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Abstract: A design of high performance green-mode pulse-width-modulation (PWM) controller IC with smart
sensing protection circuits for the application of lithium-ion battery charger (1.52 V ~ 7.5 V) is investigated in
this paper. The protection circuits architecture of this system mainly bases on the lithium battery function and
does for the system design standard of control circuit. In this work, the PWM controller will be with an
automatic load sensing and judges the system operated in the operating mode or in the standby mode. Therefore,
it reduces system’s power dissipation effectively and achieves the saving power target. In the same time, many
protection sensing circuits such as: (1) over current protection (OCP) and under current protection (UCP),
(2) over voltage protection (OVP) and under voltage protection (UVP), (3) loading determintion and short
circuit protection (SCP), (4) over temperature protection (OTP), (5) VDD surge-spiking protection are included.
Then, it has the characteristics of an effective monitoring the output loading and the harm prevention as a
battery charging. Eventually, this green-mode pulse-width-modulation (PWM) controller IC will be that the
operation voltage is 3.3 V, the operation frequency is 0.98 MHz, and the output current range is from 454 mA to
500 mA. Meanwhile, the output convert efficiency is range from 74.8 % to 91 %, the power dissipation
efficiency in green-mode is 25 %, and the operation temperature range is between -20 °C ~ 114 °C.
Copyright © 2014 IFSA Publishing, S. L.
Keywords: Green-mode, Loading detection, Over current protection (OCP), Over temperature protection
(OTP), Over voltage protection(OVP), Pulse-width-modulation (PWM), Short circuit protection (SCP), Under
current protection (UCP), Under voltage protection (UVP).

1. Introduction
Because of the recent emergence of
environmental awareness and green energy savings
[1-6], effective power management in circuit design
has become an important focus of development for
the electronics industry. In the current consumer
electronics market, portable electronic devices (e.g.,
cellphones) have become widely used in daily life,
and the demands for portable electronic devices are
now centered on the following characteristics:
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1) Minimum size; 2) Light weight; 3) Extended
operating time; and 4) Long standby time. Because of
advancements in the process technology of integrated
circuits (IC), control circuits and protection circuits
using the existing switching mode power supply
(SMPS) can now be incorporated onto chips, which
have enabled the development of portable consumer
electronics to emphasize lightness, thinness, and
minimum size. To achieve light-weight and thin
portable consumer electronics, all systems must be
incorporated onto chips; to enable extended operating
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converter power supply unit; and 4) A lithium-ion
battery unit. These units that require power supply
also use a pulse-width modulation (PWM) controller
[13-24] to manage and improve system conversion
efficiency, thereby decreasing system power loss and
saving electricity.

time and standby time, power loss in the system chip
should be mitigated. Power management control
chips fulfill these demands by effectively managing
chip conversion efficiency and reducing system
power loss, thus achieving power savings and
enhancing work effectiveness. However, commercial
considerations (e.g., lightness and thinness) have
resulted in a need to reduce battery size in overall
product designs, which presents a challenge for
designers regarding the provision of diverse
functions, extended operating time, and prolonged
standby time.
The majority of consumer electronics use lithiumion batteries [7-12] because of the following
advantages: 1) high capacitance density; 1.5- to
2.5-fold that of NiMH or NiCd batteries, 2) high
voltage; a single lithium-ion battery cell can provide
3.6 V, which is substantially greater voltage than
provided by NiMH and NiCd batteries (1.2 V),
3) strong electric charge reserve (i.e., low selfdischarge); minimum power loss following long-term
standby, 4) long battery life; up to 500 chargedischarge cycles with proper usage, 5) no memory
effect; discharge is not required prior to charging.
The primary application of lithium-ion batteries is
for cellphones, because the voltage range of lithiumion batteries can range from 4.2 V when charged to
2.7 V after discharge, within which the majority of
the discharge interval is maintained at approximately
3.6 V. Under normal operations, lithium-ion batteries
discharge by converting chemical energy to electric
energy through a positive chemical reaction.
However, under certain circumstances such as
charging, over discharge, or over current, chemical
side reactions occur, thus affecting the properties and
life of the battery. If such side reactions are
exacerbated, a great amount of gas is produced within
the battery, which rapidly increases pressure and may
lead to an explosion. Therefore, a protective circuit is
attached to all lithium-ion batteries to effectively
protect and control charging and discharge.
Furthermore, protective circuits will switch off the
charging and discharge circuits under specific
conditions to prevent battery damage during
charging.
In the system design structure of common laptop
computers, the primary power supply units include
1) A thin-film-transistor liquid-crystal display (TFT
LCD) backlight power supply unit; 2) An AC-to-DC
switching power supply unit; 3) A DC-to-DC

