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Abstract—Integration of solar photovoltaic plants into the distri-
bution systems using various power processing units produces the
harmonics that may cause malfunctioning of sensitive equipment
connected to the point of common coupling. To overcome this draw-
back, a novel adaptive current regulator is employed for the grid
interfacing voltage source inverter. In addition, a high-gain dc–dc
converter with a Kalman-based maximum power point tracking al-
gorithm is designed to achieve the high voltage level at the common
dc bus. To determine three-phase reference currents, the proposed
adaptive current regulator is designed by using a recurrent neu-
ral network trained with the Hebbian least mean square weight
updating algorithm. They are used to generate the three-phase
compensating currents for suppressing the harmonics present in
the system. The proposed method has several merits, such as better
harmonic mitigation ability, adaptive behavior, improved stability,
and lesser settling time, as compared with the conventional PI
controller. The system performance with the proposed current
control regulator is analyzed via MATLAB/Simulink. Comparative
analysis via simulation platform assures the improved performance
in terms of power quality, settling time, and stability of the proposed
controller. Also, the effectiveness of the proposed controller is vali-
dated under several transient conditions by developing a laboratory
scale prototype model with the dSPACE control desk.

Index Terms—Hebbian least mean square (LMS), high-gain
converter, Kalman-based maximum power point tracking (MPPT),
power quality, proportional–integral, photovoltaic (PV) system,
recurrent neural network (RNN).

NOMENCLATURE
Ppv Instantaneous power generated by a photovoltaic

source (W).
L1 Primary inductance of the coupled inductor (H).
L2 Secondary inductance of the coupled inductor (H).
Lk Leakage inductance of the coupled inductor (H).
Lm Magnetizing inductance of the coupled inductor (H).
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C1 Capacitance of the passive clamp circuit (F).
n Turns ratio of the coupled inductor.
d Duty ratio supplied to a MOSFET switch of the con-

verter.
Verror DC-link voltage deviation (V).
Iref(s) Reference current generated from controller.

I. INTRODUCTION

R ENEWABLE power injection to existing utility grid is
becoming essential to meet the electricity demand in the

future to come. The massive penetration of renewable energy
sources (RES) can reduce the use of fossil-fuel as well as protect
the environment from greenhouse gas emission. These factors
are the driving force for the researchers to orient their research
work toward integration of RES to the utility grid along with
their operation and control [1].

Among existing renewable sources, photovoltaic (PV) based
power generation has the better performance characteristics [2].
However, it has few limitations like low generating voltages, dif-
ficult in tracking maximum power point (MPP) due to sporadic
nature of solar irradiance, and poor power quality due to the
presence of power electronic converters and varying connected
loads in the system [3]–[5]. DC–DC boost converters are utilized
to match low voltages of the PV system at the common dc-link
bus terminals. The drawbacks with the conventional dc–dc con-
verters are sudden rise in input current, high power loss during
switching, and maximum diode reverse current [6]. Hence, dc
microgrid associated with the conventional converters suffers
from more losses, high strain, and less efficiency [7], [8]. In [34],
Ghiasi has provided the technical and economic evaluation of
renewable energy systems with power quality utilized by the
FACTS devices. Moreover, an optimization-based power quality
change method has been given for delivering differentiated
power quality in grid-tied renewable energy systems. In [35]
and [36], Liu et al. have proposed a transformer-based filter-
ing topology for power quality enrichment and management
in the dc source system of industrial application and the PV
power plant. Moreover, the effect of the weak coupling of
integrated reactor on the filtering performance and the residual
weak coupling, and the electromagnetic decoupling model of
transformer-based filtering topology have been analyzed.

In order to defeat the difficulties incorporated with conven-
tional converters, a high-gain, high-efficient power processing
units are employed for the microgrid system. In this article, a
novel scheme of high-gain more-efficient power processing unit
using coupled inductor connected in the interleaved manner [9],
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passive clamp circuit, and a storage capacitor along with Kalman
MPPT is presented. This high-gain converter improves the low
voltage level of the PV system even with less duty ratio and
reduced loss.

