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ABSTRACT. This paper develops a novel charger circuit for use in portable electronic
equipment. The converter uses a single power switch to reduce the cost of the control
circuit. The simple circuit configuration and few components provide desired circuit
performance. With properly set circuit parameters, the power switch can be operated
under the zero-voltage-switching (ZVS) condition, yielding a high circuit efficiency. A
prototype circuit that is designed for a 6V-10Ah lead-acid battery is constructed and
tested to confirm theoretical predictions. The measured maximum charging efficiency of
the novel converter topology reaches 89.3%.
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1. Introduction. Portable electronic equipment includes smart phones, laptop comput-
ers, personal digital assistants, telecom power supplies, cell phones, digital cameras, and
so on [1]. Since portable electronic equipment continuously consumes electric energy
from embedded rechargeable batteries, it requires charging circuits [2]. The charging
time and lifetime of the rechargeable battery depend strongly on the properties of the
charger circuit. For many years, most commercially available battery charger circuits
have been linear-mode converters, in which an active power element regulates the output
voltage. However, conventional battery chargers with linear power regulators can handle
only low power, and have a very low efficiency, and a low power density, because they
require low-frequency transformers and filters. Conversely, modern battery chargers are
small, light, low-cost, and highly efficient in converting energy. Therefore, linear regula-
tors have been increasingly replaced by high-efficiency switching DC-DC converters which
have been advancing. Conventional DC-DC converters are large owing to the magnetic
devices, which occupy most of their volume. However, in recent years, research into the
miniaturization of magnetic devices has greatly advanced. Small DC-DC converter mod-
ules with soft switching for use in portable equipment have been developed. Both the
zero-voltage-switching (ZVS) technique and the zero-current-switching (ZCS) technique
are two commonly used soft-switching techniques, in which a resonant tank is used to
realize soft-switching conditions.
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Loaded-resonant converters are the most popular ZVS converters. According to how
energy is extracted from a resonant tank, loaded-resonant converters can be classified
as series-resonant, parallel-resonant, or series-parallel resonant converters. The series-
resonant converter that is designed for a battery charger is the simplest, and it has
many advantages [3,4]. Low-voltage active power switches can be used. Also, series-
resonant converters can operate safely under no load because no current flows through
their resonant circuits. Therefore, the series-resonant converter has the best topology for
low-voltage and low-power battery charger applications in portable equipment because
of its low switching losses, low stresses, and low noise characteristics among other ad-
vantages. The series-resonant converter is generally recommended for low-voltage and
low-power battery charger applications because the energy conversion stage uses simple
circuitry. The series-resonant converter and the class-E inverter were introduced in 1970
and in 1975, respectively [5,6]. The series resonant converter is the optimal topology
for DC/DC energy conversion applications because it has many advantages, such as low
switching losses, low stresses, and low noise characteristics. However, two active power
switches connected to the input side of the resonant tank in a traditional series-resonant
converter may increase the complexity of the trigger signal and control circuit. Addition-
ally, the class-E resonant inverters are the most efficient inverters known to date. This
work presents a novel battery charger circuit with an improved series-resonant converter,
which integrates a traditional class-D series-resonant converter and a class-E resonant in-
verter, for rechargeable batteries for use in portable equipment. The proposed improved
series-resonant converter outperforms the conventional class-D series-resonant converter
with respect to size, weight, cost, simplicity of topology, and ease of control [7-9].

This paper is organized as follows. Section 2 describes the circuit, and analyzes the
operation, of the novel single-switch resonant converter for use in portable equipment.
Section 3 introduces the operating characteristics of the converter. Section 4 presents
the implementation of the novel single-stage resonant converter and the results of its
simulation. Finally, Section 5 draws conclusions.

