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A High-Efficiency Integrated Multimode Battery
Charger With an Adaptive Supply Voltage Control
Scheme

Pang-Jung Liu

Abstract—A high-efficiency multimode battery charger with an
adaptive supply voltage (ASV) control scheme is presented in this
paper. The proposed battery charger includes a charging circuit
and a dc—dc buck converter. The charging circuit automatically
switches among trickle current (TC), constant-current (CC), and
constant-voltage (CV) modes corresponding to the battery volt-
age while the buck converter with ASV control generates an ASV
to closely track the battery voltage, leading to significant reduc-
tion in the power loss of the charging circuit. To further enhance
the efficiency of the battery charger, zero-current detection and
nonswitching control schemes are employed to decrease the power
consumption of the buck converter in TC and CV modes. The
battery charger was implemented with a 0.35-pgm CMOS 2P4M
process. The experimental results are shown to verify the theoret-
ical analysis of the proposed charger. The maximum efficiency of
the overall system is 88.3 %, and the maximum efficiency improve-
ment between the proposed charger and the conventional linear
charger with fixed supply voltage is up to 11.6%.

Index Terms—Adaptive supply voltage (ASV), battery, charger,
constant current (CC), constant voltage (CV), de—dc converter.

1. INTRODUCTION

N recent years, battery-powered portable devices such as
I smart phones and tablets have been increasingly popu-
lar. Lithium-ion (Li-ion) batteries are extensively adopted in
portable gadgets due to their high energy density, small size,
and low self-discharge [1]-[3]. However, the life cycles of Li-
ion batteries are easily affected by the overcharging control and
charging method [4], [5]. Thus, the design of a Li-ion battery
charger requires the following properties:

1) depending on the remnant charge, the charger should au-
tomatically switch to an appropriate charging mode for
preventing battery damage and reducing charging time;

2) for maximum energy storage, the charged battery voltage
should be as close to the rated voltage as possible without
overcharging;
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Fig. 1. Conventional variable supply voltage technologies with (a) LDO
regulator and (b) operational amplifier.

3) the power conversion efficiency of the charger should be

as high as possible during the whole charging procedure.

In general, the charging procedure of Li-ion batteries includes
trickle current (TC) mode, constant-current (CC) mode, and
constant-voltage (CV) mode. TC mode is employed to preclude
battery damage with a small charging current when the battery
is deeply discharged [2], [6]. To reduce charging time, a large
constant charging current is adopted in CC mode. The charging
current is continuously decreased in CV mode to achieve a rated
voltage and avoid overcharging.

Generally, the charger system can be separated into two
categories: switching- or linear-based charger [5]-[14]. The
switching-based charger has relatively higher conversion effi-
ciency, but it requires higher component counts and it trades
off accuracy for efficiency [11]. In contrast, a linear-based
charger has the advantages of compact size, ripple freeness,
and high accuracy. However, a linear-based charger suffers con-
siderable power loss when the battery voltage is low. To alleviate
this drawback of the linear-based charger, several different ap-
proaches for a variable supply voltage had been presented [11],
[13], [14]. Fig. 1(a) shows a low dropout (LDO) regulator con-
nected with a charger in series [ 14]. Although the LDO regulator
can be integrated into a chip without discrete components, the
power loss of the power transistor Mg, is also appreciable when
there is a large voltage difference between the input voltage Vi,
and battery voltage V4,,¢. Fig. 1(b) illustrates another method
for a variable supply voltage [10]. Through the negative feed-
back of the operational amplifier Ag,, and resistance kR, the
variable supply voltage Vi, var is equal to Via¢ plus Vionst-
Thus, the voltage value across the power transistor M, is equal
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to Vionst SO as to significantly reduce power loss on power tran-
sistor M,,. However, there is considerable power consumption
in the output-stage transistor of the operational amplifier Ay,
when the voltage difference between voltages Vi, and Vi, var
is large. In [13], Yang et al. mentioned a scheme where a dc—
dc buck converter could be used to provide a variable supply
voltage for enhancing the efficiency of a charger. However, this
effective scheme was not implemented in this reference.

