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Abstract. The main objective of this study is to develop a high-efficiency bidirectional DC-DC converter
capable of ensuring reliable power exchange within Energy Storage Systems (ESS) and improving the
lifespan of series-connected batteries through precise management of charging and discharging
processes. The proposed work aims to achieve stable voltage—current regulation and effective battery
protection under varying load and supply conditions. To accomplish these objectives, a Multiport
Bidirectional Single Ended Primary Inductor Converter (SEPIC)-Luo Converter (MB-SLC) is designed,
which operate efficiently in both boost and buck modes. In addition, a cascaded Proportional—Integral
(P1) control architecture is implemented for regulating the voltage, the current, and the State of Charge
(SOC) with high precision. The proposed converter and control performance are validated through
MATLAB/Simulink simulations conducted under diverse operating scenarios. The results demonstrate
smooth voltage and current profiles, rapid transient response, accurate SOC tracking, reduced ripple
levels, and high conversion efficiency of 96% in step-up mode and 95.7% in step-down mode. These
outcomes confirm the ability of the proposed system to maintain reliable power exchange while
minimizing stress on the battery. The significance of the obtained results lies in their contribution to
enhancing battery protection, extending operational lifespan, and providing a robust solution for
renewable energy—integrated ESS. By combining advanced converter topology with cascaded Pl
control, the study offers a practical and scalable approach to improving energy storage reliability,
efficiency, and sustainability.
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Schimb fiabil de energie in sistemele de stocare a energiei utilizind un convertor SEPIC-Luo bidirectional
multiport cu strategie de control Pl
Parvathi R. V. L. N. S., Gowthami K., Tejeswararao P., Abhisek G., Subrahmanyam E. S. N.
Institutul de Inginerie si Tehnologie Godavari (A), Rajahmundry, India

Rezumat. Obiectivul principal al acestui studiu este de a dezvolta un convertor CC-CC bidirectional de inalta
eficienta, capabil sa asigure un schimb fiabil de energie in cadrul Sistemelor de Stocare a Energiei (ESS) si sa
imbunatateascd durata de viata a bateriilor conectate in serie prin gestionarea precisa a proceselor de incarcare si
descarcare. Lucrarea propusa isi propune sa realizeze o reglare stabila a tensiunii-curentului si o protectie eficienta
a bateriei in conditii variabile de sarcina si alimentare. Pentru a atinge aceste obiective, este proiectat un convertor
SEPIC (Multiport Bidirectional Single Ended Primary Inductor Converter)-Luo Converter (MB-SLC), care
functioneaza eficient atat in modul boost, cat si in modul buck. in plus, este implementati o arhitecturd de control
proportional-integral (PI) in cascada pentru reglarea tensiunii, curentului si a starii de incarcare (SOC) cu precizie
ridicata. Performanta convertorului si a controlului propus este validata prin simuliri MATLAB/Simulink
efectuate in diverse scenarii de functionare. Rezultatele demonstreaza profiluri line de tensiune si curent, raspuns
tranzitoriu rapid, urmarire precisa a SOC, niveluri reduse de ondulatie si o eficienta ridicata a conversiei de 96%
in modul step-up si 95,7% in modul step-down. Aceste rezultate confirma capacitatea sistemului propus de a
mentine un schimb de energie fiabil, minimizdnd in acelasi timp solicitarea asupra bateriei. Semnificatia
rezultatelor obtinute constd in contributia lor la imbundtatirea protectiei bateriei, extinderea duratei de viata
operationale si furnizarea unei solutii robuste pentru sistemele de stocare a energiei (ESS) integrate in energie
regenerabild. Prin combinarea topologiei avansate a convertorului cu controlul PI in cascada, studiul ofera o
abordare practica si scalabila pentru Tmbunatatirea fiabilitatii, eficientei si sustenabilitatii stocarii energiei.
Keywords: sistem de stocare a energiei, convertor SEPIC—Luo bidirectional multiport, proportional—integral, stare
de incarcare, mod boost, mod buck.
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Hane:xHblii 00MeH 3/1eKTpO3Heprueii B cHCTeMaxX HAKONJIEHUS JHEPTHH C UCTO0JIb30BAHHEM
MHOT'OIIOPTOBOTO ABYHANIpaBJeHHOT0 npeodpa3osartesass SEPIC-Luo co crparerneii IIN-peryinposanus
IHapsartm P. B. JI. H. C., I'ayramu K., Texsxemsapapao I1., Aoxumek I'., Cyopaxmanbsam 3J. C. H.
WuxeHepHo-TexHOMOTHUeCcKUil HHCTUTYT I"onaBapu (A), Pamxamannpu, Mugus.