Integration of RES to the utility grid is very much essential for
the present power scenario to reduce greenhouse gas effect [10].
Hence, the PV power conversion requires better power quality
by regulating the voltage and frequency deviations. Therefore,
an accurate and faster controller is required for the operation
of grid-connected converters. Also, a filter circuit is required
for removing the harmonics generated by the power electronic
components [11], [12]. However, the inclusion of filter circuit
causes instability problem. This results difficulty for controlling
the voltage source inverter (VSI) [13]. The existing current con-
troller produces unstable and damping controller action while
controlling the grid connected VSI [14].

Control of grid-connected systems has moved away from the
conventional single-loop control to performance-oriented dual
loop control, i.e., voltage- and current-control loops. Maintain-
ing the quality of power being injected into the grid, the current
control loop plays a vital role in the grid connected system [15].
It is devised in the literature [16] that a PI current controller
is employed for grid-connected inverters to establish the output
current to follow a certain reference current, which is obtained
from required power transfer to utility grid. Prime limitation
of the PI current controller is its inability to operate effectively
under unbalanced conditions. The PI current controller generally
fails to follow a sinusoidal reference without the steady-state
error. Therefore, a nonlinear intelligent technique with recurrent
neural network (RNN) has been employed to reduce the harmon-
ics produced in the system, and also to get superior control over
grid injected reactive power [17]. RNN is an effective control
technique compared with the conventional control schemes be-
cause of its self-adjustment capability during system parameter
variations, and it works well under the noisy conditions. It also
provides better performance during large load change [18]. The
performance of the proposed RNN current controller mainly
depends on the use of efficient training algorithm.

In this article, a novel adaptive [Hebbian least mean square
(LMS) based RNN] current regulator is proposed to enhance the
performance of a grid-connected VSI under various operating
scenarios. The training of neurons present in the RNN current
controller is performed using the Hebbian-LMS algorithm. It
is a new unsupervised learning algorithm employed for RNN
network to adapt automatically based on the varying operating
scenarios [19]–[25]. This article addresses the main system
components, control strategy, stability analysis, and experimen-
tal validation. The main novel research contributions of the
proposed work are as follows.

1) An adaptive RNN trained with the Hebbian-LMS weight
updating algorithm is employed to calculate the three-
phase reference currents, which are used to generate the
desired pulsewidth modulation signals for the grid inter-
facing inverter; in turn, it improves the power quality of
the PV system.

2) A new high-gain dc–dc boost converter with a Kalman-
based MPP tracking (MPPT) algorithm is designed to
achieve the required voltage level at the dc-link bus
terminals.

3) A comparative study of the proposed current regulator is
performed with a conventional PI controller to demon-
strate the effectiveness of the proposed technique under
several transient conditions.

4) A study on the control stability of the proposed current
regulator via both simulation and experimental platforms
under several transient conditions is carried out, which
demonstrates the better performance of the proposed
scheme in terms of stability for a grid-connected PV
system.

II. SYSTEM DESCRIPTION

The qualitative power generated and transmitted through the
grid integrated solar PV plant with a proposed novel control
scheme is depicted in Fig. 1. The design building blocks of this
control scheme are particularized as follows. The modeling as
well as design specifications of the solar PV array is referred
from the work in [26]. While designing the proposed system,
a high-gain high-efficient dc–dc converter is being proposed
to couple the solar plant with common dc bus. This type of
converter not only enhances the efficiency but also increases
the voltage level while reducing its stress and switching losses
compared with existing topologies. Again, the Kalman MPPT
control technique has been chosen to control the high-gain
more-efficient converter with better performance [27]. Similarly,
grid-side converter (i.e., VSI) is being controlled by using a
dual-loop power flow technique. The power flow control tech-
nique usually comprises of an outer voltage control loop used
to maintain a constant voltage level at the input of the VSI
and an inner current control loop to establish improved power
quality of grid currents. In this study, a novel inner loop control
technique using the Hebbian-LMS trained RNN controller is
also proposed. Moreover, VSI is connected to the utility grid
through LC filters and step-up transformer.

