC)
method of maximum power extraction [20,21], is utilized. The PV system is connected to the
DC bus via boost converter. The HESS consisting of the battery and UC is also attached to
the DC bus via a buck-boost bi-directional converter, whereas PEMFC is directly connected
at the 700 V DC bus with a unidirectional diode to avoid the reverse power flow. The
battery, UC, and PEMFC provide 5.6 kW, 4 kW, and 7 kW backup for 12 h, respectively. The
VSC with eight switches in four legs converts the DC power available across the DC-link
capacitor to the AC power and makes it available at the point of common coupling (PCC)
via interfacing inductor. The interfacing inductor and RC filters are utilized to lessen the
excess current ripples. The non-linear load of 17 kW and grid power supply of 415 V (RMS)
AC, through the master control switch (MCS), is also connected to the system at PCC. MCS
allows the bi-directional flow of current with a unidirectional voltage blocking capability
that facilitates intentional islanding.

Voy
: IC based AC Grid
f—=— MPPT - _ 415V, 50Hz
Gating signal Ripple Filter T T
for Boost iy v B R R b
Converter DC Bus Gating W [ Y] Y] Y
71 700v  Signals F AW Master Control
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| gV = + [Three | == i il
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converter . ‘'Pcc| i N
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PEM Inductors la | i | dic | iin
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Figure 1. Block diagram of the proposed system.
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3. Controlling Strategies

Several controlling strategies have been involved in the presented work, such as InC-
based maximum power point tracking (MPPT) control, NysMKRSL-based VSC control,
seamless control for islanding and re-synchronization, bi-directional converter control for
battery and UC charge control, and Vpc control by conventional PI and PI gains optimiza-
tion by the SSO algorithm. The research methodology utilized in the presented work is
shown in Figure 2a, where PV voltage, current (Vpy, Ipy), DC bus voltage (Vpc), battery,
and UC current (Igat, Iuc) are sensed for controlling the SSO-based Vpc, optimization
boost converter, and battery and UC current. The grid voltage, current (vsup, isqpc), load
current (if;5c), voltage magnitude (V;), frequency £, and phase angle 0 are sensed for proper
AC side operation. Three steps to check the mechanisms for islanding detection, grid
re-synchronization detection, and grid re-synchronization confirmation are provided for
effortless and seamless transition of VSC controls.

Sense Vpv, Ipy, Ve, Igas Tuc, Vsabes isabes
Viabes Vi fs and Aw

Vpy & Ipy 6" v Voc

Y
InC based MPPT control for VDC control by SSO
the boost converter optimized PI controller
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Figure 2. Cont.
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Figure 2. (a) Research methodology. (b) Voltage source converter (VSC) control based on the NysMKRSL algorithm.

3.1. VSC Control

The VSC control is provided by the NysMKRSL algorithm for achieving a higher
filtering accuracy and robustness against non-Gaussian noise, as shown in Figure 2b. The
minimum kernel risk-sensitive loss (MKRSL) algorithm has a linear growth of network size
with each iteration, resulting in a huge computational burden and memory requirement.

The network matrix approximation can be performed by sparsification, vector quan-
tization (VQ), random Fourier feature (RFF), the Nystrém method, and many more. The
sparsification method reduces the computational accuracy, whereas VQ methods use re-
dundancy data for weight updates. Both methods cannot fix the network size beforehand.
The RFF method is based on the random selection of data, so it generates a larger dimension
of network structure. The Nystrom method generates the fixed network structure with
a uniform sampling method that improves accuracy, convergence rate, and reduces the
computational burden. The weights of NysMKRSL are generated by a gradient descent
method to minimize [15].