To ensure the advantageous high accuracy and ripple freeness
of the proposed charger, a compact linear-based charging circuit
is presented in this paper. With simple circuitry, the proposed
charging circuit realizes TC, CC, and CV modes and automat-
ically switches among operation modes corresponding to the
battery voltage. To mitigate the drawback of low charging ef-
ficiency under low battery voltage, an adaptive supply voltage
(ASV) control scheme is employed. An ASV generated by a dc—
dc converter is used as the voltage source for the charging circuit.
The ASV tracks and is slightly larger than the battery voltage,
so the power loss of the charging circuit is reduced significantly.
However, the overall efficiency of the proposed charger is also
influenced by the dc—dc converter. Hence, zero-current detec-
tion and nonswitching control schemes are presented to reduce
the power consumption of the dc—dc converter in TC and CV
modes. Furthermore, the battery charger allows charging batter-
ies in series and provides an overcharge protection scheme. After
this introduction, the rest of the paper is organized as follows.
In Section II, a conventional linear charger with fixed supply
voltage is reviewed briefly. Sections III and IV address the pro-
posed charger and its implementation. Section V describes the
small-signal analysis of the proposed charger. Finally, experi-
mental results and conclusions are given in Section VI and VII,
respectively.

II. CONVENTIONAL LINEAR CHARGER WITH FIXED
SUPPLY VOLTAGE

In this section, a conventional linear charger is reviewed
briefly. A linear charger with fixed supply voltage and its con-
ceptual waveforms are shown in Fig. 2. The voltage difference
Viig between the supply voltage and the battery voltage can be
expressed as

Vaig = ‘/sup,ﬁx — Wat- (D

Voltage Vyig is large when the battery voltage is low. Thus,
large power loss is generated by the linear charger under low
battery voltage. When the charger starts to charge the battery
with different charging currents, voltage Vy;z decreases contin-
uously with different slopes, leading to smaller power loss of the
charger. The power efficiency of the charger with fixed voltage
can be formulated as

Tlcharger, g
_ Vi)a‘t Icharge
(‘/sulp.ﬁx - Vi)at) Ichargc + VbatIchargc + V;ulp,ﬁx-[q
‘/bat (2)
Vvsulp,ﬁx
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Fig. 2. (a) Conventional linear charger with fixed supply voltage and (b) its
conceptual waveforms.

where I¢jarge and I, are the charging current and the quiescent
current of the control circuit, respectively. I, is always much
smaller than Icyarec, SO the efficiency of the linear charger is
about Vi,a /Vzulp sx- To reduce power loss of the linear charger
during the whole charging procedure, the supply voltage should
track and be slightly larger than the battery voltage.

III. INTEGRATED BATTERY CHARGER WITH ASV
CONTROL SCHEME

A. Concept of ASV Control Scheme

The system block diagram of the proposed charger integrated
circuit is shown in Fig. 3(a). The battery charger includes a
charging circuit and a dc—dc switching converter. The charging
circuit provides TC, CC, and CV charging modes and automat-
ically switches among different operation modes depending on
the battery voltage. To enhance the power efficiency of charging
circuit during the whole charging procedure, a dc—dc switch-
ing converter is employed. By using the information of battery
voltage Vi,,, the dc—dc converter generates an ASV V,;, a5y for
the charging circuit. The ASV V1, asv follows and is slightly
higher than the battery voltage, leading to high power efficiency
of the charging circuit for the entire charging procedure based on
(2). The conceptual waveforms of the charger with ASV control
are illustrated in Fig. 3(b). It is noted that the voltage difference
Vair between supply voltage Vi, asv and battery voltage V1,
is larger at the beginning of the charging procedure because
the charging circuit requires a minimum supply voltage for nor-
mal operation. Voltage difference Vgy;g continues decreasing in
TC mode. Nevertheless, the overall efficiency of the proposed
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Fig. 4. Schematic diagram of the proposed charging circuit.

charger is also influenced by the switching converter, and it can
be written as

Vit
Vdc‘:/s X TNswitch - (3)

Teharger,ASV = Tcharging X Mswitch ~

Thus, the efficiency of the dc—dc converter should be main-
tained as high as possible. Hence, zero-current detection and
nonswitching control schemes are adopted to reduce power loss
of the dc—dc converter in TC and CV modes, respectively.

