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Abstract

Theintegration of photovoltaic (PV) system into the grid is increasingly important for sustainable energy solutions. This paper
presents a novel approach to improve the performance of grid-connected PV by incorporating the modified Cuk-Landsman
converter and a hybrid proportional integral (PI) controller strategy. The modified Cuk-Landsman converter is designed to
effectively boost the output voltage of the PV panels, ensuring optimal power transfer and increased efficiency. The switching
operation of this converter is further enhanced using a Hybrid Firefly and Swallow Swarm optimized-tuned PI controller
that combines Firefly and Swallow Swarm techniques to fine-tune the parameters of the PI controller. This optimized PI
controller demonstrates superior dynamic response and robustness in managing the power output of the PV system. Besides,
to ensure stable battery voltage regulation and effective power management, a bidirectional DC to DC converter is incorporated.
This converter facilitates efficient charging and discharging operations, thus maintaining optimal battery performance and
extending its lifespan. A Recurrent Neural Network controller is employed to accomplish efficient grid synchronization,
assuring accurate and reliable integration of the PV system with grid. The experimental and simulation outcomes confirm
the effectiveness of the developed work, showing significant improvements in efficiency (96.8%), and THD (1.02%) when
compared to other classical methods.

Keywords PV system - Modified Cuk-Landsman converter - Hybrid firefly and swallow swarm optimized (HFA-SSO) PI
controller - RNN controller and battery

Abbreviations RNN Recurrent neural network
SEPIC Single-ended primary inductance converter

PV Photovoltaic GA Gradient adaptive

PI Proportional integral . ACO Ant colony optimization

HFA-SSO Hybrid firefly and swallow swarm optimization P Proportional

GWO Grey wolf optimization I Integral

PSO Particle swarm optimization SOC State of charge

ANN Artificial neural network WO Whale optimization

GA Genetic algorithm AC Alternating current

IAE Integral absolute error FPGA Field programmable gate array

SSO Swallow swarm optimization ISE Integral of square error

THD Total harmonic distortion FA Firefly algorithm

DC Direct current

VSI Voltage source inverter
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Fig.1 Solar photovoltaic on grid system

existing electrical grid [1, 2]. However, the performance and
reliability of these systems are often challenged by fluctu-
ations in solar irradiance, temperature variations, and the
nonlinear characteristics of PV modules [3]. To address these
challenges, various control strategies and power electron-
ics converters are employed to optimize the performance of
grid-connected PV systems [4]. Among these, the DC-DC
converter plays a crucial role in managing the power out-
put of the PV system [5]. The different types of dc to dc
converters are utilized for enhancing PV voltage. Boost [6],
converters are simple and efficient for stepping up voltage
but suffer from the high voltage stress and reduced effi-
ciency. Buck-Boost [7], converter provide versatile voltage
conversion, but have higher component stress and reduced
efficiency. The Cuk converter [§8], offers better input and out-
put current characteristics but are complex and require more
components. Similarly, the Single Ended Primary Inductance
Converter (SEPIC) [9] enable for non-inverted output volt-
age and easy implementation, yet they are less efficient and
have higher component count. Zeta [10] converter have sim-
ilarities with SEPIC converter non-inverted output but are
also less efficient and complex. Luo converter [11] have been
proposed for PV systems. Figure 1 illustrates the structure of
PV-connected grid system with AC load supply.

To alleviate these issues, hybrid converter topologies are
proposed for balancing voltage stress, enhancing efficiency,
reducing ripple, and improving overall performance. The
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hybrid converter topology presented in [12], uses a single
power switch to enable continuous current mode function,
reducing the voltage stress on regulated diodes and switches.

‘However, with this design, the diode reverse recovery cur-

rent predominates whenever working at higher voltages and
currents, which raises the switching stress. A hybrid modi-
fied converter is presented in [13] for PV applications. This
converter has good features including, minimized voltage
stress for diodes and continuous input current with reduced
ripples. But, this converter has low efficiency owing to its
tough switching operation. A PV system using hybrid zeta-
boost converter is proposed in [14], which attains maximum
conversion efficiency lacking of multiple phases of capaci-
tor and diode circuitry and the high-frequency transformer.
However, this converter has increased complexity and also
has increased components, resulting in more expensive. The
hybrid converter presented in [15], which has maximum
efficiency with increased voltage gain, thus making it appro-
priate for renewable applications especially for PV systems.
However, this converter uses highly proficient components
for circuit design, resulting inmore expensive. Therefore, this
work employs a novel Modified Cuk-Landsman converter for
encountering the limitations of abovementioned converters.
Table 1 represents the summary of classical methods advan-
tages and disadvantages of PV-connected grid system.

In general, the classical PI controller [16] is used in DC
to DC converters, limitations that hinders their effectiveness
in improving switching operations. One major issue is their
reliance on fixed parameters, which is not optimal across
varying operating conditions, which is changes in input
voltage. This leads to suboptimal performance, manifesting
as increased settling time, overshoot, or steady-state error.
Metaheuristic algorithms offers a robust solution to these
problems by providing an adaptive and intelligent tuning
mechanism for PI controller parameters. For example, Gradi-
ent Adaptive (GA) algorithm-tuned PI controller [17], Grey
Wolf Optimization (GWO)-based PI controller [18], Whale
Optimization (WO)-tuned PI controller [19], Ant Colony
Optimization (ACO)-based PI controller [20] and Particle
Swarm Optimization (PSO)-based PI controller [21] have
been proposed for accomplishing the optimal performance
in renewable source applications. These methods search for
optimal or near-optimal parameter settings by mimicking
natural processes and swarm intelligence, thus enhancing
the controller’s performance over a wide range of operating
conditions. However, they have some own set of drawbacks.
One major issue is computational complexity: these algo-
rithms often require significant computational resources and
time to find optimal solutions that is not achievable for
real-time applications. Additionally, these algorithms can
sometimes coverage to local optima rather than the global
optimum, leading to suboptimal performance. Henceforth,
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Table 1 Summary of existing survey on PV-connected grid system

Author [reference]