In the proposed control, iy (x = a,b,c) are the direct phase components of the sensed
source voltage vy, and its voltage magnitude V; as per (1) [28]. enx (x = a,b,c) are error
signals of each phase and are calculated as a function of load current ij ;. and extracted
weight component of each phase Wpx (x = a,b,c) as per (2). The weight components of each
phase Wpy (x = a,b,c) are calculated as per (3), (4), and (5), where g = 1/ 20?2 is the kernel
function, ¢ is the width of the Kernel, # > 0 is the step size, and A > 0 is the risk-sensitive
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parameter. The average of each phase component Wy, is negated with the feed-forward
term Wpy to generate the overall weight component W, as per (6) and (7). Wy, is utilized
to generate the reference currents 73, (x = a,b,c). This is further compared with the sensed
source currents is,,. and provided to the hysteresis current controller (HCC) to generate
the switching sequence for the GCC mode of operation as per (8). During the fixed power

mode, each phase weight component will be taken over by Wi, and ig A i bpiy? ig criy ATE
calculated as per (9) and (10).
yx:% where x = a,b,c @D
p VT/ s Yy
eny = irx (1) — ppx * Wpx(n), where x = a,b,c (2)

Wpa(n+1) = Wpa(n) + exp(—ﬁe%ﬂ)ypuem*z;i/% exp (A (1—exp( ,Be%m))) 3)
Wi +1) = W (1) + exp((—Be2, ) poeass2up exp (M1 exp(—p3))) ()

Wpe(n+1) = Wye(n) + exp(—ﬁe%c)ypcem*Zyﬁ exp( (1—exp( ,Be%c))) (5)

_ 2 PPV o 2 PPV

Wpy = 3 3 > - =3 (6)

3 (vSﬂ + Usp + vsc)

Wsp = WP - WPV (7)

isa = Wap * pipa, where x = a,b,c 8)

W, o 2 Pfix . 2 Pfix (9)

SPfix — = —

3 \/% (0%, + V% + v2.) 3 Vr

Z.:Xfix = Wspfix * VPX’ Where X = a, blc (10)

3.2. Seamless Control for Islanding and Re-Synchronization

The islanding and re-synchronization controls are shown in Figure 2. The grid can
be isolated from the rest of the system by MCS, which is a three-phase switch and allows
the bi-directional flow of current during GCC mode [30,31]. The islanding of the system is
confirmed by comparing the V; and frequency f of vy, with pre-decided standard values.
If the islanding condition is confirmed, then the VSC control shifts from GCC mode to
islanded control mode. During islanded operation, the product of V; and the generated
reference voltage v}, - is compared with load voltage v; . and provided to the PI controller.
The reference current signal generated from the PI controller is compared with load current
irapen and provided to the HCC for VSC control.

Re-synchronization of the grid is initiated when MCS reconnects the grid to the rest
of the system. The grid is intentionally isolated for a few cycles until the magnitude,
frequency, and phase angle w; of the grid voltage matches the magnitude, frequency, and
phase angle wy of the load voltage. The phase angle of source and load voltages are
compared to produce a change in phase angle Aw. Aw is provided to the PI controller
to generate the f frequency signal, which is utilized to generate the re-synchronization
reference voltage v,;.. The v, voltage is utilized to generate the ife;Sy " for VSC control.
Aw plays a pivotal role in grid re-synchronization, without causing major source voltage
transients that result in safety and security problems. The frequency matching of load and

source voltages requires two to four cycles, and once the re-synchronization is confirmed,
the VSC control is seamlessly shifted to the GCC mode [29].
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3.3. Bi-Directional Converter Control

The buck-boost bi-directional converters each for battery and UC charging and dis-
charging current control have been employed as shown in Figure 3. The loss component of
current (Iq1) will be compared with battery current Ig,; and UC current Iyc individually.
The batteries are vulnerable against high charging and discharging currents, so the battery
over-current protection is also incorporated in control. Comparisons of the Iyc and Ipyt
with I41 as eyc and epy are provided to the PI controllers with gains Kyc, Kiuc, Kppar, and
Kipat to generate the duty cycles Dy and D; as per (11) and (12) [23].

K
Dy(n+1) = Dy(n) + Kpuc(Isn — Iuc) + %(Lﬂ — Iuc) (11)
K.
Da(n+1) = Da(n) + Kppar(Ig1 — Ipat) + f”t (Ii1 — Ipar) (12)
SSO .
Algorithm Lutansnag /\/\/\/\
= eUCWave ‘ To Bidirectional
I Control of UC
ISE uc | PI D, ontro 503
™| Control [™] >— o
+|v Yy it > !
Vrefd_>c er=r PI dL —
o en. To Bidirectional
Vg™ Lo s - PI D Control of Battery
2 - »S
if {Ibatt < i[},’&‘t‘f}the‘n Ipace | Control >: c
max ] —
else Upaee > tlpgi; ) then g —Do—»Sz

Battery over current protection during Triangular
charging and discharging

wave |/ \V/\VV\

Figure 3. Bi-directional buck-boost converter control.

