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ABSTRACT

Nowadays, Photovoltaic (PV) system’s contribution to the power grid is increasing immensely.
The PV system is linked with power grid through one or more inverters and a power condition-
ing unit to ensure smooth power delivery while also maintaining system voltage and frequency
stability. However, due to grid load expansion, weak power grids have emerged as the dominant
one today. As a result, the voltage and frequency of the grid got distorted. It may cause serious
damage to the entire system in some cases. A single phase ZSI with the proposed Fractional order
SMC technique is used to address these issues. The single phase ZSI consists of only two power
switches and perpetuates the voltage transfer ratio like full bridge inverter. It also corroborates
the sharing of power, regulatesactivepower,voltage, frequency, reactive powerand alleviates the
harmonics in current. The input voltage of inverter is boostedby using theshoot through state
and it also improvesthe reliability of inverter. The execution of the single phaseZSI withproposed
FOSMCtechnique is assessed in MATLAB/Simulink to bear out the magnificent features of the
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proposed FOSMC in weak grid.

1. Introduction

Every day, we rely on electricity from the power grid.
We have created a thriving, vibrant society that is
entirely dependent on an operational electrical grid.
The electrical grid affects every aspect of modern life.
Based on short-circuit ratio (SCR), grid is classified
as weak and stiff grid. When SCR is low, the grid is
said to be weak and if it is high the grid said to be
stiffed one [1]. However, nowadays weak power grids
are emerged as predominant one. The voltage at the
connecting point will be very sensitive to any variation
of the load in weak grids. A weak grid can cause distor-
tion in voltage and frequency at the inverter terminals
[2]. Because of its massive consumption and exhaus-
tion of fossil fuels, the perforation of renewable sources
of energyin the electric field, especially solar energy,
has reached the pinnacle [3]. Solar energy is used in
a variety of applications, from small buildings to large
commercial buildings. The PV system is integrated to
the grid via one or more inverters [4]. As a result, the
system become non reliable and instability.

When PV module directly linked to a load, maxi-
mum power operating pointbecomes infrequent. Beca-
use the output of a PV array is unregulated, it must
be perfectly conditioned in order to affiliates with the
grid [5]. Boost converter with MPPT transfers max-
imum power from the PV module to the weak grid.

Here, WOA is used in MPPT to get the most power
out of a PV panel [6-8]. WOA is inspired by humpback
whale hunting behaviour and can applied to non-linear
optimization problems too [9,10].

As PV inverters, traditional converter topologies
such as VSIand CSI are commonly used [11]. How-
ever, they are susceptible to electromagnetic interfer-
ence (EMI) noise. The output of a VSI and CSI consists
of two distinct voltage levels, but it suffers from higher
switching losses [12]. Traditional two-level inverters
have a faster rate of change of voltage (dv/dt). The
switching frequency is also high. They work best in
low-voltage applications [13,14].

ZSI is a hybrid of VSI and CSI [15]. Voltage is
increased at the DClink using a novel technique known
as shoot-through [16]. Due to its unique circuit topol-
ogy,without using DC-DC Converter Bridge it func-
tions as a buck-boost inverter. However the operating
nature of ZSI is achieved with a single stage power
conversion [17].

Here,single-phase ZSIis used that avail only two
switches, low THD, low cost, and share the same ground
for input and output. Here voltage stress across the
switch is also minimum [18-20]. The grid synchroniza-
tion is essential to increase the stability of weak grid.
Grid synchronization is a critical technique to connect
the PV system to the grid. The ability of the synchro-
nizing technique to provide instantaneous responses
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has collision on grid and inverter performance. Syn-
chronization techniques found in recent publications
[21] include the Kalman filter [22], the discrete FT
method the zero-crossing detection method [23,24]
and the phase-locked loop (PLL) methods. The phase-
locked loop is used here for synchronization due to ease
implementation, robustness, and low cost [25].