B. Multimode Battery Charging Circuit

The charging circuit with overcharge protection is shown in
Fig. 4. The current loop is regulated by operational amplifiers
OP; and OP while the voltage loop is regulated by operational
amplifier OP3. At the start of the charging procedure, when
battery voltage Vi, is lower than a predefined voltage Vi,
transmission gate TG is turned OFF. Furthermore, diode D; is
turned OFF due to low battery voltage. Thus, the voltage loop
does not influence the charging current. When the charging
circuit operates in TC mode, a negative feedback loop is
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Fig. 5. Schematic diagram of the overcharge protection circuit.

established by operational amplifier OP; and transistor M,
so current [; is equal to Vig/Rs1. Through a current mirror
composed of transistors M, and M,;, the charging current
Ieharge 18 enlarged to be 1000 times of I; and then charges the
two batteries in series. Operational amplifier OPy and transistor
M, force the drain voltages of transistors M,, and M,; to be
identical, so as to enhance the accuracy of the charging current.

Once the charging procedure enters CC mode, transmission
gate TGy is turned ON, and then resistors R, and R,y are
in parallel. It results in larger current /; and charging current
Icharge- It is possible to produce a current spike in current I}
during the turn-on transition of the transmission gate. After
passing through the current mirror, the charging current could
damage batteries. To preclude this issue, a sample-and-hold
(S/H) circuit is used. The charging circuit switches to CV mode
when the battery voltage approaches a predefined voltage V.
In CV mode, the output voltage of operational amplifier OP3
is high enough to turn ON diode D; to charge the parasitic
capacitance at the gate terminal of power transistor M. It
leads to a gradually decreasing the charging current. Therefore,
TC, CC, and CV charging modes can be realized with simple
circuitry.

Even though the two batteries are charged with the same
current, the required charging times of the two batteries are dif-
ferent due to different battery parameters. Thus, an overcharge
protection circuit is required as shown in Fig. 5. By subtracting
voltage Vj,2 from voltage V4., the information of voltage V1
can be obtained. Two comparators CMP; and CMP;3 are used
to determine whether the two battery voltages reach the rated
voltage Vi or not. Before the two battery voltages approach the
rated voltage, transistors My and Mj are turned OFF. Assum-
ing voltage Vj,1 reaches Vy first, voltage V5, is pulled down
to a low level. Thus, transistor M, is turned ON and charging
current Ieparge follows through M5 and then delivers energy to
battery 2. On the other hand, the charging current provides en-
ergy for battery 1 through transistor M3. Hence, the overcharge
protection of the two batteries can be achieved.

C. DC-DC Converter With ASV and Nonswitching Operation
Mode Controls

The schematic diagram of the dc—dc buck converter with ASV
and nonswitching control schemes is shown in Fig. 6. To achieve
the ASV control, the battery voltage V4,,¢ and a reference signal
Vier are added with different weightings by a reference adder.
Thus, an adaptive reference signal Vicr ,sv 1 generated. Vier asv
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is connected to the inverting input of the error amplifier, resulting
in a varying duty cycle value and the ASV V{,, .. Based on
ASYV control, supply voltage Vi, asv should be slightly higher
than battery voltage V4,.¢, but the supply voltage must also be
higher than a minimum voltage level for ensuring good operation
of the charging circuit. Furthermore, the rising slopes of Viup asv
in TC and CC modes are different because distinct charging
currents are applied. Therefore, two reference signals V¢, and
Vietrr are used. Signal Vi, is for low battery voltage, and signal
Viern 1s adopted when the charging circuit enters CC mode.
The reference switching circuit is employed to switch between
the two reference signals for preventing overshoot and ringing
issues of the ASV.

When the charging circuit is in TC mode, since the buck
converter provides a few tens mA, the inductor current could
become negative, leading to additional power loss. To allevi-
ate this issue, a zero-current detector is used to turn OFF power
transistor M,,;, to prevent output capacitor C, from discharg-
ing energy. When the battery voltage V},.¢ is charged up to a
high level, the voltage across power transistor M,; of the charg-
ing circuit is reduced significantly. Thus, if the buck converter
still uses a switching operation control, the overall efficiency
of the proposed charger would be lower than that of the con-
ventional linear charger. Furthermore, the charging time in CV
mode occupies a notable portion of the total charging time [8].
Under the considerations, a nonswitching operation control is
adopted to keep power transistor M, ON and power transistor
M,,;, OFF. Since signal ENp, is in the high state, the value of
gate voltage V,,, is determined by the error amplifier EA. On
the other hand, gate voltage V,, is maintained at zero level be-
cause the V, level is always larger than the amplitude of ramp
signal V;amyp . By using the zero-current detector and nonswitch-
ing operation control, the efficiency of the buck converter can
be kept as high as possible, so can the efficiency of the battery
charger.