III. PROPOSED CONTROL STRATEGY

A. Kalman MPPT Algorithm

The switching pulses required for high-gain high-efficient
dc–dc converter is produced by utilizing the Kalman MPPT
control technique. For implementation of Kalman MPPT, the
system is modeled with state-space equations. The state-space
representation of a system is denoted as follows [27]:

x(k + 1) = Ax(k) +Bu(k) +Gw(k) (1)

z(k) = Cx(k) + V (k) (2)

where x(k) is the state, u(k) is the input, z(k) is the output
signals, w(k) corresponds to process noise and v(k) represents
measurement noise. Time update and measurement correction
are done to estimate the actual voltage, given as follows:

Measurement update (correct)

K[k] = H[k]− − [H[k]− +R]−1 (3)

V̂act[k] = V̂act[k]− +K[k][Vref[k] − V̂act[k]− ] (4)

H[k] = [1−K[k]]H[k]− . (5)

Time update (predict)

V̂act[k+1] = V̂act[k] +M
P[k] − P[k−1]

V[k] − V[k−1]
(6)

H[k+1]− = H[k] +Q. (7)

Initially, the Kalman gain K[k] has to be calculated from (3).

In the next step, calculated actual voltage V̂act[k] and error
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Fig. 1. Grid-connected PV system with a novel adaptive current regulator.

covariance Hk are to be updated correspondingly from (4) and
(5). In time updating, the voltage V̂act[k+1] and error covariance

H[k+1]− are to be predicted from V̂act[k] and Hk, from (6) and

(7). Finally, the estimated voltage V̂act[k+1] will reach the MPP

than V̂act[k]. Therefore, it can be established that the expected

voltage V̂act[k+1] is nearer to MPP than the real value V̂act[k],
where Q is the process noise of the plant, R is the measurement
noise co-variance, and M is the step size.

The terminal voltage and currents are fed to the Kalman
algorithm, it predicts the voltage in the next step. The voltage
error between present voltage and estimated voltage is given
to the PI controller to generate pulses for the dc–dc converter
switch, as shown in Fig. 1.

B. Control of Voltage Source Inverter

The grid interfacing inverter (i.e., VSI) has to be controlled by
means of a dual-loop power flow control technique. The power
flow control technique is composed of outer-loop voltage and
inner-loop current controllers. The voltage controller used in this
article is a PI controller and the gains of this controller are chosen
by the trial-and-error method. The conventional PI controller
is used as an outer control loop, and the Hebbian-LMS trained
RNN controller is used as the inner-loop current controller. RNN
topology has good performance over the conventional neural
network as it feeds back the output signals to the inputs for more
precision, as shown in Fig. 1. The quicker response characteristic
of the RNN-current control structure trained by the Hebbian-
LMS algorithm helps in achieving system stability quickly and
consequently following better power quality [28]. In turn, it
has more stability and dynamic behavior over the feedforward
network. Therefore, it is best suited for the closed-loop control
applications [29], [30]. Thus, the deployment of proposed RNN
inner current-loop control function maintains improved quality
of currents to the utility grid. The active and reactive powers are
regulated by d- and q-axis control loops.

The proposed RNN control scheme comprises two input
terminals, two output terminals, and two hidden layers. The
input signal of the RNN network is current errors, i.e., Id,error
and Iq,error, which are expressed as follows:

Îd,error = Îd − Îd,ref (8)

Îq,error = Îq − Îq,ref . (9)

RNN current controller contains six weights consisting of two
separate hidden layers. Six neurons are sufficient enough to
obtain desired responses. By using two hidden layers, strong
minimization of the error can be achieved. In this RNN current
control, output of the structure is feedback to the input for getting
more accurate result. This controller requires only current errors
as inputs that make the architecture of the controller more easy
and efficient. The initial weights of the neurons are calculated
by the trial-and-error method. The output layer produces d− q
voltage control signals in order to generate the pulses for the
grid-side converter (VSI). The RNN current controller can be
represented as R (Îdq(k), V̂dq(k), Ŵ ), which is a function of
V̂dq, Îdq and network weights Ŵ., and Ŵ− denotes all the
weights correspond at each hidden layer. More evidently, R
(Îdq(k), V̂dq(k), Ŵ ) is given as

R(Îdq(k), V̂dq(k), Ŵ ) = (Ŵ2(Ŵ1 × V̂dq(k))) (10)

where Ŵ1 represents the weights of the first hidden layer, and
Ŵ2 represents the weights of the second hidden layer.

