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Abstract A flyback converter with digital control
designed and implemented for a lithium battery charg-
ing system is proposed in this study. As opposed to the
requirement of both voltage and current feedbacks for a
conventional flyback converter, this study proposes a con-
verter structure that needs only one voltage feedback to
stabilize converter output for implementing the designed
battery charging techniques. This single feedback of volt-
age is made possible by so-called “primary side regula-
tion (PSR)”, which in hardware senses the output voltage
using an auxiliary winding in the isolating transformer of
the flyback converter that is operated in DC-DC discon-
tinuous current mode. The adoption of PSR also enables
the elimination of the opto-coupler that is often used in
conventional converters for feedback signals. Another
essential part of the converter is the proposition of a new
a duty control method which regulate successfully the
output current by only one feedback voltage signal. The
proposed battery charging design consists of three con-
secutive modes, trickle current (TC), CC and CV. At TC
and CC, a duty control method is adopted, which is able
to regulate the output current by sensing only the output
voltage. Both simulation and experimental results show
a 7 % error deviated from targeted output current. As for
CV, a proportional-integral controller is designed and
implemented to regulate the output voltage. The overall
experimental results show a favorable performance of the
proposed charging method with proposed PSR-flyback
converter.
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1 Introduction

While the market of electronic products such as mobile
phones and portable devices grows rapidly, the demand of
lithium battery for fast charge, long duration, and long life
cycle increases significantly as well (Hwang et al. 2007; Do
Valle et al. 2011). As aiming the best performance out of a
battery, the controller for a battery charging system plays
an important role to command the battery. There are several
available charge methods for a lithium battery, such as con-
stant current (CC)/constant voltage (CV) charge (Fakham
et al. 2011; Linden and Reddy 2001), pulse charge (Paul
et al. 2013) and reflex charge (Chen et al. 2008), etc. To
render the best charging performance for a lithium battery,
a single-stage flyback converter designed with functions of
battery CC/CV charging is proposed in this study. In gen-
eral, a flyback converter has been widely used for DC-DC
conversion due to its low-cost, wide power range, and gal-
vanic isolation between input and output stage. The con-
ventional flyback converter often contains an opto-coupler
and an operational amplifier in the feedback loop (Chen
et al. 1999; Kleebchampee and Bunlaksananusorn 2005).
The opto-coupler is sensitive to temperature variation that
will be a limit temperature in operating. The opto-coupler
and operational amplifier also make the system compli-
cated and extra cost. To solve these problems, this study
adopts primary side regulation (PSR) technique to sense
the output voltage.

The battery charge controller with flyback converter has
been developed in digital control with opto-coupler feed-
back (Hua and Hsu 2005; Li and Zheng 2010; Chen and
Lai 2012). The conventional flyback converter with CC or
CV applications always requires two sensed ADC channels
as feedbacks for regulating (Thang et al. 2013; Lin et al.
2012; Hsieh and Huang 2011). An improved duty control
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method is proposed in this study to achieve CC/CV based
on only one ADC channel feedback. The sensed output
voltage feedback is also utilized by PSR for determining
the switching timing between trickle current (TC), con-
stant current (CC) and constant voltage (CV). With PSR
used to sense the output voltage by an auxiliary winding in
the isolating transformer of the flyback converter, the fly-
back converter is in small size and efficient especially for
applications of mobile phones. In addition to CC and CV,
this study adopts the so-called trickle charge (TC) method
in the initial charging period for the temperature compen-
sation. Note that the TC charging method is used to avoid
the rapid increase in the temperature of the battery which is
based on the characteristics of the internal resistance of the
battery (Andrea 2010). The proposed charging algorithm
with the designed charge system could effectively increases
the battery life for battery based electronic devices, as the
mobile phones.

The proposed system circuit contains two different parts
in topology. The first part is a front-end flyback converter
which operates in DC-DC discontinuous current mode
(DCM) by using PSR to sense the output voltage from aux-
iliary winding. It is adopted to replace the opto-coupler for
avoiding temperature limitation for operations and reduc-
ing cost. The proposed flyback converter with PSR method
is simulated by the software Powersim. The second part is
the digital feedback loop, which processes the controlled
signal by a digital processor (DSP) TMS320F2812. The
experimental results were compared with general CC/CV
method. The results show favorable performance of the
propose charging method.

