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The purpose of this study is to use an LLC resonant tank to extend battery life. The design of LL.C tanks
and their practical evaluation in an LLC multi-resonant converter are examined in this paper. Battery life is
increased by the LLC multi-resonant DC-DC converter by reducing frequency current ripples. To increase the
power factor, a bridgeless Cuk converter is also used. To increase power factor and reduce conduction losses,
the Cuk converter uses discontinuous conduction mode (DCM). Applications involving battery charging are best
suited for the suggested model. The system produces a 42 — 24 V controlled DC voltage output. A power rating
of 650 W is supported. Switching losses are decreased with the incorporation of LLC topology. High efficiency is
guaranteed by the converter design. The output is stabilized via frequency modulation techniques. The method
improves battery longevity and performance. The study sheds light on resonant power conversion methods. The
system provides dependable and effective battery charging, the LLC and Cuk converters guarantee less
electromagnetic interference and the suggested design reduces strain on power devices. The design contributes
to improved overall power conversion efficiency. The experimental validation validates the efficacy of the
topology; and future research will concentrate on additional optimization for electric vehicle applications.
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1. INTRODUCTION

A Dbuilt-in re-chargeable charging battery powers the
electric motor that propels the electric vehicle (EV)
[1- 2]. The need for typical battery storage system
availabilities 1s normally increasing enormously.
Despite advancements in battery technology, the system
needs a very high current and high voltage to power
such types of batteries. Because of advancements in
charging algorithms, the smart charger battery
charging technique has become extremely complicated
[3]. Because of increasing disturbances in rapid fast
charging of battery packs with enormous potential,
smart chargers that produce minimum interference are
necessary. As shown in Fig. 1, the proposed system of
the architectural block contains a bridgeless type cuk
converter preceded by the use of a resonant converter
that denies a high-frequency transformer is used to
charge a ripple current recharging energy storage, such
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as a battery [4-5]. The soft-switching properties of
resonant converter topologies at extreme frequencies
have led to their widespread application in power
processing systems [6-7]. High-frequency functioning,
along with the passive components' reduced size and
weight, are the benefits of this architecture.

In this study, two converters are proposed and
compared [8-9]. By using zero voltage switching, the
LLC and LCC resonant converters increase efficiency
and lower switching losses. Over a broad load range, the
operation can be accomplished even with a narrow
frequency variation [10-11]. Fig. 1 displays the resonant
converter's generalized circuit diagram. This can be
transformed into a resonant converter with a different
topology. A resonant converter with an LCC topology
has an extra capacitor connected in series with the
resonant inductor. In a series resonant converter with
an LLC type topology, the resonant capacitor is coupled
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in parallel with an extra inductor. Resonant power
converters with several energy storage elements are
another name for this kind of converter. Low efficiency
results from large switching losses caused by the high
frequency. Resonant converters have been utilized
extensively in the power industry because of their ZVS
or ZCS function, which lowers switching losses [12-13].

Half bridge
Resonant
Converter

High
Frequency
Transformer

Full Wave
Rectifier

Bridgeless :>
AcSuney [b CUK Converter

Fig. 1 — Block representation of proposed converter

The first section of this proposed study discusses the
functioning of a bridgeless Cuk converter in DCM
architecture. Natural safeguard against excessive
current, simplicity of transformer isolation design, and
reduced interference with electromagnetic waves are all
criteria for choosing discontinuous conduction mode
architecture. The second section discusses a half-bridge
multi-resonant DC-DC  chopper [14-15]. Fig. 2
represents the EV’s battery for LLC Resonant
Converter. However, the rechargeable batteries vast
voltage output standards are exceedingly difficult and
variable in comparison to the applications present in
telecommunication that work under a restricted range.
The voltage output of a DC-DC converter battery ranges
between 36 and 72 volts [16-18]. As a result, the
specification design parameters for selecting the
bridgeless Cuk converter and LLC elements differ from
those for telecom applications requiring continuous
voltage. To achieve the requirements, an LLC resonant
converter must be used.

BATTERY
.