After the weights are finalized, it is to be updated at each
iteration corresponding to the error for reaching the desired
response. The updating or training of RNN is done with the help
of the Hebbian-LMS algorithm to achieve the better performance
compared with the available algorithms. It is supplied to the
neurons to get the required error signal.

The error signal obtained is the sum of all weights at each
hidden layer. The structure of the Hebbian-LMS algorithm is
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Fig. 2. Power flow control for producing pulses to VSI.

TABLE I
SYSTEM PARAMETERS

TABLE II
CONTROL PARAMETERS USED FOR ANALYSIS

shown in Fig. 1. The learning algorithm can be expressed as

wk+1 = wk + 2µekXk (11)

ek = f((sum)k) = f(XT
k , wk). (12)

The neuron output can be given as

Outk =

{
SGM((sum)k) = SGM(XT

k , wk), for(sum)k > 0

other wise 0, for(sum)k < 0.

(13)

In this way, the error is minimized quickly and accurately by
using an RNN current controller. The total power flow control
chart for controlling the VSI is shown in Fig. 2.

Fig. 3. (a) Step change in irradiance (W/m2). (b) Kalman MPPT output power
(W). (c) INC MPPT output power (W).

IV. STABILITY ANALYSIS

A. System Stability

The system considered is of nonlinear nature due to its power
electronic devices, temperature variations, parameter changes
in passive components, ageing effects, etc. Lyapunov stability
theorem is employed to find out the dynamics of these type of
systems [17], [31]. It is the best technique used for analyzing
stability, asymptotic stability, and exponential stability. The
direct method of a Lyapunov stability criterion for stability is
given as follows.

1) An energy function represented as V(x) is to be selected
such that V(0) = 0 and V(x) ≥ 0 ∀ x ∈ D, where x is a state
variable, and D is the real domain.

2) V̂ (x)0 ∀ x ∈ D; therefore, it can be assured that V(x)
decreases corresponding to the time and the chosen system
is stable.

The dc-link voltage (Vdc) gives the information about excess
or deficit power available at common bus-bar. The power balance
equation can be given as

Ppv = Pdc + Pac. (14)

It can also be written as

Ipv × Vpv = Idc × Vdc +
3

2
(igd × vgd + igq × vgq). (15)

The previous expression can also be written in the following
manner:

Ipv = Idc +
3

2
(igd + igq). (16)

The disturbance occurs in the previous equation, it becomes

�Ipv = �Idc +
3

2
(�igd +�igq). (17)

Rearranging the previous equation

Cdc�Vdc = �Ipv − 3

2
(�igd +�igq). (18)

The Lyapunov energy function can be selected as

V =
1

2
(Cdc�V 2

dc). (19)
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Fig. 4. Performance parameters. Case 1: (a) and (b) Point of common coupling (PCC) terminal current and voltage. (c) and (d) Current and voltage at common
dc bus. (e) and (f) %THD of grid-side current.

Fig. 5. Performance parameters. Case 2: (a) and (b) PCC terminal current and voltage. (c) and (d) Current and voltage at common dc bus. (e) and (f) %THD of
grid-side current.
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Fig. 6. Performance parameters. Case 3: (a) and (b) Grid-side current and voltage. (b) and (c) Current and voltage at common dc bus. (e) and (f) %THD of
grid-side current.

Differentiating the previous equation

V̇ = (Cdc�Vdc�V̇dc) (20)

where �Vdc = �Vdc,ref − Vdc

V̇ = (�Vdc,ref − Vdc)

[
(�Ipv)− 3

2
(�igd +�igq)

]
. (21)

The system proposed is grid connected; the excess PV power
available at the common bus is transferred to the utility grid. If
PV power is less than the load demand, it is compensated by
the utility grid. The utility grid is assumed as a large reservoir
of power, and hence, for small perturbation, the equation results
negative or zero (�Ipv ≤ �igd, �igq ≈ 0, and Vdc ≤ Vdc,ref ).
Therefore, V̇ is negative semi-definite and the system is stable.
If the system demands large power, then it should be isolated
from the grid by monitoring continuously.

