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Self-Adjustable Step-Based Control Algorithm for
Grid-Interactive Multifunctional Single-Phase

PV-Battery System Under Abnormal Grid Conditions
Shailendra Kumar , Member, IEEE, Laxmi Narayan Patel, Bhim Singh , Fellow, IEEE, and A. L. Vyas

Abstract—This article deals with the single-phase grid interac-
tive multifunctional solar PV (photovoltaic) system with seamless
power transfer capability. This multifunctional PV-battery system
is also helpful to enhance the quality of power in the utility grid. The
system provides an uninterrupted power to nonlinear loads during
the nonavailability of utility and renewable energy resource. This
PV-battery system comprises two stages. First stage is a PV array-
boost converter along with a battery energy storage-bidirectional
converter that is integrated at dc-link and another is voltage source
converter (VSC), which performs the task of harmonics elimination
and injection of harvested energy to the utility along with nonactive
power compensation. In standalone mode, the shape of load volt-
age is sustained sinusoidal by islanded technique. A proportional
integral controller is used to sustain the dc-link voltage to a specific
value. In order to improve the dynamic response of the PV-battery
system, a feedforward control for solar PV participation is used. A
self-adjustable step-based control is introduced for the VSC in this
work. This estimates the real power reflecting portion of the load
current in order to show the features of the PV-battery system.
Simulation studies are carried out in MATLAB Simulink. The
experimental performance of the developed PV-battery system is
found satisfactory even under abnormal grid condition.

Index Terms—MPPT, power quality, PV, sag, swell, VSC.

I. INTRODUCTION

NONCONVENTIONAL energy sources such as solar
energy is clean, green, and free source of energy. The other

advantages of the solar energy are that it does not produce the
greenhouse effect and it is present in nature abundantly. So, the
photovoltaic (PV) system becomes popular due to easy installa-
tion and less maintenance. Moreover, the cost-effective topology
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is a major concern for the good design engineers. The PV-battery
system is becoming popular because it is reaching parity to the
grid [1], [2]. However, under loss of the distribution network,
grid-connected solar systems are necessary to shut down because
of protection reasons. Therefore, for supplying uninterrupted
energy to the emergency load and for peak power saving, a utility
interactive PV-battery system with energy storage is an attractive
solution [3], [4]. Here, a battery storage also provides the
smoothing facilities to the intermittent PV generation. Moreover,
a bidirectional power converter is an essential component to
control the operation of the battery storage in both the
modes.

Solar energy produced by PV cell depends on the irradiance
and temperature. Both quantities are variable; also, the V–I curve
of the PV array is nonlinear in atmosphere. Therefore, in order to
extract the crest energy from a PV array, there is only single point
on power vs. voltage curve. This operating point can be varying
depending upon the climate conditions. So, the researchers
have investigated several algorithms for maximum power point
tracking (MPPT). The MPPT controllers for grid-connected PV
array have been reviewed in [3]. The perturb and observe MPPT
technique with variable step size for standalone PV system is
introduced in [4]. The MPPT method based on change in conduc-
tance is introduced in [5]. An incremental conductance method
is used, in this article, because it is easy and simple to implement
and it also results in good performance under varying insolation.