2. Circuit Description and Operational Analysis.

2.1. Circuit description. The main shortcoming of the traditional series-resonant con-
verter is that it has two active power switches and its generation of the trigger signals
for the two power switches is a complex process. This topology is not suitable for low-
power applications because the large number of components and complex control circuit
increase cost and reduce reliability. Accordingly, many efforts have been made to find a
less expensive low-voltage and low-power charger circuit topology for portable equipment
to support competitive pricing for consumers. Figure 1 presents a basic diagram of a
low-voltage and low-power battery charger with a novel single-switch resonant converter
for portable equipment that meets the requirements of high efficiency and low cost. It
comprises the power switch S with an antiparallel diode D and parallel capacitor C,

£or, % I,
L, i, it, L Crgg fDRl fDRz e
— > — — | T i i
"94 » ‘ T —= "> bRy G rL7 .
icyl + + e :
Ve PSJ D=V, Vb Ve, 7 Co PEEI
- C T -
I = = Leed—d
. i Battery
; I ; fimh fimg
‘Trlgger signal ‘ F DR, $ DR,

F1GURE 1. Proposed low-voltage and low-power battery charger
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series-loaded resonant tank circuit L,-C, (resonating below the switching frequency of
power switch ), and it passes a DC current input through the choke inductor Ly.

2.2. Operational analysis. This work proposes a novel zero-voltage switching tech-
nique. The objective of the proposed converter is to use auxiliary LC resonant elements
to shape the voltage waveform of the switching device during the off time in to create a
zero-voltage condition to turn the device on or off. Figure 2 presents interval transitions
of the proposed single-switch resonant converter in one switching period.

V;gs“ -
P I o
VoA ﬂ ‘
i i » [
’Lf_’Lr“
/—\\/ >/
iS A Vi
>
of ‘\

~..
~
<
¥
>
>

= M/—!\ i
‘Vbh
_{ -?—IL > [
IDRI°iDR> ‘

. ‘ V\ >r
,DRj’,DMT “/’\ o
Pl

t

|

|

t, |G| i %rj [
‘Ifl‘zl]l Wy ovi’ 1 W

A\ 4

m
FI1GURE 2. Voltage and current waveforms of novel single-switch resonant converter

For a steady-state cycle, the converter of Figure 1 operates in six intervals. The power
switch S is assumed to be off before the first interval. The equivalent circuit in each
switching interval transition of the proposed single-switch resonant converter is explained
as follows.

Interval 1: (between ty and t;)

In this interval, parallel capacitor voltage v¢ falls to zero and a turn-on signal is applied
to the gate of power switch S. Therefore, active power switch S turns on under zero-
current-switching and zero-voltage-switching conditions. At the beginning of this interval,
diode D conducts because the current i -y, is negative. During the interval, rectifier
diodes DR, and DR, are turned on because the resonant tank current i, is positive; also,
the input DC energy flows from the series resonant tank and through rectifier diodes DR,
and DR to charge the battery. Figure 3 presents the equivalent circuit of this mode. The
circuit exits this mode as soon as diode D is reverse-biased by a positive current iz, -ir,, .
Interval 2: (between t; and t,)

At the beginning of this interval, the trigger signal is still applied to the gate of power
switch S, which starts to turn on, and the capacitor voltage v, is clamped at zero. Since
diode D was conducting before power switch S was conducting, S is turned on at zero
voltage, resulting in a zero turn-on loss for the power switch. Figure 4 presents the
equivalent circuit. The line voltage is applied to Ly, and iy, increases continuously.
In this interval, the current i, ,-iz, naturally commutates from diode D to the active
power switch S. The resonant current i passes through diodes DR; and DR, to charge
the battery. Simultaneous conduction of diode DR; and switch DRy provides a positive



104 Y.-C. CHUANG, H.-S. CHUANG AND C.-Y. CHEN

voltage vy, at the input terminal of the rectifier. The circuit operation enters Interval 3
when the inductor current ¢y resonates and is negative.
Interval 3: (between ty and t3)

At the beginning of this interval, the trigger signal has been applied to the gate of
power switch S. Both currents iy, and iz, flow through the active power switch S. The
resonant current iy, is now transferred to diodes DR3 and DR, from diodes DRy and DR;.
In this interval, diodes DR3 and DR4 conduct and a negative voltage v, appears at the
input terminal of the rectifier. Figure 5 presents the equivalent circuit of this mode. This
interval finishes when the power switch .S is turned off.
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Interval 4: (between t3 and t,)

At the beginning of this interval, a trigger signal from the gate of power switch S is
removed. Power switch S begins to turn off, and the parallel capacitor C' starts to charge.
Simultaneously, owing to the negative resonant current 7, , the resonant circuit begins to
charge the parallel capacitor C' cross power switch S. Once the resonant current resonates
to zero, Interval 5 begins. Figure 6 presents the equivalent circuit.