The remainder of this study is organized as follows.
Section 2 establishes the designed battery charge system
and passive components used in the PSR flyback con-
verter. Section 3 establishes and analyzes the battery model
with temperature compensation and the designed charge
method. The performance of designed system is simulated
by Powersim to confirm the effectiveness of the designed
CC/CV controller. Section 4 shows the experimental setup
and results, validating the converter/controller perfor-
mance. Finally, Sect. 5 provides brief concluding remarks
and intended directions for future research works.

2 System description and design

2.1 System description

Modern mobile phones usually utilizes the micro USB
device to be connected to other computers or a charger.
Since a typical USB supplies only 5 V in DC, most of

mobile phone chargers are designed to be compatible with
this voltage level. Since the input voltage from power grid
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Fig. 1 The complete proposed battery charge system

ranges from 100 VAC to 240 VAC, the power adapter for
mobile phones nowadays usually include a AC-DC recti-
fier to convert the original high AC voltage up to 240 VAC
to 5 V. Succeeding the rectifier is a battery charger, which
is expected to offer efficient conversion from 240 VAC
to 5 VDC and in compact sizes (Olvitz et al. 2012; Cuc-
chietti et al. 2011). In this study, a new 0.7A/4.2 V DC-DC
PSR flyback battery charge system as shown in Fig. 1 is
proposed, which consists of a RCD snubber circuit (Hren
et al. 2006; Sarnago et al. 2013), a PSR flyback converter
and a lithium-ion battery. The power switch in this flyback
converter is controlled by PWM duty regulation via a DSP
module. Note that the flyback converter is a common and
popular selection for many applications due to its galvanic
isolation and wide power range. Flyback converter is made
for the galvanic isolation between input and output stage
by transformer windings. By adding an auxiliary winding,
the output voltage is sensed to assist primary side regula-
tion. The topology is an excellent approach in recent years
due to its low cost, less components and no temperature
limitation.

On the other hand, various techniques to achieve an
on-line battery charging have been reported by research-
ers. The most common one is the CC/CV method, due to
its simplicity and ease to achieve and realize (Fakham et al.
2011; Linden and Reddy 2001). IN this study, the charg-
ing system connects a closed-loop controller to achieve
rated charging rules, such as CC and CV charge. The con-
ventional flyback converter with constant current/voltage
applications always requires two sensed ADC channels for
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regulating (Hou 2010; Tseng et al. 2002; de Sousa et al.
2009; Datasheet 2005, 2008) that are used to sense the
input peak current, output voltage or output current to feed-
back. This study proposes a duty control method to regulate
the output current by only one ADC channel. By this pro-
posed control method, the controller of this charging sys-
tem is much simpler for implementation.

2.2 Charging characteristics of the lithium-ion battery
and temperature issues

Ideal constant current/constant voltage charging sequences
and charge characteristics are shown in Fig. 2a, b (de Sousa
et al. 2009). In the beginning of charging, the converter pre-
charges the battery until the battery voltage is higher than
threshold voltage (point A), then the system switches to the
constant current (CC) mode. The charging current is con-
trolled within the rated current value in CC mode. At con-
stant current mode, the battery voltage rises rapidly until
the battery voltage reaches the maximum rated voltage
(point B) and then the system switches to the constant volt-
age (CV) mode. At constant voltage mode, the converter
output voltage is controlled within the rated voltage, then
the charging current starts to decrease owing to battery load
increasing until the charging current is below the rated stop
of charge condition.

The safe operating temperature range of the battery is
0-45 °C. The battery impedance affects significantly the
battery temperature when battery is charged. The variation
of battery impedance corresponds to state of charge (SOC)
(Andrea 2010), as illustrated in Fig. 2c. It is seen from this
figure that the battery impedance is large in the beginning
of SOC. Thus, the so-called trickle current charge (TC)
method is used in this interval to reduce the temperature
rising in the initial charging period prior to point A. The
designed TC/CC/CV charging method should lead to a
favorable performance for the temperature compensation
throughout a typical battery charging process.

