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Abstract—Nowadays, electric bikes are substituting
conventional bikes due to economic and environmental
advantages. This paper presents an improved converter for
battery charging of E-bikes. PFC-CUK converter is used as
primary stage to achieve near unity power factor (UPF). In the
secondary stage, efficient one-switch resonant converter is
utilized. The second stage converter process the power with the
help of resonance circuit formed by leakage inductor and
capacitor. The detailed operation of the proposed topology is
explained followed by the simulation results. A lithium-ion battery
pack of 36V, 7650 mAh is charged by incorporating different
protection schemes. Simulation results evident that the proposed
converter provides near UPF and reduced THD of 4.28%, which
is below IEEE standard limit of 5%.

Keywords—Power factor corrected (PFC); Unity power factor
(UPF); Continuous Conduction mode (CCM); Discontinuous
Conduction mode (DCM); Total harmonic distortion (THD)

1. INTRODUCTION

Automobiles used for transportation system are releasing
lethal emissions due to extensive fossil fuel consumption that
results in environmental pollution [1]. To address these issues,
eco-friendly electrical vehicles (EV) are the only alternative to
meet transportation needs. However, the exponential growth of
EVs require an establishment of domestic charging system with
a number of power ranges [2]. Distribution transformers are
heavily burdened because of harmonics present in the current
which is due to the capacitive behaviour of batteries [3, 4].
Converters that can improve the power factor at the source end
and reduce current THD must be used. This helps in improving
efficiency of the system & increases the real power extracted
from mains. Conventional boost converter topology is supreme
over available topologies for PFC. In [5], an extensive survey of
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different topologies of boost-converter for hybrid electric
vehicle charging system is presented. However, these topologies
get affected due to high inrush current. In [2], the author has
presented front-end AC-DC converter topologies standards. In
[6], electric vehicles charger used in CCM based on one-stage
CUK converter is presented. However, DC voltage having
ripples in it, charges the EV battery. High-ripple voltage
consequence over the life of Li-ion battery required to be
evaluated [7]. In [8], the author has proposed a wireless charger
for e-bikes that has SEPIC converter with bridgeless topology
operating in DCM. But the system is not highly efficient. Based
upon the capability of PFC converters to handle the power,
following modes of operation are present (a) CCM, (b) DCM (c)
critical conduction mode (CRM) [9]. In CCM, two control loops
results in ramification of the system. In DCM, voltage-follower
approach that requires complex electromagnetic interference
filtering is used to achieve current shaping. At the borderline of
DCM and CCM, CRM operates. In second stage, one-switch
isolated converter without RCD snubber [11] used in the
proposed work.

II. PROPOSED CONVERTER WORKING PRINCIPLE

The proposed converter model is shown in Fig. 1., which
has two power conversion stages. The first stage contains PFC-
CUK converter with front end bridge rectifier and second stage
is an isolated one-switch PWM resonant converter. The detailed
explanation of the proposed converter is provided as follows.

A. Working of the first stage converter

The two modes of operation of the first-stage CUK converter
is shown in Fig. 2. and is briefly discussed below-
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Fig. 1. Proposed PFC-CUK fed PWM resonant one-switch converter with BMS for E-bike charging.
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Mode I: Switch Q; is ON in this mode while diode Ds is reverse
biased. L; stores energy from source while C; transfers its
stored energy to L, & Cg.. Common way for current to flow
through two different meshes is provided by Qi, as shown in
Fig. 2(a).

Mode II: With the start of this mode, Q, is switched OFF, and
diode Ds is forward biased as shown in Fig. 2(b). During this
time period, L, starts discharging its stored energy to C; and the
load is supplied by the already charged L, & Cg4. Diode Ds
provides the common path for the current through two different
meshes.
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Fig. 3. One-switch resonant converter modes of operation

B. Working of the second stage converter

Operation of second stage resonant converter is shown in
Fig. 3. The resonance period of the circuit with Ly, & Cs is
expressed in (1). The converter can be operated in two regions
i.e., above resonant region (Tr/2 > DTs) & below resonant
region (Tr/2 < DTs) [11].

