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A Fast-Charging Switching-Based Charger With
Adaptive Hybrid Duty Cycle Control for
Multiple Batteries

Pang-Jung Liu, Member, IEEE, and Chia-Hung Yen

Abstract—To reduce circuit complexity and better control the
charging current for parallel charging, a switching-based charger
with an adaptive hybrid duty cycle control (AHDCC) for multiple
batteries is presented. Depending on the voltage difference of the
batteries, the AHDCC mechanism automatically delivers a differ-
ent amount of energy to each battery to realize battery voltage
balance and reduce power losses. Since an intermittent charging
method is adopted in the constant current (CC) mode, the effect of
voltage drop across the battery’s parasitic resistor can be removed,
and thus the charging time in CC mode is prolonged. AHDCC ad-
justs the charging current, prolongs the charging period in CC
mode, and entirely turns on the auxiliary switches in the constant
voltage mode. As a result, the functionalities of fast charging and
battery voltage balance can be realized concurrently. The experi-
mental results demonstrate that the peak efficiency of the charger
is up to 89.4 % and the total charging time of two batteries is slightly
smaller than that of a single battery.

Index Terms—Charger, constant current (CC) mode, constant
voltage mode, fast charging.

1. INTRODUCTION

OWADAYS, battery-powered portable electronic devices
N such as smartphones, tablets, and multimedia entertain-
ment devices have become popular and ubiquitous. A secondary
battery plays an important and necessary role as a power source
for those portable gadgets. Among secondary batteries, the
Lithium-ion (Li-ion) battery is a popular choice due to its small
size, lightweight, high energy density, and low self-discharge
[11-[3].

Generally speaking, the charging procedure of a Li-ion bat-
tery can be divided into three charging modes, including trickle
current (TC) mode, constant-current (CC) mode, and constant-
voltage (CV) mode as illustrated in Fig. 1 [4]-[7]. Since the
internal resistance of a Li-ion battery is high when the battery
is discharged deeply, TC mode is needed to prevent the battery
from being damaged under a small charging current [2], [4].
Once the battery voltage is larger than voltage V7, the inter-
nal resistance of a Li-ion battery becomes low, so the charging
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Fig. 1. Li-ion battery charging procedure.

procedure is changed from TC mode to CC mode. CC mode
is the main charging procedure when using a large charging
current. When the battery voltage approaches voltage Vy, the
charging procedure enters CV mode. In CV mode, the charging
current should be progressively reduced to allow the battery to
slowly accomplish the rated voltage and to avoid overcharging.
Once charging current is less than current /.4, the charging
procedure is ended.

It is convenient for a battery charger to allow multiple batter-
ies to be charged simultaneously [8]-[11]. One architecture is
to use multiple power converters connected in parallel for con-
current charging as shown in Fig. 2(a). Each power converter
can be controlled independently, so the charging procedure for
each battery can be chosen flexibly. However, the number of
components used such as switches, inductors, and capacitors
increases with the multiple. Furthermore, the production cost
and circuit board area on the printed circuit board (PCB) will
be significantly larger.

To reduce circuit complexity and production cost, one power
converter is used to charge multiple batteries altogether as shown
in Fig. 2(b). The two diodes Dy and D, are adopted to avoid cir-
culating current between the two batteries. When the converter
operates in TC or CC mode, the value of the output current /, can
be controlled well, but the values of currents I; and I, through
the two batteries depend on the characteristics of the batter-
ies and diodes. For instance, when the forward voltage of D is
larger than that of D5 and the open-circuit voltage Vi1 is larger
than voltage Vi 2, D1 and D5 are prone to be turned off and on,
respectively. Hence, I} becomes zero and I5 is equal to I,,. On
the other hand, when D; and D, conduct, I; and /5 share cur-
rent I,. It is clear that although I, is regulated, /; and 5 cannot
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Fig. 2. (a) Multiple power converters and (b) single power converter for

charging multiple batteries.

be controlled well. In the beginning of the charging procedure,
one battery with a low voltage is prone to be charged with an un-
controlled large current. Since in the worst case the maximum
battery current is equal to /,, the maximum /, value should
be set to the standard value according to the battery datasheet
to prevent battery damage. However, in the balance case, the
battery current becomes 0.5/, and thus the charging time will
be prolonged significantly. Furthermore, the efficiency of the
charger with diodes decreases dramatically when the charger
operates with a large charging current or low output voltage.