2.3 Component design of the RCD snubber circuit

The RCD snubber circuit is shown in Fig. 3a. The exces-
sive voltage due to the resonance between Ly, and Cy
should be suppressed to an additional circuit in order to
protect the power MOSFET. The RCD snubber circuit in
fact absorbs the current in the leakage inductor by turning
on the snubber diode (D,,) when the V, exceeds V,, plus
n,,V,. It should be designed that the sunbber capacitance
(C,,) is large enough so that its voltage does not change
during a switching period.

When the MOSFET turns off and V is charged to V;,
plus n,V,, the primary side current flows to C, through
the snubber diode. Meanwhile, the secondary diode
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Fig. 2 a The CC/CV charging sequences, b the charging characteris-
tic, ¢ impedance variation of a battery according to SOC

turns on. Therefore, the voltage across Ly, is equal to the
substation of V,, from n,V,. Then, the slope of i, is as
follows,

digy sV — Vip

dr lep &)
The time ¢, can be obtained by
Lyp .
= ——m1 .
’ Vsn — Nps Vo ppeck (2)
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Fig. 3 a Schematic of a Flyback converter with RCD snubber circuit,
b key electronic waveforms of the RCD snubber circuit

The power dissipated in the sunbber circuit can be
obtained by

1 ) Vin

Py, = —L —_—.
sn 2T, lkplp.peak Var — sV (3

On the other hand, since the power consumed in the
snubber resister is V2/R,,, the snubber resistance R,, can be
obtained by

sn®

Vin (Vsn — Nps Vo) T

Rsy =

“4)

1 2
ilePlp,peak
The snubber capacitance C, can also be determined by

C _ Vsnls 5
" R AV &)
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Fig. 5 The flyback converter operated at a on-state, b off-state and ¢
reset state

where AV, is the voltage ripples on the RCD clamping
capacitor. The waveforms pertaining to RCD snubber are
shown in Fig. 3(b).
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2.4 Component design of the PSR flyback converter

The PSR flyback converter as shown in Fig. 1 is proposed
to herein replace the opto-coupler in the traditional analog
circuit and thus reduce the numbers of feedback compo-
nents. The PSR utilizes the auxiliary winding to sense the
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Fig. 6 The key electronic waveforms of the flyback converter in the

Fig. 7 The schematic of the
flyback converter with the pro-

output voltage for output voltage regulation. The auxiliary
side voltage during the switch-on state is

v _ A Rap :
aux ng R, + R in- (6)
During switch-off state is obtained by
Ny R
Vaux = ————V, + Vp).
aux N, Ru1 +Ra2( o D) @)

The auxiliary winding reflects both input and output
voltage information in one switching period. In order to
regulate the output current and voltage, the output volt-
age is an important feedback parameter which needs to be
sensed, and then transferred into the controller for regula-
tion. However, the output voltage information via the aux-
iliary winding is mearable only at off-state. Therefore, the
timing of ADC sampling is a key factor in the design of the
converter system. Since the battery load consists of a large
capacitance, the variation of auxiliary voltage is in small
levels. Thus, this study proposes a simpler method for aux-
iliary voltage sampling. Note that the auxiliary winding can
also provide the power for the controller by connecting a
diode and a capacitor at auxiliary side. The supplied power
of controller is related to turn ratio and determined by

N,
Vaa = F(Vo + Vp). (8)

s
Typical waveforms of PSR flyback converter is shown in
Fig. 4. In this figure, the topology of PSR flyback converter
provides the sensed voltage signal only. The proposed con-
trol method is designed to suit this topology, as stated in the
next section.
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The flyback converter is operated in the so-called dis-
continuous current mode (DCM), the mechanism of which
is shown in details by Fig. 5. In one single switching
period, there are three states of operation—on-state, off-
state and reset. Figure 5a is the flyback converter operated
in on-state. When the switch turns on, the voltage across
the magnetizing inductance L,, is the input voltage V.
Then, the inductor current increases with a slope which is
defined by

di Vi
dt L,

®

Figure 5b is the flyback converter which is operated in
off state. When the switch turns off, the secondary side
diode is conducted, and then the voltage drop of magnet-
izing inductance is the output voltage V, multiplied by