Methodology

Advantages

Disadvantages

THD%

Efficiency
%

Jitendra Kumar Singh
[2022]

Mohit Bajaj [2020]

Haoyu Wang [2020]

Veramalla Rajagopal
[2022]

Kamrul Hasan [2020]

Proportional Resonant
(PR) controller

Boost
converter with APM
controller

Fuzzy Logic Controller

DC-DC converter along
with PI controller

DC-DC buck boost
converter

Fast reference tracking
Easier implementation
compared to other

controllers

Handling wide range of
input and output voltages

FLCs are robust to
environmental changes
and system uncertainties

Estimate solar grid
currents to generate
pulses for three leg
converter

Achieve high efficiency by
minimizing power losses
in the switch, inductor,
diode, and capacitor

System needs fast
convergence to
maximize power
transfer and creating
challenges

This require noise
countermeasures

It faces, tuning
difficulty and
computational
complexity

Systems face
challenges in
reliability, power
quality, and
performance

High gain is limited, as
efficiency doesn’t
support maximum
gain

1.93

2.05

95.7

93

96

95.32

this paper presents an effectual hybrid FA-SSO-tuned PI con-
troller to address these limitations by integrating these two
FA and SSO algorithms, this method ensures a more balanced
exploration and exploitation, resulting in more reliable and
accurate for tuning PI control parameters.

The efficient grid synchronization is significant for the
consistent and efficiency of power systems, which is accom-
plished deploying various controllers including PI [22] and
Artificial Neural Network (ANN) controller [23]. PI con-
troller has ability to provide a steady-state error correction,
but it can’t perform well under rapid changing conditions.
ANN controller, on other hand, has the ability to handle the
nonlinearities by leaming from the grid operating conditions.
Nonetheless, it prone to overfitting issues and has high com-
putational cost. Therefore, RNN-based approach is employed
in this paper to address these limitations by incorporating
memory elements that captures the temporal dependencies
in the gird’s behavior. In this regard, the following are the
primary contributions of the proposed research:

e Modified Cuk-Landsman converter is designed to enhance
the stability and efficiency of the PV system by providing
better voltage regulation and reducing power losses.

e To dynamically adjust the PI parameters, HFA-SSO
approach improves the transient response, reduce over-
shoot, and enhance stability of the system.

e With the implementation of RNN-based controller, effi-
cient grid synchronization is accomplished for PV-
connected utility grid.

2 Proposed system description

A sophisticated grid-connected PV system enhanced with
modern converter and control strategy is demonstrated in
Fig. 2. The low voltage produced by the PV system is stepped
up using a modified Cuk-Landsman converter. This converter
is specially designed to handle the variable DC output from
the PV system, ensuring it is boosted to a higher level suitable
for further processing and utilization. The performance of
proposed converter is significantly strengthened through the
implementation of an optimized PI controller. This optimized
PI controller employs hybrid Firefly and Swallow Swarm
algorithms to fine-tune its parameters, ensuring precise and
efficient voltage regulation, minimizing power losses, and
improving the overall stability and response of the converter.
To manage the energy efficiently, a battery system is inte-
grated to preserve any surplus energy produced by the PV
system. The regulation of this energy storage process is han-
dled by a bidirectional battery converter, which allows for
both charging and discharging operations. This bidirectional
capability ensures that the battery storing the energy when
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excess power is available and supply power back to the sys-
tem when needed, maintaining a balanced energy flow and
optimizing the use of generated power.

Finally, to ensure that the generated power is effec-
tively synchronized with the grid, a RNN controller is
employed. The RNN controller excels in managing the
dynamic and nonlinear nature of grid synchronization, adapt-
ing to fluctuations and changes in grid conditions. This deep
learning-based controller assures the power from PV system
is seamlessly integrated with the grid, maintaining stabil-
ity and efficiency in power delivery to the end-users. The
combination of these advanced technologies ensures a highly
efficient, reliable, and robust grid-connected PV system. This
enhanced performance contributes to the reliability and sus-
tainability of grid-connected PV systems, making them more
viable for widespread adoption in renewable energy applica-
tions.
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Fig.3 PV cell

3 System modeling
3.1 PV system modeling
Generally, the irradiance and temperature have an influence

on a PV module’s operational point. The PV system model
is illustrated in Fig. 3.
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The basic current (1) equation for PV system is outlined
below:

lgv)
I= Ipvcell ~ locenfexparT —1] (1

(+Rs g

I=1,—1, [exp( av; )“] —(+Ry.D)/R, o)

where, the I, is indicated by output current, vy — kT /q, q
represents the electron charge I, is PV current, ideality co-
efficientisa, Boltzmann constant is indicated byk, the voltage
across the diode is represented byv, temperature factor is
T and R, R, is represented by series and shunt resistance
of PV panel. As the temperature and irradiance change, the
amount of preserved power in the PV also changes, so the
obtained Eq. (2) is,

(w+Rs. g

I=1=1I,— Io[exp( aVT-Ns )_‘] —@W+R.D)/Rp (3)

where N; is the amount of PV array series, the output of
panel is always poor due to the intermittent nature of PV
system, this PV voltage further enhanced through the use
of appropriate DC to DC converter that is explained in the
following section.

3.2 Modeling of modified Cuk-Landsman converter

The output voltage of PV panel is strengthened using modi-
fied Cuk-Landsman converter. The Modified Cuk-Landsman
Converter is indeed a suitable choice for integrating PV sys-
tems into the grid, particularly due to its specific advantages
in high-gain applications. One of the primary benefits of
this converter is its ability to achieve a higher output volt-
age gain while maintaining efficiency, which is critical for
ensuring optimal power transfer from PV panels. This pro-
posed converter is a novel approach designed to overcome the
limitations of conventional converters while integrating their
gainful features. Furthermore, the strong characteristics of
the designed converter topology is continuous input current
and lesser normalized value of power stresses on semicon-
ductor. Meanwhile, the designed converter has maximum
voltage conversion ratio with high efficiency, thus making
it appropriate to implement in renewable applications espe-
cially for PV systems.