Once one of the battery voltages reaches the predefined volt-
age Vp, the operating procedure is switched from CC mode to
CV mode. During the charging procedure, the battery voltage is
the summation of the open-circuit voltage Vz o and the voltage
across the parasitic resistor Rp including contact resistance,
PCB wire trace resistance and battery cell resistance in series.
Owing to the Rp effect, premature transition will cause the
charging current to decrease dramatically, and thus the charging
time of the battery with a low energy will be prolonged. Con-
trarily, delayed transition will cause the battery voltage to be too
high because of the large charging current, resulting in battery
damage [6], [12]. This issue of determining a proper transition
point will be worsened when a single power converter charges
the multiple batteries simultaneously.

In order to reduce circuit complexity and better control the
charging current for parallel charging, a switching-based charger
with an adaptive hybrid duty cycle control (AHDCC) for mul-
tiple batteries is presented in this paper. AHDCC is designed
to deliver different amounts of energy to multiple batteries to
achieve battery voltage balance. AHDCC adjusts the charging
current, adopts an intermittent charging method in CC mode,
and fully turns on the auxiliary switches in CV mode to realize
fast and safe charging. In Section II, the proposed switching-
based charger with AHDCC is addressed. Section III introduces
the digital controller design. Finally, experimental results and
conclusions are drawn in Sections IV and V, respectively.
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Fig. 3. Proposed switching-based charger with AHDCC.

TABLE I
THREE OPERATING MODES OF THE SWITCHING-BASED CHARGER WITH THE
AHDCC METHOD

Battery Charging State of auxiliary Charging

voltage process switches state

<V TC mode  Alternatively on and off Fixed low charging current
>Vy, and <V CCmode  Alternatively on and off ~ Varying large charging current
>Vy CV mode Always on Constant voltage

II. DESIGN PROPOSED SWITCHING-BASED CHARGER
WIiTH AHDCC

A simple switching-based charger with the AHDCC shown
in Fig. 3 is presented to achieve the functionalities of fast charg-
ing and battery voltage balance for parallel charging. Compared
with Fig. 2(b), two auxiliary switches M4 and Mp are em-
ployed to reduce conduction losses and enable flexible selection
of the charging methods. However, a circulating current will be
produced when the voltage difference between the two batteries
is large enough to turn on the body diode of one auxiliary switch
while the other auxiliary switch is also turned on. To prevent
circulating current and transfer power between the two batter-
ies, the battery with high energy can be discharged with pulse
discharging method to the other battery and the output capac-
itor, before the charging procedure. Three operating modes of
the switching-based charger with AHDCC method are summa-
rized in Table I. More detailed information will be explained as
follows.

A. Adaptive Duty Cycle and Varying Charging Current
Control

When the proposed charger operates in TC and CC modes,
switches My and Mp are alternatively turned on and off as
shown in Fig. 4. The sum of the conduction duration of M4
and Mp is equal to the period T), (i.e., T, =T1 + 7). When
My is on and Mp is off, output current /, charges battery A.
Alternatively, battery B is charged by I, when My is off and
Mp is on. With such an arrangement, the power converter is
always active and the input power can be fully utilized because
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Fig. 4. Illustration of the intermittent charging strategy when the power
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Fig.5. Concept of the adaptive duty cycle and varying charging current control
in CC mode.

each battery is able to share some amount of the current at once.
One battery is charged with a constant current when switched
on while the other battery is at rest when switched off. This
type of charging scheme for the batteries is commonly known
as intermittent charging or pulse charging [13]-[19]. The inter-
mittent mechanism supplies a rest period for the electrolyte’s
ions to diffuse and also distributes the ions more uniformly, so
the battery life cycle can be prolonged.