For many purposes, grid-connected voltage source convert-
ers (VSCs) are used. Several VSC-based topologies for grid-
connected systems are presented in [6]. Distribution static
synchronous compensators (D-STATCOMs) and active power
filters built with VSC are introduced by researchers. D-
STATCOM comprises current-controlled VSC, which feeds
current at point of common coupling (PCC) through the in-
ductor. The operation of VSC is accomplished with the help
of dc-link capacitor with specific voltage across it. VSC is
treated as shunt-connected device in many applications. There
are many control algorithms available for the D-STATCOM.
Compensations based on current error for VSC current con-
trol in weak grid for wind farm applications are presented
in [7]. A control method, which uses second-order general-
ized integrator, is presented in [8]. Many researchers have
shown that the grid-connected PV-battery system is used
for other purposes rather than only feeding power to the
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grid like reactive power compensation, maintaining the dc-
link voltage. The dc-link voltage control and reactive power
compensation using fuzzy-PI (proportional integral) con-
troller in the grid-interfaced solar PV-battery system with D-
STATCOM capability are presented in [9]. Harmonic elimina-
tion based on lattice wave digital filter in grid solar PV system
is presented in [10]. The high-precision quadrature control for
three-phase single-stage grid-connected PV-battery system is
presented in [11]. Seamless transition of single-phase utility
interactive PV-battery system between standalone and grid-
interfaced modes is presented in [12]. The power quality features
of various topologies of grid converter are presented in [13]. To
reduce the burden from PI controller caused by changing the load
and for providing load compensation, feedforward term is used
in control so that there is minimum overshoot in the dc-link volt-
age. The literature, which has used digital filter-based method for
active filtering, is presented in [14]. Adaptive harmonic detecting
with variable step size approach applied to active power filters
is presented in [15]. In this work, self-adjustable step control
technique is applied for utility-tied PV-battery system. The
control technique gives a separate estimation of load current,
losses, and PV power participation. The unpredicted change in
insolation level is controlled by feedforward control taken into
account real power variation from a PV array, which reduces
the burden from a PI controller. The nonideal grid condition is
considered in this work. A wide range of results are obtained
for abnormal grid conditions, changes in the load, and climatic
condition. In this work, performance of PV-battery system is
found satisfactory.

Under injection of extracted PV energy to the utility grid,
the grid interactive PV-battery system must furnish a stable,
sinusoidal ac voltage matches with utility voltage and frequency
in accordance to the IEEE 1547 [16]. Therefore, a compact
reliable and tight synchronization scheme is required. However,
poor synchronization schemes lead to damage of sensitive loads,
instability and many times disappearance of distribution network
itself. In last decades, the phase-locked loop (PLL) provides
mechanism for synchronization of VSC to the utility grid due
to their robustness and tracking ability [17], [18]. Synchronous
reference frame (SRF)-PLL is quite robust and calculates the
phase angle at high speed if the system is purely sinusoidal [19].
However, under wide variation and harmonics present in the
input signal, these techniques experience large variation in the
extracted signal [20]. In order to achieve enhanced performance
under distorted conditions, the PLL uses either pre-filter or
in-loop filter. Under voltage distortion condition, single-phase
SRF-PLL is quite sensitive to harmonics and synchronization
with grid voltage, which also affects the estimated phase and
frequency of distribution network. Therefore, in this article, a
third-order sinusoidal integrator (SSI)-based control approach
[21] is utilized to assess the angle and frequency adaptability
of distribution network and to eliminate dc offset error. The
third-order SSI-based approach with variable learning control
improves the inherent disturbance rejection capacity of PLL.

The grid interactive system also operates during the grid
failure. Therefore, to desynchronize the system from the grid
during the fault, a robust and simple islanding detection scheme

is required [22]. Many researches have reported the issues of
islanding detection [23]. In the last few years, a communication-
based islanding, active and passive methods and hybrid meth-
ods are investigated. These methods have their own merit and
demerits, for example, communication-based methods, which
cover most of the nondetection zone (NDZ) but because of extra
communication device, this method is costly. However, passive
islanding technique has large NDZ as compared to communi-
cation but it does not require any communication device. In
this article, the NDZ is very small and the system rating is also
small so there is no extra need of communication device for
the islanding detection. Therefore, a simple passive islanding
detection technique based on measurement of grid voltage mag-
nitude, phase, and frequency is used. The outcome and benefits
of PV-battery microgrid are described as follows.

1) Here, a simple, seamless transfer passive detection tech-
nique is used, which requires only information of grid
voltage, angle, and frequency, and does not require any
additional telecommunication device for detection of is-
landing. The operational cost is low and smooth transfer
also protects loads from severe faults at transitions.