Annomayus. OCHOBHAsI LIeIb JAHHOT'O UCCIIEIOBaHUs — pa3paboTKa BHICOKOA((EKTUBHOTO JBYHAIIPABIEHHOTO
DC/DC-npeobpa3oBareiisi, CIIOCOOHOrO O0ECICUNTh HANEKHBIM OOMEH JHEPrueil B CHCTEMaxX HaKOIUICHHUS
sHepruu (ESS) u yBeIM4YHUTH CPOK CITy>KOBI MOCIIEA0BATENHFHO COSAMHEHHBIX aKKyMYJISITOPOB 32 CYET TOYHOTO
yTpaBIIeHUS [IPOLECCaMU 3apaKH U pa3psaku. [Ipemiaraemas pabora HanpasieHa Ha JOCTIKCHHE CTAOMIIBHOTO
PETYIMPOBAaHUS HANPSKEHUS. U TOKAa W 3()(HEKTUBHON 3alIUTHl aKKyMYJISITOPa NPH M3MEHSIOLINXCS YCIOBUAX
Harpy3KH W THWTaHWA. [[nd JOCTIKEHHMs STHUX Ieniell pa3paboTaH MHOTOIIOPTOBBIA JIBYHAIIPABICHHBIN
OJTHOTAKTHBIM MEPBUYHBIA WHIYKTHBHBIN Tpeobpasosarens (SEPIC) — Luo-mpeoGpaszosatens (MB-SLC),
KOTOpBIH 3(h(heKTHBHO pabOTAET KaK B MOBBIIAIOIIEM, TaK M B IIOHIKAIOIIEM pekuMax. Kpome Toro, peann3oBana
KacKaJ{Has apXUTEKTypa MPONopIHoHaIbHO-HHTEeTpanbHoro (I11) ynpaBieHus U1 peTyIupoBaHUs HANPSKEHNS,
ToKa U cocTtosiHus 3apsaa (SOC) ¢ BrIcoKoH TOYHOCTEIO. [IpeaaraeMelii mpeoOpazoBaresib U XapaKTePUCTUKH
yIpaBJIeHUs IPOBEPEHHI ¢ ToMoIbIo MoaeaupoBannst MATLAB/Simulink, mpoBeieHHOTO B pa3inuHbIX pabouux
crieHapusix. Pe3ynbTaThl IEMOHCTPUPYIOT IUIaBHbIE NPO(MIN HANPSOHKEHUs W TOKa, OBICTPYIO IEPEXOAHYIO
XapaKTepUCTUKY, TOYHOE OTCJIC)KMBAHUE YPOBHSA 3apsia O6aTapeu, CHUXEHHBIH YPOBEHb ITyJIbCalliil H BBICOKYIO
3¢ GeKTUBHOCTE Mpeodpa3oBanus: 96% B MOBBIIIAIONIEM pexuMe U 95,7% B MOHWKaOUIIEM. DT PE3YJIbTaThl
MOATBEPKIIAIOT CIIOCOOHOCTS ITpeAIaraeMoi CUCTEMbI 00ECIIeYNBATh HaJIS)KHBII 0OMEH DHEprUel, MUHUMU3UPY S
Harpy3Ky Ha akKyMyJATOp. 3HAYMMOCTh IOJYYEHHBIX PE3YJIbTaTOB 3aKIIOYAETCS B MX BKIAJC B YIIydIlICHHE
3aIUTHI AKKYMYJIATOPA, IPOJICHHE CPOKA CIIYKOBI M 00ecrieYeHNnE HaIeKHOTO PEIICHHs ISl HHTETPUPOBAHHOM
CHCTEMBl HAaKOIUICHHMS O3HEPIHMH C HCIIOIb30BAaHHEM BO300HOBIISICMBIX HMCTOYHHKOB OJHepruu. CoueraHue
YCOBEPIICHCTBOBAaHHONW ~TOIOJOTWMH TpeoOpazoBarenss ¢ KackagubiM [IM-perynupoBaHMeM —IO3BOJISET
NPEIOKUTD TPAKTHYHBIM M MacImITaOMpyeMblii IOAXOA K IOBBIMICHHIO HANEKHOCTH, 3(PQPEKTUBHOCTH H

YCTONUMBOCTH CHCTEM HAKOIJICHUS SHEPTUH.
Knioueevie cnosa: Cuctema HaKOIUJIGHWs OSHEPIUH, MHOTONOPTOBBIH JBYHANpaBJieHHBIH NpeoOpazoBarTeb
SEPIC-Luo, nponopunoHanbHO-UHTErpajbHbINA, COCTOSIHIE 3apsiia, PEKUM HOBBIIICHHS, PEXXUM MOHIKSHUSI.

