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Abstract

This paper proposes a novel 1-ϕ, Cuk based on-board 
electric vehicle (EV) charger with least power compo-
nents. The proposed EV charger has a special feature 

to achieve power factor correction (PFC) at AC grid without 
requirement of the grid voltage and current sensors which 
cuts the cost and increases the power density of the EV charger 
along with robustness to noise. The automatic PFC at AC grid 
is accomplished by operating the output DC inductor in 
discontinuous conduction mode (DCM). The proposed EV 
charger necessitates a minimal number of power components 
for positive and negative half cycles of AC grid which improves 
the overall efficiency of the system. This is possible due to the 
combination of inverting and non-inverting Cuk converters 

are used for each half cycle of the AC grid. Further, the 
presence of output inductor in the EV charger reduces the 
ripples in the output current which is not common with all 
the existing chargers in the literature. In addition, the control 
of charger is simple, and easy to implement with only battery 
current sensor based current control. The proposed charger 
configuration has lower voltage stress across the power 
switches and diodes in comparison with the existing charger 
configurations. The theoretical concept is validated through 
experimental studies which prove the superior execution of 
PFC control of the 2kW EV charger. The various performance 
factors such as power factor at AC grid is 0.996 and total 
harmonic distortion (THD) in the AC grid current is 2.8% 
which are within the limits of standard IEC 61000-3-2.

Introduction

Nowadays research on electric vehicles (EVs) has been 
speeding up due to increasing awareness on environ-
mental conditions [1, 2, 3]. These EVs supported by 

batteries alleviate to build a noiseless and lesser polluted envi-
ronment while reducing the operational cost [3, 4, 5]. Several 
industries and government organizations have been showing 
interest in these technologies which are funded by numerous 
government advancement programs [6, 7, 8, 9]. One of the 
survey reports in 2019 says that approximately 6 million EVs 
are on the street and by 2050, the EVs on the street will be 1 
billion [10, 11, 12]. Usually, the voltage ratings of batteries for 
EVs varies from 400V to 600V. Hence a charger is needed to 
charge the EV battery. Currently, the EV chargers are catego-
rized in to two types [13, 14, 15, 16].

•• On-board charger

•• Off-board charger

The main role of EV charger is to provide a commanded 
DC power at the output by converting the utility AC power 
[10]. In addition, to maintain the harmonic constraints a 
power factor correction converter (PFCC) is employed at the 
front end of EV charger [19]. Usually, a regular EV charger 
contains an input AC filter, an AC-DC rectifier as PFCC and 
DC-DC converter which are connected in a cascaded manner 
as shown in Fig. 1 [17].
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 FIGURE 1  Conventional Grid to Vehicle (G2V) on/off-board 
charger [17].
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Several researchers have proposed EV charger configura-
tions which are two-stage systems (i.e., PFCC followed by 
DC-DC converter) [2, 6, 17, 18, 19]. The two-stage EV charger 
configurations have an advantage of easiness in implementa-
tion, but these configurations have several major drawbacks 
such as a greater number of components, higher power losses 
and lower efficiency. The higher the number of components 
in the system, the increases the system size as well as cost. To 
overcome above mentioned disadvantages, single-stage 
charger configurations have been introduced by some 
researchers [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. The single-
stage configurations in [20] and [21] are obtained by combining 
AC-DC diode rectifier and DC-DC converters. However, the 
diode rectifier at the input is lossy and necessitates an alternate 
solution (i.e., EV charger without diode rectifier) [22, 23, 24, 
25, 26, 27, 28, 29, 30]. Although the single stage configurations 
in [17, 22, 23, 24, 25, 26, 27, 28, 29, 30] doesn’t incorporate 
diode rectifier but the number of power components are same 
as traditional configurations.

For instance, the introduced single stage EV charger 
topologies in [20] are shown in Fig. 2(a), Fig. 2(b), and Fig. 2(c) 
respectively. The EV charger topology in Fig. 2(a) has advan-
tages of lower input current ripple and simple operation. 
However, it has drawbacks of circulating currents through 
two auxiliary capacitors in both half cycles of grid voltage 
which incorporates additional losses in the system. Whereas 
the EV charger topology in Fig. 2(b) incorporates additional 
inductor at the output which provides improved thermal 
management to the system. Conversely, this adds a greater 
number of power components to the system which also 
includes two extra capacitors in the output. Another drawback 
of this topology is that the load is located between the two 
output capacitors which makes the EV charger output termi-
nals float. The EV charger topology in Fig. 2(c) has lower 
current stress across power components; however, the body 
diode of stationary switch continuously conducts in every half 
cycle of grid voltage which incurs additional losses in the 
system. For example, in the positive half cycle of the grid, the 
body diode of stationary switch S2 conducts via output 
inductor L2 due to part of return current in the circuit which 

encounters extra power losses. Fig. 2(d) and Fig. 2(e) shows 
two different EV charger configurations (i.e., in [23] and [24]) 
which have almost same number of power components as 
conventional Cuk PFCC (i.e., Fig. 2(d) has 9 components 
whereas Fig. 2(e) has 10 components). Furthermore, these EV 
charger configurations also have the same stress across power 
devices like conventional Cuk PFCC.