2) The system is controlled even under change in grid pa-
rameters at appearance and disappearance of the distribu-
tion network and polluted utility scenarios. The PLL is
inherently sensitive to the disturbance and noise and has
low tracking accuracy under dynamic and polluted condi-
tions. The mode transfer control along with third-order
SSI-based approach resolves the limitation of standard
PLL. In PLL, frequency and synchronizing signals are
not determined in dual loop. Therefore, it is realized that
at the variation of input grid voltages, the functioning of
the PLL becomes poor as compared to third-order SSI.
The third-order SSI control remains stable even at low
loop gains as it has dual loop.

3) In utility interactive mode, dc–ac converter of the system
performs as a compensator unit to mitigate higher order
harmonics frequency of the load and supply necessary
reactive power. In addition, at unavailability of grid, the
structure of load voltage is sustained by islanded algorithm
to transfer the energy to loads efficiently.

4) The transfer of control algorithms from grid-interactive
to standalone and re-connection is acquired without any
instability and interruption in load voltages. The operation
is very difficult at nonlinear unbalanced load condition as
the magnitude of voltage and the frequency of it vary and
prevent from damage of residential loads.

II. SYSTEM STRUCTURE

The grid-interactive multifunctional PV-battery system is il-
lustrated in Fig. 1. This system comprises four major parts. The
first one is solar energy conversion system (SECS) consisting
of two stages, a boost converter and a VSC. The second one is
a battery storage with a bidirectional converter. The third one
is load coupled at PCC and the fourth major part is a single-
phase distribution grid. It consists of an interfacing inductor
and a ripple filter. In order to make PV array of 4 kW rating,

Authorized licensed use limited to: Auckland University of Technology. Downloaded on May 28,2020 at 20:08:46 UTC from IEEE Xplore.  Restrictions apply. 



2980 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 56, NO. 3, MAY/JUNE 2020

Fig. 1. System structure of PV-battery-based grid interactive system.

series- and parallel-connected PV panels are used. To obtain
the crest power from a PV array, MPPT control is used with
a boost converter. The boost converter output is given to the
dc-link of VSC. Extracted solar PV energy is given to the grid
by the VSC of PV-battery system that also improves the quality
of power at single-phase utility network. A full-bridge VSC
having four switches (IGBT) with interfacing inductor is tied
to the single-phase utility. Although to reduce the switching
ripples in PCC voltage, an R-C filter is tied at PCC. The use
of a battery storage suppresses the fluctation in output power of
the PV array and supports the distribution netwrok at peak load
demand hours. Under outage of utiltiy grid and low or zero power
generation from the PV array, it supplies the energy to meet the
emergency load demand. For import/export power to/from the
grid, a back-to-back static transfer switch (STS) arrangment is
used. The opening and closing of these switches are decided by
availability of the main grid.

III. CONTROL APPROACHES

The behavior of PV-battery system depends upon the control
approaches. The control strategies include the adjustable step-
based technique to control the system in current control mode,
islanded algorithm, bidirectional dc–dc converter-controlled
battery and synchronizing controller with passive islanding de-
tection technique for shifting the control from adjustable step
based technique to voltage control mode. The current control
technique is presented in Fig. 2. The parameters which are
sensed are PV array voltage (Vpv) and current (Ipv), dc-link
voltage (Vdc), load current (iL), grid voltage (vg), and current
(ig). Hence, total six parameters are sensed for control and
feedback. One can categorize this overall control algorithm into
two sections. The first one is control for a boost converter, which
determines the duty cycle in which a boost converter operates
to perform the MPPT function. Maximum obtained power from
a solar PV array is given to the dc-link of VSC that injects the
power to the utility grid. The system injects the extracted power
into the grid along with improvement in the quality of power
in single-phase grid, hence the system is said multifunctional.
The grid current remains sinusoidal with unity power factor

Fig. 2. VSC control in grid-tied mode.