I. INTRODUCTION energy density, lower form factor, and more
established manufacturing eco system [5-6].

The Battery Energy Storage Systems (BESS)
have an important position to store energy
configured in actual flexible ways to meet
different application requirements without
geographic constraints. It has a fast response time
handle both active and reactive power at the input
and output simultaneously [7].

In comparison, BESS has a relatively high
energy efficiency compared to other energy
systems. These advantages make BESS an
irreplaceable  solution in centralized and
distributed renewable energy integration [8].

The growing EV industry in recent years has
driven battery manufacturing and application
technology to a great range. Additionally, battery
storage has become the most widely used and
rapidly expanding form of energy storage
innovation due to concerns about cost and battery
life [9].

However, battery systems face operational
difficulties, including cell imbalance due to
variation in inherent capacity, internal resistance,
self-discharge, and temperature gradients.
Without proper means to control the balance,
some cells either be over-charged or over-

The DC power supplies are unstable, which
translates to poor efficiency under unpredictable
operational conditions, and excessive energy
production under low demand periods [1]. These
fluctuations result in periods of insufficient SOC
and overload. Therefore, in order to account for
these fluctuations and ensure a balanced energy
demand and generation, ESS are considered the
most realistic and efficient solution, that presents
sufficient opportunity to optimize energy
management and subsequently mitigate energy
spillage. ESS are predominantly designed to
capture energy from many sources, which is
convert and store the energy in a format for
different applications [2-3]. Also, it’s part of
today's power systems around the world, and
allow for reliable, flexible, and efficient energy
management for a broad-spectrum application. In
terms of common technologies of ESS, the
electrochemical storage that includes batteries
and super capacitors [4]. Super capacitors are
used for high power density, fast charge/discharge
abilities, prolonged life cycles, while its
limitations by lower energy capacity, higher cost.
Thus, batteries, particularly in lithium-ion
batteries are typically adopted based on their
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discharged, thus resulting in less capacity, greater
aging and possibly safety risks [10]. The situation
is complicated even further if a DC supply is
connected directly to the battery for charging
without any control in place [11]. Thus, it is
interrupted creating further potential
complications with over charging, over current
and voltage imbalance, overheating and
alternating reverse current when the supply. This
condition of mechanisms surely degrade
performance, decrease operating lifetime, and
compromise safety. To mitigate these issues,
BDCs are connected to the battery. A BDC allows
for both a onward and backward power flow in a
single converter and allows voltage step-up and
step-down as needed. This feature of BDCs
reduces the size of the entire system and improves
efficiency [12-13]. Benefits of a BDC make it
applicable in all applications that require current
flow in both directions. Primary functions of
BDCs include to supply the load with transient
and overload power from the battery in forward
power, and to re-charge a battery in reverse mode
[14].

A. Literature survey

K. Suresh et al (2025) [15] have developed a
high-efficiency and  non-inverting  step-
down/step-up BDC converter system with mode
change automatically for series-connected battery
systems. The design supports increases energy
conversion efficiency, load capability and
protection for the transistor gate with a capacitive
coupling level shift circuit. The performance of
the design is affected by more complicated mode
control and the need for precise frequency
compensation to avoid instability. Hsuan Liao et
al (2022) [16] have created a BDC converter with
a rapid energy bidirectional transition technology
to allow smooth and safe changes in power
direction in DC distribution and ESS. The
converter utilizes an LC resonance-based path to
accomplish fast energy transfer without surges,
while achieving a high-power conversion ratio
with a basic circuit construction. However, the
isolated driver circuit increase the complexity
between the battery side and DC bus side, which
increases complexity in the system. Sara
Mousavinezhad Fardahar et al (2020) [17] have
designed a high step-down/step-up interleaved
BDC to attain lower voltage stress on
semiconductor switches. The converter topology
with coupled inductors and blocking capacitors
enables high voltage gain, simple control, and
uniform voltage gain characteristics throughout
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the duty cycle range. However, its structure and a
parallel module arrangement which is increase the
design complexity and component count.
Muhammad Zeeshan Malik et al (2023) [18]
have proposed a coupled-inductor-based high
step-up/high step-down BDC converter design for
EV battery applications. Their design achieved
fewer components, and less voltage stress on
switches, leading to greater efficiency and
reduced size. Nevertheless, its performance
limited by specific coupled-inductor design
requirements, which also make difficulty for a
specific power and voltage levels. Yu-En Wu et
al (2022) [19] have presented a three-port BDC
with a coupled inductor coordinates the DC bus
step-down mode, PV and battery step-up mode for
high conversion ratios, high efficacy with
recycling of energy from leakage inductance, and
reduced transformer voltage stress. However, the
operation of this converter requires the precise
coordination of control of the three ports to
maintain stability under varying load and source
conditions. Jingang Han et al (2020) [20] have
implemented an H-bridge based BDC converter to
enable battery charging and discharging, and
operate efficiently at a broad range of voltages.