However, these EV charger configurations experience 
high input and output current ripples due to problem of 
inductor coupling which eventually impacts the life of the 
battery. The EV charger configuration shown in Fig. 2(f) is 
simple in implementation and easy to control [21]. Further, 
the current stress of the components is same as traditional 
Cuk PFCC in DCM however, this topology experiences higher 
voltage stress across power switches and higher THD in input 
current. In addition, this charger configuration necessities 
extra input filter. Thus, taking a cue from the above-mentioned 
configurations, this paper proposes a novel Cuk based EV 
charger configuration with minimal power components and 
easy control strategy in comparison to existing EV 
charger configurations.

The distinguishing features of the proposed EV charger 
configuration are given as follows:

•• It requires optimized/reduced number of components 
with lower voltage stress across the 
semiconductor devices.

•• The output inductor operates in DCM to achieve 
automatic PFC at AC grid.

•• The natural PFC at AC grid eliminates the necessity of 
AC voltage and current sensors which enhances the 
power density, cuts the cost of the system.

•• The PFC is achieved with only one output current 
control which requires only one current sensor. 
Therefore, the closed loop control of converter is easy 
and simple for implementation which increases the 
reliability of system.

•• The voltage stress across power semiconductor devices is 
lower hence switching losses are reduced and a lower 

 FIGURE 2  Some of the existing on-board EV chargers in the literature; (a)-(c) [20], (d) [23], (e) [24], (f) [21]

Downloaded from SAE International by Laxman Timilsina, Thursday, July 23, 2026



	 3A NOVEL 1-Φ CUK BASED ON-BOARD EV CHARGER WITH MINIMAL POWER COMPONENTS

number of devices are in conduction path which reduces 
the conduction losses. Thus, overall efficiency of the 
system is enhanced.

The paper is organized as follows: Introduction section 
discusses the various EV charger configurations in the litera-
ture. Next section presents the proposed EV charger configu-
ration and its various modes of operation along with the 
design of power components. 3rd section discusses the modula-
tion and control strategies of proposed EV charger along with 
the comparison of proposed converter with the several 
existing charger configurations. The experimental results to 
prove the validity of the proposed EV charger configuration 
are shown to check the accurateness of the closed loop control 
which are presented in the 4th section. The last section 
discusses the important conclusions drawn from the 
proposed work.

Configuration and 
Operation of Proposed 
Cuk EV Charger
The proposed charger configuration is derived from basic Cuk 
converter configurations (i.e., Inverting, and non-inverting 
converters) as shown in Fig. 3. The converters shown in Fig. 
3 are fused into one system in such a way that they can operate 
during positive and negative half cycles of the AC grid. The 
output voltage of the system can be higher or lower than input 
voltage due to natural buck and boost capabilities of Cuk 
converter configuration.

Fig. 4 shows the proposed Cuk based EV charger. It 
consists of two inductors (Lg and L0), three switches (S1 to S3), 
two power diodes (D1 and D2) and two capacitors (CA and C0). 
It can be observed that the total power components required 
for the proposed EV charger is nine whereas existing charger 
configurations utilize more than nine power components. The 
series connected switches (S1 and S2) in the proposed system 
provides blocking capability in both positive and negative 

cycles of the AC grid and these two switches are switched ON 
and OFF during the operation of charge as given in Table 1. 
As shown in Fig. 4 the proposed charger consists of output 
inductor L0 which smoothens the ripples in the output current 
so that the lesser value of the output capacitor can be realized. 
Other than this, charger can eliminate the requirements of 
the dead band between the switches due to the presence of 
output inductor which evades the shoot through issues.