IV. CIRCUIT IMPLEMENTATION

To realize the battery charger with ASV, a reference switch-
ing circuit, a reference adder, and a zero-current detector are
utilized. Detailed circuit-level implementations of these func-
tion blocks are described in this section.
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A. Reference Switching Circuit and Reference Adder

The schematic diagram of the reference switching circuit
shown in Fig. 7(a) is used to prevent overshoot and ringing in the
ASYV during the start-up period and the interchanging transition
between the two reference signals. Before the buck converter
is in operation, signal Vi.tg should be at about zero value, so
that transistor M7 is turned ON to discharge capacitor C. This
action makes sure the reference voltage Vs is reset from zero
before the start-up process. After the buck converter is powered
ON, Viergr is changed to the predefined value. Signal Vi is
connected to the gate of transistor M, when the battery voltage
is lower than V7. Then, most of current I;;; flows through
transistors M3 and M5, resulting in the rising drain voltage of
Mg. Subsequently, current Iy;9 charges capacitor C, so that
the reference voltage V¢ increases linearly and slowly until
Viet approaches Vi.¢r, then current I;9 becomes zero and the
charging stops. When the charging circuit enters CC mode, the
gate of transistor M5 is connected to Vi.¢7 . Similarly, reference
voltage Vi..¢ will be charged to V}.¢r slowly. The reference adder
shown in Fig. 7(b) is a noninverting amplifier with two input
signals V.t and V4,,¢. The adaptive reference signal Vif 45y can
be calculated as

V;(‘f avs — Rl (R2 i RS) (R4 - R5) Vint
" RyRy (Ry+ R3) + RoRsRy
Ry (Ry + R3) (R4 + Rs) Ve )
RyRy (Ry + R3) + Ri1Rs Ry et

Hence, the ASV is influenced by the battery voltage and
reference voltage.

B. Zero-Current Detector

Since no current sensor is used in the buck converter, signal
V1 x is adopted to realize the zero-current detector, as shown in
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Fig. 8. (a) Zero-current detector block diagram, (b) pulse generator, and
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Fig. 8(a). When the driving signal Vs changes to a low state,
after passing through an inverter and a pulse generator, as shown
in Fig. 8(b), a pulse signal is produced to turn ON transistor
M. Tt results in the zero level of signal V;. Meanwhile, signal
Vi is at a low state due to the low level of V. Once the
power transistor M, is turned OFF and the inductor current
flows through the body diode of power transistor M,,;, signal
Vs becomes at a high level which turns ON power transistor
M., Subsequently, the inductor current passes through power
transistor M,,, and decreases continuously. When the inductor
current becomes negative, signal V7, x is larger than zero which
turns OFF power transistor M,,; due to the low state of signal
Vs. However, signal V7, x will suffer ringing while the inductor
current is back to zero, and thus power transistor M,,; will be
turned ON again, leading to additional power loss. To prevent
this issue, a pulse generator and register circuit are employed
to maintain the status of V;. When V; switches to a low level,
a pulse is sent to the register circuit. V; changes to a high state
when the input signal of the register circuit shown in Fig. 8(c) is
at a high level. The output signal of the register circuit is kept in
the previous state when its input signal becomes zero. In other
words, by using the register circuit, V; is maintained at a high
level once V; becomes in a low state. Thus, the gate driving
signal Vi, is kept at zero level. The V; state changes to a low
level when the driving signal Vs becomes at a low state. Then,
the operation of the zero-current detector will repeat again.

C. Operational Amplifier OPy of the Charging Circuit

Operational amplifier OP, used in the charging circuit is
shown in Fig. 9 [15]. Since the battery voltage is charged from a
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Fig. 10. Small-signal block diagram of the battery charger operating in
(a) CC and (b) CV modes.

low level to a high level, operational amplifier OPy should op-
erate well given a large range of input signals. Thus, to maintain
the accuracy of the charging current, n- and p-type differential
pairs are adopted in OP5 to realize a full range of input swing.
Moreover, a folded cascade architecture composed of transistors
M3 to Mo is used to enhance voltage gain.

