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DC-DC converters are playing a vital in the electric vehicles (EVs) application. In current EVs, a separate DC-DC converter is used
to charge both in the low voltage and the high-voltage batteries. These factors have resulted in higher output voltage ripples, higher
switching and device conduction losses, all of which can have an impact on EV performance. In addition, the previous mulitport
converters have more number of energy storage elements and switching devices for EV application. To address these issues, this
article proposes a multiport DC-DC converter charging circuit for EVs. The proposed circuit has a single-input dual-output
(SIDO) structure that consists of a positive output boost converter (POBC) with integration of buck converter (POBCIBC). Here,
the POBC is used to stepping-up the voltage, while the buck converter is used to step-down the voltage. The POBC is a
fundamental topology composed of Cascaded Boost Super Lift Luo Converters. The designed POBCIBC has several advantages
such as reduced output voltage ripples, high-voltage transfer gain, proficient efficiency, lower switching and conduction losses, less
number of storage components, and a compact structure over the existing multiport converters. The performance of the POBCIBC
is tested at different operating conditions by constructing the MATLAB/Simulink and prototype models. The proposed converter
has produced different output voltage levels based on their duty cycles variations. The results are presented to show the proficient

POBCIBC for the EV application.

1. Introduction

Electric vehicles (EVs) can play a critical role in combating
climate change around the world by lowering emissions and
decreasing reliance on the fossil fuels. The main components
of EVs are the battery, DC-DC converters, inverter, electrical
machinery, battery management system (BMS), and control
unit. The DC-DC converter is used to charge the battery in
EVs while also increasing the high voltage from low-voltage
renewable energy sources [1, 2]. However, in existing EVs, an
individual DC-DC converter was used to charge both in the
low voltage and the high-voltage batteries, which can result in
increased switching losses, increased output voltage ripples,
massive conduction losses, and a decrease in system effi-
ciency. These issues affect the performance of the EVs. To
solve these issues, this article introduces a single-input and

multioutput (SIMO) DC-DC converter for EV. Positive out-
put boost converter (POBC) with integration of buck con-
verter (POBCIBC) in continuous conduction mode (CCM)
with various duty cycles is considered as a SIMO converter for
study in this article. In this article, the POBC is used for high
voltage and the stepping down converter is used for low volt-
age. The POBCIBC outperforms existing EV battery charging
multiport DC-DC converters in terms of voltage transfer gain
(VTQ), tenacity, and ripple voltage [3, 4]. The Luo converter
with integration buck converter for EV application is well-
executed [5]. However, the efficiency of this converter has
produced 94.2%. The DC-DC converter fed small power rat-
ing of brushless DC motor drive for EV is well-presented [6].
However, the efficiency of the converter is low for this work.
An enhanced deep learning method for driver detection and
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TasLe 1: Comprehensive analysis of the proposed POBCIBC with previous converters for EV applications.
Number of Switches )
References ) ) ) VTG G, VTG G, Efficiency (%)
Switch  Capacitor Diode Inductor Total outputs

[17] 2 3 3 2 2 (2-1/1-dy) (di-do/1-dy) 98

[18] 2 6 6 2 2 (1/1-d) (2/1-d) 93.98
[19] 1 5 2 2 2 (14NL,)/(1-d)®)  ((2+N,)/(1-d)) 93.4

[20] 3 7 4 1 2 QN +1))/d, (1-dy/dy) 92

[21] 1 3 4 2 1 (1/1-d)) - 90

[22] 1 4 4 1 3 (2-d/1-d) (dNy/1-d) 925

[5] 1 4 2 2 2 (2/1-d) (1/1-d) 94.2
Proposed POBCIBC 2 2 2 2 2 1/1-d, (di-d»/1-d5) 99.39

assistance EV with proficient performance has been pre-
sented [7].

