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A High-Efficiency Positive Buck—Boost
Converter With Mode-Select Circuit
and Feed-Forward Techniques
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Abstract—This paper presents a high-efficiency positive buck—
boost converter with mode-select circuits and feed-forward tech-
niques. Four power transistors produce more conduction and more
switching losses when the positive buck-boost converter operates in
buck-boost mode. Utilizing the mode-select circuit, the proposed
converter can decrease the loss of switches and let the positive
buck-boost converter operate in buck, buck-boost, or boost mode.
By adding feed-forward techniques, the proposed converter can
improve transient response when the supply voltages are changed.
The proposed converter has been fabricated with TSMC 0.35-ptm
CMOS 2P4M processes. The total chip area is 2.59 X 2.74 mm?
(with PADs), the output voltage is 3.3 V, and the regulated supply
voltage range is from 2.5-5 V. Its switching frequency is 500 kHz
and the maximum power efficiency is 91.6% as the load current
equals 150 mA.

Index Terms—Feed-forward techniques, mode select, positive
buck-boost converter.

I. INTRODUCTION

ECENTLY, with the flourishing of portable devices and
Rthe development of semiconductor manufacturing tech-
nology, conversion efficiency, power consumption, and the size
of devices have become the most important design criteria of
switching power converters [1]-[9]. Power converters are often
applied to LED products, notebooks, mobile phones, and car
electronics products. For portable applications, in order to pro-
vide consumers better conveniences, how to extend battery life
and improve the conversion efficiency of power converters are
challenges for designers. Therefore, it is essential to develop
accurate switching power converters, which can reduce more
wasted power energy [10].

The positive buck—boost converter can operate in buck mode,
buck—boost mode, and boost mode. Fig. 1 illustrates the ratio of
inductor current versus load current in three modes. The highest
ratio occurs in buck—boost mode; the positive buck—boost con-
verter causes more conduction loss and switching loss because
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Fig. 1. Ratio of inductor current versus load current in three modes.
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Fig. 2. Output voltage versus the decreasing battery voltage.

of its four power transistors. To reduce the loss of switches, as
the positive buck—boost converter operates in wide-range supply
voltages, it is necessary to avoid power converters operating in
buck—boost mode. Therefore, we design a mode-select circuit to
detect the battery energy Wi, atery and select the operation mode.
When the converter operates in buck mode or boost mode, it only
switches two power transistors. The mode-select circuit can re-
duce the conduction loss and switching loss of the proposed
converter, and the power efficiency can be improved [11]-[17].
Fig. 2 shows the output voltage versus the decreasing bat-
tery voltage. As the battery voltage W,atiery 1s higher than
Vihuek (3.6 V), the converter operates in buck mode; as the
battery voltage Viattery 18 between Vioosr (3.1 V) and Viyex
(3.6 V), the converter operates in buck—boost mode; as the bat-
tery voltage W,attery 18 lower than Wi,k (3.1 V), the converter
operates in boost mode. The proposed converter can operate in
wide supply voltage range and extend the battery life.

Fig. 3(a) shows the proposed converter operating in the charg-
ing interval of buck mode; the power transistors M,,; and M,
are turned ON and the power transistors M, 3 and M, are
turned OFF. Fig. 3(b) shows the proposed converter operating
in the discharging interval of buck mode; the power transis-
tors M,y and M, 3 are turned ON and the power transistors
M, and M, are turned OFF. Fig. 4(a) shows the proposed
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Fig. 4. (a) Charging interval. (b) Discharging interval of buck—boost mode.

converter operating in the charging interval of buck—boost mode;
the power transistors M,; and M,  are turned ON and the
power transistors M, and M,, 3 are turned OFF. Fig. 4(b) shows
the proposed converter operating in the discharging interval
of buck-boost mode; the power transistors M, and M, 3 are
turned on and the power transistors M),; and M, 4 are turned off.
Fig. 5(a) shows the proposed converter operating in the charging
interval of boost mode; the power transistors M), and M,,, are
turned ON and the power transistors M,y and M, 3 are turned
OFF. Fig. 5(b) shows the proposed converter operating in the
discharging interval of boost mode; the power transistors M),
and M), are turned ON and the power transistors M, 3 and M, 4
are turned OFF.

In this paper, the circuit description of the proposed is
shown in Section II, and the experimental results are shown in
Section III. Finally, the conclusion is made in Section I'V.

II. CIRCUIT DESCRIPTIONS

Fig. 6 shows the block diagram of the proposed positive buck—
boost converter. It is composed of four power transistors, an
analog-adder circuit, a mode-select circuit, a dynamic ramp
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Fig. 5. (a) Charging interval. (b) Discharging interval of boost mode.

generator, a compensator network, a nonoverlapping circuit,
and a driving circuit. When the proposed converter operates,
the output feeds back the voltage V}, to the compensator. Then,
the compensator sends an error signal V. to the analog-adder
circuit. The analog-adder circuit adds the feed-forward supply
voltage Vpp and the error signal V, to generate a signal V,qq.
Using the analog adder, the output error signal of the com-
pensator can be designed at half of the supply voltage Vpp so
that the compensator can achieve the widest bandwidth, which
transient response is fastest. V,qq 1s compared with a dynamic
ramp which depends on the supply voltage Vpp so that the
transient response could be improved while the supply voltage
Vbp and the load current [j,,q changed. After that, the digital
PWN signal V), is sent to nonoverlapping circuit and generates
four signals. Finally, the driving circuit drives the power tran-
sistors depending on the operation mode, which includes buck
mode, boost mode, and buck—boost mode, and on the boundary
reference voltage Vi, cx and Vi, 005t The operation mode is con-
trolled by the mode-select circuit which sends a control signal
to the nonoverlapping circuit. Each circuit is described in the
following.