L

AC/DC
converter

EMI filter DC/DC

converter

Fig. 2 - EV’s battery for LLC resonant converter

The resonant harmonic tank is designed to function
across a large range of input side voltage to obtain a
high switching frequency and improved efficiency. Over
the entire operational range having zero voltage, as well
as zero current switching’s, are made possible. Section 2
explains how a bridgeless Cuk converter operates.
Section 3 describes the proposed DC-DC converter and
LLC multi-resonant converter designs. The proposed
simulation findings are explained in Section 4. Section 5
dis-cusses the hardware outcomes. The conclusion is
provided in Section 6.
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2. CUK BRIDGELESS DC-DC CONVERTER

2.1 Operation of the Analysis of the Proposed
DC-DC Converter

The proposed converter's operation, as shown in
Fig. 3, is discussed. To achieve power factor correction
(PFC), the output inductor current and the inductors
namely iLo1 and iLo2 maintain discontinuously, whereas
the voltage between intermediary capacitors and the
input inductor current (i1 and iL2) remains to be
continuous
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Fig. 4 — Schematic circuit diagram of the proposed method

The operating principle of the converter is depicted
in Fig. 4 including both alternating current sources
having half-cycles. S1 is in conduction between i1 and
D, during the positive portion of the AC voltage V. Ci
is a capacitor that transmits energy across Loi1 and Do.
Similarly, during the (-ve) phase of the AC voltage cycle,
the Sg is having conducting across ir2 and Dn. Mode I
describes the many operation modes of the DC-DC cuk
converter during the +ve half cycle. While S; is in ON
condition, the Lo1 first stores the energy occupied via
the Dy diode, causing the iL: current in the course of the
inductor to increase. The accumulated energy in Ci, the
current intermediately capacitor, is drained to Co, the
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DC link capacitor, and Lo1, the inductor output.

Mode II: Whenever Si is in OFF condition, the ir1
inductor current dissipates from the capacitor Ci via the
diodes of D1 and Dp. In addition, the stored energy in the
Lo: inductor is transmitted to the Co capacitor through
the DC-link. The currents across the inductors such as ir:
and iL01 continue to drop, though the voltage crossways
the Co DC-link and Ci capacitor started to increase. As a
consequence, izo1 and Vi, the voltage throughout the DC-
link increase, while Vci, the voltage generated in the
capacitor providing positive control and starts to
decreases, and ir1 current automatically increase.
However, the Co capacitor pre-sent across the DC-link
gives the required energy, so Vi voltage seems to
decrease in the operation of mode III.

3. COVERTER DESIGN
3.1 Bridgeless Cuk Converter Design

The converter's design is based on specific
mathematical assumptions. A DCM's operation is
obtained under the following conditions:

1

Ke < Kecrit = 3 arsintany?

@

Ke is a dimensionless conduction factor as follows:

Ke = RZLL; @

Ke-cr-min = 5a5e 204 Ko e &)
A i1 <10% I and AVea< 5% (4)
Al = % (5)

®

vy =Bt @

The inductances and capacitances values are deter-
mined by the Eq. (5), (6), and (7):

L1 =L2=300 mH, Lo1 = Loz=1 mH, C1 = C2=2200 pF,
Cout = 2200 ].,lF

The DC link voltage of the PFC converter is as
follows:

D
Vo =Vac 75, ()

Vac represents the output of a rectifier for a specified V.
Vac and Vs are connected as follows:

Vae = 2V2 9)

3.2 Resonant Converter Design

The parameters necessary for the converter's design
must be provided. Maximum power output, maxi-mum
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input voltage limit, resonance harmonic frequency, and
voltage output are all must be mentioned. The converter
input voltage is calculated at the DC link capacitor
through the power factor correction (PFC) bus. The
converter output voltage is between 24 V and 43 V. For
a maximum output power of 650 W, the present voltage
output of 43 V is given. Fig. 5 depicts the LLC resonant
equivalent circuit.
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Fig. 5 — LLC resonant converter — equivalent circuit

Fig. 6 depicts the Proposed Converter's entire
MATLAB Simulation circuit. The resonant frequency of
TTR is computed by using Eq. 10 at unity gain, where
Va represents the rectifier's diode output voltage drop.