B. Control Stability

The proposed current controller stability is very important to
show the improved performance of the system [32], [33]. The
necessary conditions for the controller to be stable are given as

follows. Assume that the expectation of the weight error vector
is taken as

Vk
∼= E(W 0 −Wk) (22)

where W 0 is unknown system weights and Wk is RNN weights.
The transformed Vk by Q is given as

V́k
∼= QT × Vk. (23)

The Eigen vector matrix is given as

R = Q×A×QT (24)

where Q is the unitary matrix, and A is diagonal eigenvalue
matrix. From the weight updating (11), the expectation is given
as

E(Wk+1) = E(Wk) + 2× µE(ekXk) (25)

E(Wk+1) = E(Wk)− 2× µ
[
E(xkx

T
kWk)− E(dkxk)

]
(26)

where dk is the desired response, with the help of independent
assumption, the previous equation becomes

E(Wk+1) = E(Wk)− 2× µ[RE(Wk)− p]. (27)
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Fig. 7. Performance parameters. Case 4: (a) and (b) Grid-side current and voltage. (b) and (c) Current and voltage at common dc bus. (e) and (f) %THD of
grid-side current.

From (25) and (26)

V́k
∼= (I − 2× µA)n × V́0 (28)

where V́0 is the initial value, for each eigenvalue of λi of R, the
respective mode is given as

v́k(l) ∼= (I − 2× µλi)
n × v́k(0). (29)

Hence, there will be many modes for the different eigenvalues
of R. As the step-size parameter µ fulfills the condition 0 ≤ µ
≤ 1

λ
′
max

, and then all the elements v́k(l) tend to be zero. Thus,
the controller tends to convergence. The sufficient condition for
the controller to be bound as 0 ≤ µ ≤ 1

3Tr(R) . In this way, the
controller stability can be analyzed.

V. SIMULATION STUDY

The solar PV array integrated with utility grid, shown in
Fig. 1, is modeled and simulated via MATLAB 2014a /Simulink
under different test cases. The system specifications and control
parameters are presented in Tables I and II.

The Kalman MPPT power output is compared with the con-
ventional incremental conductance MPPT algorithm (INC) to

confirm its improved performance of settling time and output.
Fig. 3 shows the power output from dc–dc converter of PV array
with different irradiance levels. It is observed from Fig. 3 that
Kalman MPPT shows improved output and settling time than
the conventional INC MPPT control.

To assure the controller performance under different system
conditions, it is analyzed under five different cases such as
by changing solar irradiance, transient linear load, transient
nonlinear load, L–G fault on grid side, and unbalanced grid
voltage. These test cases are described as follows.

Test Case 1: In this study, Solar irradiance is changed with a
step change from 1000 to 600 W/m2 at t = 0.2 s and again it
increased linearly in the duration of 0.6–0.8 s. In this case, the
outer voltage loop is PI voltage regulator, and the inner current
loops are PI and RNN controllers. Fig. 4(a), (c), and (e) shows
the performance characteristics of the proposed system with
conventional PI current controller, whereas Fig. 4(b), (d), and (f)
shows the performance characteristics of the proposed system
by employing Hebbian-LMS-RNN current controller. Fig. 4(a)
and (b) shows the PV terminal voltage and current at the input
of boost converter, and change in PV current corresponds to
the irradiance change, respectively. Fig. 4(c) and (d) depicts
corresponding the current and voltage characteristics of the
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Fig. 8. Performance parameters. Case 5: (a) and (b) Grid-side current and voltage. (b) and (c) Current and voltage at common dc bus. (e) and (f) %THD of
grid-side current.