Due to precision and robustness, the SMChas been
utilized in power system field [26]. It provide bet-
ter performance in applications like voltage-sourced
converters (VSC) and micro grids [26,27]. The actual
controllers exclusively use integer-order either differen-
tiators or integrators. But FOSMC use integerorder in
fractions [28]. By adopting proposed FOSMC control
scheme, voltage distortion in weak grid can be reduced.
The feasibility of the improved Z source inverter and its
FOSMC control strategy is thoroughly examined and
validated through simulation and experiments.

The key innovation of this research is described
below:

(I) A single phase Z source network is used because
of versatile and generic network.

(II) FOSMC controller is proposed which guaran-
tees stability and the desired performance of the
inverter in the presence of uncertainties in weak
grids.

(IIT) The WOA algorithm based MPPT to pursue the
maximum amount of power from the PV panel.

The paper is organized as follows:

Section 1 furnishes recapitulationof the proposed
work. Section 2 furnishes a detailed description of the
proposed system in the form of a block diagram, as well
as mathematical modelling of the various components
used in the proposed system. Section 4 describes the
proposed system control technique. Section 5 assesses
the performance of the proposed model and displays
the results. Section 6 concludes the paper with some
concluding remarks.

2. Proposed methodology

The PV strings in Figure 1 are made up of small PV
panels connected in series and parallel, a boost con-
verter, a DC link capacitor, a single phase ZSI network,
an LCL filter, and a single phase weak grid. The MPPT
receives values of voltage and current from the PV
panel. The most advantageous and efficient method is
the WOA-based MPPT scheme, which is used to pur-
sue the maximum amount of power of a PV panel. The
output from MPPT is given to the boost converter in the
form either as duty cycle or as voltage parameter. The
boost converter integrates the solar panel to the load
and also aids in maintaining the operating voltage at the
MPPby varying the duty cycle. The converter generates
distorted dc voltage. The stabilization of the boosted
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DC voltage can be obtained by DC-link capacitor. The
ZSI change the stabilizeddc voltage to ac for the case of
weak grid. To reduce total harmonic distortion more,
the single phase ZSI with less number of switches is uti-
lized. The output of ZSI is connected to the LCL filters
are utilizedto eliminate the current harmonics and to
get desired performance. Grid monitoring is critical in
the control system of a weak grid. It helps the system to
stable by monitoring the distortions occur in weak grid
and send signal to the controller about the distortion.
It also allows the system to operate in normal mode
with a power factor of one. Here for monitoring the grid
PLL synchronization techniques is used because of its
fast and accurate dynamics. The output from monitor
is send to the proposed FOSMC controller. FOSMCis
closed loop controllers provide smaller total harmonic
distortion, eliminates system uncertainties. The pro-
posed controller output send feedback to the inverter
about the distortions occurs at the side of the weak grid.

2.1. Mathematical modelling of PV cell

The PV cellsare the basic unit and the integrant of a PV
panel. When exposed to light, its electrical properties
such as current, voltage, and resistance changePV cell
electricity can be used for powering the load (Figure 2).
The VI characteristics equation of PV cell can be
specified in mathematical description as follows:

q(Vp+IpRs) (Vp _|_ IpRs)
=1 —1, ] | - VP EIRY
p= AT {e } Rsh

I = G [Isc + Ki(T¢c — Tp)]

T\ 3 [qEG((%)*(%))]
Io = IR5<—> (4 e

Tr

Where, I} - currentfrom PV panel; I,-saturationcur-
rentof diode; Rg-series resistance of cell; A -Ideality
factor of Diode; k -Boltzmann’s constant (1.38 x 10-23
W/m2K); q -magnitude charge of on an electron
(1.6 x 10-19C); Tc- working cell temperature; Ig-
current occur at short circuit; Ky-temperature coef-
ficient of short circuit current; T,- reference tem-
perature; Ipg- cells reveres saturation current; EG -
semiconductor’sband-gap energy.