Vi(n)

T 2Wem)+Va) (10)
Eq. 11 determines the minimal inductance.
Np.Vinmom)-Vo(nom
Lr(scc) = Gom —onom) (11)

8'fs,maX'Po

As once resonant inductor value has been found, the
resonant capacitor value may be computed by using Eq. 12.
1
Crires) = (2nfy)2Ly(5) 12
Eq. 13  requires the maximal magnetizing

inductance, Lm(ZVS). Eq. 14 gives the greatest gain at
the smallest switching frequency, denoted Lm(max).

o (—L _‘dead
L — tv:leav:l-Nn~vo(mm)~(4fsmax 2 ) (13)
m(ZVS) CHBVin(max)
f
m? r(x)'nin -1
Lm(max) = Lr(scc) T 1 (14)
Mdc_max

Therefore, using Egs. 15 and 16, the value of the total
inductance should fulfill the storage of the energy stability
requirement present in the half-bridge overall capacitance.

1 1
2 (Lm(min) + Lr(scc))lrzn—pk > ECHB Viﬁ(max) (15)

_ Nn'vo(min)To

mpk Ty

(16)

‘m

4. RESULTS AND ITS DEISCUSSION

In the MATLAB platform, the proposed DC-DC
converter is simulated and tested. The performance is
discussed, including power factor and overall harmonics
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distortion. The potential of LLC resonant converters to
function at higher frequencies with reduced switching
losses makes them highly valuable. With the help of two
inductors and a single capacitor, the converter can
control the output voltage throughout a broad range of
line and load wvariations. Unlike LCC resonant
converters, soft switching can be accomplished across the
whole operating range. In Fig. 5, the LLC resonant
converter's resonant tank is displayed. Figs. 6 to 12
display the performance parameters, which include
output voltage ripple, output voltage, and output current,
that are calculated using MATLAB/Simulink.
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Fig. 6 — Performance parameter of capacitor

The performance parameter of capacitor such as cur-
rent, power dissipated and voltage is analyzed for the
proposed design. The current amplitude is 200 A in the
starting then it is settle down at 12 A. The power
dissipation is high only in the starting after 0.1 sec it is
settle down at less values and the voltage across the
capacitor settled at 0.1 sec as depicted in Fig. 6.
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Fig. 7 — Performance parameter of diode

The performance parameter of diode such as
Temperature, current and power dissipated is analyzed
for the proposed design. The current amplitude is 200 A
in the starting then it is settled down at 12 A. The
power dissipation is high only in the starting after
0.1 sec it is settled down at less values as depicted in
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Fig. 7.
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Fig. 8 — Performance Parameter of Cr

The performance parameter of Cr such as current,
power dissipated and tolerance factor is analyzed for the
proposed design. The current amplitude is + 200 A to
— 200 A in the starting then it is settle down at 13 A.
The tolerance factor is 1 as depicted in Fig. 8.
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Fig. 9 — Performance Parameter of Inductor

The performance parameter of inductor such as
current, power dissipated and tolerance factor is
analyzed for the proposed design. The current
amplitude is + 20 A to — 20 A. The tolerance factor is 0.7
as depicted in Fig. 9.
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Fig. 10 — Maximum gain tolerance

The maximum gain tolerance is analyzed for the
proposed design. The voltage gain tolerance with quality
factor is analyzed as depicted in Fig. 10. This graph
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illustrates the relationship between "Voltage Gain
Tolerance" and "Inductance Ratio" and "Quality Factor,"
providing important information for enhancing circuit
performance. The curve shows a distinct tolerance peak,
indicating that the best results are obtained when the
Inductance Ratio is in the moderate range of roughly
0.6 — 0.8 and the Quality Factor is higher, around 0.6 —
0.7. There is a sweet spot where the system operates at
its finest, according to these findings, and neither too low
nor too high values of these parameters produce the
optimum outcomes. When developing and fine-tuning
electronic circuits, like LC filters or oscillators, where
attaining high voltage stability and tolerance is essential,
this analysis is especially valuable.
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Fig. 12 — Hardware Setup
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Table 1 — Comparison table based on performance

Parameter Traditional [Proposed
specification system system
Power Factor 0.9222 0.98888
THD — Input current  |46.266 % 4.0700 %
Output Voltage (V) 8.7 12

Output Current (A) 3 5.8
Voltage gain 0.1733 0.754

A novel resonant converter with the combination
LLC resonant converter is proposed to enhance the DC-
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Fig. 11 — Voltage output of the battery Vo = 46 V, output current
Io=17 A, and SOC’s of battery =50 %