(UPF) irrespective of the load condition. All the reactive and
harmonics currents demanded by the load are given by the VSC
that is allowed by the introduced control algorithm. However,
the estimation of duty cycle of battery converter is carried out
for different charging and discharging scenarios.

A. Control for VSC in Grid-Interactive Mode

The VSC, which is a second stage of SECS, is an important
part because it performs the tasks like injection of solar PV
power into the grid, compensation of reactive power, rejection of
harmonics of current, and power factor enhancement to unity. In
order to achieve these tasks, the current of VSC is controlled. The
introduced control technique works on the principle of balancing
the real power component of distinct component of currents
involved at PCC. The detailed explanation of the self-adjustable
step-based control algorithm is given here.

To extract the synchronization signal (up), the PCC voltage
is sensed. Synchronization signal is sinusoidal in nature with
unity magnitude and the same phase as PCC voltage. To obtain
the synchronization template, estimation of the peak of the PCC
voltage is necessary, which is given by

Vp =
√

v2
α + v2

β (1)

where Vp is the peak value of voltage at PCC, vα is the grid
voltage, vβ is the 90-degree phase advanced grid voltage. This
peak value of the PCC voltage is used to obtain the synchroniza-
tion signal, which is given as

up = vα/Vp. (2)

A self-adjustable step-based control is used to obtain the peak
load current. In the introduced control, only one neuron is used
for this system. The governing equation is as [24], [25]

Zp (k + 1) = Zp (k) + 2γpe (k)up (3)

where γp is the phase neuron learning rate. One can keep
this phase neuron leaning rate adjustable. The equations for
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Fig. 3. Self-adjustable step-based control to extract peak load current.

maintaining the adjustable learning rate is given as

γp (k) = ε
(

1 − exp
{

1 − ρ|x (k)|2
})

(4)

x (k) = τx (k − 1) + (1 − τ) {e (k)− e (k − 1)} . (5)

The difference between sensed and estimated output is given
as e(k) and e(k − 1). The constants are ε, τ, ρ, which are
chosen as 0.55, 0.45, and 0.8, respectively [24]. Full algorithm
is demonstrated in Fig. 3. According to the load current, γp is
adjusted.

The PV power participation is combined for reference grid
current generation and this is obtained as

Ipvff = Ipvg = 2Ppv/Vp. (6)

If one considers the system to be lossless, then Ipvg is the peak
value of the grid current at that time, and the load is compensated
and consumes no real power. Now to fix the dc-link voltage, a
PI controller is used. The loss portion of VSC is the output of
the PI controller, which is calculated as

Iloss (n) = Iloss (n− 1) +Kp {Vdc (n)

−Vdc (n− 1)}+KiVdc (n) . (7)

The peak value of the grid reference current is achieved by
combining the losses, real load power, and PV power participa-
tion, which is given as

Igp = ILp + Iloss − Ipvg. (8)

The synchronization signal that is extracted earlier from PCC
voltage is multiplied with the peak value of the reference grid
current to obtain the instantaneous grid current. The current
controller accepts the sensed grid current and this reference grid
current accordingly generates the gating pulses for VSC.

B. Control for VSC in Islanded Mode

Fig. 4 shows the control approach for single-phase VSC based
on the αβ to dq transformation. An orthogonal component of
load voltage is generated by using in-phase, which is equal to
the quarter cycle delay of the load voltage and it is considered
as the β component. The obtained dq voltage components are
compared with the reference dq components to generate the
voltage error for the PI controllers. The output of the PI controller
is considered as dq components of the VSC current and further

Fig. 4. Control approach for single-phase VSC.