The various modes (total six) of operation of the charger 
are shown in Fig. 5(a), Fig. 5(b), Fig. 5(c), Fig. 5(d), Fig. 5(e), 
and Fig. 5(f) for the case of discontinuous conduction (i.e., 
iL0=0). Fig. 5(a), Fig. 5(b), and Fig. 5(c) correspond to the modes 
of operation in the positive half cycle (i.e., Mode-I to Mode-
III) and Fig. 5(d), Fig. 5(e), and Fig. 5(f) correspond to the 
modes of operation in the negative half cycle of grid voltage 
(i.e., Mode-IV to Mode-VI). The switching states corre-
sponding to the modes-I to VI are given in Table 1.

In Mode-I, the switches S1 and S3 are turned ON. During 
this mode, the inductor Lg stores energy from the input source. 
The auxiliary capacitor CA transfers its energy to the battery 
through the switch S3, output inductor L0 as shown in Fig. 5(a). 
During this mode the output inductor L0 stores energy from 
capacitor CA. In Mode-II, the power switches S1 and S3 are 
turned OFF. During this mode, the stored energy in the Lg is 
transferred to the auxiliary capacitor CA and the energy stored 
in the L0 (i.e., iL0>0) free wheels through the power diode D2 
and output capacitor C0 via battery as shown in Fig. 5(b). 
During the discontinuous mode (DCM) of operation, the 
current through iL0=0 and the energy stored in the inductor 
Lg is continue transferring energy to CA as shown in Fig. 5(c).

Similarly, in the negative half cycle (i.e., in Mode-IV) Lg 
stores energy and auxiliary capacitor CA transfers its energy 
to the battery by using power switches S1, S2 and S3 as shown 
in Fig. 5(d). The stored energy in Lg gets transferred to auxil-
iary capacitor CA in Mode-V by using power switches S1, S3 
and diode D2 as shown in Fig. 5(e). During this mode, the 

 FIGURE 3  Conventional Cuk converters; (a) inverting, (b) 
non-inverting.

 FIGURE 4  Proposed Cuk based on board EV charger.

TABLE 1 Switches ON/OFF condition w.r.t modes of operation

Switches States (1=on, 0=off)
ModeS1 S2 S3 D1 D2

+ve half cycle 1 0 1 0 0 I

0 0 0 1 1 II

0 0 0 1 0 III

-ve half cycle 0 1 1 0 0 IV

0 0 0 0 1 V

0 0 0 0 1 VI
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energy stored in “L0” free wheels through diode D2 and C0 
via battery. During the DCM operation, the current through 
iL0=0 and the energy stored in the inductor Lg free wheels 
through the switches S1, S3 and diode D2 as shown in Fig. 5(f).

In case of DCM operation, ton+toff < TS where ton, toff are 
ON and OFF durations of switch S1. Here ton= D×TS = ma× 
sin(ωt) ×TS and toff can be calculated by using voltage across 
inductor ‘Lg’.
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Design of the EV Charger 
Components
This section discusses the design aspects of the various power 
components in the EV charger.

Design of Output Inductor (L0) The design specifica-
tions considered for the output inductor (L0) are 2kW and 
switching frequency of 20kHz. Here, L0 is considered to 
be operating in DCM and it stores energy from CA when S1 is 
switched ON. Hence, the voltage across L0 can be expressed 
as below.
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Where VCA is the voltage across auxiliary capacitor, vbatt 
is the voltage across battery and IL0max is the maximum current 
flowing through inductor.

Design of Grid Inductor (Lg) The grid inductor (Lg) 
can be designed by using the following expression.

	 L
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Here Cg is the capacitor connected across AC grid and fc 
is the cutoff frequency which is 1/10th of the fs.

Design of Auxiliary Capacitor (CA) The expression 
to calculate the value of auxiliary capacitor (CA) is given below.
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Here, wr is the resonance frequency and the value of wr 
is selected such that its value is al6ways lesser than ws (i.e. 2πfs) 
and greater than wg (i.e. 2πfg).

Design of Output Capacitor (C0) The output capacitor 
(C0) is charged and discharged depends on the modes of 
operation of the EV charger. The rate at which C0 is charged/
discharged can be assessed with the expression given below.
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 FIGURE 5  Working modes of Proposed Cuk based on 
board EV charger during DCM operation.

Downloaded from SAE International by Laxman Timilsina, Thursday, July 23, 2026



	 5A NOVEL 1-Φ CUK BASED ON-BOARD EV CHARGER WITH MINIMAL POWER COMPONENTS

Here, ΔQC0, ΔvC0 and ΔTs are change in charge, voltage 
ripple and charging/discharging times of the C0. ‘i0’ is the 
output current which is flowing through C0. Hence, it can 
be understood that the value of C0 is determined with the help 
of output power (P0) and output capacitor voltage ripple (ΔvC0) 
as given below.