Fig. 8 Dynamic responses of

the turn ratio from secondary side to primary side n,,,.
Due to a negative voltage drop across the magnetizing
inductor, the inductor current decreases with a slope
defined by

di
dr

Nps Vo

L, 10)

Figure 5c shows the magnetizing inductance is in reset.
The switch is off and the secondary diode is open because
the magnetizing inductance is operated without any energy
transfer. Figure 6 shows the waveforms of the primary side
current i,, secondary side current i, and the magnetizing
inductance current i,,, when the flyback converter operates
in DCM.

The magnetizing inductance should be smaller than
the critical magnetizing inductance L_,;, because that the
proposed flyback converter operates in DCM, which is

The output response of CC mode with different load
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obtained by setting the secondary current i, to zero at the
end of off-state in the so-called continuous current mode
(CCM). The secondary current can be determined by

Io _ Vo(l _D) =0
1-D 2’;1? A

Ish =

’ (1)

where i is the peak current of the secondary side in CCM.
From Egq. (11), the critical magnetizing inductance can be
determined by

o n2Vo(1 — D)? 0
crt — 210 3 ( )
There are some other factors of the flyback converter
affecting performance, such as turn ratio and output capaci-
tance. The turn ratio is an important design parameter at the
primary side to the secondary side, and the ideal turn ratio
can be derived from

smax Vin

_ Va’s
V,+Vp ~

s = (13)

Fig. 9 a The equivalent circuit
model of the lithium-ion battery.
b Frequency characteristics of
the lithium-ion battery

(Zhang et al. 1796)

where V... 18 the maximum voltage across the power
MOSFET. And the turn ratio from secondary side to auxil-
iary side can be derived from

Vo + VD

=, 14
Vad + VD_aux s

Nsa

where Vp, . is the diode across voltage and the V,, is the
power supply for controller. The output capacitance can be
determined by

—_— IO
AV,

Co TS" (15)

where the AV is the output voltage ripple, the output ripple
is usually expected to be limited within 10 %.

3 The proposed battery charger

The conventional control methods for CC/CV battery charg-
ing are voltage and current mode control. The conventional
voltage control method is not able to be implemented into
the topology of primary side regulation flyback converter,
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since this topology is not capable of sensing the charging
current at auxiliary winding side. In the conventional current
control method, it needs to consider the noise in primary
side peak current caused by the resonance between the cross
capacitance of the power MOSFET and the leakage induct-
ance of the transformer. Both conventional methods need
two or more ADC channels to process feedback signals.
This study proposes a control method which is designed, via
sensing the charging current at auxiliary winding side, for
the sake of reducing the requirement of ADC channels and
simplifying the control algorithms of digital controller.

3.1 Constant current regulation by duty control method

The conventional control for the constant current mode
driving is facilitated by two sensed signals, the output volt-
age and current. In order to solve the problems of the com-
plex control and peak current noise of the primary side due
to switching, an alternate control mechanism is proposed
herein with corresponding derivation presented. Based on
fundamental formula of the inductor current, the primary
peak current can be determined by

VinD on Ts

L, (16)

Ip,peak =
where the D, is the duty cycle. The derivation of the pri-
mary peak current for conventional current mode control
can be derived as

12V, T
Ip,peak = ZO S~ (]7)
m

From Egs. (16) and (17), the controlled signal D,, can
then be derived based on sensed signal V, by

2L,1,
2 X V. (18)

D, =
on T, Viﬁ

There is only one feedback signal, the output voltage V,
needed in Eq. (18). Following Eq. (18), the constant cur-
rent regulation can be achieved without current sensing.
This derivation of the proposed duty control method can
be implemented by a simpler controller design for constant
current regulation. In this constant current charge, the bat-
tery voltage increases as charging current to the battery.
The controlled duty cycle should be increased with out-
put voltage rising. The simulation schematic with the pro-
posed duty control method is illustrated by Fig. 7 in for-
mat of Powersim. The waveforms of the output current and
duty cycle with different output loads applied are shown in
Fig. 8. From these simulation results, it can be found that
the charge current is regulated by controlling duty cycle,
while an output constant current is successfully realized.