Multi-input and multi-output (MIMO) DC-DC conver-
ters are currently hot topics in EVs. SIMO transformer based
DC-DC converter with varying output voltage is well-
executed [8]. However, this converter had a number of issues
such as big transformer size, higher cost, and more quantity
of power switches, higher on—off losses, and a complex con-
trol as well as driver circuit, which can reduce their efficiency.
The SIMO with coupled inductor is well-presented [9]. A
soft switching based SIMO converter has been reported in
[10]. However, from these woks, the coupled inductors have
resulted in more leakage current, more on-off losses and
complex design steps. The modified buck-boost DC-DC
converter has been systematically addressed [11]. According
to this article, the converter is designed for small power
applications by using three switches with hard switching
concepts to compute the lower and maximum surge inductor
currents.

Design of sliding mode controller (SMC) for multiphase
charger and discharger bidirectional DC-DC converters
have been well-reported [12]. From this work, the inductor
current of this converter with this control has produced a
ripple current of 1.58 A and peak overshoots of 1V during
the load variations. Furthermore, the structure of the
designed converter has more complex, and charged only a
single battery. The zero voltage switching (ZVS) DC-DC
converter using IC UCC389 control for low-voltage battery
charging in EV is well-presented [13]. However, the designed
converter has charged single battery with a complex struc-
ture and produced conduction losses of 20 W. Furthermore,
the cost of phase shifter IC is excessive due to increased
power losses. A real-time analysis of a five-stage DC-DC
boost converter with a series LC for EVs is well-presented
[14]. However, this converter has more storage elements (like
10 capacitors, and one inductor) and 8 diodes. Similarly, the
output voltage of this converter has generated peak over-
shoots of 34.9% and a settling time of 100 ms. The performance
of various DC-DC converters with their control methodologies
for EVs has been reviewed, and their parameters have been
recorded in [15]. Based on these analyses, the converter effi-
ciency ranges starts from 61.8% to 92.1% with a single battery.
An improved current-operated bidirectional power converter
for EV battery charging has been discussed [16]. But, this

converter has charged a single battery with moderate effi-
ciency. The Super Lift Luo Converter with buck converter
integration for EV has been discussed [17]. However, this
converter has produced an efficiency of 98% with two
switches, two inductors, three capacitors, and three diodes.
Table 1 indicates the comprehensive analysis of the proposed
POBCIBC with previous converters research gaps for EV
applications. From these works, it is evident that the pro-
posed POBCIBC has produced efficiency of 99.39% with
minimum number of elements over the existing converters.

According to the literature review, no design of
POBCIBC with duty cycle control for EV battery charging
application has been reported.

Therefore, in this article, it is to design the POBCIBC for
EV application. The complete model is validated at various
working conditions by making the MATLAB/Simulink and
the prototype models.

The following is the main objectives of this article:

(i) First, the VTG and design equations for components
of the POBCIBC are derived, and then the duty
cycles for the converter are varied to achieve a
wide range of regulated output voltages.

(ii) Next, the POBCIBC is tested at different duty cycles
and load resistance variations by constructing the
Simulink and the experimental models.

(iii) Finally, the results of proposed converter has ana-
lyzed via. time domain specification, output voltage
ripples, and efficiency analysis at different converter
parameter variations.

This article is organized as follows: Section 1 discusses
the introduction, literature review, and main objectives of
this article. Sections 2 and 3 discuss the operation and math-
ematical VTG of POBCIBC. Section 4 presents the proposed
converter components designs formulas. Section 5 performs
the efficiency calculation. Section 6 contains the results and
discussions of POBCIBC at different operating conditions.
Conclusions and future works are listed in Section 7.