Tr=2n \/(leg*Cs) / np (1)
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III. PROPOSED CONTROL SCHEME

Various configurations for an E-bike battery are available in
the market, among them a ten series connected cell & three
parallel-connected cell of Lithium-ion battery with 7650 mAh
capacity & battery pack voltage of 36 V, battery pack cut-off
voltage of 27.5V & battery pack charging voltage of 41.8 V is
considered. Standard pack charging current is 3 A, standard pack
charging temperature is 45°C, standard pack charging time is 60
mA or 3 Hrs whichever is earlier. The following are three
common methods of charging an EV battery:

() Constant Voltage method
(IT) Constant Current method
(IIT) Constant Voltage-Constant Current method
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Fig. 4. CV-CC EV battery charging modes

Fig. 4., demonstrate the battery charging method. In CV —
CC method of EV battery charging, until the battery attains a
pre-set voltage level, the charger will limit the amount of
current to pre-set level. As battery becomes fully charged,
current reduces. This method helps in fast charging without
over-charging & is suitable for Lithium-ion batteries. PFC-
CUK converter as shown in Fig. 1., feeds the PWM resonant
one-switch isolated converter. The CUK converter input and
output inductors (L; and L) are operated in CCM. C; is set for
continuous voltage over a switching period. Vg4 of the CUK
converter appears across Cgc, which is fed to the one-switch
isolated converter. Two loops with different motives are
utilized by CUK PFC converter. Input line current is shaped to
sinusoidal by the inner current loop whereas DC-link voltage is
maintained by the outer voltage loop. We get error voltage V.
on comparison of V4. with reference voltage V*4.. V. is handled
by a voltage PI controller to provide a DC reference i"Li. Input
Inductor ir; current is compared with the DC reference current
i"L1 and it generates the gating pulse for the switch. Parallel
input resonant filter is used to achieve reduced THD of source
current and improved power factor. For input parallel resonant
filter, equivalent impedance n® harmonic component is given
by

Zy=[n* XL * (Xc2 /n)]/ [jnXis - j(Xc2 / n)] 2

where, Xy represents impedance of input resonant inductor L
& Xca represents impedance of input resonant capacitor Cz both
at fundamental frequency. Theoretically, the third harmonic
impedance of the input resonant filter will be infinity.
Therefore, (3 * X1s) = (X2 /3) & Ls =1/ (90*C,), accordingly
C2 & L; can be designed. The value of C; is chosen in this way
that at the rated output power, the input power factor reaches its
peak value.

IV. RESULTS AND DISCUSSION

The proposed converter is simulated for an output power of
133.08W using MATLAB/Simulink. The specifications and
design parameters of the proposed converter is given in TABLE
L.

TABLE 1. SPECIFICATION AND DESIGN PARAMETERS

Parameters Values
Vac 220V (RMS)
fSupply 50Hz

Vo= Via 41.8V (DC)
Switching frequency of 75KHz
resonant converter
L, 11mH
C, 2mF
C; 20mF
L, 10mH
L, 10mH
C 0.5uF
Cac 30uF
Likg 8.3uH
Lm 3mH
Cs 8uF
Co 10mF

With the help of parallel resonant input filter applied at the
source end, THD of source current is reduced up to IEEE
recommendation, which is less than 5% as shown in Fig. 5. Fig.
6. represents the output voltage of CUK converter and the
output current of CUK converter. As closed loop feedback
control is applied to the PFC converter, we can see its output
voltage is approximately constant in nature. Since output
voltage polarity of CUK converter is inverted when compared
to input voltage polarity of CUK converter, thus, second stage
one-switch converter is connected as shown in Fig. 1. Output of
CUK converter is given as input to PWM resonant single switch
isolated converter. Switching frequency for second stage
converter is kept at 75 kHz. SIMULATION is performed in
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above resonant region (i.e. (Tr / 2) > DTs) by properly selecting ~ voltage and current waveforms of the devices (Q1) and (Q2)
value of Tr as shown in Fig. 7. performances are shown in Fig. 9. (a) and (b) respectively.