Fig. 5. Battery controller.

these are converter into αβ components. The transformation
from αβ to dq and dq to αβ is given as

⎡
⎣
vLα

vLβ

0

⎤
⎦ =

⎡
⎣
cosωt −sinωt 0
sinωt cosωt 0

0 0 1

⎤
⎦
⎡
⎣
vLd

vLq

0

⎤
⎦ (9)

⎡
⎣
iLd

iLq

0

⎤
⎦ =

⎡
⎣

cosωt sinωt 0
−sinωt cosωt 0

0 0 1

⎤
⎦
⎡
⎣
ivscα
ivscβ

0

⎤
⎦ . (10)

The in-phase component (ivscα) is compared with the sensed
VSC current to generate the switching pulses for the single-phase
VSC.

C. Control of Battery Storage

For the battery storage control, the reference dc-link voltage
is compared with the sensed dc-link voltage and given to the PI
controller for estimation of battery reference current as shown
in Fig. 5. The Ibatt∗ is compared with the sensed battery current
(Ibatt) and the output is given to PI current controller to estimate
pulses for the bidirectional converter as

D(n+ 1) = D(n) + kpi{Iberr(n+ 1)

− Iberr(n)}+ kiiIberr(n+ 1) (11)

where D is the duty ratio, Iberr is the battery current error, and
Kpi and kii are the gains of PI controller.

At outage of PV source and utility, a drop-off in the dc-link
voltage takes place. The converter is controlled in boost mode
and enabling the power flow from the battery to the dc-link and to
supply power to the dedicated loads, thus discharges the battery.
When the PV power is available, and the grid outage is there,
then the dc-link voltage rises. Now the converter is operating
in buck mode, and enabling the power flow from dc-link to the
battery, thus, charges the battery. The control of the battery is
also managed in the grid-connected mode under outage of a
PV array. When the battery state of charge (SOC) is less than
a defined value (≤90%), then the current controller injects the
current to the battery, generally when the unit cost of the energy
is low. However, under outage of a PV array and the grid, there
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Fig. 6. Third-order SSI-FLL-based control for phase and frequency
estimation.

Fig. 7. Block diagram of third-order SSI.

is a decrease in the DC link voltage, so the discharging of the
battery happens and the battery supplies energy to the load.

D. Synchronization and De-Synchronization With Third-Order
Sinusoidal Integrator

The evaluation of phase and frequency for the synchroniza-
tion is achieved through the third-order SSI-based technique.
The in-phase and quadrature components of grid voltage are
also extracted using the third-order SSI and converted into the
stationary reference frame. The estimated frequency and angle
errors are minimized through the PI controller as shown in Fig. 6.

The block diagram of third-order SSI control is shown in Fig. 7
in order to estimate the fundamental grid voltage, frequency, and
phase angle. The mathematical expression of third-order SSI is
estimated using the Mason’s gain formula as [21]

Tf (s) =
vsα1(s)

Vsα(s)
=

Fp

1 −
(∑no.of loop

L=1 FL

) (12)

where Fp is the forward path and FL is the number of loops.
The total four loops are in the SSI control. Therefore, forward
path and loop gains are estimated as [21]

Fp =
G1ω

2
n

s2
and

(
4∑

L=1

FL

)
= F1 + F2 + F3 + F4 (13)

where the values of loop paths are given as

F1 =
−G1ω

2
n

s2
F2 =

−ω2
n

s2
F3 =

−G2ω
2
n

s3
F4 =

−G2ωn

s
. (14)

Using the above equations, the transfer function is derived as

Tf (s) =
vsα1(s)

Vsα(s)
=

G1ω
2
ns

S3 +G2ωns2 + (G1 + 1)ω2
ns+G2ω3

n
(15)

where ωn is the natural frequency and G1 and G2 are positive
gains of the controller. The value of G1 is selected less than
2 and then the value of G2 is tuned to get good steady-state

Fig. 8. Frequency plot of third-order SSI control with various value of gains.

and dynamic responses. Here, frequency analysis is performed
by using various value of controller’s gains, which is shown
in Fig. 8. If the gains are beyond the selected value, the filter
response becomes poor. The stability of the system is good in
case of G1 = 1.6 and G2 = 2.2. However, for other values, the
system deviates from its path and have more dc offset and phase
shift between the estimated fundamental voltage and input to the
SSI-based control.