Interval 5: (between ty and ts)

When the circuit enters Interval 5, the inductor current iy, is positive and the rectifier
diodes DR; and DR, are turned on. In this time interval, the capacitor current i, is still
positive. Accordingly, the capacitor voltage v. continues to increase to its peak value.
Figure 7 presents the equivalent circuit. Interval 5 finishes at the time when 7. becomes
zero, and then, the operating interval enters Interval 6.

Interval 6: (between ts and to+ Ts)

The capacitor current i. which equals the difference between iz, and iz,, becomes
negative in Interval 6. In this interval, the current iz -if, flows through capacitor C
continuously. This interval finishes at the time when v, resonates to zero. Figure 8
presents the equivalent circuit. When the active power switch S is again excited by the
driving signal v, this interval ends and the operation returns to Interval 1 of the next
cycle. It should be noted that active power switch S is turned on under the ZVS condition.
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F1GURE 9. Simplified equivalent output stage of novel single-switch reso-
nant converter

3. Operating Characteristics. Figure 9 illustrates the rectifier stage of the novel single-
switch resonant converter of the output stage. Since the output voltage is assumed to be
a constant Vp, the input voltage to the bridge rectifier, vy, is Vp when iy, is positive and
is —Vp when ¢, is negative.

The novel single-switch resonant converter with a bridge rectifier for battery charging
applications is analyzed based on the fundamental frequency of the Fourier series of the
voltages and currents. Then, the input voltage v, of the bridge rectifier is given by the
Fourier series in Equation (1).

. 4V
vp(t) = Z =9 sin(nwt) (1)
nmw
n=1,3,5,...
Equation (2) yields the fundamental component of voltage v.
4V,
vy = —2 sin(wt) (2)
T

The inductor current iy, is approximated as a sine wave of amplitude I, _,, and then
the average value of output current I is given by Equation (3).
20,
T
The fundamental component of input current of the bridge rectifier is

Io (3)

7T[O

Iy, = - (4)
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The input resistance in this equivalent circuit of the bridge rectifier is determined from
the ratio of voltage to current at the bridge rectifier. Equation (5) thus defines the input
resistance.

Vi 8 W

R, = L — — 20 (5)
[Lrl ™ [O

The relationship between input and output is approximately determined by performing

an AC circuit analysis using the fundamental frequencies of the voltage and current.

Figure 10 plots the equivalent AC circuit.
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F1GURE 10. Equivalent AC circuit of novel single-switch resonant converter

The novel single-switch series resonant converter is characterized by two resonant fre-
quencies, f,1 and f,s. When the active power switch is on, the resonant frequency f,; can

be expressrd as Equation (6).
1

fol = m (6>

When the active power switch is off, the resonant frequency f,o is given by Equation
(7).
= 1 7)
Joz 21+/L,.C,C/(C, + C) (
To achieve zero-voltage switching of the active power stitch S, the operating frequency
fs should exceed the resonant frequency f,;. To achieve resonant operation, the resonant
circuit must be underdamped. That is

L.(C,+C)
c, -C

To satisfy both boundary conditions v.(27) = 0 and ig(27) = 0, the circuit parameters
C,, and L, must meet the following equations.

2sin(km) cos(km + ¢) sin(km + ¢)[(1 — k)7 cos(km) + sin(km)]
WR[m2(1 — k)]

R, <2 (8)

C, = (9)

_ ke {2(1 — k)*m% — 1+ 2cos(¢) cos(2km + @) — cos 2(km + ¢)[cos(2km) — w(1 — k) sin(2km)] }

L 4w sin(km) cos(km + ¢) sin(km + ¢)[(1 — k)7 cos(km) + sin(k)]

(10)
where k is the duty cycle of the operation frequency and ¢ denotes the angular difference
between the trigger signal v,, and the resonant tank current iy, .