Selected signal: 15 cycles. FFT window (in red): 3 cycles 5 Battery Voltage
T T T /\\ 2or — - . —— _—
/ I :
i b e 1 NI ]
g | [
S | f RN 1 1% ! 1 ! I E
5 - o / |/ 2 ] u [ o e " 0 12
? 4 I | fime (sec|
vV VYV
T v z Battery Current
0 0.05 041 0.15 02 035 03 T T =
Time (s) 2
s )
(50Hz) = 1.779, THD= 4.28% [ & —t cams
T T T T T T 1] o 1] [ 116 o 0 [F3

4F fime

Battery SOC
35

Battery Temperature

Mag (% of Fundamental)

A | . T \ \ ]
s D S
0 T
0.5 T wE - 7
I 1 - }
0 a i 7 el 5 7 7 : i o o o o i u 12
0 z 4 6 8 10 12 14 16 18 20 - N

Harmonic order i eac}
Fig. 8. Battery voltage, current, SOC & temperature
Fig. 5. FFT analysis of source current

PFC-CUK converter output veltage

Valtage acrass @,
T T T T T T

01 012 oM 016 018 02 022 024 026 [¥] 0

time (sac)

PFC.CUK converter output current

L L I | L L
01 012 o 016 018 02 022 [+73 026 (=] 03

time (sec)

Figure 6. PFC-CUK converter output voltage & output o Curant through 0,

Resonant canverter oulput voltage

LAl 012 013 014 015 018 04T 0.18 019 02
| time {sac)
n-

Voltage across Q,

| T T T T T T
0 1 1 L L L L L L E
(2] 012 014 016 018 02 [37] 024 026 028
time (sec) E
Resonant convertar output current a

=
T T T T T T T T

G

Magnitude (A)

Fig. 9. (a) Device (Q,) waveforms (b) Device (Q,) waveforms

u o pr o s v oz o " = As can be seen from Fig. 1., various types of protection schemes
Fig. 7. Resonant converter output voltage & output current like oyerload protection, shorttc1rcu1t protection, over—volta}ge
protection, over-current protection, over-temperature protection

. . . & reverse polarity protection are provided to the EV battery.
Fig.7. shows the simulation waveforms for second stage one- p v p P Ty

Output voltage Vo needs to maintain between 41 V to 43 V.
Similarly, output current must be less than 3.2 A, temperature at
which EV battery is getting charged must be less than 47°C, &
the load at the output of second stage converter should not
exceed 133.08 W, otherwise respective switches will get opened.

switch isolated resonant converter with 300 V4. input voltage.
The resonance circuit components Ly, and Cs are designed at
this point, to satisfy Tr/2 =DTs condition. It can be observed
that the value of I, at turn-off instant is small, thus provides
reduced turn-off switching loss.

Output of second stage converter acts as input for the EV battery. Fig. 10. shows the simulation waveform for source voltage
Simulation waveforms of EV battery is shown in Fig. 8. The & source current which is evident for UPF. TABLE II presents
performance of the proposed converter, which is evident that the
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THD, voltage stress, current stress and switch count are reduced
as compared to the converter presented in [10]. Moreover, the
proposed converter is assisted with battery protection system.
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Fig. 10. Source voltage & source current waveforms

TABLE II. PERFORMANCE COMPARISION OF PROPOSED CONVERTER WITH
THE CONVERTER IN [10]

Parameters Proposed Converter
Converter in [10]
%THD of source 4.28% 5.6%
current
Switch Q, voltage 632.3V 700V
stress
Switch Q, current SA 10A
stress
Switch count 8 10
Battery protection Yes, butneed 6 | No battery
relay switches protection

V. CONCLUSION

The Enhanced power quality charger for E-bikes is
proposed. In addition, second stage one-switch converter makes
use of Ly, and C; as a resonant tank to extract power, instead of
a large filter inductor. Moreover, the proposed converter
provides near UPF, lower THD of 4.28% for source current
which well below the IEEE standard limit. Also, it provides low
switch current stress, low switch voltage stress, less switch
count in power stage, and battery protection system.
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