2. Green-mode PWM Control Circuits
The present study proposes a design that is highly
efficient and contains a PWM controller (Fig. 1). The
system design structure of this controller uses a
lithium-ion battery charger, and the functions of the
protective circuit in the lithium-ion battery are used
for the system control design.
A voltage-current hybrid control model was
employed in the system design structure of the PWM
controller designed in the present study. Therefore,
the entire control system uses different digital and
analog circuits to determine the logic for various
protection functions. The primary objective of this
design is to access the voltage and amount of current
when charging the lithium-ion battery for
determining whether the controller is in an operation
mode or green mode. TSMC 0.35 μm 2P4M 3.3 V
CMOS process technology was used to design and
analyze the various different circuits.
The control model provides protection for the
output load side, such as 1) over voltage and under
voltage protection, 2) over current and under current
protection, 3) short circuit and overload protection, 4)
over temperature protection (OTP), and 5) heavy and
light load determination circuit. Thus, the control
model can effectively monitor the output load side to
prevent battery damage during charging.
Power surges may occur during system startup.
The dead-time and soft-start circuit designed in the
present study can be used to divide the voltage of
power surges. Subsequently, normal feedback voltage
(Vm) is outputted and then inputted into a voltage
comparator and compared with a triangular wave
voltage (Vp) for sampling. After the needed output
duty cycle signal (Vcout) of the power switch is
obtained, the output cycle signal is determined by
using a control circuit and driver circuit, and the
power of the switching signal for the metal-oxidesemiconductor field-effect transistor (MOSFET) is
amplified and outputted.
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Fig. 1. Block and schematic diagram of a green-mode PWM controller IC.
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3. Auto-sensing Protection Circuits
in a PWM Controller IC

as a limit for maximum power current during load
component charge; therefore, the maximum working
current was set as 5 V/600 mA.

3.1. Current Limit Protection Circuit
3.1.2. Under Current Protection Circuit
Current limit protection is primarily used in for
controlling the output load side of chargers, thereby
preventing battery damage during charging. In
addition, signals for current limit protection (Ilim) can
be outputted to the control circuit for judgment. As
shown in Fig. 2, the proposed circuit uses current
limit protection. The circuit structure is primarily
comprised of an over current protection circuit and
under current protection circuit. In circuit design,
current limit protection is used for maximum and
minimum current limitation in load charge. Thus,
according to regulations for lithium-ion battery
charger design, the maximum and minimum working
current is 5 V/600 mA and 5 V/50 mA, respectively.
The circuit design specifications are detailed
in Table 1.

3.2. Voltage Limit Protection Circuit

Over Current
Protection

Current limit

Current limit

Under Current
Protection

Fig. 2. Schematic diagram of the current limit circuit.
Table 1. Specifications of the current limit protection
circuit.
Current
Vout
5 V (Vtyp)

The second circuit shown in Fig. 2 is a under
current protection circuit. The circuit is connected
beneath the load component through small resistance
(R3 and R4), thereby accessing the current during
load charge. Subsequently, the current signal is
converted into a voltage (Vmin), which is then
inputted into an ErrAmp and compared against a
reference voltage (VREF) to acquire voltage
difference. Finally, the outputted voltage signal (Imin)
is inputted into the logic circuit and used for
determination with the current protection signal
(Imax). Under current protection is primarily used as a
current limit for short circuiting during load
component charge; therefore, the minimum working
current was set as 5 V/50 mA.

600.3 mA

50.066 mA

Loading
resistance
6.33 Ω

Loading
resistance
75.9 Ω

Voltage limit protection is primarily used in for
controlling the output load side of chargers, thereby
preventing battery damage during charging. In
addition, signals for voltage limit protection (Vlim)
can be outputted to the control circuit and system
loop for judgment.
The circuit shown in Fig. 3 is a voltage protection
limit circuit. The circuit structure is primarily
comprised of an over current protection circuit and
under current protection circuit. In circuit design,
voltage limit protection is used for maximum and
minimum voltage supply limitation during load
charge. Thus, according to regulations for lithium-ion
battery charger design, the maximum and minimum
voltage is 7.5 V and 1.52 V, respectively. The circuit
design specifications are detailed in Table 2.