4. Experimental Results. To confirm the predicted operating principles and theoret-
ical analysis of the proposed novel single-switch resonant converter low-voltage and low-
power charger circuit applications, the laboratory converter in Figure 1 is designed and
built to charge a 6V-10Ah lead-acid battery. The switching frequency is arbitrarily chosen
to be 44kHz, which exceeds the range of frequencies that may generate acoustic noise.
The circuit parameters are listed in Table 1. Circuit simulations are also performed using
IsSpice software. A topology comparison between the proposed converter and traditional
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class-D series-resonant converter is summarized in Table 2. Evidently, the proposed con-
verter has the advantages of simple structure and easy control.

Figures 11(a) and 11(b) show the waveforms of the power switch. The measured exper-
imental waveforms are highly quite consistent with the theoretical predictions. Figures
12(a) and 12(b) show the waveforms of the shunt capacitor. The experimental results
shown in Figures 11 and 12 demonstrate that zero-voltage switching is achieved at con-
stant frequency for the power switch. Figures 13(a) and 13(b) show the waveforms of
input voltage v, and current i, of the bridge rectifier. The input voltage to the bridge
rectifier v, is Vo when iy, is positive and —V when iy, is negative. Figures 14(a) and
14(b) show the measured voltage variation curve and charging current of the lead-acid
battery during the charging period. Increasing the terminal voltage of the lead-acid bat-
tery from 5.7V to 8.1V took 270 minutes. The charging current Iy falls as the battery
voltage Vp increases. Figure 15 shows the measured charging efficiency. The minimal and

TABLE 1. Circuit parameters

Input voltage V;.|Resonant frequency f,| Choke inductor L Shunt capacitor C
24V 20kHz 3mH 0.1uF
Duty cycle £ |Switching frequency f|Resonant inductor L,|Resonant capacitor C..
0.48 44kHz, 63 H 1uF

TABLE 2. Topology comparison between the proposed converter and tra-
ditional class-D series-resonant converter

Number of Triceer sional Number of input
power switch 58 & filter capacitor
The proposed converter 1 PWM trigger signal 0
Traditional class-D . Two se.t of trlgggr
. 2 signals with dead time 2
series-resonant converter . ..
and isolated circuit
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FIGURE 11. Trigger signal vy, voltage vy, and current ig of power switch:
(a) simulated waveforms, (b) measured waveforms
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FIGURE 12. Waveforms of shunt capacitor voltage ve and current ic: (a)
simulated waveforms, (b) measured waveforms
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F1GURE 13. Waveforms of bridge rectifier input voltage v, and current i;:
(a) simulated waveforms, (b) measured waveforms
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FI1GURE 14. Measured battery terminal voltage and charging current dur-
ing charging period: (a) battery terminal voltage, (b) charging current
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FIGURE 15. Measured charging efficiency during charging period

maximal efficiencies of the novel single-switch charging circuit were approximately 84.9%
and 89.3%, respectively, and the total average charging efficiency during the charging of
the novel single-switch battery charger circuit was 87.9%. A volume/weight comparison
is summarized in Table 3 which shows that the proposed converter has the advantages of
small size, light weight, and high efficiency. The proposed topology has great potential
for low-voltage and low power charger circuit for use in portable equipment.

5. Conclusions. In this work, a novel single-switch resonant converter for low-voltage
and low-power battery chargers was designed. Its circuit structure is simpler and cheaper
than that of a traditional class-D resonant converter, which has many components. A
battery charger with an improved single-switch series resonant topology was used in a
charging test of a low-voltage and low-power lead-acid battery charger to demonstrate the
effectiveness of the developed converter. The overall charging efficiency of the proposed
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TABLE 3. Comparison between the proposed converter and traditional
class-D series-resonant converter for use in battery charger circuit

Dimension Weight Minimal Cost
(L x W x H) (ecm) | (kg) | charging efficiency | (USD)
The proposed converter 10 x9 x4 0.377 84.9% 23.8
Iraditional class-D 12 x 11 x 4 0.418 82.7% 27.9
series-resonant converter

converter exceeds 84.9%. Therefore, the charging efficiency can be improved using a novel
single-switch series resonant converter and the ZVS technique. Favorable performance is
obtained at a low cost and with few components.
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