 	 C P
v v fC C S
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0 0
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Here, the ripple ΔvC0 is considered to be 5% and fS is the 
inverter’s switching frequency.

Design of Semiconductor Devices (S1~S3, D1 and 
D2) The mean current flowing through the semiconductor 
devices in one switching cycle can be detemined by using 
expressions given below.

 	 i i i i i iS S S D D g1 2 3 1 2 2� � � � � � 	 (7)

Here, iS1, iS2, iS3, iD1 and iD2 represntes the mean/average 
current flowing thorugh power devices S1, S2, S3, D1 and D2 
respectively. ‘ig’ represents the grid current RMS value. In a 
similar manner, the mean/avergae voltages across semicon-
ductor devices in one switching cycle can be expressed as (8).
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Control and Modulation 
Methods of EV Charger
This section presents the modulation and control techniques 
adopted for the proposed EV charger. Fig. 6(a) and Fig. 6(b) 
shows the modulation technique in the positive and negative 
cycles of the AC grid respectively. Fig. 6(c) shows the simple 
current control strategy used to charge the battery at 2kW.

The modulation strategy shown in Fig. 6(a) and Fig. 6(b) 
shows that the modulating wave (vm) is compared to the trian-
gular wave (vtr) to generate gate pulses to the switches S1, S2 
and S3 (i.e., gS1, gS2 and gS3).

The modulation ratio of the proposed charger configura-
tion can be expressed as given below.
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Here, v0, vg and mr are the average output voltage, peak 
grid voltage and modulation ration of the charger respectively. 
The proposed charger is compared with the other charger 
configurations [20]-[29] as given in Table 2. Several existing 
charger configurations consist of a greater number of induc-
tors and capacitors which increases the size and weight of the 
charger and reduces reliability. Further, the proposed charger 
configuration requires only one sensor for the closed loop 
control (show in Fig. 6(c)). In addition, the increase in the 
component count increases the cost of the system and occupies 

more space on the EV. The complete comparison of the 
proposed charger configuration with other existing charger 
configurations is given in Table 2.

Experimental Validation
To verify the design and prove the validity of proposed charger 
configuration (Fig. 4) a laboratory prototype has been built 
for a power rating of 2kW. The parameters used for experi-
mental study are given in Table 3. The design of the grid induc-
tance (Lg) is performed by considering the ripple in current 
(i.e., 5%) and least possible grid voltage condition.

The experimental results of the proposed charger config-
uration for full load are shown in Fig. 7. It can be observed 
that the proposed EV charger can achieve the PFC for power 
ratings of 1kW and 2kW respectively (shown in Fig. 7(a) and 
Fig. 7(b)). In addition, the THD of input current is observed 

 FIGURE 6  Generation of gate pulses and closed loop 
control strategy.
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to be around 2.8% at power rating of 2kW. The THD in grid 
current at various power levels have been given in Table 4. It 
can also be observed from Fig. 7(a) that the battery current 
is regulated at an average current of 5A. Fig. 7(b) shows the 
current through output inductor (iL0) and it is evident that 
the output inductor is operating in DCM. Even though the 
output inductor is having the high ripple in current, a higher 
efficiency (≈95%) of the converter is achieved due to lower 
stress across power devices and lesser devices in conducting 
in the any mode of operation. The efficiencies corresponding 
to the various outpower levels of the proposed charger are 
given in Fig. 8. It can be seen from the Fig. 8 that the proposed 
converter exhibits highest efficiency (≈95%) at 1.5kW and 
94.1% at rated power of 2kW. The full loss distribution of all 
semiconductor devices in the proposed charger for 2kW rated 
power is given in Table 5. It can be observed from Table 5 
that most of the losses in the converter are contributed by 
power switches (S1~3). The losses in the power devices are 
estimated by using the expressions in [31] with the details 
mentioned in the datasheet of power devices. From the exper-
imental studies, it can be understood that the theoretically 
estimated efficiency and experimental efficiencies are 
well matching.

To check the dynamic performance of the proposed 
charger configuration, the transient studies are performed, 
and the corresponding experimental results are shown in Fig. 
9. First, the battery current reference to the current controller 
is changed from 2.5A to 5A (i.e., power reference is changed 
from 1kW to 2kW), it can be understood from Fig. 9(a) that 
the grid current (ig) is changed from 8.3A RMS to 16.67A RMS. 