Under Voltage
Protection

3.1.1. Over Current Protection Circuit
The first circuit shown in Fig. 2 is an over current
protection circuit. The circuit is connected beneath
the load component through small resistance (R1 and
R2), thereby accessing the current during load
charge. Subsequently, the current signal is converted
into a voltage (Vmax), which is then inputted into an
error amplifier (ErrAmp) and compared against a
reference voltage (VREF) to acquire voltage
difference. Finally, the outputted voltage signal (Imax)
is inputted into the logic circuit and used for
determination with the under current protection
signal (Imin). Over current protection is primarily used
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Over Voltage
Protection

Fig. 3. Schematic diagram of the voltage limit circuit.
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Table 2. Specifications of the voltage and current limit
protection circuits.
600.3 mA

50.066 mA

Loading
resistance

Loading
resistance

7.5 V (Vmax)

10.494 Ω

125.84 Ω

5 V (Vtyp)

6.33 Ω

75.9 Ω

1.52 V (Vmin)

0.534 Ω

6.377 Ω

Current
Vout

3.2.1. Under Voltage Protection Circuit
The circuit shown in Fig. 4 is a under voltage
protection circuit. The circuit primarily outputs
feedback resistance (RFB1, RFB2, and RFB3) into the
output voltage (Vout), thereby accessing the feedback
voltage (VFB1). Subsequently, the feedback voltage is
inputted into an ErrAmp and compared against a
reference voltage (VREF). Finally, the outputted
voltage signal (Vc1) is inputted into the logic circuit
and used for determination with the over voltage
protection signal (Vc2).

(ErrAmp Sensing Voltahe)

Fig. 5. Main architecture of the under voltage
protection circuit.

3.2.2. Over Voltage Protection Circuit
The circuit operation principle of the over voltage
protection circuit shown in Fig. 6 is detailed as
follows: When the output voltage (Vout) is 7.5 V and
the feedback voltage (VFB2) is lower than the
reference voltage (VREF), the voltage signal is
outputted as a Hi level, and the switch (SW2) is
conducted. Subsequently, the feedback voltage (VFB2)
is reduced, remaining less than the reference voltage
(VREF). Thus, the ErrAmp output is converted to a Hi
level, and the switch (SW2) is only switched off
when the output voltage (Vout) exceeds 7.5 V.
Subsequently, the voltage signal (Vc2) is outputted at
a under level for over voltage protection. Over
voltage protection is primarily used as a limit for
maximum power voltage during load component
charge; therefore, the maximum supply voltage was
set as 7.5 V, which is 1.5-fold the normal output
voltage (Vout).

Fig. 4. Schematic diagram of the under voltage
protection circuit.

Fig. 5 shows the basic circuit design of a under
voltage protection circuit, which primarily designed
based on the minimum working current (Ilim (min))
and minimum work load (6.33 Ω) of the current limit
protection circuit. The following formula was used to
obtain the minimum supply voltage (Vout (min)). The
circuit structure of under voltage protection circuits
primarily uses a latch to limit the minimum working
voltage when operating the PWM controller; thus, the
latch for under voltage protection was set as 1.52 V.

Fig. 6. Schematic diagram of the over voltage
protection circuit.
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3.3. Loading Detected Circuit
Heavy and light load determination circuits are
primarily used for controlling the power usage on the
output load side of chargers. Automatic system
switches are conducted according to load usage.
Thus, system power loss is effectively decreased
during operation mode and green mode, thereby
saving electricity. The circuit shown in Fig. 7 is a
heavy and light load determination circuit.

Heavily load
Lightly load

operating mode or green mode. The detailed design
specifications are shown in Table 3.
Table 3. Specifications of the loading sensing circuit.
600.3 mA 300.6 mA 300.4 mA 50.066 mA
Loading Loading Loading Loading
resistance resistance resistance resistance
5 V (Vtyp)
6.33 Ω 12.64 Ω 12.65 Ω
75.9 Ω
Loading
Heavy load
Light load
sensing
Current
Vout

3.4. Over Temperature Protection Circuit

Fig. 7. Schematic diagram of the loading
sensing circuit.