2. Proposed POBCIBC Working

The POBCIBC for EV application is illustrated in Figure 1. It
includes input voltage Vi,, two MOSFET switches S;, S,,
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FiGure 1: Structure of the proposed POBCIBC.
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Ficure 2: Modes of operation of proposed POBCIBC, (a) Modes 1 and 3, (b) Mode 2, and (c) Mode 4.

storage components such as inductors (L, L,)/capacitor (Cy1,
C,2), power transfer diodes Dy, D, and load resitances R,1, R,
The main aids of the POBCIBC has single input and two output
voltage at different levels. This POBCIBC is more suitable for
power source in various components of EV. The output voltage
(Vo1) of POBCIBC has been improved by using boost converter
whereas the low-output voltage voltage (V.,,) of it can be gen-
erated with the help of buck converter. The POBCIBC has good
VTG, reduced circuit components, minimized current and
voltage ripples, simple strucure, good power density and effi-
ciency in comaprion with tradtional multiport converters, and
KY converters and SEPIC. The working of the POBCIBC is
divided into four modes of operation and its equivalent circuits
are represented in Figure 2(a)-2(c).

Mode 1 (0 < t < t;) (Refer Figure 2(a)): During the
Mode 1 operation, S; is closed and S, is open. The stored
energy in the previous mode of inductor L, is de-energized
to energize the inductor L, in this mode and to supply the
buck load R,,. This mode is completes after the (d;-d»/2)T;

time interval. The S; voltage is zero due to the resonance path
between the L;, L,, and C,; in the earlier switching state time
interval. Besides, the D, and D, are in reverse polarized mode.

(1)

Vsl/sZ/Dl/DZ—stress = Vo1 — Vin-

Mode 2 (t; <t<t,) (Refer Figure 2(b)): In Mode 2
operation, S; is open and S, is closed. The stored energy in
the inductor L, is released energy to load R,;. In addition, L;
is energized with V;,. The D, is inverse polarized in this
mode. The time interval for this mode is d, T time interval.

Ls1 /s2—stress — lin

iDl—stress = iol (2)
iDZ—stress = i02
Mode 3 (t, <t < t;) (Refer Figure 2(a)): The operation
in this mode is same as that of Mode 1.
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FiGure 3: Switching pattern, voltage, and current waveforms for
various elements of POBCIBC.

TaBLE 2: Specification of POBCIBC for EV application.

Name of the parameters Symbols Value

d 0.6 0.9
Dut 1

uty cycles d, 0.3 0.8

Input voltage Vin 12V 12V

Vo, 17.14V 60V
Output voltages

Vo, 5.14V 6V

R 250
Load resistances o!

Ro» 1250

io1 0.6856 A 24A
Load currents .

iy 04112A  0.48A
Input current iin 0.985A 13.633A
Efficiency n 99.39%  89.78%
Output powers Py + Py, 11.75W  146.88 W
Input power P; 11.82W  1635W
Switching frequency fs 30kHz
Inductors Lyand L, 3.2 and 2 mH
Output capacitors Co1=Coa 3uF
Capacitors ripple voltage AV, and AV, land 0.1V

Mode 4 (t; < t< ty) (Refer Figure 2(c)): In this mode,
S; and S, are in open states. The L, and L, is released energy
to supply the loads R,; and R,;.

Vul =Vin—- Vi
Voo ==Vi» (3)
ILl = Z.col + Vol/Rol-

Gate pulses, voltage, and current key waveforms for the
different components of POBCIBC are illustrated in Figure 3.
The parameters of POBCIBC are cataloged in Table 2.

Mathematical Problems in Engineering

3. Mathematical Computation of VTG
of POBCIBC

For computing the VTG of POBCIBC, assuming that the
proposed converter has ideal components and minimal rip-
ples for the inductors potential. The VTG of the POBCIBC is
derived from the modes of operation of it and also depends
on the voltage-second balancing of inductors. The VTG for
step-up output of boost converter is arrived as Equation (4).