The design included a Pl control strategy for

stable operation, and included a duty ratio feed

forward control method to improve charging,
discharging, and reversing power flow.

However, if the feed forward parameters are
not tuned correctly, and slower transient response
and less accurate control result.

As a result, in this research, a MB-SLC with
cascaded PI controllers has been proposed, which
addresses the limitations of existing approaches,
to deliver the higher voltage gain, a decrease in
ripple, and a more efficient and controlled
bidirectional management of energy flow
between DC supply and battery pack. The
contribution of this work are,
+«+ DC supply derived from renewable resources

such as PV and wind, act as the primary clean

energy source.

% MB-SLC performs a buck and boost
operation, enabling bidirectional power
transfer between the DC source and battery
pack while maintaining a stable output
voltage and maintaining high efficiency.

% Boost control loop is created with a cascaded
P1 controller to control the DC bus voltage via
an outer loop and control the inductor current
accurately using the inner loop to control the
step-up operation accurately.
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Buck control loop is implemented as a
cascaded Pl controller, generates reference
current with outer voltage loop and controls
the inductor current with an inner loop to
allow for accurate step-down power transfer.
SOC-based PI controller continuously tracks
the battery's SOC and regulates both charging
and discharging, increase the battery life and
preventing conditions of overcharging and
deep discharging.

PWM generator, which produces switching
pulses from the PI controller signals, allows
for accurate modulation.

Battery pack stores surplus energy during
excess generation and supplies it back during
lower generation, thus maintaining system

reliability,  balancing  supply  demand
fluctuations, and prolonging the energy
availability.

Il. PROPOSED SYSTEM DESCRIPTION

The proposed system initiates with the input
DC supply, which is the main energy source for
the overall system as displays in Fig. 1. The DC
voltage supply stated from renewable sources
including PV panels, wind or any other DC
generating system. The supplied voltage is
applied to a Multiport Bidirectional SEPIC-Luo
Converter which performs either a step-up (boost)
or step-down (buck) operation depending on
power flow requirements. The converter also
manages bidirectional energy transfer between
the input source and Battery Pack for charging
and discharging. The Battery Pack, which stores
surplus power from generation when it exceeds
the demand and then discharge during insufficient
generation. The converter continuously monitor
DC bus voltage and battery SOC to maintain
optimal operation.

MULTIPORT

BIDIRECTIONAL Vb, SOC

ER

INPUT

DC
SUPPLY

SEPIC-LUO CONVERT

N

BATTERY
PACK

|

LM

1,es(Boost) PWM PULSES

PI (2 ;) | PI PWM PI SOC ren

CONTROLLER > CONTROLLER GENERATOR CONTROLLER v

Vpc(Boost) llact(Bonst)
SOC ¢
I ef(Buck) (Act)
Vier(Buck) PI PL
("'2 g ) CONTROLLER v, CONTROLLER

| l

Vpc(Buck)

I, ct(Buck)

Fig. 1. Proposed block diagram of energy management system using MB-SLC.

The control system managed by Pl Controllers
to accurately control voltage, current, and SOC.

In this system has separate control loops are
implemented for boost and buck operation.

For boost operation, a cascaded Pl controller
consists of an outer voltage loop that compares the
boost reference voltage with actual DC bus
voltage, thus generates a reference current, and
similarly an inner loop that compares the
reference current with actual inductor current to
control the step-up operation.

For buck operation, a cascaded Pl controller
compares buck reference voltage with actual
buck-side voltage and produces a reference
current, which is regulated inner loop to allow for
the step-down operation. For SOC management, a
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separate Pl controller compares SOC reference
with actual SOC to decide charging and
discharging operation. The control outputs are
directed to PWM generator, which is deliver
switching pulses for the converter, ensuring
efficient energy management, stabilize voltage,
and battery protection.

I1l. PROPOSED METHODOLOGY
A. Multiport Bidirectional Sepic—Luo Converter
(MB-SLC)

The converter topology shown in Fig. 2 is

efficient and contains a bidirectional switches
(S,andS,), capacitors(C,,C,andC,), inductor

L,L,and L, .
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The converter interconnects two voltage ports,
V., representing the lower voltage and Vi,

representing the higher voltage. The converter
operates in both the step-down (Luo) and step-up

Fig. 2. Circuit diagram of multiport bidirectional
SEPIC-Luo converter.