The duty cycle will be further compared with the triangular signal of 10 kHz for
generating the switching sequence for bidirectional converters.

3.4. DC-Link Voltage Control

The DC voltage regulation is presented by PI gains optimized by SSO algorithms [45].
The sensed Vpc from the DC-link coupling capacitor is lessened from the reference Vpc,
ie., Vgg = 695 V. The voltage error V. is provided to the PI controller to generate the I
as per (13). The I is further utilized as the reference current for battery and UC control, as
shown in Figure 3.

re Ki re
Ln(n+1) = L) + K (VL = Vo) + 2 (VL = Vi) (13)

The PI controller gains can be optimized for better control of the system. The PI gains
Kp and K; are tuned by GA and SSO algorithms separately to reduce the Vpc variations
during various dynamic conditions [42,45]. The performance of the PI controller may be
assessed by considering how large the error from the setpoint is. The integral square error
(ISE) is calculated as per (14).

oo 2 oo
ISE :/0 (Vzr)eg_VDC) dt:/o (Verr)dt (14)

The ISE serves as the single objective function, which needs to be minimized by im-
plementing GA and SSO for PI gains optimization. GA is one of the most well-known
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and widely accepted optimization algorithms. The SSO is a bio-inspired algorithm based
on the food searching behavior of salps (family of salpidae) in the form of a salps chain,
having a transparent barrel-shaped body. The SSO algorithm is initiated with the random
population of salps, differentiated as leader and follower salps. The leader salp position is
the best solution obtained depending on the food source and further assigned to the fol-
lower salps. The leader salp position is updated as per (15) and (16) during the exploration
and exploitation phase. Where le» is the position of leader, F; is the position of the food
source in dimension j, and ubj, l bj are the maximum and minimum limits in dimension
j- The coefficient c; balances the convergence and divergence as per (17), and ¢, and c3
are the uniformly generated random numbers, where [ and L represent the current and
maximum number of epochs. The followers’ salp position is updated as per (18), where x;
is the follower salp position in dimension j, which gets updated as per leader salp position
depending on food position [45]. With Equations (15), (16), and (18) the salp chain can
be formed.

x} = Fj +c1((ubj — Ibj)er +1bj) ¢3 > 0 (15)
x} = Fj — c1((ubj —1bj)es +1bj) c3 <0 (16)
2
o = 2¢~(1) (17)
. 1 . . i
x}:§<x;~+x; 1);122 (18)

x} are the tuned gains of the PI controller, ubj and Ib; are the lower and upper bounds
of PI gains, and the problem is two-dimensional as only proportional and integral gains
need tuning.

The SSO algorithm is adaptive with high exploration and exploitation using converg-
ing and diverging parameters, minimum feature selection, which results in less computa-
tional time and better accuracy. The SSO algorithm is utilized with search agent numbers
(N =30) and the maximum number of iterations (t = 50) to find the gains of the PI controller.

4. Results and Discussion

The proposed system is a NysMKRSL-based VSC control for 32 kW grid-tied dual-
stage PV system with HESS. The InC algorithm is used for MPPT and boost converter
control, and the SSO algorithm is used for Vpc control. The HESS current control is
done by the PI controller. The PV, HESS, and fuel cell are attached to the DC bus. The
presented system is analyzed under steady-state and various dynamic states such as
irradiation variation, load unbalancing, fixed power mode, grid voltage unbalancing (sag
and swell), and seamless transition of islanding and re-synchronization in the MATLAB
simulation environment.

4.1. Steady-State Performance

The steady-state is simulated with irradiation level fixed at 1000 W/m? and ambient
temperature 25 °C from 0.2 s to 0.26 s simulation time. During steady-state operation
the system harmonics level is maintained within the desired limits. The total harmonics
distortion (THD) of the vg,, is,, vr, and if, are also shown in Figure 4a—d, which are below
the permissible limit of 5% and satisfactory as per IEEE519 standards. The V¢ is controlled
with the help of a PI controller during various induced dynamic conditions. The DC bus
stability with the first-order controller is analyzed as non-linear using the bode plot, as
shown in Figure 5. The magnitude and frequency plot of the closed-loop DC bus shows
the attenuation of DC components and low-frequency components passing through the
PI controller.
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Figure 5. Bode plot analysis of DC bus during steady-state.