@ Springer

3.2 Constant voltage regulation by a PI controller
3.2.1 Battery model

A typical dynamic model of a lithium-ion battery is shown
in Fig. 9a. It consists of the equilibrium potential or open
circuit voltage of battery E, lumped internal resistances
R;, R,, and effective capacitance C. The gain-phase plot
of battery internal impedance versus frequency is shown
in Fig. 9b. It seems that the battery impedance shows the
character of a constant resistor is above 10 Hz. There-
fore, for the frequency range of interest, it is acceptable
to model the internal impedance of battery as a constant
resistor. Replacing the switch components with equiva-
lent PWM switch model biased by the operation point
of charger, it is got a new equivalent circuit with battery
R, at the output of flyback converter. The new set of con-
trol to output transfer functions can be obtained for small
signal analysis of discontinuous current mode (DCM)
condition.
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4
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Fig. 10 The PWM switch models. a Voltages and currents model,
b Average model (Vorperian 1990)
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3.2.2 Modeling the switching components for DCM 2LFs ig  2LFs iy . Dy, Doy
, Doﬁ‘ = — = —s la= b, Vac = Veb-
operations Don veb Don Vac off Don
An accurate PWM switch model provides a simple and (20)

straightforward method to analyze the small-signal char-
acteristic of switching converters. The invariant relation-
ship between the terminal currents and voltages of the
PWM switch is applied in a flyback converter as shown
in Fig. 10a. The average terminal currents and volt-
ages of small-signal model are derived by (Vorperian
1990)

. ip,peak

Ip,peak D
2

lg = B Doy, ip = off »
7 k Ip,peak

Vae = LE2PEE y = L 2P (19)
“ Don Ty < Doﬁ‘Ts

By Eq. (19), D, i, and v, could be derived as follow,

Fig. 11 The small signal model
of the flyback converter with the
battery load in a discontinuous
current mode

The average model of PWM switch in DCM could be
re-described as in Fig. 10b by Eq. (20). A correspond-
ing small-signal model with flyback converter can be
obtained from the relationship among the perturbations
in average terminal quantities at a given dc operating
point (I, V,., D). Equations (19) and (20) can be com-

c

bined by
o Ve N
la = — + kidon, 1)
ri
A . A %
b = &fVac + kodon — %, (22)
o

where the parameters are defined by

Small-signal model of PWM switch in DCM

-—— - —————d
>

Fig. 12 The schematic of the
flyback converter with a PI

Vo

controller

Load
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Fig. 13 Step responses of a
different parameter values of k;,
and b different parameter values
of k, with k; = 200, ¢ frequency
response with PM —90°
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Fig. 14 The flowchart of overall charging procedure

Table 1 The specifications of the lithium battery considered

Items Specifications
Nominal capacity 1,400 mAh
Nominal voltage 37V

Final charge voltage 42V

Cut-off voltage 3.0V
Standard charge current 0.7A

Final charge current 0.028 A
Internal resistance <70 m2
Operating temperature 045 °C

Fig. 15 Experimental system
of the proposed PSR flyback
battery charger

The
l flyback circuit

Equations (21) and (22) result from current balance at
the block prescribed by node a, b and c in the small-signal
equivalent circuit of Fig. 11. The small signal model can
be derived around the operation point of the state on the
charge profile. The control of output transfer function for
DCM operations is derived from (Vorperian 1990)

) Hd(1+§)<1+§)
i - (1+L)1(1+L3 ’ )

Spl Sp2

where H, is the dc gain of flyback converter; s, s,, are
the first and second zeros; Sp1 is the dominate pole which
is determined by output impedance and output capacitance;
5,7 is the second pole which is at a higher frequency. The dc
gain of the flyback converter can be derived as