The circuit is connected beneath the load
component through small resistance (R1 and R2),
which facilitates the reading of different currents and
determination regarding whether the system is in

In system circuit design, OTP is primarily used
for controlling heat increase in the output load side of
operating chargers. Circuit latching can be conducted
according to default temperature protection
conditions. The circuit design of the bandgap voltage
reference (BGR) OTP circuit shown in Fig. 8
primarily uses the properties of BGR to equal the
bipolar transistor (D1) into a diode form; hence,
temperature changes during load charge can be
accessed. The design specifications of the circuit are
detailed in Table 4.

(b)

(a)

Fig. 8. Schematic diagram of the over temperature protection circuit of BGR-type as (a) loading 600.3 mA;
(b) loading 50.066 mA.
Table 4. Specifications of the over temperature protection
circuit of BGR-type.
Vout
Loading
current
600.3 mA
OTP
50.066 mA
OTP

7.5 V
Loading
resistance
10.494 Ω

5V
Loading
resistance
6.33 Ω

1.52 V
Loading
resistance
0.534 Ω

118 °C
125.84 Ω

118 °C
75.9 Ω

118 °C
6.377 Ω

118 °C

118 °C

120 °C

3.5. Dead-time and Soft-start Circuit
The dead-time and soft-start circuit shown
in Fig. 9 is primarily used for absorbing power surges
that occur during system startup. Thus, the
transmission of erroneous output signals to the power
MOSFET switch are prevented, thereby avoiding
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malfunction. Power surge during system startup is a
temporary phenomenon. The voltage of power surges
are divided through the proposed dead-time and softstart circuit, and surge duration is extended. Thus,
normal output feedback voltage (Vm) is obtained. The
details of compensated capacitance are shown in
Table 5.
Circuit settling time is extended when prolonged
power surges occur, during which the use of
compensated capacitance will further lengthened.
However, the precise point in time of power surge
occurrence is unpredictable. The results of the
transient analysis indicate that power surges do not
cause circuit output malfunctions, but increase
settling time. Therefore, when designing the
proposed protection circuit, capacitance was not
added as compensation. Consequently, the present
study provides an explanation regarding circuit
function as reference for circuit compensation during
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power surges. In general, capacitance compensation
for power surges is achieved by accessing the 25th to
75th cycle of the system output duty cycles, thereby
achieving power surge compensation during system
soft-startup.
Soft-Start Circuit

level driver circuit for driving power MOSFET
switch control. The control circuit shown in Fig. 10
uses a digital logic circuit for the logic determination
of the following protection functions: 1) Loop control
signals (Vcout), 2) Current limit protection (Ilim),
voltage limit protection (Vlim), 3) OTP, 4) Heavy and
light load determination control signals (IIC), and
5) System reset control signals. Thus, the count of the
determination signals can be outputted to the next
driver circuit for control.

Loading Sensing
Reset Signal

Comparator

Feedback Signal
Current Sensing
Voltage Sensing
Temp. Sensing

Fig. 10. Block diagram of the whole controller circuits.
Fig. 9. Schematic diagram of the soft-start circuit.

4. Whole System Circuit
Table 5. Specifications of the spiking compensated
capacitance of VDD source.
VDD transient
Compensated Settling Time in
noise
capacitance (C1)
Vcout
5V
0.995 μs
−
5V
1 pF
0.996 μs
5V
10 pF
0.994 μs
5V
100 pF
4.56 μs
5V
200 pF
9.19 μs

3.6. Whole Control Circuits
The overall control circuit is primarily used for
the logic determination of the output protection
functions for various protection circuits. The
determination signal can be outputted to the next

Soft-Start
Circuit

The circuit sown in Fig. 11 possesses a
comprehensive green-mode PWM controller system
structure. The circuit comprises a voltage limit
protection circuit, current limit protection circuit,
heavy and light load determination circuit, OTP
circuit, dead-time and soft-start circuit, control
circuit, and driver circuit. The operation of the OTP
circuit is used as an example. The output remains at a
Hi level when the OTP circuit is at a temperature
between 100 °C and 113 °C. However, when
temperatures exceed 114 °C, the output is converted
to a low level (i.e., the OTP circuit is activated), as
shown in Fig. 12. The system development
specifications of the green-mode PWM controller are
detailed in Table 6.

Temp.
Sensing

Comp.