V. SMALL-SIGNAL ANALYSIS OF THE PROPOSED CHARGER

Fig. 10(a) shows the small-signal block diagram of the pro-
posed charger operating in CC mode for analyzing the system
stability and ASV effect. Block G, 4(s) is the duty cycle-to-ASV
transfer function when the buck converter operates in CCM op-
eration, and it can be expressed as [16]

1+ SCoResr
"1+ s(CoResr + L/Rr) + s2LC,

Gud(s) =W (&)

where R is the equivalent input resistance of the charg-
ing circuit. Vj; is the amplitude of ramp signal V.., and
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H is determined by the feedback resistors and is equal to
Ryo/(Rs1 + Ry2). Ge(s) is the transfer function of the error
amplifier and can be derived as

1+ sC.R,
1+sC. (R, + R.)

G.(s) =GuR, 6)
where G, and R, are the transconductance and output resis-
tance of the error amplifier, respectively. Thus, the voltage loop
gain Ty cc (s) can be formulated as

Tv,co(s) = HG.(5)Gya(s)/Var - (7)

G cc(s) is the ASV-to-charging current transfer function
when the charging circuit operates in CC operation, and it can
be written as

: 1
Gl,cc (8) 9m ,pl

B 1+ Av‘opQ (gm,psro,ps) 1+ Sog,psRo,opQ

®)

where g, ,,; is the transconductance of power transistor M), in
the charging circuit and A, .2 is the voltage gain of operational
amplifier OP». gy, s and 7, ;s are the transconductance and
output resistance of transistor M, respectively. Cj ,, is the
gate capacitance of M), and Iz, .2 is the output resistance of
OP5. Due to the feedback loop, the distribution of the ASV
can be reduced significantly. Block Zy,.¢ () is the impedance of
the two batteries in series. G (s) is the reference voltage-to-
charging current transfer function when the charging circuit is
in CC operation, and it can be formulated as

1000 - Veg 1
(Rsl H RSQ) 1+ SCq,psRo,opZ .

Gcc(s) = (9)

Blocks Kyt and K¢ in Fig. 10(a) are the voltage gains of
the reference adder corresponding to V4,1 and Vie¢. According
to (4), Ky, and K¢ can be expressed as

Ry (Rz + Rg) (R4 + R5)
RiRy (R2 + Rg) + Ry R3 Ry

Ry (R1 + R3) (Ry + Rs)
RyRy (Ry + R3) + RiRsRy

Kbat =

(10)

Kref =

an

The influence on the ASV corresponding to the variation of
battery voltage AV}, is calculated as

AV;up.,asv Kbat 1 ~ Kbat

_ ~ . 12
AViat H 1+41/Tycc(s) H (12

Since the dc gain of T ¢ (s) is always larger than 1, the ASV
accurately follows the battery voltage multiplied by K./ H.
Similarly, Fig. 10(b) shows the small-signal block diagram of
the proposed charger operating in CV mode. Block G, (s) is
the gate driving signal-to-ASV transfer function when the buck
converter operates with nonswitching control, and it is shown
as
Gons) — 1B (/5o t Rea) || (Rys + Ry

Topb + 5L+ [Rp[|(1/5Co + Rer) | (Rp1 + Ry2)]
1

X
1+ SCg,pro,buf

13)

where r, ,;, and C, ,,;, are the on-resistance and gate capacitance
of power transistor M,,;, respectively, in the buck converter.
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Fig. 1. Bode plots of the voltage loop gains TV,CC(s) and TV,CV(s) when
buck converter operates in (a) CC and (b) CV modes.

R, pur is the output resistance of unit-gain buffer. Thus, the
voltage loop gain Ty cv (s) can be expressed as

Tvov(s) = HG.(5)Gps(s). (14)

Blocks G ey (s) and Gy (s) are the ASV-to-battery voltage
transfer function and reference voltage-to-battery voltage trans-
fer function, respectively, when the charging circuit is in CV
mode, and they can be formulated as

1 1
1+ (RUQ/R’UI) 1+ 3/pop3
- 1 1
14 (R’Ul/RvQ) 1+ S/prS

where p,;,3 is the internal pole of OP3. Fig. 11 shows Bode
plots of the voltage loop gains Ty, cc(s) and Ty, cv (s) when
the buck converter operates in CC and CV modes, where the
design parameters are shown in Section VI. The phase margin
is over 46° for CC and CV modes, and the Bode plot results
assure us of stable operation of the buck converter due to the
adequate phase margin.

s)

Gl,cv (S) ~

Gey(s) (16)

VI. EXPERIMENTAL RESULTS

In order to verify the circuit validity, an experimental proto-
type of the proposed charger was designed with an input voltage
of 5.8-6.5 V, ASV of 0.2-5.7 V, maximum charging current of
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Fig. 13.  Measured waveforms of the charging circuit supplied by the buck
converter.