3.2.1 Working of the modified Cuk-Landsman converter

The proposed Modified Cuk-Landsman converter circuit
diagram is showcased in Fig. 4. The working function of
converter is splitted into two sections, Mode 1 and Mode 2
as discussed in detail in the section that follows. The opera-
tional states of developed converter are showcased in Fig. 5.
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Fig.5 Operating modes

Similarly, the modified Cuk-Landsman converter timing dia-
gram is indicated in Fig. 6.

Mode 1: [0 — DTy]

The proposed converter mode 1 operation is illustrated
in Fig. 4a, this state is in between 0 and DT ;. Where, the
switching frequency of the converter is represented by T
and the duty factor of the converter is D. The controlled
circuit is in active mode in this period of time. The diode
D; is forward bias mode owing to the Vpy input supply. As
seen in Fig. 4a, the diodes D; and D3 are not conducting
because of a reverse bias mode caused by capacitors C; and
C,, respectively. Capacitors Cy and C, are energized by the
inductors Ly, Ly,L3 and L4 correspondingly. The capacitor
voltage slope is decreased owing to its discharging nature,
while the current passing through the inductors is increased,
then the load obtains the discharged energy of the capacitor
C,. Due to the OFF position, diode D3 has a negative voltage
across it and there is no electrical current passing through it.

Applying Kirchhoff’s voltage law in mode 1,

Vey — V1 — Vi3 =0 “4)

@ Springer
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Fig.6 Timing diagram of modified Cuk-Landsman converter

Ver—Via—Viz=0 ' 3)
Ver — Vi —Vea — Vg (6)
Veo=V,= VgL )

Mode 2: [DT; — T,]

Mode 2 occurs between DT andT;, the regulated device
(switch) is in non-conducting mode throughout this time.
Through diodeD, input supply Vpy and inductor L; are
discharged into capacitorC;.Via diodes D and D3, the induc-
tor L{ and L, and the input supply Vpy are demagnetized
and placed into capacitorC,. Via diode D3, the inductor L3 is
demagnetized and becomes a capacitorC,. As seen in Fig. 4b,
mode 2 is characterized by demagnetization of the four
inductorsL,Ly,L3 and L4 or a decrease in the current trans-
formed through the three inductors. Four inductorsL,Ly,L3,
L4 and power source supply Vpy charge the three capacitors
C1, C2andC,. As seen in Fig. 4b, the current passing through
capacitorsCy, C2 and C, is increasing.

Applying Kirchhoff’s voltage law in mode 2,

Vev = Vi —Ver =0 ®)

Ver—Via—Ve2a— Vi3 =0 9
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Via —Veo— Vi3 =0 (10)

The dropped voltage over the regulated power switch S
and the diodes D, D,, D3 are assumed as V; for reducing
the voltage conversion ratio complexity.

According to volt second balance law for inductor L is,

(Vey —3Vy)D+ (Vpy — V1 —2V)(1 - D) =0
ver = (125) - 2va(£3)
(11)

Volt second balance law for inductor L,

\Z 2V,
Ver = 50y — =Dy

(Ver — 2V)D + (Ver — Vea — 2Va)(1 — Dy = 0} o

Volt second balance law for inductor L3,

(Vo — Ve —2Vy)D+(V,—2Vy) (1 —D)=0 13)
Vo= DVco — 2V,

From Egq. (12),

D g, -y (322 (14)
°= 1D (of s

From Eq. (11),

y=—2 vy 4y, D?-D-1 (15)
°= 1_DY PV d 1—D

The modified Cuk-Landsman converter voltage conver-
sion ratio is represented in Eq. (15). Here the internal
resistance of the elements assumed as neglected or zero, then
the obtained Eq. (15) is,

D
- : 1
= ® Vey (16)

o

The identical voltage conversion range of the proposed
modified Cuk-Landsman converter is indicated in Eq. (16).
The switching operation of the proposed converter is opti-
mally enhanced by using HFA-SSO-tuned PI controller,
which is clearly explained in the following section.

3.3 Modeling of hybrid firefly-swallow swarm
optimized PI controller

The Hybrid Firefly-Swallow Swarm Optimized (HFA-SSO)
PI controller for enhancing the performance of a Modified
Cuk-Landsman converter operates by first comparing the ref-
erence voltage Vye(-.y) with the actual output voltage Vic(acr)
using a comparator to generate an error signale(,). This error
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Table 2 Parameter specifications for HFA-SSO algorithm

Parameter Description Value
Population SIZE (N) Number of fireflies and 30
swallow swarm agents in
the population
Max iterations Maximum number of 50
iterations for the
optimization process
Step size (s) Step size for the random 0.1
walk used in the
optimization process
Swarm size (S) Number of agents in the 20

Swallow Swarm
Optimization part of the
hybrid algorithm

Number of food sources to 5
be considered in the
Swallow Swarm
Optimization

Food source (FS)

Probability of exploration 0.7
versus exploitation during
the optimization process

Exploration rate (ER)

Probability of exploitation 03
during the optimization
process

Exploitation rate (XR)

signal is fed into the PI controller that adjusts its output based
on the proportional (P) and integral (I) terms to minimize this
error over time. Here, the PI controller parametersK . K,
are tuned through this hybrid optimization process, which
is analyze the optimized values and impacts the key per-
formance metrics such as settling time, overshoot and error
minimization. The HFA-SSO algorithm optimizes the PI con-
troller parameters by combining the strengths of firefly and
swallow swarm optimization techniques to find the optimal
gain values, enhancing the dynamic response and stability
of the converter. The output of the PI controller is then used
to modulate the duty cycle of the PWM signal, which drives
the switch in the converter. Using PWM duty cycles, the PI
controller regulates the converter’s output voltage to match
the desired reference voltage, ensuring efficient and stable
operation. The flowchart representation of HFA-SSO-tuned
PI controller is denoted in Fig. 7. The parameter specifica-
tions of HFA-SSO are provided in Table 2.