2.2. MPPT using WOA method

Under certain conditions, MPPT is a charge controller
algorithm that is used to track the maximum avail-
able power from a PV module. Solar radiation, ambi-
ent temperature, and solar cell temperature affects
the maximum power of PV module. Here WOA
method of MPPT is used. The Whale Optimization
Algorithm (WOA) was an innovative stochastic pop-
ulation algorithm. This algorithm was inspired by the
social behaviour of humpback whales. Exploration and
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Figure 2. Single diode model of a PV cell.
exploitation are the two stages of the search process. CMm = k/RfV

The first phase algorithm looks through the entire
search space. In this paper, the second phase includes
a detailed investigation of the optimal values of the
PID controller Kp, Ky, and Kg. WOA mimics hump-
back whale hunting behaviour. Humpback whales can
be seen foraging by blowing distinctive bubbles in a
nine-shaped pattern. After several iterations, whales
represent the search agents that will be used to find the
best value for the controller gains.

2.3. Boost converter

The boost converter is a medium for transferring
energy from a PV panel to ZSI. This is accomplished
through the use of four components:a diode,an capac-
itor,an electronic switch andan inductor. The connec-
tion of a boost converterdepicts in Figure 3. It forms a
switching cycle while processing energy absorption and
injection. The average output voltage of the converter is
controlled by the duration of the switching on and off
time.

To avoid the inductor current Ij obtaining zero and
to get desiredvoltage ripple, the inductor and capaci-
tance value should be determined. Let,

M = (1 — k)*Kr/ 2f

Where Ly indicates the inductanceminimum value,
CwM represents thecapacitanceminimum value, R indi-
cates the output resistance of the converter, and f indi-
cates the switch’s frequency, V, represents the output
voltage ripple factor.

V; can be written as,

Vr =-A- Vout/Vout
Vout = Vin/1 - K

2.4. Single phase ZSI

Traditional VSI and CSI cannot provide features that a
single phase ZSI can. It is straightforward, with only
two switches. Furthermore, unlike conventional cir-
cuits, the ZSI circuits sharecommon groundfor input
and output.

This inverter performs an unsymmetrical charac-
teristic. Theinductors(L,, Lp),capacitor (C), and input
voltage source (Vj)make up the unsymmetrical Z-
source network. The coupled inductors L, and Lycan
act with any coupled factor. Where“d” is the S1’s duty
ratio, and the coupled inductance of L, and Lpis men-
tioned as M. During a switching period, two states
existand Figure 4 depicts the ZSI equivalent circuit of
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Figure 3. Boost converter.

X

Figure 4. Single phase ZSI.

switching period. Turned on the switch S1 and off the S2 Cr(dvout/dt) = ira + it — fout
switch in state 1. Dt denotes the time interval of statel
and t is the switching period of the state. In next state, In state 2,we can get,
turn on the switch S2 and off the S1.(1-D) tis mentioned ' ,
as the time interval in this state (Figure 5). Lo(dia/dt) + M (Lodirp/dt) = =V,
At state 1 we get, Ly(dipp/dt) + M (Lydira/dt) = —Vig
C1 (ch/dt) = _iLa
Lo(dipa/dt) + M (Ladirp/dt) = Vin — Vout Cf(dVout/dt) = —iout
Lb(diLb/dt) +M (LbdiLa/dt) =V — Vou

At steady state, Vc = Vin, Vout/Vin=2D - 1/D, I}, =
G (dVC/dt) = —ipp fout> ILb = (1 - D/D)iLa

1L,

7

i o
Vo ‘To R | Cs
v

Figure 5. Equivalent circuits of switching period.
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Figure 7. Schematic diagram of proposed FOSMC.