IV. SIMULATION RESULTS

The PV-battery-based microgrid with a bidirectional
converter-controlled battery is first developed in MAT-
LAB/Simulink and adjustable step-adaptive filter is utilized
for the developed microgrid. The performance of microgrid at
grid fault and recovery conditions, reactive power compensa-
tion, and improvement of dynamic response of the system, are
presented in this section. A diode bridge rectifier with a resis-
tance and inductance is used as a residential nonlinear load at
PCC. To analyze the various operating conditions, the simulation
is carried out in MATLAB. The abnormal grid condition is con-
sidered like grid outage and recovery, voltage sag, harmonics in
the PCC voltage, and the voltage swell along with analysis due to
change in the solar insolation. To show the features of PV-battery
system, a wide range of simulated results are presented.

A. Performance at Disappearance of Utility

Fig. 9 presents the response of microgrid at disappearance of
utility network. In these scenarios, an OFF signal “0” is delivered
to the static switches by the seamless transition algorithm and
the phase angle difference is gradually increased. The battery
is charged according to the state of change of the battery and
the battery voltage is sustained to its prescribed limit in islanded
mode. The solar generator supplies the energy to the load and the
storage. At fault in the grid, the amplitude, angle, and frequency
of the grid voltage are not in the specified limits, and distribution
network is separated from the microgrid. An optimum voltage
around 240 V is selected and it is boosted to 400 V by using a
bidirectional converter. The second harmonic is also mitigated
from the BES, which increased the life span of the battery.
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Fig. 9. Simulated behavior of microgrid at sudden outage of grid.

B. Performance at Sudden Recovery of Grid

Fig. 10 exhibits the simulation results of PV-battery multi-
functional system at utility recovery scenarios. The performance
is demonstrated in terms of utility and load voltage angles (θs
and θL), grid voltages (vs) and load voltages (vL), grid and
load voltages (vs and vL), grid currents (is), load currents (iL),
dc-link voltage (Vdc), battery voltage (Vbatt) and current (Ibatt),
and PV array current and voltage (Vpv and Ipv). After clearance
of fault at 0.2 s, the status of synchronizing turns on the STS
and the utility is tied to the VSC. Now, VSC is supervised
by the adjustable step-based current control scheme and begins
supplying energy to the distribution network. Till 0.2 s, the vs
and is are null. After appearance of distribution network, the
angle, frequency, and amplitude of vs, vL are well matched.
The energy across the emergency load is unaltered. The dc-link
voltage and battery voltage are maintained to their prescribed
values throughout the process.

V. EXPERIMENTAL RESULTS

In the laboratory, the system is implemented. The MPP effi-
ciency under steady-state condition is achieved around 99.8%,
which is presented in Fig. 11. This grid-connected PV-battery
system consists of solar array simulator (AMETAKE ETS
600/17), which performs the task of a solar PV array. The P–V
and I–V characteristics of this solar array simulator are the same
as rooftop PV array. The single-phase VSC, a boost converter,
RC ripple filter, Hall effect voltage sensors (LV25-P) and current

Fig. 10. Simulated behavior of microgrid at sudden recovery of grid.

Fig. 11. MPPT performance (a) at 1000 W/m2 and (b) at 400 W/m2.

sensors (LA55-P), nonlinear load at PCC are used. To convert
dc solar PV power to ac, VSC is used. Sudden change in the load
is created through MCB. In order to provide the isolation and
sufficient amount of signal, the opto-couplers are used between
the VSC and DSP (dSPACE-1103). All required parameters are
sensed and given to a DSP for generating the switching pulses
for the boost converter and VSC. An oscilloscope having four
channels and power analyzer are used to record test results. The
parameters of grid-connected PV-battery system are given in the
Appendix.