3.3.1 Pl controller

The steady-state error is eliminated and the necessary for-
ward gain is decreased by including integral feedback.
The proportional speed controller is swapped out for a PI
controller in order to acquire this integral component. Equa-
tion (17) states the expanded term of the PI controller, where

INITIALIZE FA AND SSO PARAMETERS AND
Ky Ky PARAMETERS

GENERATE THE INTTIAL POPULATION

INITIALIZE X g, , VALUES

]

-
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&-%iii&i‘ﬂ#i
€l | €E]
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OUTPUT OPTIMAL
Kp, K| PARAMETERS

CALCULATE THE VALUE OF LIGHT INTENSITY
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] 4
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v

UPDATE THE VELOCITY AND POSITION TO THE
POPULATION

Fig.7 Flowchart of HFA-SSO-tuned PI controller
kp the proportional is gain and k; is the integral gain.

u(t) =kpe(t)+ki/€(t)dt a7

The expression (18) is transformed into Eq. (19) utilizing
the Laplace transform

ki E(s)
—— (18)

U(s) =kpE(s) +

PI regarding the time constraints is expressed in Eq. (18)

U@):kpﬂ+£ﬂE@) (19)
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where k; = I‘f—f’andkp =kg/t;

The stead)'r-state error is decreased and error signal is
more finely controlled by the proportional and integral terms.
When kp and k; parameters are precisely tuned for a closed-
loop control system, the settling time improves and the rise
time somewhat decreases. Currently, a PI controller has been
put into place for enhancing control performance of the sys-

tem.
3.3.2 Firefly algorithm

The FA is a swarm intelligent metaheuristic method that
draws inspiration from firefly behavior in their natural sur-
roundings. Equation (20) indicates that the intensity of light
I diminishes with the square of the distance r in accordance
with the inverse square law.

(20)

where r is the separation between two fireflies and 7 is the
intensity of the light. A firefly’s attractiveness in a given
environment is correlated with the light intensity 7, which
is determined by Eq. (21),

B(r) = By, @)

where y is the light absorption rate and § represents attraction
at r = 0. The Euclidean distance, represented by Eq. (22) is
used to determine the distance between firefly 7 and firefly j.

d
rij = [1Xi — Xjll= \/Zk=1(Xik — xjk)? (22)

where r;; is the separation among a pair of fireflies, X; and
X j, withcoordinates xik and x jk, and d is the firefly’s dimen-
sion. As a result, according to Eq. (23), a less bright firefly
moves because it is drawn to a brighter firefly j that is more
appealing.

r2
Xi=X;+ ,Boe_y"f (Xj = X,')+ X &j (23)

where o is a randomized factor and ¢; is a random number
from a Gaussian distribution.

3.3.3 Swallow swarm optimization

Recently, an innovative framework based on swarm intelli-
gence called SSO has been developed to mimic the actions
of swallow swarms. PSO and SSO have some characteris-
tics, but they also differ significantly in several ways. The
optimization process starts with a randomly generated initial
population of particles that are modified throughout time.

@ Springer

Every swallow that reaches an extreme point communicates
to the others that it has arrived with a unique sound. That
particle gets the Head Leader, L¥, while that position is
optimal in intended space. The particle is selected as a local
leader or LL*, if it moves into a favorable (but not optimal)
position in relation to its surrounding particles. If not, the
particle needs to move within the search space since it is an
exploration one. By combining a varied velocity VHLf."*’ to
the present location X¥, taking into account V LLS* (particle
of varied velocity vector toward Head Leader) and V L Lﬁ”'
(particle varied velocity vector toward Local Leader), a new
location of the pioneer particles, X lK *+1 is produced, which is
mathematically modeled as follow as,

VHL' = VHLY + ccyprand()(Xbests — X5)
+ ByrrandO(HLY — x*

VLLM! = VLL¥ + ¢z zrand()(Xbest! — X¥)
+ Brrrand()(LL* — X5) 24

whereas rand() is a randomized values that consistently dis-
persed in (0, 1)ocgr,Brr rr and Brr are acceleration
control factors that are automatically determined.

While particles additionally perform exploration, wan-
dering particles o(;) are independent of the local and head
leaders. Tt is simply displace, moving forth and back in rela-
tion for their prior places through a randomized portion of
permitted phase that is determined by the intended variables’
lower and upper bounds, which is:

(25)

rand(min, mﬂx)]

k+1 k
0; o; + [ran ( H x T+ rand0

3.3.4 Hybrid FA-S50-tuned PI controller

The selection of the HFA-SSO-tuned PI controller for the
hybrid PI controller is driven by its unique advantages
in terms of convergence speed, accuracy, and adaptabil-
ity to complex control environments. Unlike GA and PSO,
the hybrid Firefly-Swallow Swarm approach combines the
global exploration abilities of the Firefly Algorithm with
the local search strengths of Swallow Swarm Optimization.
This combination allows the controller to efficiently bal-
ance exploration and exploitation, achieving a more precise
and stable optimization of the PI controller parameters. Usu-
ally, the FA often suffers from premature convergence and
gets trapped in local optima, especially in complex system.
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The SSO method is introduced to mitigate these issues by
incorporating a swallow depth of field in the swarm ‘s move-
ment, allowing for a more refined and balanced exploration
and exploitation process. By combining the SSO principles
with the FA’s attraction mechanism, the HFA-SSO technique
achieves a more robust optimization process, enhancing

solution accuracy and convergence speed while effectively
avoiding local optima traps. In this research the HFA-SSO
algorithm is implemented for optimizing the parameters of
PI controller. Pseudocode for HFA-SSO-tuned PI controller
is illustrated below.