Vindy Ts = [(Vor = Vin) X (1 = d,)] T,
Vindy = Vo1 = Vi = Vordy + Vindy
Vin = Vol(1 - dZ)

G =V /Vin= (1/1 - dz)-

(4)

Likewise, VTG of the step-down output of buck con-
verter is engraved as Equation (5)

Vordy = [(dy = dy) + (dy = dy) X (1/1 = dy)| Vi,
Voady = ([(dy = dy)x(1 = dy) + (dy = d,)]/(1 = &) Vin
Vordy = ([dy = d5 = dy +dydy +dy = d,]/(1 = dy)) Viy
G, =Vpu/Vin= (dl —dy/1 - dz)o

(5)

The VTG (G;) of POBC output voltage depends on duty
cycle d,, whereas the VTG (G,) of buck output is a function
of d; and d,. The graphical representation of theoretical
analysis of the proposed converter is depicting in Figure 4.
It is more suitable for EV due to utilizing the different ranges
of output voltages. From the Figure 4, 0<d;<0.9, 0<
d,<0.9, the VTGs are redefined as Equations (6) and (7)

Vin < Vi1 <10 Vi, (6)

0<Vp,<0.8 V. (7)

4. Design of Circuit Components of POBCIBC

This part deals about the circuit components of the POBCIBC.
The inductors, L; and L, decide the switch current stress
and output current ripples [17]. Therefore, designing the
optimal ranges of inductors plays a significant role. Figure 4
show the inductor peak-to-peak current ripple is evaluated
by Equation (8).

AiLl = VindZ/LLfS' (8)

The linear decreasing of inductor peak-to-peak current
ripple L, (see Figure 4) is obtained by Equation (9).

Aip, = Voz(l - dl)/szs~ (9)

The preferred ranges of L; and L, are evaluated using the
Equations (8) and (9).
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FIGURE 4: Peak-to-peak inductor current ripples L; and L, of POBCIBC.

Next, the proper ranges of filter capacitors of POBCIBC
are obtained by using Equation (10).

AVco :AQ/CO (10)

where AV,, is peak-to-peak capacitor ripple voltage and Aq is
charge.

Hence, the output capacitors are computed [17] with
help of the Equation (11).

Col.min > Vin(1 - dl)max/AVcolLlfs’ (11)
Coz,min > Vin(dZ - dl)max/A VcoZLZ fs

Using Equation (11) at fixed switching frequency, the
minimal ranges of C,; and C,, are mainly affected by d,
dy, and V;,.. In addition, the voltages stresses of S;, S,, Dj,
D,, and D3 computed with help of the Equation (12).

Vsl/sZ/Dl/DZ—stress = Vol = Vin. (12)

Also, the current stresses of the devices are evaluated by
Equation (13) with assuming free ripple of the inductors of
this converter.

L51/s2—stress — tin
ID1-stress — ol (13)

ID2—stress = to2-

5. Efficiency Computation

The element losses are considered when calculating the con-
verter efficiency. It is written as Equation (14).

”:Po/(Pa+PLosses>' (14)

The overall power losses of the converter are then
expressed as Equation (15).

PLosses = PSwitches + PDiodes + PCapacitors + PInductors~ (15)

The switching power losses are calculated during on and
off conditions

Pgyitches = PS,on + (pS,off/2)~ (16)

Using the Equations (17)—(20), the switching power
losses in on/oft operating conditions are evaluated.

PSl.on = Ton [(iizn - i%z)dZ + i02d1 + 2i02iin\/ald2 - dz] ’
(17)

PSZ,on = roniizndb (18)
PS,off :fSCm- Vsz—stress’ (19>

Psiss2.0f = fic,, (Vor = Vin)?, (20)

Diode conduction and nonconduction state losses are
calculated with help of Equations (21) and (22).

PDl,on:rfiizn(1 _dl)’ (21)

Ppyoft = Vi (1 = dy), (22)

where 7/ is diode forward resistance and Vj is threshold or
forward voltage of the diode.

Total diode losses, Ppiodes = Pp1.on + Ppi.off- (23)

Storage elements power losses are computed by using
Equations (24) and (25).

Prrductors =71 (iin\/I —d, + 1'01\/32)2 + 1 (iol\/al - dz)zv
(24)
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PCapacitors: 5] ((iin - iol)\/T - d2 + io1 \/32)2
Jr”2((1}1 —ig)Vd, = dy +inV1+d, - dl)z,
(25)

where r, is internal resistance of inductors and r, is internal
resistance of capacitors.