4.2. Irradiation Variation Mode Performance

The irradiation variation is simulated by reducing the PV insolation level from
1000 W/m?2 to 600 W /m?2 during the simulation time from 0.45 s to 0.55 s. The source
voltage vg,; Will remain the same as the voltage at PCC in grid-tied operation. The source
current ig,;. matches with the reference currents ig, i, i5. generated by the proposed VSC
control during grid-tied current control mode. The VSC current compensates the load
current, verified by phase ‘a’ of load i, and compensator current ic, as shown in Figure 6.
The voltage magnitude V; is maintained at the desired level during irradiation variation.
The load neutral current i;,, and compensator neutral current ic,, are in phase opposition
with each other and revolves at thrice of the fundamental frequency, resulting in the source
neutral current is, being maintained around zero, which is its reference value. With the
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reduced solar irradiation at 0.45 s, the power delivered to the grid P, also reduces as with

isape, Which is in phase opposition with vg,.. P is following exactly its reference value P;Bf .
Likewise, Qg is the reactive power exchange from the grid, maintained around zero, which

is its reference value ng . The VSC satisfies the system’s reactive power requirement and
solid-state switches so that the Q, is maintained around zero during the whole operation.
On the DC side, the PV voltage Vpy is maintained around the Vf,e\g, which is 600 V, by
utilizing the boost converter. The PV current Ipy and power Ppy decreases accordingly

with the changing solar irradiation level and matching with the reference PV power PL;

and reference PV current If,e\f, The battery current Igat and UC current Iyc are negative, as
both are charging due to excess availability of power, and battery voltage Vgar and Vyc
both are increasing gradually. Igar and Iyc both follow their reference signal, which is
depicted as I;; in Figure 3. The PEMFC is directly connected to the DC bus with voltage
VErc and current Igc, as shown in Figure 7. The DC bus voltage Vpc is preserved around its

reference value V]rg(f:, which is 700 V with a variation of a few volts only.

4.3. Load Unbalancing Mode Performance

The load unbalancing is simulated by disconnecting the phase “a’ of the load from 0.7 s
to 0.8 s of simulation time. During load unbalancing i1, reduces to zero, and power deliv-

ered to the grid Py increases while following the Pérf’f , with the reduced load requirements.
The ig4,. matches with the reference source currents ig,, ig,, i¢, during the unbalancing load
too. The ic, also becomes more sinusoidal with the reduction of non-linear load. The V
is also kept at the desired level. The ic, and i, are compensating each other with twice
the fundamental frequency during load unbalancing, and ig, is preserved around its zero

reference value. Qg exchange with the grid is maintained near zero as Q;ef because VSC
provides the necessary reactive power, as shown in Figure 8. The Vpy, Ipy, and Ppy remain
at the same level as a fixed irradiation level as their respective reference values. The battery
and UC charging rate increases as the Igat and Iyc follow their reference signal and become
more negative. The PEMFC is directly connected to the DC bus at 700 V. The Vpc voltage
is also maintained around 700 V with the variation of merely a few volts from V5 during

the unbalancing load, as shown in Figure 9.

= 5
Z
=330 z 0
) --0 ref—Q
= 320 : ‘ Q-5 : : g g
0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6
Time(s) Time(s)

Figure 6. Dynamic performance during insolation variation of vgapc, sapes icas Vi, irasisns icn, irn, Py, and Qq.
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Figure 7. Dynamic performance during insolation variation of Vpy, Ipy, Ppy,Vrc, Irc , VBat, IBat, Vuc, Iuc, and Vpc.
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Figure 8. Dynamic performance during load unbalancing of vspc, isabe, icas Vi iLasisnsicn, itn, Pg, and Qg.
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Figure 9. Dynamic performance during load unbalancing Vpy, Ipy, Ppy,VEc, Irc, VBat, IBat, Vuc, Iuc, and Vpc.