A. Behavior at Grid Restoration and Outages

Fig. 12(a)–(f) demonstrates behavior of grid interactive mul-
tifunctional system at utility restoration and outages conditions.
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Fig. 12. Experimental results at disappearance and connection of utility.

Fig. 12(a) and (b) presents the utility current (is), utility and
load voltage angles (θs and θL), and load current (iL). The
error between the angles is decreased after clearance of the
fault and utility grid is recovered. After clearance of fault, angle,
frequency, and amplitude of grid and load voltage are observed
by the synchronization/islanding technique and provides “1”
signal to the switches at appearance of the grid. Furthermore,
grid-interactive multifunctional system is supervised using cur-
rent control technique and starts injecting energy to the utility
grid. The load power is uninterrupted throughout the process,
islanding to utility-tied mode and vice versa. The utility voltage
(vs), load voltage (vL), battery voltage (VBES), and duty ratio of
bidirectional converter are exhibited in Fig. 12(c) and (d). The vs
and vL are matched as the utility appears. The value of duty ratio
is 0.2, which shows the optimum boosting of the BES voltage
equal to the dc-link voltage. Fig. 12(e) and (f) presents the vs, is,
PV current (Ipv), and battery current (Ibatt). After clearance of
fault, the energy storage is changed from charging to nonoperat-
ing zone and the storage voltage is regulated to its nominal value.
After fault occurs, the battery storage is transferred from the
floating mode to the charging mode as the solar power is shared
between the battery storage and residential load. At all operating
conditions, the demand of load is achieved either from renewable
source and the grid or from the battery storage. After sudden
disappearance of the distribution network, the phase angle dif-
ference between the θs and θL is increased as the grid voltage is
not available after the transition and STS is switched from “1”
to “0” as the difference in magnitude, phase, and frequency is
increased.

Fig. 13. Experimental results. (a) Utility voltage (vg) and current (ig).
(b) Utility powers (Pg , Qg) and power factor. (c) Harmonics graph of ig ,
(d) load voltage (vL), and current (iL). (e) Load powers (PL, QL).
(f) Harmonics graph of iL, (g) vg , and VSC currents (iVSC). (h) VSC powers.
(j) Harmonics graph of vg .

B. Performance at Nonlinear Load

Fig. 13 presents the experimental performance at nonlinear
load. Fig. 13(a)–(c) presents vg with ig , utility power (Pg and
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Fig. 14. Intermediate signals of the control algorithm.

Qg), power factor and harmonics content. The grid current
is sinusoidal and harmonics free. Total harmonics distortion
(THD) of ig is presented in Fig. 15(c), which is less than 5%.
The load current with load power and harmonics content is
shown in Fig. 13(d)–(f). The VSC current, VSC power, and
harmonics content of utility voltage are shown in Fig. 13(g)–(i).
The extracted power from PV string is sustained by VSC, which
is fed to the utility as well as to the load (2.36+ 1.38= 3.72 kW).
The negative sign ofPg furnishes that the power is supplied to the
distribution network, whereas zero reactive power is supplied to
the distribution network at UPF. Moreover, THD and harmonic
spectrum of vg are presented in Fig. 13(i), which follows the
criteria of the IEEE 519.

C. Intermediate Signals of Adjustable Step-Based Control

Various intermediate signals of VSC control technique are
presented in Fig. 14. In the self-adjustable step-based control,
four intermediate signals are presented in Fig. 14(a) and (b).
The output of the PI controller, solar participation current, and
the peak reference current are presented in Fig. 14(c) and (d).
Synchronization signal, sensed grid current, and reference grid
current are presented in Fig. 14(e) and (f).