2.5. Grid monitoring

Grid monitoring is essential in a grid-connected PV
system’s control system. When fault occurs at voltage
side on the weak grid, the PV system should instantly
retaliate by grid fault operational mode switching rather
than turning off. For fast and accurate dynamics, the
most efficient technique, namely PLL synchronization
techniques, should be used. Figure 6 depicts the basic
composition of a PLL systemandit consists of compo-
nents like Phase Detector, Loop Filter and VCO. To
improve the PLL filtering capability, the LF block is
represented by a PI controller. An integrator is repre-
sented by the VCO block. The PD works similarly to a
sinusoidal multiplier.

3. Implementation of the proposed fractional
order sliding modecontroller

Under distorted load conditions, the FOSMC scheme

maintains output voltage quality. Furthermore,

compared to model predictive control and traditional
SMC methods, the proposed control strategy employs
fewer voltage sensors. The Lyapunov stability theorem
demonstrates the controller’s stability. Droop control
is intended to ensure proper power sharing in a weak
grid system. To obtain precise power-sharing with the
load, the virtual output impedance loop is used. The
modulation signals are obtained using control laws, and
SPWMscheme is used to generate single phase ZSI's
gate signals (Figure 7).

The proposed controller strategy regulates the ZSI
external terminal voltage Vg’s rotatory reference frame
d and q-axis.

AV /d* = Vgq = d*Vga/dt* = f1(Vgas Vggs Lo Igq)
+zmg + B4
2 2 - 2 2
d"Veq/dt” = Vgq = d"Vig/dt" = fg(Vga> Vigg» Iga> Igq)
+ qu + ﬂq
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Figure 8. Flowchart for the proposed fractional-order sliding mode

where, z = V4c/2LCy, B4, Bq — model disturbances

fa = 2w (dvgy/dt)~(R/L) (dvga/ dt)
+ (@*- (1/ LC)) Vg + (Rw/L) Vgq)
-((1/ Cy) (diga/dt)
+ (/Cf) Igg-R/ LCflgq
fy = 20 (dvga/dt)~(R/L) (dvgy/dt)
+ (@*~(1/ LCp)) Vgg + (Rw/L) Vigg)
~((1/Cy) (digg/dt) + (w/Cf) Iga—R/LCslgq
where,
z = Va/2LCy

B4 Bq — model disturbances; f; and f;- nonlinear func-
tions.

control.

FOSMC is built around the sliding surface and the
control lawparameters. Using the control law the sys-
tem tracks the sliding surface. The d and q-axis control
loops non-integer sliding mode surface is defined as
follows:

S4 = E4 + AD* ! (sig(Ey)”)

Sq = Eq + ADY ! (sig(Eg)")

Eq= ng_ngref

Eq = Vgq~Viaref
where Eq and Eq represent voltage-tracking error
and D%"! represents the fractional integral of (ox—
1)™order. Where,, y and A are positive design choices

parameters (¢ < 1 and y < 1). The control laws on a
sliding surface to slide the system to ensure fast and
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Figure 9. P-V Characteristic of PV array.
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Figure 10. I-V Characteristic of PV array.

robust voltage-tracking error convergence are as fol-
lows:

Sa=fa+zmg+ Ba+ ArtD”(sig(En)")

Sq = fq + zmg + By + AreD (sig(Eg)")

mg = —[fa + Ar.D” (sig(Ea)”) + Kasgn(Sa)l/z
mg = —[fy + AreD¥(sig(Eg)”) + Kysgn(Sy)1/ z

where K and K are sliding gains.

Positive-defined Lyapunov candidate functions can
be used to justify the proposed controller:

V() =1/2(S;+52)

The time derivative of with respect to time we get
(Figure 8):

V(t) = S48 + SqSé = Sd(i}gd + Ar.D% (Sig(Ed)y)
+ Sq(i}gq + Ap D” (Sig(Eq)y))
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Figure 11. Voltage, current and power of PV system after MPPT.
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Figure 12. Output of boost converter voltage.