Step-up conversion Process:

These operational features have two switching

(SEPIC) bidirectional, with power flowing from states, tr_lus the pow_er is moved fromv,,, tOVign »
either port. as described in detail below:
B I
+ 1T T_ Vaigh
Viowy
—* Step- +— Step-
up Down
— —
| |
Lg + LE +
At T e |4
Viewy Viowr

(a) State 1

Fig. 3. Equivalent Circuit of Step-

State 1: S; switched ON and S, turned OFF.
As aresult, L experiences a positive voltage and
increased current. Subsequently, voltage over the
primary side of a linked inductor equals to voltage
difference betweenC,,and C,, which is negative.
The load R, is powered by C, current. Fig. 3(a)

shows the present route of this switching
condition.

V. =V, — NV, (D)
Vi (1-N) = Ve, =Ves @)
Viigh =Vea +Ves 3)
Ly = isy +icy 4)
lep = —lhign ()
leg =t ~lhagy (6)

State 2: The switching condition when S, is
switched OFF and S, is switched ON. The voltage

through L generated by negative, resulting in
decreased current. The voltage through primary
side of a linked inductor is positive, resulting in
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(b) State 2

up mode (a) state 1 (b) state 2.

increased L and L, currents. The linked

inductor's secondary winding stores energy,
which chargesC,. Additionally, energy kept in

L, and L, is transmitted toC,,C, and R, . Fig. 3(b)

depicts the corresponding circuit in this state,
which yields the formulas below:

vV, =V, (7
V=V, ~Ves—NV,,  (8)
Ve, =V, (1-N) 9)
ip = lhigy ey (120)
les =0y —lhign (1)
ley = —(ip +1) (12)
iy =g, (13)

Step-down conversion Process:

The step-down operation has two switching
states, both states transfer power from Vv, toV

The output load isR, .

Low
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(a) State 1

(b) State 2

Fig. 4. Equivalent Circuit of Step down mode (a) state 1 (b) state 2.

State 1: Switch S, is ON and S, is OFF.

Under this condition, diode D is forward-biased
and conducts. Current in inductor L is increasing
as energy fromv,,, flows to capacitorC,, the

coupled inductor, and the load R, through S, and
D . Capacitors C, and C, are discharging at this
point. Fig. 4(a) depicts the current motion of this

state, from which subsequently derive the
equations.

Vi =Vea + NV, =V, (14)

iHigh = iD + icz = iLa + ic1 + icz (15)

i =g, +ig =1, +iey (16)

State 2: This switching state when switch S,
is OFF, switch S, is ON, and diode D becomes

reverse-biased. In this phase of the step-up mode,
the voltage across inductor L turns negative and
offers a negative voltage to current flowing
through it. With a positive voltage through
primary side of L, and L, inductor currents, both

increase. During this process, capacitors C, and
C, are charged with energy being released from

the inductor. Fig. 4(b) is illustrated in
corresponding structure of state 2 in step-down
mode.

V, =NV, -V (17)

Low

Static Performance analysis:

Proposed converter is analyzed in term of its
voltage gain for both step-up and step-down
development with expression delivered for peak
switching voltage stress on devices and current
flow through the circuit components.

Under the assumption of applying volt-second
balance law on the inductor L, expressed as:
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Ver
1-N

Viyr =0 D, [\%} (1-D,) (18)

Following the simplification of (18), the
capacitor voltage C, is stated inV,:

Ver = DiVes (19)
Capacitor voltage C, is stated inV,,:
Ver = (1_ N )ch (20)

Applying volt-second law on L, the flowing
relation is attained:

Vir =0 DV, +D ( Nfl_ 5 ch)"’(l_ D, )VLUW =0
(21)
Simplifying (22), the capacitor voltage V., is
given terms of Vv, and the duty cycle:
Ves = VLOW =\ﬂ (22)
1-D, D,

Therefore, voltage of C, and C, expressed as:

DV,

Low

V. =
C1l 1— D1

(23)
V _ DlVLow

o

Finally, high voltage port and step-up voltage
gain are computed as follows:

D, +(1-N)
V, =V _+V..=— T "y 25
High Cc2 + Cc3 Dz (l— N) Low ( )
V. _
M = High _ D1+(l N) (26)
Viow D, (l— N)
Similarly, following the technique, the

capacitor voltage and step-down voltage gain are
acquired:
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1-N

Ver = mvmgh (27)
1-D,
Veo = mvmgh (28)
_ (I=N)(@-D,)
c3 ™ (1_ D2)+(1—N) High (29)
The step down voltage gain is given by:
V, D,(1-N)
— Low — (30)
Vi D, +(1-N)
4 DlTs
Q4
> t
Q2 D,T, _
- "t
in
>t
iQZ o ———
“t
g .t
iLk‘\\\_// > t

STATE 1 STATE 2
(a) Step up mode

The peak voltage across S, is derived from
state 1 of the step-up mode:

V

Low

Vs, =Vc1+(l_ N)VLb = D

(31)
2

The maximum voltage across switch S, is
considered from state 2 of the step-up mode:

1-N
Ve, =Ve3 =V, = mvmgh (32)
'y DlTs
Qi
> t
Q2 [P, T, :
> t
in
>t
iQZ
> t
g — 7 .
Lk //\ t
/- \ -
STATE 1 STATE 2

(a) Step down mode

Fig. 5. Switching waveforms (a) Step up mode (b) Step down mode.

