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Abstract-This paper presents a two-stage battery charger
consisting of a bridgeless Totem-pole power factor correction
(TP-PFC) circuit and a full bridge converter with a multi-
winding transformer. By using this transformer the cell
equalizing operation can be achieved with no additional
circuitry. In addition, a double-line frequency ripple reduction
method is proposed to address the low frequency current ripples
issues existing in both primary and secondary winding of the
transformer which is caused by the voltage ripples across the
intermediate DC link bus. Control and analysis of the converter
at different operation modes is illustrated in detail and
simulation results validate the effectiveness of the proposed
converter and control algorithm.

I.  INTRODUCTION

Battery charger technologies have been developed over the
years to improve the performance of system and reduce the
cost of equipment, meeting the demand in the various energy
storage system, such as hybrid electric vehicle (HEV) and
renewable energy generation system [1-3]. The converters
used in most of such applications can be generally classified
into single-stage and two-stage class. Single-stage converters
have fewer components offering a low cost solution but
comes with the limitations of generating large amount of low
frequency ripple across batteries which is mainly twice of the
line frequency [4]. In contrast, two stage chargers have the
inherent feature of rejecting low frequency ripples [3]. And
most two-stage converters require large capacitors that are
normally designed to cope with the high voltage ripple across
the DC bus link which results in size, weight and cost gains.
However, for the cost-driven applications of applying
capacitors with reduced capacitance, higher rated components
must be employed to cope with ripples. Consequently, higher
losses can be produced which leads to the decrease of the
overall efficiency of the converter.

Front-end AC-DC converter is a key component for any
battery charger system and power factor correction (PFC) is
required when connected to the AC power grid. The
evaluation and efficiency comparison of various types of AC-
DC PFC converter has been presented in [5], where the
bridgeless PFC converter shows a remarkable performance in
terms of power conversion efficiency. For the DC-DC
converters after PFC circuit, there are many candidate
topologies presented as EV battery charger charging battery
packs which consist of a string of individual battery cells [6,
7] . However, it is well known that battery cells have voltage
mismatch between them mainly due to manufacturing

tolerances. To ensure safe and reliable operation of battery
packs a battery management system must be required that
equalizes each cell using various types of equalisation circuits
[8-12] . Passive and active battery balancing techniques
comparison has been compared in [13] concluding that active
balancing circuits increase cost and complexity of the system.

Although the double-line-frequency ripple component is
relatively small in two stage battery charger compared with
single stage counterparts, it can bring in issues of increased
current ripple especially when small DC link capacitor
employed. Some papers have discussed the solutions of
reducing the ripples in photovoltaic (PV) two-stage inverter
application using DC-link voltage feed-forward method [14]
or through an additional circuit using a front-end buck-type
dc/dc converter [15], but not in the two-stage AC-DC single
phase converters where the issue of double-line-frequency
ripple cannot be neglected.

In this paper, a two stages battery charger with a multi-
winding transformer is proposed using the bridgeless Totem-
pole power factor correction (TP-PFC) circuit as the front-end
AC-DC converter. This battery charger differs as such that it
charges each cell without the help of an active balancing
circuit. This is due to the structure of multi-winding
transformer and operation of the converter. In addition, to
address the issue of the double line frequency current ripples
in both the primary and secondary winding current, a ripple
reduction method is proposed using a Notch filter. Simulation
results show that this low frequency ripple can be
significantly reduced which demonstrates the effectiveness of
the proposed control algorithm.

Il. PROPOSED TOPOLOGY AND OPERATION
A. Operation of TP-PFC
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Fig. 1 Diagram of the proposed battery charger

The diagram of the proposed battery charger is shown in
the Fig. 1, which is a two-stage AC-DC converter consisting of
a bridgeless TP-PFC circuit and a full bridge converter with



the multi-winding transformer. This converter achieves
battery cells charging and balancing without using additional
circuitry. The TP-PFC circuit is chosen as the front-end
converter since its high power conversion efficiency
compared with the traditional PFC circuit. Specifically, there
are only two components conducted in each subinterval of
operation, in contrast, three components are conducted in
traditional counterpart. The key waveforms and the control
blocks of TP-PFC circuit are illustrated in Fig. 2(a) and Fig. 2(b)
respectively.
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Fig. 2 (a) Diagram of the key waveforms of TP-PFC circuit
(b) Corresponding control blocks

Fig. 3 subintervals of TP-PFC operation

Fig. 3 presents the corresponding subintervals of circuit
operation. The switches S, and Sp are operated at high
switching frequency with their body diodes. While diodes Dy
and D, are conducted at line frequency when the AC grid is in
the positive and negative half period respectively.

The intermediate DC link capacitor play a role as an energy
buffer, and the relationship between required capacitance and
ripple voltage for this single-phase AC-DC converter can be
obtained as

Vac ) Iac

C,>—x 2
bus 272' fs - 'Vbz (1)

where Vq , lac are the RMS values of line voltage and current,
respectively, fs is the line frequency, # is the required peak to
peak ripple percentage of the average value of the DC link
voltage Vb.
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Fig.4 Simulation results of TP-PFC circuit

Fig.4 shows the simulation results of the TP-PFC circuit,
which are the waveforms of the grid voltage v, the current
through inductor i, the voltage across the DC link capacitor
Vb, the drives signals of switch S; and Sy, and the voltages
across diodes Dy and Dy.