4. Simulation results and discussion

The simulink model for the proposed system was cre-
ated in MATLAB/SIMULINK and runs on a Windows
10 operating system with an i7 processor, 1TB hard
disk, and 8GB RAM.

In weak grid system, the FOSMC is applied to a
single phase ZSI circuit where the PV module pro-
vides power to the load. The cell parameters for a Sun

Power SPR-305 WHT mono-crystalline silicon module
are used as follows:

The cell parameters are used are tabulated in Table 1.
Figures 9 and 10 represents the solar PV and IV charac-
teristics obtained at the cell temperature 25°c and irra-
diance of 1000 wb/m?. Solar radiation, ambient tem-
perature, and the temperature of the solar cellaffect
the maximum power. At 25°C cell temperature, the PV
module prompts power with a maximum voltage of
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Table 1. Cell parameters of PV module.

Table 3. Comparison of PV inverters.

Parameters Specification ZS| VSI csl
Peak power 60 W Voltage and Voltage will be Current will be
Peak power voltage 1432V current varies constant constant
Peak power current 3.14A Applicable to all Applicable to dc-ac Applicable to dc-ac
Rated PV array voltage 200V dc-ac, ac-dc, power conversion power conversion
Solar radiation, G 1000 W/m2 ac-ac, and
short circuit current 2.24A dc-dc power
Voc 169V conversions
Temperature coefficient of Isc(K) 0.0017 A/°C Input and output Input and output Input and output
Cell temperature, T 25°C shares common doesn't shares doesn’t shares
ground common ground common ground
Voltage stress is Voltage stress is Voltage stress is
Table 2. Boost converter parameters. minimum across maximum across maximum across
the switches the switches the switches
Parameter Value capacitors and capacitor is inductor is
inductors are employed in the employed in the
L 0.01TH R . .
employed in the d.c. link. d.c. link.
¢ 2mF dc. link.
R . . 2mF It functions as a It functions as a It functions as a
Elgctronlc switch IRF540N constantvoltage low-impedance constant current
Diode MBR1060 source. voltage source. source.
It operates in buck It operates in either It operates in either
-boost mode in buck or boost inbuck or boost
30 mode mode
The main circuits The main circuit The main circuit
20 can be swapped cannot be cannot be
o 10 out. swapped. swapped.
¥ Not vulnerableto vulnerableto the EMI vulnerableto the EMI
z0 the EMI noise noise noise
= Low Harmonic Substantial amount Substantial amount
-10 distortion of Harmonic of Harmonic
20 distortion. distortion
Less Power loss High Power loss High Power loss
Ty — " s s " L L . Higher efficiency Low efficiency Low efficiency
0.06 0.07 0.08 0.0‘Jﬁmeo_l 0.11 0.12 0.13

Capacitor Current

1 L L

-6 L L
0055 006 0065 007 0075 008 0085 009 0.095

time
Figure 13. Voltage and capacitor current of ZSI.

around 16 V. At hotty day, the voltage will drop to 15V
and on cold day voltage rise to 18 V. The voltage, current
and power of PV cell using MPPT is shown in Figure 11.

The boost converter, which is linked between the
solar panel and the load, is used to vary the duty cycle
to keep the operating voltage at the maximum power
point. Table 2 lists the Boost converter’s parameters
(Figure 12).

CSI, VSIandZSIare commonly used as PV inverters
in grid connected PV system. While comparing the-
sePV inverters, Z Source inverter is preferred more than
VSI and CSI in most of the applications due to advan-
tages like buck- boost mode and low THD (Figure 13
and Table 3).

MATLAB/Simulink is used to signify the perfor-
mance of the proposed FOSMC for ZSI. The proposed
technique’s results are compared to the conventional

Table 4. Z Source InverterParameters for FOSMC.