Fig. 5 (a) and (b) display main waveforms of
proposed converter in the step-up and step-down
operation modes, individually.

It is potential for high voltage gain with low
component stress, making it highly effective for
power conversion using renewable energies and
in applications such as EVs.

In designing and regulating this converter to
ensure stable output performance, a Pl controller
is utilized.

B. PI Control Strategy

16

Cascaded PI control strategy for boost and
buck regulation

The proposed MB-SLC system incorporates a
cascaded PI control scheme, outer voltage loop
computes a reference current, while inner current
loop controls the inductor current by modulating
switching duty cycle, thereby ensuring accurate
buck and boost operation and battery charging
and discharging control. A cascaded Pl control
structure is used for both buck and boost mode,
with outer voltage loop computing a reference
current and inner current loop maintaining
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inductor current by adjusting duty ratio. Fig. 6
illustrates a control loop of cascaded PI controller.

CASCADE PI CONTROLLER

Fig. 6. Basic structure of cascaded PI controller.

The dual-loop structure improves system
dynamics, as the fast inner current loop quickly
suppresses disturbances before they affect the
slower outer voltage loop. Assume that the inner
loop bandwidth is approximately ten times larger
than the outer loop bandwidth, thereby achieving
fast current dynamics but still permitting stable
voltage regulation and accurate battery state of
charge management. The PI controllers for both
of these loops written in the general form,

K.

K K.
GPI(S):K +—= il

) (33)
s s

Here K, andK; denotes proportional and

integral gains, respectively. The outer voltage
loop PI controller's transfer function written as
follows:

B KovS+Kiy

Gouter (S) -

While the inner current loop Pl controller is
expressed as,

(34)

G (5) =255 (35)

In the boost mode, which manages the
charging operation through SEPIC stage, the
outer loop acts as a voltage controller, where
reference DC bus voltage is compared with
dignified bus voltage.

The error is managed via a Pl controller for
duty ratio of switching devices to adjust the
charging current provided to battery pack.
Effectively, in boost operation, battery is
delivering power to DC bus when the input
generation from source generation input is
insufficient.

The outer PI controller compares the reference
DC bus voltage V., with measured voltageV,, to

ref

generate a reference current I, .

€, (t) :Vref _Vdc (t) (36)
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The dynamics of the outer PI controller written
as:

o (9)=Gun (£),(5)= K+ 22 £, (9) 31

The inner current Pl controller is track the
reference current. Error in inductor current is:

ei(t) = lyer (t) =i, () (38)
Control signal (duty cycle) is:

(pri *KTJ E,(5) (39)

Therefore in boost mode, the cascade structure
ensures the DC bus voltage is controlled hence
that the battery is deliver all of the required
current.

In Buck mode simply manages the discharging
process through the Luo converter and cascades
in the same way. The outer voltage loop compares
buck side voltage with its reference value to
produce a current reference. The inner loop then
adjusts the duty ratio of Luo converter switches to
ensure that the battery discharge current precisely
tracks the reference. In buck operation, extra
energy from a DC bus is serve for charging the
battery while the outer loop regulates around the
charging voltage/current reference for the battery.
The voltage error is:

ev(t) = Vbat,ref - Vbat(t)- (40)

The outer PI controller produces the reference
charging current:

Iref(s) = Gouter (8)- Ey(s) = (Kp,v + %) Ey(s)
(41)
This reference is applied to inner current loop,

which regulates the charging current into the
battery:

G

— “outer

e;(t) = ref () — ipa: (D), (42)

(580K, + 2 | £ @)

Consequently, it determined that the PI
controller ensures the battery is charged smoothly
at a specified charging current while maintaining
stability of the converter.

SOC regulation through PI controller

The SOC of the battery expressed the ratio of
available charge relative to its related to its rated
capacity, mathematically expressed as,
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SOC(t)= soc(o)+%f less (1)t (44)

Here, Q denotes battery capacity and I

represents charging or discharging current of
ESS. During buck mode, the converter operates
charge the battery by controlling the charging
current while boost mod, the converter enables the
battery to discharge. The Pl controller
continuously regulates SOC by comparing the
reference value within the actual SOC and
generates control signals that are fed to the PWM
generator, thus ensure balance charging and
discharging operations.