Due to the DC link bus capacitor, the operational modes of
the full bridge converter can be considered that they are free
from frequency ripples caused by the switching action from
the front-end circuit. The only significant remaining impact is
the double line frequency voltage ripples across this DC
capacitor.

B. Study on full bridge converter with muti-winding converter

The diagram of the key operational waveforms of the DC-
DC converter after PFC circuit is presented in Fig.5. Sy and Sa,
S; and S3 are conducted with the same PWM drive signal
respectively, and there are 180 degree phase shift between
them. It should be noted that because of the leakage
inductance, there is a small period when the both the switches
are turned off. The energy stored in the leakage inductor is
released through the parasitic capacitors across the switches.
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Fig.5 Diagram of the key operational waveforms of full bridge converter with
muti-winding transformer
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Fig.6 subinterval operation of the full bridge converter with multi-windings

Fig.6 illustrates the key subinterval operation of this full
bridge converter with multi-windings. In the first subinterval,
S1, S4 and Dna are conducted. The expressions of the primary
voltage vy, the secondary voltage vs, across transformer, the
current isn and the current ripples Aisy through output inductor
Lon (n=1,2...12) in the secondary can be obtained as follows:

v, =V, (L+7-cos(2mt)) 2

n ©)

sn L (4)

sn sn
2 )
From equations (2)~(5), is» can be expressed as:
. V,@+7-cosCwt))/ n—-v,, —v,)-dT,
ISH = Isn +
2L (6)
where  is the line frequency in rad/s, n is the turn ratio, d
represents the duty cycle, Is, is the averaged value of the
output current to cells, and vgn an ve, are the voltage drops on
secondary diodes and the voltage on cells respectively. The
voltage drops across the Mosfets are not considered in the
expression because the values are relatively small to the DC
link voltage.
In the second subinterval, the following equations can be
obtained:

v, = 1vp =0
n (7
Al = _(Vdn +Vcn) ) (05_ d)Ts
sn L (8)
i, = Isn " _(Vdn +Vcn)'(o'5_d)Ts
2L (9)

In the steady state, by applying the principle of volt-second
balance to the output filter inductor Lo, the expression of
duty cycle d is derived as:

_ 0.5 (Vcn _Vdn)
V,L+7-cos(mt)) /n—2v,, (10)

From equation (10), it is evident that the duty cycle cannot be
constant for the steady state operation, which is related with
the values of the voltage ripple and line frequency.

In the third subinterval, the S;, S4 and Dn, are conducted
and the voltage and current stress are identical as the equation
shown in (2)~(6).
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Fig.7 Diagram of secondary with parasitic parameters

From the equation (6), it can been seen that when the muti-
winding transformer have identical turn ratio n, the battery
cells with lower initial voltage will bear higher charging
current, which thereby results in a natural cell balancing
during the charging mode. As shown in Fig.7, the parasitic
parameter such as ESRs of the secondary diodes (Ran), the
output inductor (Rin) and the battery cells (Ren) must be
considered in practical circuit as they are critical to the cells
balancing performance during charging. Assuming that two
cells have identical parasitic but the different initial voltage



Ver and Ve, the charging in the second subinterval becomes as
follows:
=1+ _(Isn Rsn 15 chvdn +Vcn) : (Os_d)Ts

sn sn 2 L

(11)

where R, is the sum of Rq and Ry, It can be represented in the
following form:

(R, +R,,)(0.5—-d)T,
2L

—(v,, +V,,)-(0.5-d)T,

i1+
sn( 2L

):Isn+
(12)

Assuming that parasitic parameters of each cell are identical,
the difference between two charging current can be obtained:

(R, +R.)(0.5-d)T,
2L (13)
(v, —v,4)-(0.5—-d)T,
=(l,—1,)+—=—= 2
( sl 51) 2L
In the steady state, the difference of instantaneous value of
current is identical with the averaged one, thus

(isl - isZ)(1+

Iy, = Isl_ Isl

(14)
From (13) and (14), the following expression can be obtained:
i _ Ve, —Vy
sl 's2 T
R, +R, (15)

This equation reveals that the EMS values of Rs and Rc
determine the difference of charging current among the
battery cells with different initial voltages.