6. Results and Discussions

This section describes the simulation and experimental
responses of the POBCIBC for EV applications at various
load operating conditions, with the specifications of the same
converter cataloged in Table 2. The following are the speci-
fications of the converter circuitt MOSFTE IREN 540
switches S,_S,, diodes, D;, D,-UF5803, inductors, L;, L,-
Ferrite core (10 A), capacitors, C,;, Cy; -electrolytic type, pulse
width modulation (PWM) generation using microcontroller

currents Output voltages

PIC 1816310 (32MHz, PCIl, and PC2) and driver IC-Fan
6832 with amplification circuit. Figure 5(a) depicts the Simulink
model of the POBCIBC, while Figure 5(b) depicts the pro-
totype model of the same converter. The PWM pulses for
switches of the converter are generated by using the
PIC18£6310. Then, it is applied to the Fan 6832 driver cir-
cuit to provide isolation between the power and control
units. The driver IC outputs are then connected to the
gate and source of the switches S; and S, to regulate the
output voltages with different duty cycles.

Figures 6(a) and 6(b) depict the simulated and experi-
mental responses of the output voltages, V;,, and PWM
pulses of the proposed POBCIBC with V;, =12V and duty
cycles of switches d; = 60% and d, = 30%. From these figures,
it is clearly found that the POBCIBC output voltages have
Vo1=17.14V and V,,=5.14V matched theoretical values
(refer Table 2) with small overshoots and a quick setting
time of 0.001 s. In addition, output voltages of the proposed
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FiGure 6: Simulated and experimental results of POBCIBC, (a) d; = 60% and d, =30% (CH1 : 2 V/div; CH2 : 5 V/div-gate voltages of switches)
and (b) input voltage and output voltages (CH1:10 V/div; CH2: 10 V/div-output voltages; time: 20 us/div).

converter has produced little ripples in both the experimental
and the simulation responsess. Figures 7(a) and 7(b) show
the experimental and simulation responses of the output
voltages, input voltage, and PWM pulses of the proposed
POBCIBC with V;;,=12V and d,=90% and d,=80%.
From these figures, it is clearly observed that both the exper-
imental and the simulation responses of output voltages of
the POBCIBC have V,; =60V and V,,=6V, negligible
overshoots and a setting time of 0.02s. Furthermore, the
Vo1 and V,,, of the proposed converter have produced little
ripples in both experimental and simulation analysis. Theo-
retical values (Table 2) are closely matched to both in the
experimental and the simulation results.

Figures 8(a) and 8(b) depict the POBCIBC simulated gate
pulses, voltage across the switches, and current through the
switches/inductors/diodes responses with V;,=12V and

0.8

0.6

0.4

Gate pulse for S,

0.2

Gate pulse for S,

0
0.0406 0.0406 0.0407 0.0407 0.0407 0.0407 0.0407 0.0408 0.0408
Time (s)

0 0.01 0.02 0.03 0.04 0.05 006 0.07 0.08 009 0.1
Time (s)

— V, =17.14V — V=12V

— V=514V

d; =60% and d, = 30% at different load resistance. It is found
that the voltage across the switches, current through the
switches, inductor, and diodes of the designed POBCIBC
has no voltage and current stresses during the converter
operation.

The POBCIBC was also operating in CCM/discontinuous
conduction mode (DCM) because the inductor currents were
continuous. All of the parameters correspond to the theoreti-
cal key waveform (see Figures 3 and 8). The performance of
POBCIBC at rated load conditions is recorded in both the
simulated and the experimental numerical results in Table 3.
From theses result, it is evident that the proposed POBCIBC
has produced efficiency of 99.39% (simulation) and 98.49%
(experimental) at load of R,; =250 and R,,=12.5Q and
minimum ripples of the output voltages (1.2 V (simulation),
1.6V (experimental) and 0.005V (simulation), 0.0007 V
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and (b) input voltage and output voltages (CH1:10 V/div; CH2 : 20 V/div-output voltages; time: 20 us/div).