H 2v,
d=—7—""—~_-

p(1+ &) e
The zeros and poles can also be derived as

1 R, 1
7l = o S = e, Sl =
T ORG, T MA+MLy " CoRpar +Re)
R (Rpar + R¢)
Spp = 27)

N

=3

f e
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where M is the voltage conversion ratio from input to out-
put which is defined by

Vo

M=—.
Vin (28)
The variable R, = V /I, is the output impedance for a
resistive load or battery load in the DCM transfer function.
A PI controller is a common selection to reduce the steady-
state error (e,,) as below

C(s) = ky + % (29)

It is known that k,, is selected for fast transient response
and k; is selected for small steady-state error. The circuit
topology for simulation on the flyback converter with PI
controller is shown in Fig. 12. The k; is chosen as 50, 100
and 200 first where the step response is shown as Fig. 13a. It
is seen that the response speed is obviously proportional to k;
and the best response is the one with the 200. However, there
is an overshoot phenomenon in transient response. The k,, is
designed for eliminating overshoot and reducing rise time.
k, is chosen as 0.3, 0.8 and 1.5 for step responses. It can be
observed from simulation results in Fig. 13b that the phe-
nomenon of overshoot can be eliminated with k, = 1.5 while
keep fast response speed. Based on these simulation results,
the parameters of the adopted PI controller for CV compen-
sation are k; = 200 and k, = 1.5. Note that the ranges of k;
and k, considered herein is chosen to cover the possible best
performance of the controller. The finally-chosen k; = 200
and k, = 1.5, as shown in Fig. 13c for frequency response,
could lead to a phase margin close to 90°. The results clearly
show that PI controller compensates well the system for fast
transient response, precise steady response and stability.

3.3 Sampling method of auxiliary side voltage

The sensed auxiliary voltage varies slightly as well dur-
ing off-state. It follows that the timing of sampling is an
important part of this study to obtain the correct feedback
voltage (Datasheet 2005; Chang 2009). The adopted sam-
pling method on the sensed auxiliary voltage is a specific
delay sampling approach for two different charge modes.
The auxiliary voltage can be well sensed first by off-line
tests with different duty cycles at two charge conditions,
constant current (CC) and constant voltage (CV) charges.
The observed results are given as follows. The duty cycle
of the CC charge is about 15-20 %, which is orchestrated the
mechanism given Eq. (18). The observed delay time of the
auxiliary voltage can be sampled is 3—7 ps. In the CV mode,
the duty cycle is from 20 to 10 %, while the observed delay
time of the auxiliary voltage is sampled is about 2—4 s
based on Eq. (18). The delay time of auxiliary voltage
sampling is in fact determined by different duty cycles and
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charge modes. Note that in DSP implementation, the sam-
pling is triggered by ADC interrupts which are determined
by summing duty cycle and the delay time pre-designated. In
results, it is obvious that the auxiliary voltage can be sensed
much precisely by this way. Typical waveforms of switch
terminal voltage and auxiliary voltage as the proposed delay
sampling method applied are shown in Fig. 4.

4 Experiment results
4.1 Flowchart of digital charging system

The flowchart of overall charging procedure is shown in
Fig. 14. An ADC channel senses the battery voltage to offer
feedback to the system with the aim to decide and switch
between different charge modes. The trickle charge mode
is adopted when battery voltage is under 3 V. The constant
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Fig. 16 Delay sampling waveforms with a CC mode (heavy load
condition) and b CV mode (light load condition)
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current charge mode is applied when voltage is between 3~ 4.3 Experiment results
and 4.1 V. The constant voltage charge mode is on when
battery voltage is getting 4.1 V. The charging process ends  The experiment system consists of a 0.7A/4.2 V DC-DC

as the charging current is under 0.04 C. DCM flyback converter circuit designed and realized
in the laboratory. This is designed for charging opera-
4.2 Battery operations tions on a 100 V DC-line and 1,400 mAh lithium-ion