TABLE 2 Comparison of proposed charger configuration with various existing charger configurations

Topology [20] [25] [26] [27] [30] [28] [29] [23] [24] [21] Proposed
total components 13 15 22 23 11 14 10 9 9

power switches 4 2 2 6 1 3 4 2 2 2 3

power diodes 4 3 8 10 5 2 6 2 2 2 2

inductors 0 5 6 3 3 2 4 3 3 1 2

auxiliary capacitors 0 3 4 1 2 0 2 2 1 2 1

device’s voltage stress high high high high high high high high high high low

device’s current stress Less more less less more less more more more less high

ripple in input current less less less less more less less more less high low

ripple in output voltage less less less less more less less less less less low

devices in conduction 4 1 2 6 3 3 5 1 3 2 3

operation mode ccm ccm ccm ccm dcm ccm dcm ccm dcm dcm dcm

sensors 3 2 2 3 2 4 2 2 1 2 1

maximum efficiency (%) 98 91 88 93 N/R 95 96.9 N/R 95 94.3 95

power rating (W) 3.5k 5k 500 1.5k 850 1k 1.65k N/R 200 100 2k

TABLE 3 Parameters used in the experimental study

System Parameters Value
Input inductor (Lg) 2 mH

Auxiliary capacitor (CA) 50 μF

Output inductor (L0) 30 μH

Output capacitor (C0) 500 μF

Switching frequency (fs) 20 kHz

AC grid 120V rms

Battery pack 400V, 5Ahr

DSP controller TMS320F28335

System power rating 2kW

Power switches NTE3300

Power diodes STTH1004FP

 FIGURE 7  Experimental results of proposed charger for 
rated power of 2kW.
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From Fig. 9(a), it can also be observed that grid current is 
adjusted accurately without any high transient in the current. 
Similarly, in Fig. 9(b), the battery reference current is changed 
from 5A to 2.5A which corresponds to the power changes 
from 2kW to 1kW, the input grid current is perfectly adjusted 
without any undershoot with nearly unity power factor (UPF). 
From all the experimental studies (Fig. 7, Fig. 8, and Fig. 9), 
it can be clearly observed that input current (ig) is properly 
adjusted as per the battery current reference while main-
taining the input current in a perfect sinusoidal nature with 
accurate PFC and lesser THD. In addition, the efficiencies of 
various existing charger configurations are compared and 
shown in Fig. 10.

Summary/Conclusions
This paper proposed and investigated a novel Cuk based opti-
mized component count PFC on-board EV charger which 
uses only one current sensor to charge the battery pack from 
the utility grid. The proposed EV charger’s output inductor is 
operated in DCM to attain natural PFC at the AC grid and 
thus it reduces the requirement of sensors which minimizes 
the size and cost of the system. The reduction in size and cost 
of the system increases the power density and reliability of 
the total system. In addition, the proposed EV charger has 

TABLE 4 THD with respect to power output

Output power (W) PF THD (%)
200 0.989 4.37

400 0.99 4.25

600 0.99 4.1

800 0.991 3.8

1000 0.992 3.69

1200 0.992 3.42

1400 0.993 3.3

1600 0.993 2.93

1800 0.995 2.84

2000 0.996 2.8

 FIGURE 8  Efficiency of proposed charger for various 
output power levels.

TABLE 5 Loss distribution between various 
power components

Power component Loss (W)
Switches 38

Diodes 14

Grid inductor 12

Auxiliary capacitor 2

Output inductor 22

Output capacitor 16

Other 25

Total 128

Efficiency 94.1%

 FIGURE 10  Efficiency comparison proposed charger with 
existing charger configurations.

 FIGURE 9  Experimental results correspond to the 
transient studies.
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lower voltage stress across the semiconductor devices 
compared to existing PFC EV charger configurations which 
helps in reducing the switching losses and thus improved the 
overall efficiency of the system. Further, only three power 
devices are in conduction in any mode of operation which 
enormously reduces the conduction losses and guarantees the 
proper thermal management of converter. The main benefits 
of this proposed work are simple EV charger configuration, 
accuracy of the closed loop control and feasibility for the prac-
tical application. In addition, this paper briefly discusses the 
existing EV charger configurations and their drawbacks. The 
experimental results validate the design of the proposed 
configuration. It can be  observed from the experimental 
results that the THD of grid current is 2.8% with power factor 
of 0.996 at power rating of 2kW.
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Definitions/Abbreviations 
EV - Electric Vehicle
PF - Power Factor
PFC - Power Factor Correction
DCM - Discontinuous Conduction Mode
PFCC - Power Factor Correction Converter
PWM - Pulse Width Modulation
THD - Total Harmonic Distortion
Fig. - Figure
UPF - Unity Power Factor
RMS - Root Mean Square
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