(experimental)) with duty cycles of switches d;=0.6
and d, =0.3.

Tables 1 and 3 indicate the comprehensive analysis of the
proposed POBCIBC with previous converters for the EV
applications. From these works, it is evident that the pro-
posed POBCIBC has produced efficiency of 99.39% (see
Table 3 highlighted in bold) with minimum number of ele-
ments over the existing converters.

The percentages of loss breakdown at nearly full load
for various POBCIBC components are shown in Figure 9
using Equations (14)—(25). As a result, power losses are
dominated by semiconductor device losses. It should be
noted that the conduction loss of the switches and diodes

becomes dominant due to the high current flow through
them in the high-voltage gains and output powers. As a
result, high-power semiconductors with low on-resistance
should be used to improve the efficiency of the same con-
verter. Figure 10(a)-10(d) depicts the experimental voltage
across the Sy and S,, and current through the inductor (iy,),
and Ip; responses for POBCIBC with V;,=12V and
d;=60% and d,=30% at rated load. From these results,
it is found that the voltage across the switches, current
through the inductor and the diode of the same converter
has no voltage and current stresses during the POBCIBC
operation. Therefore, the designed converter has more effi-
ciency for EV application.
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FiGure 8: Continued.
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FiGure 8: (a) Simulated current and voltage variations waveform for various elements of proposed POBCIBC (R,; =25Q and R,, =12.5 Q).
(b) Simulated current and voltage variations waveform for various elements of proposed POBCIBC (R,; =100Q and R, =500Q).

TasLe 3: Simulated and experimental performance analysis of POBCIBC for EVs application at rated load operating condition with
Vin =12V and duty cycles of d, =60% and d, =30%.

Efficiency 1 (%) Ripple output voltage Vo, (V) Ripple output voltage V, (V)
Ror () Rez () Simulated Experimental Simulated Experimental Simulated Experimental
25 12.5 99.39 98.49 1.2 1.6 0.0005 0.0007
50 25 95.48 94.58 1 1.2 0.001 0.0015
100 50 91.22 90.33 0.7 0.95 0.002 0.0026
150 75 87.98 86.88 0.5 0.66 0.003 0.0035
200 100 85.11 84.22 0.25 0.34 0.004 0.0044

250 125 82.49 81.33 0.2 0.32 0.005 0.0053
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FiGure 9: Distribution of experimental losses in POBCIBC at rated load conditions.
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Ficure 10: Experimental current and voltage variations responses for various elements of proposed POBCIBC (R,; =25 Q and R, =12.5Q
Vin=12V and d, =60% and d,=30%) (a) voltages across switch S; (CH1:20 V/div), (b) voltages across switch S, (CH1:10 V/div), (c)
current through diode D; (CH1:1 A/div) and (d) current through inductor L, (CH1 :500 mA/div).
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7. Conclusions

In this article, the theoretical analysis, design and output volt-
age regulation of multiport POBCIBC operated in CCM using
different duty cycle has been successfully demonstrated. The
PWM pulses were generated using PIC18f6310 for POBCIBC.
The main merits of the designed POBCIBC over the previous
multiport converter as follows:

(i) Obtain the good VTG and flexibility to change the
different output voltages;

(ii) Excellent efficiency like 99.39%;

(iii) Minimal output ripple voltages as well as inductor
ripple currents;

(iv) Simple structure and less number of components;
and

(v) Low conduction and switching losses.

The experimental and simulation results are presented in
order to prove the competence of the designed multiport
POBCIBC at different load and duty cycle operating condi-
tions. It is, therefore, mainly designed for EV battery charg-
ing application.

In future, multiport converter based LUO and KY topol-
ogies to be built for EV and renewable energy applications.

Data Availability

The data are used to support the findings of this study are
included within the article.
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