C. Battery

A rechargeable battery system is employed,
where single cells are combined into modules, and
the multiple modules connected to the batteries.
BESS collects energy from renewable energy
sources and stores it for later uses. Whenever
supply interruptions occurs, demand spikes, or
renewable generation drops, the stored energy is
released by batteries to facilitate the energy
distribution. A simplified electrically connected
battery model has been constructed in defects as
using resistances, voltages and capacitors as in
Fig. 7.

R, Ry
c 1
, 2 Cq
..{.._L
_—I + =1+ Rs
V> V>

Vi

Fig. 7. Equivalent circuit of battery.

Using KCL in the circuit leads to equations
(45) and (46).

_ 1 (t)
WO %O+
V0= g

The derivatives of voltage v, and V, are
modified in V,(t) andV,(t). Using KVL in the
circuit leads to Equation (47).

Ve (1) =Ver (Z(1)) V2 (1) -V (1) =R (47)

— Yoc
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Here V,, stands open circuit voltage: v, and V,
are the voltage drops parallel; and R, stands

internal resistance. The proposed system shows
great efficiency, dynamic response speed, ripple
yield, and less components to maintain reliable bi-
directional energy transfer to provide the large
advantages relating to renewable energy and
BESS.

IV. RESULT AND DISCUSSION

The proposed MB-SLC has been validated for
energy  management  bidirectionally  with
efficiency, stable voltage, current regulation, and
SOC control. Its performance is evaluated in
MATLAB/Simulink, which confirms that it is
superior to conventional converters based on
overall efficiency, the number of components
reduced, and dynamic response time. Parameter
specification of proposed work illustrates in
Tablel.

Table 1 Parameter Specifications

Parameter | Specifications
DC Source
DC Source Voltage | 1V
MB-SLC
Switching Frequency 10kHz
C11C21C31 22/”[F
LL,.L, 4.7mH
50 INPUT DC SUPPLY VOLTAGE WAVEFORM
15
3
E"ﬂ)
2
5
C’0 0.1 0.2 0.3 0.4 0.5

Time (saconds)
Fig. 8. Input DC supply voltage waveforms.

Fig. 8 illustrates input DC supply voltage
waveform of the proposed system. The input
supply voltage is maintained at approximately
12v for an entire simulation period of 0 to 0.5
seconds, demonstrating a steady and ripple-free
input supply. It is an essential requirement for the
MB-SL to have consistent DC input for
dependable performance whilst in both buck and
boost modes.
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Battery Side Boost Mode 1:

OUPUT VOLTAGE OF MBSL CONVERTER (BOOST MODE) a0 2 X UTCURRENT.OF MRS CONVERTER (BOOST MODE)

15

8

Current (A)
-
=]

0.2 0.3 0.4
Time (seconds)

0.2 0.3 0.4 0.1

Time (seconds)

o 0.1 0.5 o 0.5

Fig. 9. Output response for MB-SLC in boost mode.

REF AND ACT VOLTAGE OF MBSL CONVERTER

REFERENCE SIGNAL FOR PWM GENERRATION FOR MBSL
(BOOST MODE)

CONVERTER (BOOST MODE)

Voltage (V)

0.2 0.3
Time (seconds)

0.2 0.3 0.4 0.! Y

Time (seconds)

0 0.1 0.1 0.4 0.5

Fig. 10. Reference tracking and PWM signal of MB-SLC in boost mode.

Fig. 10 displays reference tracking and PWM
signal of the MB-SLC during boost mode. The
reference and actual output voltage, where the
output of converter quickly rises and settles at
12V and thoroughly monitors the reference with

Battery Side Buck Mode 2:

MBSL CONVERTER OUTPUT VOL TAGE WAVEFORM
(BUCK MODE)

w

Voltage (V)

N

0.2 0.3 0.4
Time (seconds)

0.5

little steady-state error, providing evidence for the
PI control implementation. The PWM reference
signal that stabilizes after the transient at0.78V ,
showing that switching is triggered properly and
is stable during the boost operation.

MBSL CONVERTER OUTPUT CURRENT WAVEFORM
(BUCK MODE)

g

8

-
=

Current (A)

=]

-10

0.2 0.3
Time (seconds)

0.4 0.5

Fig. 11. Output response for MB-SLC in buck mode.
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The MB-SLC's buck mode behaviors are  rises quickly at 35A at time 0.15 s and then settles
shown in Fig. 11. The output voltage settles at  to30A. This shows that the MB-SLC mode is

3.8V with minimal oscillation, which indicates  effective in buck operation for dynamic response
stable step-down regulation. The output current  and current regulation.