The proposed system technique outperforms the
conventional method in terms of performance. The
power factor has gradually increased by 0.9288 and the
harmonics distortion has decreased by 4.0700 percent.
Fig. 11 depicts the characteristics of battery charging.
The battery's SOC is 50 % charged, and it charges at a
voltage output of 42V and a current of 16 A. Fig. 12
depicts a hardware prototype of the proposed system
converter that includes a Bridgeless CUK converter, an
LLC Resonant converter, and a pulse-producing circuit.
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MeTor0 HaHOTO FOCITIIJKEHHSI € BUKOPUCTAHHS Pe3oHAaHCHOro pesepsyapa LLC misa momoBieHHsS TepMiHy
CIy:ROM aKyMyJsiTopa. Y CTarTTi PO3IJIsaeThesi KOHCTPYKINsA pesdepByapiB LLC rTa ix mpaxkrmyHa oIliHKa B
baratopesonancuomy rmeperBopioBaui LLC. Tepmin ciym0u arymysasTopa 30LIBIIYETHCA 34 JOIIOMOTOIO
6araTope3oHaHCHOr0 IepeTBopioBada mocTiiiHoro crpymy LLC muisxom 3MeHIIEHHS IIyJIbCAIliii YaCTOTHOIO
crpymy. Jist 36iibnieHHs: KoedillieHTa HOTYKHOCTI TAKOK BUKOPHCTOBYETHC OeamocroBuil neperBopioBauy Cuk.
Jlst 361nbIeHHsT KOeiIlieHTa IOTYKHOCT] Ta 3MEHIIeHHs BTpaT IpoBigHocTi epeTBopioBad Cuk BHKOpHCTOBYE
peskuM nepepusuactoi mposiguocti (DCM). 3acrocyBanHs, MOB'I3aH] 31 3apAIKAHHAM aKyMyJIATOpa, HalKpalie
MOXOOATh JJIA 3aIlpoIroHoBaHoi mozmesi. Crucrema BHpOOJisie KepOBAHMM BHXIJ MoCTiiHOI Hampyru 42-24 B.
[MinTpumyerbess HOMiHaNbHA mOTY:RHICTE 650 Br. Brparm Ha mnepeMUKaHHS 3MEHILYIOTHCA —3aBIAKH
BrpoBamkenno tomosiorii LLC. Bucorka edexTuBHICT, rapaHTyeThCs KOHCTPYKIIEIO IIepeTBOpoBada. Buxifg
cTabii3yeTbcss 3a JOMOMOTOI0 METOMIB dYacTOTHOI MomayJsamii. Ileit merom mokpalmye TepMiH Ciys:kbum Ta
MPOJYKTUBHICTh aKyMyJsTopa. Jloc/ipxeHHs IIpoJuBae CBITJIO HA METOAM PE30HAHCHOTO IIePETBOPEHHS
notyskHocTi. CrcreMa 3abesmedye HamiiiHe Ta epeKTUBHE 3apAMKAHHA aKyMyJisTopa, repersopioBaui LLC Ta
Cuk rapaHTyOTh MeHIIEe eJeKTPOMATHITHUX II€PellKo, a 3alpOlOHOBAHA KOHCTPYKIsS 3MeHIIye
HaBaHTAYKeHHs Ha CUJIOBI mpucTpoi. KoHCTpYyKINis crpusie MIBUAIIEHHIO 3araibHOl e()eKTUBHOCTI ITePeTBOPEHHS
noTyskHOoCcTi. ExcmepuMeHTa IbHA IIepeBIpKa IiATBEpIsKye eeKTUBHICTH TOIOJIOTI]; a MaiOyTHI TOC/IKeHHS
OyIyTh 30cepeIsKeH] Ha JOAATKOBIN OMITHUMI3aIlil 1JI 3aCTOCYBAHb B €JIEKTPOMOOIJIAX.

Knouosi cimora: Baratopesomancuuii mepersopioBad LLC, Beamocrosmit meperBopioBau Cuk, Peskuwm
nepepusuactoi mposigaocti (DCM), Ilynbcarii crpymy uacrotu, KoeditienT moryskaOCTI.
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