4.4. Fixed Power Mode Performance

The fixed power mode is implemented to provide the peak power during the peak
demand condition, in which PV, along with HESS, has to satisfy the excess amount of
power required by the grid. The fixed power mode is induced by forcing the GCC control
of VSC to provide a pre-decided amount of power. The fixed power mode is simulated
from 1 s to 1.1 s of simulation time. Py shows an increased amount of power delivered to
the grid, and likewise, a slight increase in ig,, is also visible. igg,. and Pg both are following
their respective reference signals. i, remains the same, but ic, also increases with ig,..
isp and Qg are maintained at zero as their reference signals, as depicted in Figure 10. On
the other hand, Vpy, Ipy, and Ppy remain the same and match their respective references
with a fixed irradiation level. Igat and Iyc both have reduced and become less negative.
Though the battery and UC are still charging, their charging rate is reduced considerably.
The excess power delivered to the grid reduces the charging rate of the battery and UC.
The Vgc and Ipc show no major changes in fixed power mode due to their slow dynamics.
The Vpc is maintained at 700 V while matching with VrSfC during fixed power mode, as
shown in Figure 11.

4.5. Source Voltage Sag and Swell Performance

The source voltage sag and swell of 0.8 p.u. and 1.2 p.u. are simulated from 0.2 s to
0.25 s and 0.25 s to 0.3 s of simulation time. The abnormal grid voltage affects ig,,., which
also changes accordingly to maintain power balancing. With the variation of ig;,, the
compensator current also varies to satisfy the reactive power requirements of the system.
isapc increases with voltage sag and decreases with the voltage swell, and P, varies vice
versa while matching exactly with their reference signals. V; changes with the change in
Usape during voltage sag and swell. ig,, is kept at zero as the load and compensator neutral
currents are in exact phase opposition with three times the fundamental frequency, as
shown in Figure 12. Vpy, Ipy, and Ppy remain and follow their respective reference values
with a fixed irradiation level. Igat and Iyc vary with the variation of ig,,. and Py, and with
that, Vgar and Vyc vary, hence the charging rate. Vpc is maintained around Vr,fé at700 v
during abnormal grid voltage, as shown in Figure 13.
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Figure 10. Dynamic performance during fixed power mode of vsapc, isapes icas Vi, iLasisns icn, iLn, Pg, and Q.
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Figure 12. Dynamic performance during abnormal grid mode of vgupc, isape, icas Vi, iLasisnsicn, iLn, Py, and Qg.
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Figure 13. Dynamic performance during abnormal grid voltage mode of Vpy, Ipy, Ppy,Vrc, Irc, VBat, IBats
Vuc, Iuc, and Vpc.

4.6. DC Bus Optimization Mode Performance

Vpc is regulated by the PI controller, and its gains are optimized by GA and SSO
algorithms. Vpc variation is analyzed during the initial transients, abnormal grid voltage,
irradiation variation, load unbalancing, and fixed power mode. The SSO-optimized Vpc
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VD C(V)

710
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695
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shows less fluctuations during initial transients and settles down more quickly in steady-
state, compared to GA optimized and tuned with initial gains. Vpc fluctuates more during
abnormal grid voltage, irradiation variations, and fixed power mode. The SSO-optimized
Vpc shows significant improvement in terms of reduced fluctuations during all induced
dynamic conditions and is kept near Vf§fc =700 V with minimum variations. Moreover, SSO-
optimized Vpc results in more accurate 17, which is crucial for maintaining system stability
and further improves the VSC control performance by precise extraction of fundamental
current component. Vpc is compared with the initial gains of the PI controller (i.e., kp =1,
k; = 0), GA-optimized gains (i.e., kp = 0.7388, k; = 0.0311), and SSO-optimized PI gains (i.e.,
kp =2.5,k; = 0.8). The DC link voltage shows maximum changes during abnormal grid
voltage conditions. Vpc shows the minimum variation with the SSO-optimized gains of
the PI controller during induced dynamic conditions, as shown in Figure 14.