REFERENCE AND ACTUAL CURRENT OF MBSL REFERENCE SIGNAL FOR PWM GENERATION OF
P CONVERTER(BUCK MODE) i MBSL CONVERTER(BUCK MODE)
30‘
0.6+
2 g
E % 0.4+
=
5 10 g
0.2
0
-10 o
0 0.1 0.2 0.3 0.4 0.5 o 0.1 0.2 0.3 0.4 0.5
Time (seconds) Time (seconds)

Fig. 12. Reference tracking and PWM signal of MB-SLC in buck mode.

Fig. 12 represents reference tracking and  being accurate. The PWM reference signal
PWM signal of the MB-SLC in buck mode. The  stabilizes at 0.45Vv after the initial transient,
actual current tracks the reference current closely  confirming that the duty cycle modulation is
and smoothly settles to nearly 30A with small  accurate and stable operation in the buck mode.
steady-state error indicative of the PI control

& BATTERY VOLTAGE WAVEFORM 106 BATTERY SOC WAVEFORM
4 80
23t g 60
E‘ o
S2f 8 w0
1 20
o 0 g
o 0.1 0.2 0.3 0.4 0.5 o 0.1 0.2 0.3 0.4 0.5
Time (seconds) Time (seconds)

Fig. 13. Battery performance.

Fig. 13 represents the battery performance of
the MB-SLC. COMPARISON OF STEP-UP
The battery voltage waveform, which ~ BEFICIENCY s6%
stabilizes around 3.8V with minimal ripple, that £ oot yss0m svoms B
properly regulated a charging and discharging 2 secee
operations. E oo
The battery SOC remains consistent at 80 % E e
throughout the simulation time, confirming that B 90.00% '
the PI based control strategy is effective at o
maintaining the desired SOC level and avoiding e I

an overcharge and deep discharge condition.

Fig. 14. Comparison of Step up efficiency.
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COMPARISON OF STEP-DOWN
EFFICIENCY

95.70%
‘]

REF[19] PROPOSED

96.00%

)
°
b
in
2
F3

94.43% 94.50%

il

REF [16] REF[18]
BDC CONVERTERS

95.00%
94.50% 93.80%

94.00%

STEP-DOWN
EFFICIENCY (%)

93.00%

REF [15]

93.50%
93.00%
92.50%
92.00%
91.50%

Fig. 15. Comparison of Step down efficiency.

Fig. 14 and 15 represents the efficiency
comparisons of the MB-SLC and existing
converters. For the step-up efficiency, the
proposed converter attained a maximum value of
96 %, which is greater than Ref. [15] (93 %), Ref.
[16] (93.8 %), Ref. [18] (94.43 %), and Ref. [19]
(945 %). For the step-down efficiency, the
proposed system achieved better performance at
95.7 % compared than Ref. [15] (93.0 %), Ref.
[16] (93.8 %), Ref. [18] (94.43 %), and Ref. [19]
(94.5 %). These results demonstrate that the MB-
SL converter achieves improved efficiency for
both boost and buck modes, which substantiates
the MB-SL converters performance versus
conventional designs.

Table 2 Converter components comparison

Converters Switch Diode | Inductor | Capacitor Total components
REF [21] 4 5 5 4 18
REF [17] 4 - 8 2 14
REF [22] 4 2 4 3 13
REF [23] 4 - 5 3 12
PROPOSED 2 1 5 3 11

Table 2 illustrates component comparison of
proposed converter against existing topologies.
The proposed MB-SLC uses only 11 components
(2 switches, 1 diode, 5 inductors, and 3
capacitors), which is fewer than Ref. [21] (18
components), Ref. [17] (14 components), Ref.
[22] (13 components), and Ref. [23] (12
components). The significant reduction in total
components illustrates the simplicity and cost-
effective nature of the proposed design, ensuring
added reliability, small size, and ease of
implementation, when compared to standard
converters.

V. CONCLUSION

The proposed MB-SLC with cascaded Pl
control has been successfully designed and
analyzed for effective energy management of
renewable-based systems. With the aid of MB-
SLC, this system achieves stable bidirectional
operation with superior voltage, high step up and
step down efficiency, and decreases ripples. The
performance of the Pl controller, which delivers
accurate voltage and current regulation that
smoothly manages SOC level of a storage system,
while providing stable bi-directional operation of
coupled components under varying conditions.
The results from MATLAB/Simulink validated
its enhanced efficiency of 96% in boost mode and
95.7% in buck mode, along with a reduced ripple
and lower number of components compared to
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other existing designs. These features enhance its
reliability, compactness and low-cost substitute,
add to the functional delivery of the proposed
MB-SLC for extended application specifically,
electric vehicles, BESS, and incorporation of
clean energy sources.
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