Parameters Value
Switching frequency 50Hz
Capacitor 180 pF
Inductor 54mH
Passive elements 2L,1C
Active elements 2
Table 5. Parameters used for comparing FOSMC, PID, PR.
Controller Parameters Value
PR KP 10
Kr 400
PID Kp 300
Ki 50
Kd 10
FOSMC A 1000
y 1

PID and PR controllers. Tables 4 and 5 show the inverter
parameters as well as the control parameters. The pro-
posed controller’s effectiveness is assessed by compar-
ing THD, steady-state error, settling time, and robust-
ness.

The Figure 14 depicts the output waveform of volt-
age and current of the proposed FOSMC-based ZSI.
Both waveforms are stable and sinusoidal, as can be
seen. The reference sinusoidal signal is tracked by the
proposed controller efficiently to indicate the control
framework’s robustness and precision. Figure 15 shows
the Voltage at d and q axis. The Total Harmonic Dis-
tortion of FOSMC’s output voltage is 0.39%. Figures 17
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Figure 15. Voltage at d and q axis.

and 18 shows the THD Spectrum as well as the wave-
forms of the PID, PR controller’s output voltage and
current. The THD of the PID and PR output voltages
is 0.87 and 1.76%, respectively Figure 16.

Based on simulation results, the proposed FOSMC
performance is more robust and precise than other con-
trollers. The FOSMC is unaffected by external distur-
bances or system uncertainties. It has very good voltage
regulation performance and exceptional THD compen-
sation. As a result, the FOSMC-based ZSI is best suited

S
)

for poor grid performance. Table 6 compares the THD,
steady-state error, robustness, controller complexity,
response time, and tracking accuracy of the proposed
FOSMC, PID, and PR controllers. The FOSMC adds a
degree of freedom that improves robustness and accu-
racy.

The proposed method is worthy to analysis the real
time faults occur in power system. These faults or short
circuits are caused primarily by overvoltage caused
by switching, overvoltage caused by lightning strikes,
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Figure 16. THD spectrum of FOSMC based ZSI.
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Figure 17. Voltage and Current of PID,PR Controller based ZSI.
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Figure 18. THD spectrum of PID, PR Controller based ZSI.

Table 6. Performance comparison of FOSMC, PR, PID con-
trollers.

Parameters FOSMC PID PR
THD% 0.39 0.87 1.76
Steady state error 132 1.98 2.23
Robustness Very High Moderate Moderate
Controller complexity Low Low Low
Response time Very High High High
Tracking accuracy Fast Moderate Moderate

bridging of conductors by birds, and sudden interrup-
tion of heavy load. Although these over voltages are
not strong enough to damage system insulation, they
should be avoided to ensure the smooth operation of
the electrical power system. Overvoltage stresses on the
power system are typically transient in nature. Grid
monitoring helps the system to stable by monitoring the
voltage distortions occur in powersystem and send sig-
nal to the controller about the distortion. FOSMCelim-
inates system uncertainties with smaller total harmonic
distortion and send feedback to the inverter about the
distortions.

5. Conclusion

In this paper, the Fractional order SMC technique
was proposed for single phase ZSI fed PV system in

0 02 04 06 08 1 12 14

4

‘ |H‘|lll|||u|

Harmonic Order

Mag(%¢ of Fundamental)

weak grid. The proposed fractional-order SMC'’s per-
formance was evaluated by comparing it to PID and PR
controllers. This control strategy can effectively elimi-
nate the output voltage THD and improves robustness
and accuracy. It maintains excellent voltage regula-
tion, as measured by steady-state error. External dis-
turbances and system parametric uncertainties had no
effect on the FOSMC. The Lyapunov stability theory
was used to signify the stability of the FOSMC control
strategy in a weak grid. MATLAB can be used to val-
idate the simulation results. The system will give the
FOSMC system greater control strategy in a weak grid
because of its excellent voltage regulation contribution.
Future research should take into account the accu-
racy and resilience of the reactive power management
solution as well as the FOSMC.
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