When M, or Mp is turned on, the output voltage V¢ can
be expressed, respectively, as

Vout,a = Veoa + (Rpa + Rona) Ia
when My, is on and Mp is off (D)
Vout,B = Vop + (R + Ronn) I
when Mp is on and M4 is off 2)

Subscripts A and B represent the branches of battery A and B,
respectively. Vp is the battery voltage including the open-circuit
voltage Vi and a voltage drop across the parasitic resistor Rp.
R, is the on-resistance of the auxiliary switch. Since the param-
eters Vo, Rp,and R,, are not identical for the two branches,
Vout, 4 and Vi p are unequal. In other words, the output volt-
age V,,, will be ringing corresponding to period 7),. The power
losses of the charger increase when V,; is charged and dis-
charged periodically. To alleviate this issue, the battery voltages
should be kept the same. Hence, the conduction duration of the
auxiliary switches M4 and Mp is adjusted dynamically based
on the voltage difference Vy;¢ of the batteries as illustrated in
Fig. 5, where Vyig = V4 — V. According to the four values
V4 and Vp, the V¢ range is divided into five states, where V)
and Vg are set to 160 and 10 mV, respectively. Each state has
a different charging duty ratio « of 7} to 7, and a different
charging current. The voltage Vyyg represents the hysteresis
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range to reduce changes in the operating-state frequency. For
example, when voltage Vy;g is smaller than (—Vy — Virys/2),
the charger operates in case-1 state, and the charging duty ra-
tio «v is set to 9. Since battery A gets more energy from the
power converter, Vgig will be increased. Once Vg is larger
than (—V4 + Virys/2), the charger enters case-2 state. Simi-
larly, when Vi is larger than — (Vg + Vigys/2), aviis set to 1,
which indicates that the voltages of the two batteries are almost
the same. Likewise, when Vp 4 is larger than Vi, the charg-
ing duty ratio « is less than 1. Moreover, to take the rest period
into consideration, the average charging current passing through
each battery is less than I, when the power converter operates in
CC mode. To reduce charging time and prevent battery damage,
the average charging current through a battery in CC mode is
increased to 1 C (the standard charging current of 1 C is sug-
gested by the battery datasheet [20]). Therefore, the values of
currents Iy, Iyyo, and I3 are 1.11, 1.43, and 2 C, respectively.
However, when the charging procedure operates in TC mode,
the charging current is always kept constant at 0.1 C.

B. Appropriate Transition Timing Control

During the charging period, the sensed battery voltage in-
cludes voltage Vzo and the voltage drop across Rp. Due to
the Rp effect, the transition timing from CC mode to CV mode
may be too early or too late. If the mode transition happens too
early, the charging time of the battery will be prolonged. On the
other hand, if mode transition happens too late, the battery may
suffer from overcharging. Thanks to the intermittent charging
scheme, one of the battery open-circuit voltages can be sensed
while My or Mp is tuned off, so a transition timing of each bat-
tery switching from CC mode to CV mode can be determined
appropriately.

C. CV Mode Control

Since the charging time of CV mode occupies a significant
portion of the total charging time [21], switches M 4 and Mp are
entirely turned on after the two batteries enter into CV mode. In
CV mode, the output voltage V,,; is fixed and Vi still increases
slowly, so the charging current /, is reduced continuously. When
the charging current of each battery is less than the predefined
value I.,q, its auxiliary switch M4 or Mp will be turned off.
Hence, we can avoid overcharging the batteries and the total
charging time can be reduced significantly.

III. DIGITAL CONTROLLER DESIGN

In this work, a DSP TMS320F28035 is adopted to realize the
proposed AHDCC method for the charger studied. The control
flowchart of the battery-charging scheme and frequency com-
pensation will be described and discussed as follows.

A. Flowchart of AHDCC

The main program of AHDCC is shown in Fig. 6(a), which
includes parameters and I/O initialization, peripheral function
setting, interrupt setting and charging control. The flowchart
of the charging control is shown in Fig. 6(b) and is briefly
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Fig. 6. Flowchart of the adaptive duty-ratio hybrid control: (a) main program,
(b) charging control, (c) operating setting, and (d) charging action.
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described as follows. Sampling of the battery voltage and current
is performed in every switching period. As described in Section
II, when battery A is being charged, the sensed voltage Vp 4
includes the voltage across Rp4. To remove the voltage drop
across the parasitic resistor, the charging current /4 and voltage
Vi p are sensed when battery A is being charged. Similarly, the
charging current I and voltage V3 4 are sensed when battery B
is being charged. The digital controller determines whether one
charging period T, is finished or not. If so, the operating setting
will be performed; otherwise, the program will enter the charg-
ing action. It should be noted that the operating setting is fulfilled
for every charging period and not every switching period.