Pseudocode for HFA-SSO tuned PI controller

objective function

Output: Best Kp and K; values
Begin

Randomly initialize each Xgpep,
Calculate fitness value;
Fori=1ton;

Fori=1ton;

as the best solution;

Best Solution = Xgirepy (0);
endif

end for

fori = 1lton;

if newsolution <= newXrys, (1)
new. Xgirer1y (£) becomes the new solution;

Update new. X o1y, (i) as the new solution;
end if
end if
endif

Calculate X, (1) fitness value us ;
if Xss0(i) Cost <= newXgiprepy, (1).Cost

Xpest — Xsso (1);

end if
endif
end for
end for
end while
End

Input: Population size, maximum iterationsKp, K; parameter values,

Evaluate fitness function and get the current best solution;
if current value of Xeirep1y (0). Cost <= BestSolution.Cost Update the current Xgirop1y (1)

while maximum iteration (MaxlIt) limit is not reached

if Xriresiy () < Xfires1y () using Egs. (21) and (22);
Move Xpiepry (1) towards Xepep, (7) using Eqs. (21) and (22);

if new. Xsipepry (0).Cost <= BestSolution. Cost;

Randomly initialize Xs50 (i) < new. Xppep, (@)
determine the personal best and global best position of each particle Xsg (i);

else if new Xgg0(i) fitness value is smaller than overall best
fitness value, update the new value as the global best
Xpser — Xsso (1); Update velocity and coordinates updating using Equation (25);

@ Springer
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Advantages of the hybrid FF-SSO-tuned PI controller
include improved convergence speed, ensuring real-time
applicability. The method enhances robustness against
dynamic system changes, maintaining optimal performance
even under varying load conditions and input voltages. Addi-
tionally, the hybrid approach mitigates the risk of local
optima, ensuring that the controller parameters are set to
the best possible values for the given system. This leads
to superior transient response, reduced overshoot, improved
stability, and overall enhanced performance of the modified
Cuk-Landsman converter.

3.3.5 Closed loop and open loop stability analysis
for modified Cuk-Landsman converter

Considering the proposed converter and its output filter as
a system that requires a controller to be established. The
system’s dynamic behavior is described by the following
nonlinear equations:

. dif,,'
ui.a.Vdc:Rflf’i+Lf7+vcf,i (26)
. dicyi .
lfj:Cf ;{14'11‘,1' (27)

The closed-loop optimum nonlinear resilient controller
based on state feedback is used for developing u. Assuming
the state vector x(¢) for each system stage is expressed as
follows:

. T
xi(t) = [ves,i(O)if,i(0)] (28)
where v/ () represents the initial voltage across the AC fil-
ter capacitor, i ¢(t) is the current running through the filter
inductor Ly, and T is the transposition operator. The sys-
tem’s corresponding circuit can be expressed using the state
space equation of,

x;(t) = Ax;(t) + Biuc i (¢) + Bair i(T) (29)
where,
0 CL 0 1
A= X |Bi=| v, |B.=| s
__ f ﬂ.—L— 0
i T !

(30)

In Eq. (29), uc(t) indicates the continuous time variation
of the switching function u, while i s reflects the effects of
network load changes on the system, which are considered
to cause a disturbance for the controller.
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In control mechanisms, the ideal values for each control
variable need to be determined under steady-state circum-
stances. However, it is difficult to discern the reference for i ¢
in (28). However, itis desired to have low frequencies. Instead
of employing i ; as a control parameter, the high-frequency

\
components (i ) might be utilized in the control system. In

\'
accordance with this presumption, j s can be expressed and
generalized in Laplace realm as,

N

if(s) = (1 - ;%)if(s) =if(s) — iAf(S)
€}))

.V
iy ts) = s+a

The high-pass filter’s cut-off frequency is a and its low-

\
frequency elements are determined by, i .

(32)

a '(
alf s)

?f(s) = T

Equation (32) can be represented in differential mathe-
matical form as:

dip@® _

T2 = aliy) - ir(0) (33)

Presently let’s establish an additional state vector for the
v
entire system, including i , as,

x;(8) = [ves.i i £,i (O] (34)

In this situation, the system is described by an updated
space expression,

X(1) = A% () + Bjue,i(t) + Byir.i(1) (35)
where,
Y 1 : I |p _ 2
A=)t —FLo 3,_{0}31_[0] (36)
0 o

In the discrete-time domain, Eq. (35) is expressed as:

x,(k+1) = Fx;(k) + Gruc, i (k) + Gair, i (k) (37)
where,
T, T,
F=e"T, G, = f eA'Bdt, Gy = f eA'Bydt  (38)
0 0
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T s represents the sample time. Using a proper state feed-
back control law, it is possible to estimate u.(k) from (37).
e, j (k) = —Kx; (k) = Xyer,i’ (k)] (39)

K is a gain matrix, and x..r ;/(k) is the required state
vector for (34), in discrete-time systems mode. To attain sta-
bilized output voltage, the proposed converter used a state

feedback control system. The controller expression can be
stated as follows:

1;.a.Vge = Vef ref,i — K (X, - X;ef',i)
A\
= Vef,ref,i — k1 (Ver,i — Veforer.i) — kalis,i 40)

where K = [kk3] is the gain matrix in (39). Combining (40)
in (26) and expressing that in the Laplace domain yields the
equation:

ver,i (5) [LrCrs?+ RpCrs + 1]+ I (5) [Lys + Ry]

kas
= Veforer,i ) k1 +1] = k1 Ver i (s) — mlf,i(s) (41)

From (41), the variables of the Thevenin analogue circuit
of the proposed converter and filter, comprising the con-
structed state feedback control, are given as,
Ver,i(s) =G1($)V ey ref,i(s) + GaAs) 1,5 (s) (42)

Frequency domain behavior is frequently used to com-
pare the effectiveness of state feedback control and open loop
transfer function in the Modified Cuk-Landsman Converter

and filter system. Figure 8a and b show the Bode diagrams for
G (s) and G2(s)). In Fig. 8a, it shows that at the frequency

10° 10! 10?2 103 10* 10° 106
Frequency(Hz)
Ly Lz
D
Z

Ve =

Fig. 9 Bidirectional DC to DC converter

band significance (i.e., 50 Hz), G{(s) has the characteris-
tic of a gain of unity with zero angle. The significant value
integrates network load and it change impacts into the con-
verter operation. Appropriate layout of state feedback gains
can effectively lower this size. It should be noticed that G2
G2 (s) s) is relatively inductive at 50 Hz.

3.4 Modeling of bidirectional DC-DC converter

Energy conversion in the battery system depends on the bidi-
rectional flow of electrical energy. To perform this, the control
system makes use of a DC to DC current reversing chopper.
Figure 9 shows the configuration of the converter that is being
considered.