Transients
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During Initial

During Fixed
power mode
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Grid voltage mode
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_VD c with GA

_VD c with initial gains

During Irradiation
variation mode V__ ref
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0.2 0.4 0.6 0.8 1 1.2
Time(s)

Figure 14. DC link voltage variations during various induced dynamic conditions.

4.7. Islanding and Re-Synchronization Mode Performance

The intentional islanding and re-synchronization of the grid to the rest of the system
is simulated from 0.2 s to 0.4 s of simulation time. vg;. and ig,y, reduce to zero during
islanded operation. During grid-tied operation, igg, follows its reference currents i, , and
during isolated operation both will be insignificant. The system will operate satisfactorily
in islanded mode only if the load voltage v, magnitude and frequency f are maintained.
Urape follows exactly its reference signal, i.e., v] ., during isolated operation, as shown in
Figure 15. The ic, reduces during islanded operation as power is only being supplied to the
load, not to the grid, further confirmed by P. Vr is also maintained around its reference
value, i.e., 340, with slight variations during the isolated mode. The is, becomes zero
during islanded operation. ic,, and i1, both compensate each other. Q, is also maintained
at zero as the reactive power requirements are fulfilled by VSC only. On the DC side, the
Vpy, Ipy, and Ppy remain the same as steady-state and follow their respective reference
signals. The Igat and Iyc become more negative, and Irc also reduces as P becomes zero
during islanded operation; hence, the charging rate of the battery and UC increases with the
increase in Vpar and Vyc. The Vpc is maintained around the 700 V level while following
the reference signal during islanding and re-synchronization, as shown in Figure 16. The
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re-synchronization initiates at 0.4 s of simulation time. After matching the V7, f, and phase
angle w of the grid with load, the grid is re-synchronised with the system within three to
four cycles, as shown in Figure 17.
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Figure 15. Dynamic performance during islanding and re-synchronization of vspc, isapes OLabe iLas icar Vi, isns icns iLn, Pg,
and Qq.
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Figure 16. Dynamic performance during islanding and re-synchronization of Vpy, Ipy, Ppy,Vrc, Irc, VBat, IBat Vuc,
IUC , and VDC~
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Figure 17. Comparison of Aw of vg,p, and vy 4, during grid islanding and re-synchronization.

4.8. Comparison of VSC Controls

The W), with the proposed VSC control is compared with the LMS and MCC controls
to show its relevancy and stability. The optimized DC bus produces precise 11, which
helps the NysMKLMS-based VSC control generate more accurate weights resulting in
better extraction of fundamental current components. The VSC control performs better
with accurate I;1, hence delivering enhanced power quality with reduced overall losses.
The proposed control produces W, with fewer ripples compared to LMS- and MCC-
based adaptive controls during steady-state, load unbalancing, and abnormal grid voltage
conditions as shown in Figure 18. The proposed VSC control is more effective against
Gaussian and non-Gaussian noises.
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Figure 18. Comparison of W, of LMS, MCC, and NysMKRSL algorithms.
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5. Conclusions

The paper demonstrates the three-phase four-wire grid-tied dual-stage PV-HESS system
with the NysMKRSL algorithm based VSC control. The VSC displayed multifunctional opera-
tional capability such as reactive power compensation, load balancing, and power balancing
while maintaining UPF during various induced dynamic conditions. The NysMKRSL-based
VSC control delivers better performance, convergence rate, higher filtering accuracy, and
less overall losses than other adaptive algorithms. The system displayed the capability of
seamless transfer of control from grid islanding to grid re-synchronization without any major
transients and instability in the proposed system. The energy storage elements of HESS
complement each other in handling the system irregularities occurring on the grid side, load
side, and the PV side. The DC link voltage is kept at the required level of 700 V during various
dynamic conditions, and its deviation from the desired value is minimized by GA and SSO
algorithms utilized for tuning the gains of the PI controller. The SSO algorithm’s adaptive
nature delivers faster execution time, better accuracy of results, and reduces the chances of
getting trapped at local minima even if the whole population deteriorates. The optimized
DC-link generates precise loss component of current, which is crucial for maintaining stability
and further improves the performance of NysMKRSL-based VSC control by generating more
accurate weight signals and reducing overall losses of the system. The THD of the source and
load, voltage, and current is found to be satisfactory as per IEEE519 standards.
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