battery, a temperature sensor AD595 and a DSP module
A signal cell 18,500 type battery is used for implementa-  (TMS320F2812), as shown in Fig. 15. The nominal output
tion, which is made from the company EANTEK. The V, is set as 4.2 V for the constant voltage charging mode;
characteristics of this rechargeable lithium battery are  the switching frequency f;, is 50 kHz; the magnetizing
given in Table 1. The maximum rated charging current is  inductance L,, is 500 wH; and the leakage inductance Ly,
regulated at 0.7A (1 C) while the cut-off voltage is 3 V. It is 30 wH; the output capacitance C, is 680 wF. The turn
is set that 0.7 A for designed charging current while 4.2V ratio of the transformer between primary, secondary, and
for designated CV regulated voltage to achieve safe and  auxiliary windings n,:ngn,, is 100:10:20. The DSP senses
fast charging processes. The timing for the stop of charge  two signals, the voltage across the auxiliary winding and
is set as the charging current decreases to 0.028A (0.04 C).  the battery temperature from AD595.

By Eq. (18), the charge current 0.028A is modified to duty The experimental results of delay sampling for different
cycle about 3 %. In the other words, the CV charge mode  charge conditions are shown in Fig. 16. The delay time of
stops when the duty cycle is under 3 %. sampling is modulated by duty cycle and charge mode. The
Fig. 17 Completed waveforms Thecharging current and voltage of proposed charging method
of a charging sequence, and 1.5— — T " — T 4.5
b temperature variations with oottt :
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Fig. 18 Converter efficiencies with different designs

delay time of CC mode and CV mode are about 5 and 3 s,
respectively. The auxiliary voltage is sensed at positive-
edge-triggered of PWM2. The experiment result of the pro-
posed battery charging system is shown in Fig. 17a, where
the charge current is driven at 0.2 and 1 C for TC and CC
modes, respectively. The overall charging sequence lasts
for about 130 min, where the TC, CC and CV charging
periods about 10, 37 and 83 min, respectively. The accuracy
of the proposed CC regulation is successfully lowered to
7 %. To compare the proposed charging method with con-
ventional CC/CV method, it is seen that only 1 °C-rise in
TC mode and the total temperature rise is 7°Cwith the pro-
posed charge method. It is better than conventional CC/CV
method (14 °C) as Fig. 17b. To explore repeatability, many
experiments are conducted and the results generally show
that the proposed PSR flyback charging system with the
charge algorithm is capable of minimizing the temperature
rise of battery charging and implementing CC and CV effi-
ciently to be within around 7 °C.

Finally, conversion efficiency is explored. The efficien-
cies for the different loads are shown in Fig. 18. There are
two cases of flyback converters with the designed charg-
ing algorithm, RCD snubber and active-clamp, where the
active-clamp flyback converter is designed to achieve the
zero voltage switching (ZVS) to increase efficiency. The
best efficiency of the active-clamp flyback converter is
about 60 %. It is better than the RCD snubber flyback con-
verter (55 %). These results are all with TC mode activated.

5 Conclusion

A new flyback DC-DC converter responsible for charg-
ing a rechargeable lithium battery is proposed in this study.
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The accompanying proposed battery charging method is
implemented by a digital controller. An improved control
method is proposed in this study to achieve CC/CV by only
one ADC channel. This study presents a battery charge
mechanism with a flyback converter and the associated
trickle charge method, which is particularly effective for
the temperature compensation. The PSR is adopted for esti-
mating output currents which are then used to determine
the switchings between TC, CC and CV modes. The TC
charging method is used to avoid the rapid increase in the
temperature of the battery. The designed flyback converter
with proposed control method is simulated by the soft-
ware Powersim. It is clearly shown that the CC/CV can be
achieved by only outputing voltage feedback, which is also
proven in a much simpler circuit with the designed con-
trol method as compared to conventional CC/CV methods.
Experiments are successfully carried out to validate the
expected performance of the designed battery charger and
the PSR flyback converter. It is shown that the TC/CC/CV
charging is well achieved with the proposed duty control
method and PI control. The deviation of the rated output
current is successfully limited 7 %, while the temperature
can be contained effectively within 7 °C with the designed
charging method. Furthermore, the designed converter
achieve an efficiency of 60 % better than some reporteds.
The proposed PSR flyback converter with the designed bat-
tery charger is proven effectively for battery charging and
temperature compensation.
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