There are two regulated switches, an inductor, and a filter
capacitor in the DC/DC converter. As a hybrid of a step down
chopper and a step up chopper, the converter is a combination
of the two fundamental chopper circuits. In addition to power
mode operation when charging the battery, the DC/DC con-
verter can also function as aregeneration mode when draining
the battery.
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3.5 Grid synchronization using RNN controller

Grid synchronization, power quality and active and reac-
tive power regulation essentially rely on a grid-tied inverter
producing the appropriate reference current waveform and
injecting it into the electrical grid. The control approach is
applied to the evaluation of harmonic fundamental compo-
nents. Therefore, the design of the proposed strategy heavily
relies on the following empirical relations. This synthetic
dynamic load current and harmonic charatteristics relevant
to grid synchronization, allowing the RNN to train on a range
of scenarios that represent the conditions encountered in grid-
tied inverter operations. Equation (43) expresses the general
equation of the current value on the load side. The basic
formula and kth harmonic are both included in this equa-
tion. Equation (44) is the modified form of Eq. (43). There
equations are particularly essential in modeling the current
waveform on the load side, incorporating both fundamental
and harmonic components. The RNN was trained using data
synthesized from these equations, representing various har-
monic scenarios and grid conditions. Equation (45) helped
derive the phase and magnitude of the harmonics, ensuring
the RNN could accurately interpret and respond to-each com-
ponent’s behavior. Additionally, the measured error value,
defined in Eq. (46), provided the loss function for the RNN
during training, guiding the optimization of network param-
eters by minimizing the discrepancy between the predicted
and actual current values.

N

iL(t) =) Irgsin(kwt + ¢p) (43)
k=1
N

iL(t) =) Agsin(kor + Bycos(kwt) (44)
k=1

_1f Bx
ILg =/ Al + Biandfy = tan ‘(A—k) 45)

where,Ar = I'r.g cos6r and By, = I gsinf

Equation (45) is used for determining the kth harmonic’s
phase and magnitude. In the present study, RNN is used to
measure the dynamic load current related to various harmon-
ics. The measured error value is represented in Eq. (46).

N . .
e(t) = Zk:IA ksin(kwr + Bycos(kwt) — ip k() (46)

RNN controller generates precise reference currents,
enhancing the performance of power converters and ensur-
ing efficient power delivery. Their adaptability to changing
grid conditions, coupled with their ability to learn and predict
future state.

For parameter optimization, the RNN training process
leveraged the following key parameters:
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1. Learning Rate: Set at 0.001 to balance the speed and
stability of convergence.

2. Optimizer: Adam optimizer was used due to its adaptive
learning rate and ability to handie sparse gradients, which
is useful in time-series predictions like those required in
grid synchronization.

3. Batch Size: A batch size of 32 was selected to enable
efficient gradient calculations while maintaining compu-
tational feasibility.

4. Epochs: Training ran over 100 epochs, providing suffi-
cient iterations for convergence without overfitting.

5. Hidden Layers and Units: The RNN architecture used 2
hidden layers, each with 64 units, providing the capacity
needed for capturing complex temporal patterns without
excessive computational demands.

These parameters were fine-tuned through trial and error,
guided by the performance on the validation set created from
the synthetic dataset, aiming for minimal prediction error and
high fidelity in generating reference currents aligned with
grid requirements.

4 Results and discussion

This work proposes an innovative hybrid optimized PI con-
troller along with DC to DC converter for enhancing the
performance of grid incorporated PV systems. The output PV
voltage is increased through the application of Modified Cuk-
Landsman converter, which attains high conversion ratio with
maximum efficiency. The converter switching operation is
improved with superior dynamic performance using hybrid
FF-SSO-tuned PI controller. To store the excess energy from
the PV panel battery is utilized, the battery voltage is reg-
ulated by PI controller. An effectual grid synchronization
is achieved by RNN controller, thus minimized THD with
high quality power with is supplied to grid as well as AC
load. The proposed work efficacy is verified and validated
through MATLAB/Simulink platform. The obtained simula-
tion results for proposed hybrid optimized PI controller are
discussed below. Table 3 showcases the parameters require-
ments of the proposed work.

4.1 Test case 1: constant temperature and constant
intensity

Figure 10 represents the input and output waveforms of a
solar power system under steady operating conditions. The
solar temperature remains constant at 35 °C, ensuring sta-
ble thermal conditions for the system. Meanwhile, the solar
intensity waveform is stable at 1000 W/m?, providing a con-
sistent amount of energy to the system. The input DC voltage
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Table 3 Parameter specifications

Parameters Values
Solar PV System

Open circuit voltage 37.25V
Short circuit current 895 A
Series-connected solar PV cell 33
Parallel-connected solar PV cell 11
Maximum power Voltage 2995V
Maximum current 835 A
Modified Cuk-Landsman Converter

Switching frequency 10 kHZ
Ly, L», L3, Ly 1 mH
C, 47uF
Co 2200uF

is maintained at a constant 100 V, ensuring a steady electri-
cal supply, while the input DC current remains steady at 99A
after 0.6 s, resulting in a stable flow of electrical current into
the system. These consistent parameters suggest that the sys-
tem operates under controlled conditions, optimizing energy
conversion and performance.

Figure 11 shows the proposed converter output voltage and
current waveforms, demonstrates the output voltage remains
stable at 600 V maintained at 0.1 s. Similarly, the output
current is steady at 10A, with a constant flow maintained over
the 0.1 s period. These stable voltage and cutrent conditions
indicate that the DC-DC converter is efficiently regulating

the power output, ensuring consistent performance during
the time.

Figure 12 depicts the input and output power waveforms,
where both the input and output power remain stable power
flow over a 0.6 s period. This indicates a consistent power
flow with minimal fluctuations, suggesting that the system is
maintaining efficient energy conversion.

4.2 Test case 2: varying temperature and constant
intensity

Figure 13 shows the solar input and output waveforms, that
the solar temperature varies with a peak at 35 °C reached
within 0.4 s, while the solar intensity remains constant at
1000 W/m?2. The input DC voltage waveform shows a peak
at 100 V over a 0.4 s period, while the input DC current is
stable and maintained at 98A for a duration of 0.6 s. This
indicates that despite the variations in temperature, the solar
intensity and electrical input conditions are stable, ensuring
consistent power delivery to the system.