Control

V)

Driver

Load
Sensing
Current
Sensing
Voltage
Sensing

Fig. 11. Block and schematic diagram of the whole PWM controller circuits.
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(100~112℃)

OTP

Voltage (V)

OTP

(113℃)

VREF =1.2V

(114℃)
OTP
OTP

(120℃)

Time (sec.)

Fig. 12. Output voltage responds during the OTP circuit
function working (114 °C).

Table 6. Specifications of the green-mode PWM
controller IC.
Operating Conditions
Operation Voltage (VDD)

3.3 V

Operation frequency

0.98 MHz

Output Voltage (Vout)

3V

Output Current (Iout)

500 mA

Resistance: Power MOS
Output Convert Efficiency
(Power)
Dissipation Efficiency
(Green Mode)
Reference Voltage
Operation Temperature
Range

6Ω
91 %
25 %
1.2 V
-20 °C~114 °C

Protection Conditions

Min

Typ

Max

Load Working Range

0.534 Ω

-

125.84 Ω

-

5V

7.5 V

1.52 V

5V

-

-

-

600.3
mA

50.066mA

-

-

Short Circuit Protection
(SCP)

< 1.52 V
< 50.066
mA

-

-

-

-

Over Power Protection
(OPP)

-

-

4.5 W

Heavy Load Determination

-

600.3
mA

Light Load Determination

50.066
mA

300.6
mA
300.4
mA

-

-

114 ℃

Over Voltage Protection
(OVP)
Under Voltage Protection
(UVP)
Over Current Protection
(OCP)
Under Current Protection
(UCP)

Over Temperature Protection
(OTP)

(a)

Output Driver
Circuit

-

The circuit layout shown in Fig. 13 is that of a
green-mode PWM controller. The system circuit of
the controller was designed based on the process
technology of TSMC 0.35 μm 2P4M 3.3 V CMOS.
The final circuit layout area was 1.71 mm ×
1.633 mm.
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The PWM controller comprises of digital and
analog circuits; therefore, the bandgap reference and
voltage-controlled oscillation circuit (OSC), which
are easily subjected to noise, were placed on the top
left of the chip during system circuit layout. In
addition, guard rings were used for grounding to
prevent circuit noise interference. Different power
supply combinations (VDD1 and VSS1; VDD2 and
VSS2) are used to provide an independent and stable
power supply.
The output stage is subjected to long-term
operations under high-speed bulk current changes. To
prevent high-temperature noise from influencing
other digital and analogue circuits during system
switch, the circuit was placed at the bottom right of
the chip during layout. Guard rings were used for
grounding to prevent circuit noise interference.
Independent power supply (VDD4 and VSS4) is used
to provide a stable power source.

(b)
Fig. 13. (a) Layout top-view; (b) block diagram of greenmode PWM controller IC.

5. Conclusion
The objective of this work is to develop a detailed
system circuit and smart sensing protection design for
a green-mode PWM controller. In addition, HSpice
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AC, DC, and transient simulation analyses are
conducted on the properties of the proposed system
circuit and protection circuit: error amplifier circuit,
bandgap reference voltage circuit, voltage
comparison circuit, voltage-controlled OSC, current
limit protection circuit, voltage limit protection
circuit, heavy and light load circuit, OTP circuit,
control circuit, and output circuit. Subsequently,
specific regulations are employed to design the
system for the green-mode PWM controller.
The TSMC 0.35 μm 2P4M 3.3 V CMOS process
technique was employed in the present study. The
system design specifications are detailed as follows:
3.3 V operating voltage, 0.98 MHz operating
frequency, output voltage range between 2.72 V and
3 V, output current range between 454 mA and
500 mA, output conversion efficiency range between
74.8 % and 91 %, output conversion efficiency at
25% under green mode, and operating temperature
range between -20 °C and 114 °C. The specifications
for the automatic detecting protection design of the
controller are detailed as follows: over voltage
protection range between 5 V and 7.5 V, under
voltage protection range between 1.52 V and 5 V,
over current protection= 600.3 mA, under current
protection= 50.066 mA, short circuit protection <
1.52 V, over circuit protection= 4.5 W, heavy load
determination range between 300.6 mA and
600.3 mA, light load determination range between
50.066-mA and 300.4 mA, and OTP protection=
114 °C. Therefore, the proposed circuit is considered
a smart green-mode PWM controller.
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