Fig. 9. Schematic structure of the hardware setup.

conventional PI controller and proposed RNN current controller
at the common dc-link bus. By observing Fig. 4(c) and (d),
the proposed RNN controller shows better stability performance
over the conventional PI controller. Similarly, Fig. 4(e) and (f)
shows %THD content for the grid current during solar irradiance
change with PI and proposed RNN controller is 3.42% and
1.68%, respectively. THD content of the proposed controller has
been found very less compared with the conventional controller.

Fig. 10. Laboratory-level setup for the real-time analysis of the RNN con-
troller.
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Fig. 11. Performance parameters: (a) Without PVlinear load. (b) With PVlinear load. (c) With PVnonlinear load (Scales: Time: 0.1 s/div., Voltage: 150 V/div.,
Current: 1 A/div.). %THD: (d) Without PVlinear load. (e) With PVlinear load. (f) With PVnonlinear load (Scales: Time: 0.1 s/div., %THD: 0.50%/div.).

TABLE III
SIMULATION THD ANALYSIS

TABLE IV
HARDWARE PARAMETERS

Test Case 2: In this case, by checking the dynamic perfor-
mance is investigated by increasing the linear load in the system,
which is observed in Fig. 5 during t = 0.4–0.8 s. Fig. 5(a)
and (b) shows the three-phase currents and voltages under the
load change, respectively. The change in the load reflects on the
grid currents. Fig. 5(c) and (d) depicts the current and voltage
characteristics of the conventional PI controller and the proposed
RNN current controller, respectively. By observing Fig. 5(c)

and (d), the proposed RNN controller shows better stability
performance over the conventional PI controller by maintaining
the constant voltage. Similarly, Fig. 5(e) and (f), shows %THD
content for the grid current during dynamic load change with PI
and proposed RNN controller is 3.06% and 1.72%, respectively.
In this condition, THD content of the proposed controller has
been found very less compared to the conventional controller.

Test Case 3: In this case, the system dynamic performance is
investigated by adding the nonlinear load to the system, which
is shown in Fig. 6 during t = 0.3–0.8 s. Fig. 6(a) and (b) shows
the three-phase grid currents, and voltages under nonlinear load
change, respectively. It is evident from the figure that the change
in the nonlinear load reflects on the grid currents. Fig. 6(c)
and (d) depicts the current and voltage characteristics of the
conventional PI controller and proposed RNN current controller,
respectively.

By observing Fig. 6(c) and (d), the proposed RNN con-
troller shows better stability and settling performance over the
conventional PI controller. Similarly, Fig. 6(e) and (f) shows
%THD content for the grid current during transient nonlinear
load change with PI and proposed RNN controller is 3.95%
and 3.75%, respectively. In this condition, THD content of the
proposed controller has been found satisfactorily compared with
the conventional controller.

Test Case 4: In this study, an L–G fault is created at grid side
during t = 0.3–0.8 s. Fig. 7(a) and (b) depicts the three-phase
currents and voltages under system fault condition. In this
condition, the grid current is raising high because of an L–G
fault is created in grid side. Fig. 7(c) and (d) depicts the current
and voltage characteristics of the conventional PI controller and
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Fig. 12. Performance parameters: (a) PV array integration to grid. (b) Load change from linear to nonlinear. (c) Without PVnonlinear load (Scales: Time: 0.1 s/div.,
Voltage: 150 V/div., Current: 1 A/div.). % THD: (d) PV array integration to grid. (e) Load change from linear to nonlinear. (f) Without PVnonlinear load (Scales: Time:
0.1 s/div., %THD: 1 %/div.).

proposed RNN current controller correspondingly. By observing
Fig. 7(c) and (d), the proposed RNN controller shows better per-
formance over the conventional PI controller. Similarly, Fig. 7(e)
and (f) shows %THD content for the grid current during an L–G
fault condition with PI and proposed RNN controller is 3.46 %
and 1.57%, respectively. In this condition, harmonic content of
the proposed controller has been found very less compared with
the conventional controller.