Figure 14 illustrates the developed converter output volt-
age and current waveforms. After 0.1 s, the output voltage
stabilizes at 600 V, maintaining a constant voltage flow there-
after. Similarly, the output current reaches a steady value of
10A after 0.1 s and continues with a constant flow. These
stable voltage and current conditions indicate that the devel-
oped converter is operating efficiently, with both the voltage
and current remaining steady over time.

Figure 15 shows the input and output power waveforms
from the PV system. The input power remains constant after
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Fig. 15 Input and output power waveform from PV system

0.6 s, indicating a steady power flow into the system. In con-
trast, the output power exhibits some fluctuations over the
time period, reflecting variations in the energy conversion.

4.3 Test case 3: constant temperature and varying
intensity

Figure 16 presents the solar input and output waveforms,
illustrates the solar temperature starts steady at 35 °C, while
the solar fluctuates varying intensity, then its stabilizing a
peak of 1000 W/m? at 0.7 s. The input voltage increases
and peaks at 100 V after 0.7 s, followed by a steady state.
Similarly, the input current reaches its peak of 98 A within the
same 0.7 s period and then maintains a constant flow. These
dynamics illustrate how the system adapts to varying solar
conditions while stabilizing after the initial fluctuations.

Figure 17 shows the DC-DC converter output voltage and
current waveforms, that the output voltage maintains a con-
stant flow at 600 V after 0.1 s and the output current increases
and stabilizes at 10A after 0.7 s, continuing with a steady
current flow. This behavior indicates that the converter effi-
ciently regulates the voltage and current, providing a stable
output over time.

Figure 18 illustrates the input and output power wave-
forms from the PV system, where both the input and output

power initially fluctuate. After 0.7 s, the power flow stabi-
lizes, with both the input and output power maintaining a
steady flow. This indicates that the system has reached a sta-
ble operating condition after the initial variations in power
output.

The operational characteristics of battery waveform are
depicted in Fig. 19, here the obtained battery current, volt-
age and State of Charge (SoC) waveforms have maintained
consistent values of 120V, 2A and 60% correspondingly.
Maintaining a 60% SoC involves careful regulation of the
battery’s discharge and charge cycles. The voltage wave-
form remains stable, the current waveform oscillates around
2A with small pulses indicating corrective charges and dis-
charges, and the SoC waveform shows minor deviations
around the 60% SoC. These waveforms together illustrate
the system’s efforts to keep the battery at a constant SoC,
ensuring optimal performance and longevity. This controlled
environment is crucial for applications requiring consistent
battery performance and reliability.

The output waveforms of the three-phase grid voltage, cur-
rent and inphase (which represents the R phase) waveforms
are indicated in Fig. 20. To regulate the steady grid voltage
the PI controller is implemented, thus the constant grid volt-
age 415V is maintained. Similarly the current value becomes
consistent 12A and the grid current and voltage inphase
waveform is seen in Fig. 20. Before, grid synchronization
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Fig. 19 Operational characteristics of battery waveforms

process the grid current waveform might show irregularities
corresponding to the initial mismatch. By using a PI con-
troller for grid synchronization involves adjusting the inverter
output to equal the voltage in frequency, phase and amplitude.
The waveforms before synchronization show phase differ-
ences and irregularities, which gradually diminish during
the synchronization process. Once synchronized, the voltage
and current waveforms become smooth and aligned, ensuring
efficient and stable power transfer between the inverter and
the grid. The PI controller plays a crucial role in minimizing
the phase error and achieving stable synchronization.

Figure 21 denotes the output waveforms of 3¢ inverter
voltage using with and without filter. The voltage waveformis
distorted and not a smooth sinusoid while without LC filter. In
contrast, when a filter, typically an LC filter is employed, the
high-frequency switching pulses are smoothed out, resulting
in a more sinusoidal voltage waveform. The filtered voltage
closely approximates a pure sine wave, significantly reduc-
ing harmonic content and high-frequency noise. Figure 22
denotes the real and reactive power of the grid side, it is
observed that the stabilized actual and reactive power value
is accomplished.
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Figure 23 demonstrates the proposed research THD wave-
form using HFA-SSO-tuned PI controller. With the use this
optimized PI controller, the proposed work accomplishes the
minimized THD value of 1.02%, which is fulfils the require-
ments of the IEEE-519 standard.

4.4 Hardware analysis

To assess the experimental evaluation of proposed PV-Grid
system performance, the experimental setup is developed in
collaboration with SPARTAN 6E FPGA microcontroller as
seen in Fig. 24. The proposed work hardware components
with their values are tabulated in Table 4, which includes the
solar panel, microcontroller, driver circuit, switch and diode.
To validate the functionality and performance of the proposed
PV-Grid system, experimental testing has been conducted
using the same converter parameters that were examined
in the simulation study. This alignment between simulation
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Fig. 24 Hardware setup image

Table 4 Hardware Specifications

Components Type Range

Solar panel - 1KW
Microcontroller SPARTAN 6E FPGA 3.3v

Driver Circuit TLP250 35V, 1.54
Switch STGW40H120F2. IGBT 1200V, 80A
Diode IN4007 1000V, 1A

and experimentation allows for a meaningful comparison,
verifying that the system behaves as expected under similar
conditions. By using identical values for the converter, the
consistency in results strengthens the reliability of the pro-
posed design and ensures its practical viability for real-world
PV-grid applications.

The solar module experimental output waveform of volt-
age and current is depicted in Fig. 25. It is proved that solar
module maintain the consistent voltage, likewise, the solar
module current value becomes constant with minor fluctua-
tions. By examining the voltage waveform, it is evident that
the solar module maintains a stable output voltage, reflecting
the module’s ability to provide a consistent energy supply.
This stability is crucial for applications requiring reliable
voltage levels, especially when integrated into larger energy
systems like grid-connected PV systems.