The detail of the operating setting is illustrated in Fig. 6(c).
According to the value of the battery voltage, the corresponding
charging mode is set. When the battery voltage is less than 3V,
TC mode is chosen. When the battery voltage is larger than 3 V
and less than 4.2 V, CC mode is selected. The charging procedure
enters into the CV mode when the battery voltage reaches 4.2 V.
Since the charger provides a constant current to the batteries
during each charging period in TC and CC modes, the charging
duty ratio is determined by Vg4ig. When both batteries operate
in CV mode, the flag M4 5 is set to high, and then switches My
and Mp will be fully turned on for reducing the charging time.

The flowchart of the charging action of battery A is shown
in Fig. 6(d). When battery A is fully charged, My is turned off
and the flag channel is set to B. If battery A is not fully charged,
the corresponding charging mode will be fulfilled based on the
operating setting. When the charger operates in TC and CC
modes, Mp and M4 are turned off and on, respectively. Then,
the digital compensation is performed, and timer 74 increases
by one. When the T4 value is less than 7} determined by the
operating setting, the program of charging battery A is ended,
and in the next switching period battery A is still being charged.
When the T4 value is equal to 77, the flag channel is set to
battery B. For the next switching period, battery B will start to
be charged. Moreover, when the charger operates in CC mode,
the charging current value is dynamically adjusted based on the
corresponding charging duty ratio. Once the charging procedure
of both batteries operates in CV mode, M4 and Mp are turned
on entirely. If the charging current /4 is less than 50 mA, battery
A is fully charged. Then, only battery B continues being charged
until I3 is less than 50 mA.

B. Frequency Response

Since the proposed charger needs to operate in different
modes, each mode should be analyzed separately. To analyze the
frequency response of the charger, the small-signal model of the
power stage is shown in Fig. 7. The battery model is composed
of a constant voltage and a resistor Rp in series [22]-[23]. R¢
is the equivalent resistance of the capacitor, and Rp g is the sum
of the on resistance of the auxiliary switch and resistor Rpg. Req
includes the equivalent resistance of the inductor and switches
M; and M,. The control-to-output transfer functions can be
derived as (3)—(4) shown at the bottom of the next page.

The block diagrams of the digital-controlled charger oper-
ating in current and voltage modes are shown in Fig. 8. The
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Fig. 7.  Small-signal model of the charger operating in CCM.
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Fig. 8. Block diagram of the proposed charger for operating in (a) current and

(b) voltage modes.

block diagrams include the feedback network H, A/D sam-
pling gain Gapc, the modulation gain 1/V}),, and zero or-
der hold ZOH, where H; = 1.5, Hy = 0.402, Gapcv =
312.5, Gapcy = 1242.6, and Vj; = 1500. Sampling fre-
quency of the feedback output current and voltage is set to
be the same as the switching frequency of the charger for
synchronization. To increase the stability of the charger, the
proportional-integral (PI) compensator is utilized and its z-
domain equation can be derived by Tustin approximation and

expressed as
KITS Z + KITS’ KP
Z —1 2(Z2-1) Z-1)°
®)

Ge(z) = ( 5

The Bode plots of the charger operating in current and voltage
modes are shown in Fig. 9. The zero of the PI compensator is
located close to the dominant pole of the power stage to per-
form pole-zero cancellation. The dc gain of the PI compensator
determines the charger bandwidth. The two loops have approxi-
mately the same phase margin because their poles and zeros are
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Fig.9. Bode plots of the charger operating in (a) current mode and (b) voltage

mode.

nearly at the same positions. The Bode plot results ensure the
stable operation of the charger via adequate phase margin.

IV. EXPERIMENTAL RESULTS

To verify the feasibility of the proposed AHDCC, a laboratory
charger was implemented with an input voltage of 10-20 V, out-
put voltage of 2.5-5 V, switching frequency of 40 kHz, charging
period T}, of 1 s, and maximum output current of 1.6 A. The
output inductance and capacitance were 420 uH and 47 uF,

G DVout v sCRcRps + Rps
vd T "$2LC(Rc + Rps) + s[L + CRcRps + CReq(Re + Rps)] + Ras + Req
where Req = Rp + DRy + (1 — D)RMQ 3)
/Z\o SCR + 1
Gia = = © )

- V;n
s2LC(Rc + Rps) +s[L 4+ CRcRps + CReq(Ro + Rps)] + Rps + Req
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Fig. 10. Measured voltage and current waveforms of the two batteries during the charging process.
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Fig. 11. Measured voltage and current waveforms of a single battery during the charging process.

respectively. Two Sanyo UR14500 (4.2 V/800 mA-h) Li-ion
batteries are used as the load.