500 mA, and switching frequency of 1 MHz. The output ca-
pacitance and inductance were 10 ©F and 4.7 H, respectively.
The battery charger was fabricated in a 0.35-pm CMOS pro-
cess. The chip microphotographs of the charging circuit and
buck converter are shown in Fig. 12 and their active areas are
543 x 696 pm? and 782 x 1064 um?. To shorten the time for
testing chip functionality, two super capacitors are used as the
batteries. The parameters of the super capacitor are capacitance
of 10 F, rated voltage of 2.7 V, and internal resistance of 30 m{2.

Fig. 13 shows the measured waveforms of the charging circuit
supplied by the buck converter. The four waveforms in the figure
from top to bottom are the battery voltage V4,.¢, voltages Vi1
and V9 of the two batteries, and charging current I },,,4.. Be-
fore testing, the battery voltage is discharged to around zero, so
the charging circuit is in TC mode. Thus, the charging current of
50 mA is adopted and the battery voltages increase slowly. The
charging current changes to 500 mA when the charging circuit
enters CC mode, and then the battery voltage rises quickly. The
charging circuit switches to CV mode when the battery volt-
age approaches the rated voltage, and then the charging current
continuously decreases to zero. Fig. 14 shows the experimental
waveforms of the charging circuit with different initial voltages
of the two batteries for testing the overcharge protection circuit.
We can clearly find that the higher battery voltage is maintained
constant while the lower battery voltage continues charging until
the two battery voltages are the same.
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Fig. 15 shows the waveforms of the proposed charger. The
four waveforms in the figure from top to bottom are the
ASV Viyp,avs. battery voltage V., adaptive reference volt-
age Vier asv, and inductor current 47,. Adaptive reference volt-
age Vierasy increases from zero linearly to prevent supply
voltage Viyp, asv from overshoot and inrush current during the
start-up period. In TC mode, V¢ asv Tises slowly, so does the
ASV. It is noted that the battery voltage starts form about zero.
Since the charging circuit requires a minimum supply voltage for
normal operation, voltage difference Vi between Vi asv and
Vhat 1s larger at the beginning of the charging procedure. Vgig
continues decreasing in TC mode. Thanks to zero current de-
tection, inductor current ¢, is always larger than zero for power
saving. When the charging circuit enters CC mode, the charging
current becomes 500 mA, so the dc value of the inductor current
also changes to 500 mA. Since Vj,;, .sv increases quickly, the in-
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Fig. 16. Measured efficiencies of the proposed charger and charging circuit
with a fixed supply voltage of 5.8 V.

ductor current ripple decreases rapidly. Moreover, Vg;g is almost
maintained constant. In CV mode, the buck converter operates
with nonswitching mode while the inductor current becomes a
stable value instead of a varying range. Voltage V,, asv 18 kept
fixed, and then the inductor current decreases toward zero when
the battery voltage approaches the rated voltage. It is noted that
the time scale of Figs. 13 to 15 is 40 s. Fig. 16 illustrates the
measured efficiencies of the proposed charger and the charging
circuit with a fixed supply voltage of 5.8 V with respect to the
battery voltage. The efficiency of the proposed charger is higher
than that of the charging circuit and the maximum efficiency
difference is up to 11.6%. It is noted that larger voltage differ-
ence between the input voltage and battery rated voltage leads
to better efficiency improvement of the proposed charger.

VII. CONCLUSION

In this paper, an integrated battery charger composed of a
charging circuit and a dc—dc buck converter with ASV control
is presented. The charging circuit realizes a highly accurate and
ripple-free charging current and automatically switches among
TC, CC, and CV modes. The buck converter with ASV con-
trol generates an ASV to reduce redundant power loss on the
charging circuit. Furthermore, nonswitching and zero current
detection control schemes are adopted to reduce power loss of
the dc—dc converter in CV and TC modes. The experimental
results demonstrate that the theoretical analysis of the proposed
charger can be verified. The maximum efficiency of the battery
charger is 88.3% and the maximum efficiency improvement be-
tween the proposed charger and the charging circuit with fixed
supply voltage is up to 11.6%.
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