The output voltage and current waveforms obtained
employing Modified Cuk-Landsman DC to DC converter are
showcased in Fig. 26. Here, the consistent converter voltage
and current values are attained by using HFA-SSO-tuned PI
controller. Additionally, it contributes toa faster settling time,
meaning the system reaches a steady operating point more
quickly after any perturbations or changes in input, thereby
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Fig.27 Output waveform of battery SoC

enhancing the overall responsiveness and efficiency of the
converter in maintaining desired output levels.

The SoC is a percentage-based measurement of the
amount of energy accessible in a battery at a given time.
Figure 27 shows that the battery SoC is 60% maintained.
Figure 28-illustrates the three-phase grid voltage and current
output profile. By switching the DC input voltage from the
proposed converter, the 3¢ VSI generates AC voltage. Sim-
ilarly, the control technique and load impedance influence
the VSI current waveform. The LC filter is utilized in the

posed controller approach outperformed the others with
regard to Integral Absolute Error (IAE) and Integral of Square
Error (ISE).

Table 7 represents the comparison of dynamic responses
of proposed HFA-SSO-tuned PI controller with other con-
troller approaches including PI, PSO-PI, FA-PI and SSO-PL
According to the table outcomes, it is proved that the pro-
posed controller approach has improved outcomes regarding
settling time (0.1 s), overshoot (0.098%) and steady-state
error (0.084).s

The convergence performance of proposed optimization
algorithm comparison is provided in Fig.- 31. This graph
clearly proves that the proposed HFA-SSO algorithm has

@ Springer
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Table 5 Comparison of Converter Performance Metrices

5000/ Shoo

Converters ~ Components Voltage Efficiency
count gain (%)
S D L C CIC

Converter 1 5 3 3 Yes D? " 90%

in [24] (1=Dy*

Converter 2 2 2 2 No XDy, 919

in [25]

Converter 1 2 2 3 Yes #2Vpy 922%

in [12]

Proposed 1 3 4 3 Yes D_ypy 96.8%

Converter =2y

with

HFA-

SSO-PI

controller

S§ — Switch, D — Diode, L — Inductor, C — Capacitor, CIC —
Continuous input current
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Fig.30 Voltage gain comparison

Table 6 Optimized PI parameters

Optimized Proportional Integral gain Level of
controller gain (K p) (Ki) output
ISE TIAE
FA-PI 0.3 0.05 3.36 245
SSO-PI 0.5 0.09 2.45 1.94
HFA-SSO- 0.25 0.0025 0.98 0.84
PI

quick convergence speed in contrast to other optimization
approaches. The employment of modified Cuk-Landsman
converter along with HFA-SSO-tuned PI controller, the pro-
posed system accomplishes minimized THD value of 1.02%
when compared to other converter topologies as seen in
Table 8.
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Table 7 Dynamic response comparison of optimized PI controllers

Controller approach Rise time (T;) Peak time (Tp) Settling time (T) Overshoot (%) Steady-state error(%)
PI 0.2 04 04 1.235 2.68

PSO-PI 0.3 045 0.32 1.156 2.04

FA-PI 0.35 0.39 0.25 1.094 1.98

SSO-PI 0.24 0.21 0.15 0.985 1.45

HFA-SSO-PI 0.09 0.08 0.1 0.098 0.084

(Proposed)

5 Conclusion

This research provides a novel method that combines a hybrid
PI controller strategy with a modified Cuk-Landsman con-
verter to enhance the performance of grid-connected PV
system. The Modified Cuk-Landsman converter is employed
to optimize power transfer and maximize efficiency by effi-
ciently increasing the PV panels’ output voltage. Using an
HFA-SSO adjusted PI controller that combines Firefly and
Swallow Swarm approaches is utilized to fine-tune the PI
controller’s parameters, the switching function of this con-
verter is significantly improved. When it comes to controlling
the PV system’s power output, this optimized PI controller
exhibits improved dynamic response and robustness. Addi-
tionally, a bidirectional DC-DC converter is integrated to
guarantee steady battery voltage stabilization and efficient
power management. By facilitating effective charging and
discharging processes, this converter preserves battery per-
formance and lengthens its lifespan. To provide precise and
dependable integration of the PV system with the grid,
an effective grid synchronization technique called a RNN
controller is utilized. From the obtained simulation and
experimental outcomes, is it proved that the proposed work
attains improved results with regard to voltage gain, effi-
ciency (96.8%) with minimized THD value of 1.02%. The
implications of this research for real-world applications are
significant, particularly for the integration of sustainable
energy sources into existing power grids. By introducing
a Modified Cuk-Landsman converter alongside a hybrid PI
controller strategy, this system effectively addresses common
challenges in grid-connected PV systems, such as achieving
stable and optimal power transfer. For practical implemen-
tation, this system presents promising compatibility with
existing grid structures. The RNN controller aids in smooth
grid synchronization, enabling accurate and stable integra-
tion with minimal risk of power inconsistencies. This feature
makes the proposed approach suitable for real-world appli-
cations where fluctuations in solar energy can impact grid
stability. However, challenges could arise during implemen-
tation, particularly related to the complexity of optimizing
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Fig.31 Convergence speed comparison

Table 8 THD comparison

Methodologies THD
(%)
Boost converter 425
Cuk converter 3.68
Landsman converter 2.46
Modified Cuk-Landsman converter with HFA-SSO-PI 1.02

the parameters of the PI controller and ensuring the RNN-
based synchronization can adapt to various grid conditions
in different regions. Another potential challenge could be the
cost and complexity associated with implementing advanced
optimization techniques (HFA-SSO) in existing infrastruc-
tures. Nevertheless, with adequate testing and calibration,
the proposed system is adapted to integrate smoothly, mak-
ing it a viable and effective solution for enhancing PV-grid
connectivity and supporting sustainable energy initiatives.

5.1 Limitations and future directions
The system’s performance under extreme environmental con-
ditions and scalability for larger PV setups are not fully

addressed. Future directions involve developing adaptive
control strategies for real-time operation, integrating IoT

@ Springer
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and smart grid technologies for enhanced monitoring, and
exploring advanced control methods to improve robustness
and scalability.
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