D. Performance at Variation in Irradiance Level

The insolation level of PV array is reduced from 1000 to
400 W/m2 and the system dynamic behavior is obtained, which
is presented in Fig. 15(a) and (b). Because of decrease in PV
irradiance level, PV array current is also decreased, while the
dc-link voltage remains unchanged. The injected power in the

Fig. 15. Behaviour of system at various conditions (1) decrease in insolation.
(a) PV array voltage, Ipv , Ppv , ig . (b) PV array current, VSC current, dc-link
voltage and grid voltage. (2) Increase in insolation. (c) Vpv , Ipv , PV power, grid
current. (d) Ipv , VSC current, dc-link voltage, and grid voltage.

Fig. 16. Salient performance parameters of system under (a) voltage sag and
(b) swell conditions, vg , ig , Vdc, and Ipv .

grid also decreases, whereas reduction in VSC current is also
appeared. Similarly, when insolation level rises from 400 to
1000 W/m2, PV array current and power are increased. The
injection of power in the grid is also increased with VSC current
increment, which is demonstrated in Fig. 15(c) and (d).

E. Performance of PV-Battery System at Voltage Sag

When the voltage sag occurs from 240 to 210 V considering
nonlinear load at PCC, as shown in Fig. 16(a), the grid current
remains sinusoidal because harmonic elimination is performed
by the VSC. There is no significant effects in the PV voltage,
current, and output power. The dc-link voltage follows the
envelope of grid voltage means a decrease in the grid voltage
proportionally a decrease in the DC link voltage. This is called
adaptive dc-link. However, the converter injects the constant
active power at reduced voltage. Therefore, an increase in VSC
current is observed. This sag in the voltage is responsible for
load current to sag and swell the grid current.

F. Performance of PV-Battery System at Voltage Swell

When the voltage swell occurs from 210 to 253 V considering
nonlinear load at PCC, the grid-tied PV inverter response is
presented in Fig. 16(b). The grid current remains sinusoidal
because harmonic elimination is performed by the VSC but the
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nature of the VSC current is nonsinusoidal. Because of voltage
swell, there is no significant change in the PV array voltage,
current, and PV array output power. The dc-link voltage follows
the envelope of grid voltage means an increase in grid voltage
proportionally decreases the dc-link voltage. However, the VSC
injects constant active energy at increased voltage. Therefore,
reduction in converter current is observed. This swell in the
voltage is responsible for the load current to be an increase and
a decrease in the grid current.

VI. CONCLUSION

A single-phase two-stage PV-battery system with self-
adjustable step-based control algorithm for grid-interactive mul-
tifunctional topology has been used for injecting PV energy to
the single-phase ac utility and feed the power under outage of the
distribution network. This also enhances the quality of current
at PCC in grid-interactive mode. A self-adjustable step-based
control has been introduced for obtaining the peak load current
corresponding to fundamental part. The behavior has been eval-
uated with extensive changes in working states, consisting of
load change, weak utility scenarios, and variation in PV irradi-
ance. This PV-battery system adequately eliminates harmonic
component in utility as well as it decreases the losses in line and
enhances the voltage waveforms indirectly at PCC. The THD
in grid current is reduced under 5% even with nonlinear load
(THD ≈ 22.6%) PCC, which satisfies the IEEE-519 standard.
The PV grid-interactive system performance under steady-state
and dynamic conditions has been found satisfactory.

APPENDIX

System parameters: solar PV array Vmpp = 345 V, PV array
Impp = 12.5 A; solar PV array power 4.3 kW; battery rating,
240 V, 21 Ah; grid voltage 230 V rms and 50 Hz; supply
resistance and inductance 0.75 Ω and 2.42 mH, respectively;
interfacing inductor = 3.5 mH; ripple filter R = 6 Ω and
C = 6 μF; dc bus capacitor = 5 mF; boost inductor = 5 mH;
Kp = 1; Ki = 0.2; and nonlinear load = 3 kW.
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