Test Case 5: In this test case, an unbalanced grid voltage
(unequal magnitude and phase) is considered during at t =
0.5–1 s. Fig. 8(a) and (b) shows the three-phase currents and
voltages under balanced and unbalanced grid voltage condition,
respectively. Fig. 8(c) and (d) depicts the current and voltage
characteristics of the conventional PI controller and proposed
RNN current controller at the common bus bar. By observing
Fig. 8(c) and (d), the conventional PI controller has worse
performance under unbalanced voltage condition. However, the
proposed RNN controller shows satisfactorily performance over
the conventional PI controller. Similarly, Fig. 8(e) and (f) shows
%THD content for the grid current during an L–G fault condition
with PI and proposed RNN controller is 20.45% and 11.45%,
respectively. Finally, it is confirmed that the proposed RNN
current controller shows better stability, less damping response,
and improved power quality than the conventional PI current
controller. Moreover, the stability of the system has maintained
well with the proposed controller even under dynamic changes.
Also, the high-gain converter has been chosen in this article,
which is capable to boost up the PV generated voltage up to
500 V with improved efficiency.

VI. HARDWARE ANALYSIS

An experimental prototype laboratory setup with PV inter-
faced system has been developed, which is shown in Figs. 9
and 10, respectively. The main components of the system are as
follows, PV panel (1.6 kW), dc–dc boost converter (1.5 kW), in-
verter module (5 kVA), three-phase load (415 V/10 A), dSPACE
Micro lab box (RTI 1202), KEYSIGHT mixed signal oscillo-
scope (MSOX 2002 A, 70 MHz, 2GSa/s), and YOKOGAWA
(WT 1800) precision power analyzer. The proposed RNN-
Hebbian-LMS control algorithm has been designed by using the
dSPACE interfaced MATLAB/Simulink, and then imported into
the dSPACE control desk system as description (.sdf) file. The
inputs of the control algorithm are Vabc, Iabc, and Vdc, which are
shown in Fig. 9. The input signals are taken as feedback signals
from sensor circuit and connected to analog input terminals (IO)
of dSPACE kit with BNC cable. The important parameters for
the laboratory setup are given in Table III.

The pulses generated by the RNN current controller algorithm
are given to the IGBT switches of the inverter through the output
ports. Fig. 11(a) shows the voltage and current at PCC, inverter
voltage current, dc-bus voltage, and load voltage and current.
When PV power is absent, a 600-W load is satisfied by the
grid. In the presence of PV array, a linear load of 300 W is
satisfied from it, as shown in Fig. 11(b). Similarly, a nonlinear
load of 500 W is supplied from PV, as shown in Fig. 11(c). The
corresponding %THD for the different currents are shown in
Fig. 11(d)–(f).
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Fig. 13. Powers experimental data.

Fig. 12(a) shows the effect on the system during the integration
of PV array. Fig. 12(b) shows the changes occurred in the system
during the load change from linear to nonlinear. Also, the effect
of nonlinear loads is shown in Fig. 12(c). The respective %THD
for the system changes are shown in Fig. 12(d)–(f). Fig. 13
shows the powers experimental data under different conditions.
Finally, by observing the results for different system changes,
the common bus voltage is maintained constant and the system is
stable. The proposed algorithm is able to maintain the stability at
different system variations, and the power quality of the system
within the limits. Hence, it can be assured that the proposed
RNN-Hebbian-LMS is able to integrate to utility grid with
improved performance.

VII. CONCLUSION

Power generation using renewable sources especially solar
has been evolving in the present scenario. PV plant integration to
the utility grid is limited by few demerits such as low PV terminal
voltage and poor power quality under dynamic load changes. To
overcome these drawbacks, this work mainly focuses on the
performance of using high-gain boost converter with Kalman
MPPT to get the high voltage level. In addition, RNN-based
current control technique trained with Hebbian-LMS algorithm
is used to achieve enhanced power quality, i.e., %THD is well
within the limit under various operating scenarios. The sim-
ulation and hardware results exhibited the better performance
of the proposed controller over conventional one in terms of
stability and power quality even under system disturbances. The
excellent performance of well-trained RNN current controller
using Hebbian-LMS under challenging and distorted operating
scenarios indicates the viability of using this controller in real-
time applications.
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