Fig. 10 shows the measured voltage and current waveforms
of the two batteries during the charging process. The initial volt-
age of the batteries is 2.7 V, so the batteries are charged with a
current of 80 mA (0.1 C) and the charging duty ratio is 50%.
When the battery voltage is higher than 3 V, the charger op-
erates in CC mode. To reduce charging time and avoid battery

damage, the charging current is adjusted dynamically based on
the larger charging period (7} or T3 ). Even though the proposed
charger delivers the same power to the two batteries, the incre-
mental voltage value of the batteries is not the same because of
different battery and transistor properties. Therefore, the charg-
ing duty cycle and charging current vary simultaneously when
the variation of Vyj¢ is larger than (Vp + Virys/2) as shown in
Fig. 5. However, the voltage difference Vs reduces quickly, so
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the charging current changes to 1.6 A (2C) again. When both
battery voltages approach the rated voltage, the charger provides
power to the two batteries concurrently for reducing the charg-
ing time and the two charging currents are less than 800 mA
(1 C). Once the battery charging current is less than 50 mA, the
battery will stop charging. From Fig. 10(b), the time difference
between when /4 and when Ip equal zero is about 10 s, show-
ing that voltages Vp 4and Vpp are controlled to be almost the
same during the charging procedure. The total charging time is
about 86 min.

Fig. 11 shows the measured voltage and current waveforms
of a single battery in TC, CC, and CV charging modes. The
definitions of mode changes are the same as those for two

battery charging, but the total charging time is about 91 min. For
charging two batteries with AHDCC, the transition timing from
CC mode to CV mode can be postponed due to the removal
of the battery’s parasitic resistance, so the total charging time
is slightly shorter than that of charging a single battery with
conventional CC and CV methods.

Fig. 12 shows the voltage and current waveforms of two
batteries with different initial voltages. To enlarge the difference
in initial voltages and avoid circulating current between the two
batteries, every battery is connected with a diode in series. One
initial voltage is 2.7 V and the other is 3.7 V. Since the voltage
difference Vi is up to 1 V, 90% of the charging period belongs
to the battery with lower energy, so Vyig is decreased rapidly.
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Vaig is less than 154 mV after the charger operates for about
110 s, and then the charging current becomes 1144 mA (1.43 C).
The total charging time is about 83 min.

Fig. 13(a) shows the waveforms of the converter with AHDCC
for different initial voltage values of the two batteries. The sig-
nals from top to bottom are the two battery voltages V4 and
Vg g, output voltage V,,(, and charging current /4. The cursor
position of signal 3 is placed at the same level as that of sig-
nal 4. When the charger adopts AHDCC, the voltage difference
between the two batteries can be diminished in a short period
as shown in Fig. 12, so the output voltage is kept constant. If a
charger does not have a voltage balance mechanism, the voltage
difference between the two batteries is maintained as shown in
Fig. 13(b). As a result, the output voltage varies according to
the charging period. Moreover, the variation of the output volt-
age represents increasing power losses of the power converter.
Fig. 14(a) illustrates the power efficiencies of the charger op-
erating in CC mode with the input voltage of 12 V, and the
three curves represent different 7, values. Fig. 14(b) shows the
power efficiency of the charger operating in CV mode with the
input and battery voltages of 12 and 4.2 V. The peak efficien-
cies of the charger in CC and CV modes are 88.7% and 89.4%,
respectively.

V. CONCLUSION

This paper proposes a switching-based charger with the
AHDCC function to reduce circuit complexity and better control
the charging current for parallel charging. Based on the voltage
difference of the two batteries, the AHDCC mechanism auto-
matically determines the duty cycle of each battery. Moreover,
since an intermittent charging method is adopted in CC mode,
the effect of voltage drop across the battery’s parasitic resistor
can be removed to avoid over or under compensation in the tran-
sition voltage and to extend the charging time in CC mode. The
AHDCC adjusts charging current, prolongs the charging period
in CC mode, and entirely turns on the auxiliary switches in CV
mode. As aresult, the functionalities of fast charging and battery
voltage balance can be realized concurrently. The experimental
results demonstrate that the peak efficiency of the charger is up
to 89.4% and the total charging time for the case of two batteries
is slightly shorter than that for the case of a single battery.
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