I11. PROPOSED RIPPLE REDUCTION METHOD USING NOTCH
FILTER

From equation (10), it can be see that for the ideal steady-
state operation, the control signals of switches must contains
the terms of the double line frequency in the denominator
which is to ensure the suppression of the ripple influence
from the DC link capacitor. However, in the conventional
averaged constant current and constant voltage control
strategy for battery charger, the PWM signals are generated
either after an inner current loop (constant current mode) or
outer voltage loop plus inner current loop (constant voltage
mode). The ripple component will exist in the measured
primary current and will reflect in the control signal. It is also
noted that the phase shift ¢ can be produced if filters and
compensators are employed in the control loop. Thus the
expression of PWM duty cycle can be given as:

Voon _ Veon 1+ cosat+ @))

A v, (16)
where Vi, is the amplitude value of the sawtooth waveform
and Vcon is the averaged value of control signal. And this
value of ¢ cannot be directly obtained without using
complicated system modelling approaches. Thereby this
controlled PWM signal causes a considerable double line
frequency ripple component both in the secondary which
results in the higher peak and RMS values of current. In order
to supress this ripple influence, a ripple reduction method
using Notch filter is proposed in this section.

d:

Notch filter is a kind of band-stop filters with a narrow
band width and high quality factor. The expression of Notch
filter in the s domain is shown as follows:

2 2
H(s) = - S°+ o, :
S° +28ws + w; 17
Using a tuned Notch filter, a certain frequency of the signal
can be eliminated to keep the rest effective components of
this signal. Fig.8 shows the control algorithm of this converter
that demonstrates the implementation of Notch filter in the
control system. By tuning the target frequency wc (w:=50Hz),
quality factor &(&=1) and Notch gain (ka), the unexpected
components in the control signal caused by the low frequency
current ripple can be eliminated and a compensation signal
from DC link bus can be generated to compensate the filtered
control signal. The concept of this method is to extract the
ripple component from vy. After the operation of proportional,
this ripple signal is injected to the original control signal vy
that is processed by the Notch filter, generating a final control
signal veon. After applying this proposed method, the
expression of duty cycle has been changed as

g = Ven _ Ve (1-ncos(2wt))

vV, VA (18)

When p? <<1, the outcome of equation (18) is close to
equation (10) where the derived duty cycle is able to get rid of
the influence of double line frequency ripple. To meet the
demand of compensation, the required gain k, shown in Fig.8
is given as follows:

kn :Vctl n (19)
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Fig.8 Control algorithm of full bridge based converter with the multi-
winding transformer

V. SIMULATION VERIFICATIONS

The specification of simulation is presented in TABLE I, and
the key operational waveforms of the full bridge converter
with multi-winding are shown in Fig.9(a), including the input
voltage, the current of TP-PFC circuit, the voltage across DC
link capacitor, the voltage and current of primary winding and
the current in the secondary. When 4 of 12 cells are set with
different initial values: 3.60, 3.65, 3.70 and 3.80V, and rest
cells are 3.75V, it can be seen that the difference among them
are gradually decreased during the process of charging mode.
Fig.9 (b) and Fig.9 (c) illustrate the waveforms of the voltage
and current of the battery cells at cell balancing process
respectively.



TABLE |
SPECIFICATION OF SIMULATION

Parameters Value Parameters Value
Frequency(kH2) 50 MagnetlZl(r:g{l;ductance inf
Nominal output voltage of
Output power (W) 880 cells (V) 3.75
Capacitance of Cell (F) 30 ESR of cell (mQ) 1
Inductance of Boost PFC 500 Capacitance of Boost PFC 500
(uH) (1F)
Output inductance (uH) 0.33 Leakage inductance (1uH) 10
Number of Primary turns 60 Number of Secondary 1
turns
Voltage dro_p of secondary 03 Number of cells 12
diodes
Input voltage
340.2
340.0
339.8
339.6
6.5 Current of TP-PFC
6.0 IS IS IS IS S
5.5
5.0 - -
401 Voltage across DC link capacitor
400
399
500 voltage of primary winding
ol HL L L L L
500 [ U e
10 Current of primary winding
o 1 1 A1
0 NN NN N
Current of secondary winding
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Fig.9 (a) Key operational waveforms of the full bridge converter with muti-
windings (b), (c) Waveforms of battery cell voltage and current at cell
balancing process with different initial voltages

Fig.10(a) shows the key signals in the control blocks which
are measured DC link voltage signal vy, the signal of v, after
Notch filer, the extraction ripple signal vy, and the constructed
control signal veon. Fig.10(b) presents simulation results of the
converter with and without employing the proposed ripple
reduction methods. The switching of the control methods
takes place at time of 0.4s, it can be seen that the peak to peak
value of the primary and secondary at double line frequency
has been reduced from 12.5% to less than 1%, which
successfully demonstrate the effectiveness of the proposed
control method. Therefore, using the proposed control
algorithm, the ripple can be significantly reduced and both the
peak and RMS values in the primary and secondary can be
decreased to enhance the power conversion efficiency.
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Fig.10 (a) key signals in the control blocks
(b) Comparison of the converter using original method and proposed method



V. CONLUSION

In conclusion, a two-stage battery charger with integrated
cell balancing using the multi-winding transformer and a
double-line frequency ripple reduction method is proposed in
this paper. This converter integrates the battery charging with
cell balancing where both operations are working
simultaneously with no additional cells equaliser. Moreover,
the proposed ripple cancellation approach has significantly
reduced the low frequency current ripples in both sides of the
transformer, which improves system performance.
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