A. Analog-Adder Circuit

Fig. 7 shows the analog-adder circuit. It is composed of an
operational amplifier and five resistors. The analog-adder circuit
adds the supply voltage Vpp to the output error signal V. of
compensator, and then generates a output signal V, 4q. Using the
analog adder, the output error signal V.. can be designed at half
of the supply voltage Vpp so that the compensator can achieve
the widest bandwidth, and improve the transient response of
the whole circuit when the load current changes. The transfer
function is shown as

C/ RN[ (RJJR) (R.//R.)
Vada = (1 * R,l) [R (RaJJR) T Ry (RJRY

VDD
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B. Mode-Select Circuit

Fig. 8 shows the mode-select circuit, which is composed of
two comparator and three reference voltage (Vphp, Viuek, and
Vhoosts respectively). As the battery is discharged, the mode-
select circuit is used to change the operation mode of the pro-
posed converter to reduce the conduction loss and switching
loss, and to extend the battery life so that the efficiency can
be increased. When the supply voltage Vpp is higher than the
voltages Vi,uck and V4,005t , the converter operates in buck mode,
and the output voltage Vi, 04e1 = 1 and Viodeo = 1. While the
supply voltage Vpp is lower than the voltage V. and higher
than the voltage Vj,40s¢, the converter operates in buck—boost
mode, and the output voltage Vi, 0401 = 0 and Vo462 = 1. As
the supply voltage Vpp is lower than the voltage V05, the
output voltage V},04e1 = 0 and Vi, 0462 = 0.

www.lranSwitching.ir

of an operational amplifier, a capacitor Cy, a resistor R;, and
a pulse signal V.. The positive terminal of the operational
amplifier is connected to half of the supply voltage Vpp, and
charges the capacitor C; with the current ;. Owing to the var-
ied supply voltage Vpp, the current I; changes with the supply
voltage Vpp. When the supply voltage Vpp is decreased, the
current decreases with Vpp, and then, the dynamic ramp gen-
erator creates a ramp signal which is changed with Vpp. Since
the duty cycle of the proposed converter has a large variation
when the operation mode changes, the inductor discharges en-
ergy, and then, the output voltage V,,,; causes spikes. The dy-
namic ramp circuit is used to improve these problems to reduce
spikes and speed up transient responses. As the proposed con-
verter operates in buck mode (Vi,04e1 = 1 and Viyodea = 1),
M,3 and M), are turned OFF, and M), charges the capacitor
Cy. When the proposed converter operates in buck—boost mode
(Vimode1 = 0 and Vipode2 = 1), Mpy is turned OFF, and Mo
and M,,3 charge the capacitor C;. The drop voltage of C} raises
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Fig. 11. (a) Nonoverlapping circuit. (b) Timing diagram.

linearly, and the frequency is controlled by a pulse signal V.
When Vi is low, M, is turned OFF, and C} is charged. As Vi
is high, M,s conducts, and the drop voltage of C; decreases.
Fig. 9(b) shows the waveforms of 1/2Vpp, Viamp, and V.

D. Compensator Network

Fig. 10 shows the compensator network [18]-[20]. The lead-
lag compensation is used in this converter. Using this compensa-
tion, the system stability can be improved. The transfer function
can be described as

‘/C (1+SC(:2R(:2)(1+SC(31R61)

C.aR(Rs1//Ry:
Vout  (sCoa) [(Ry1 /[ Rya) + Rer] |1+ st pad )|

2)
where V¢ is the output of the proposed converter, V¢ is the
reference voltage, and V. is the output of the frequency com-
pensator.

E. Nonoverlapping Circuit

Fig. 11(a) shows the nonoverlapping circuit, which has three
functions. First, it can generate duty cycle signals to control
power transistors. Then, it can avoid turning on the power tran-
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Fig. 12.  (a) Level shifter circuit. (b) Timing diagram.

sistors at the same time. Finally, it can determine the operation
mode by a control signal, which is generated by V0401 and
Vinode2- Since the V,, which is the output signal of PWM circuit,
is sent to the nonoverlapping circuit, the nonoverlapping circuit
generates four nonoverlapping control signals Vi1, Vino, Vins,
and V4 to switch the four power transistors. The nonoverlap-
ping timing diagram is shown in Fig. 11(b). As shown in Fig. 6,
if the four power transistors (M1, M,,1, M, M,,5) conduct at
the same time, it could cause a large current, which drifts to
ground from Vpp, and consume very high power dissipation.
Moreover, as the simultaneous conduction time is too long, the
four power transistors may be broken.

F. Level Shifter Circuit

Fig. 12(a) shows the level shifter circuit. As the proposed
converter operates in boost mode, the output voltage Vi is
higher than the supply voltage Vpp, and causes M, to be
turned OFF. Then, the output voltage V,; is limited by the
supply voltage Vpp. It is necessary to use a level shifter circuit
at the gate terminal of M), so that the high level of the duty cycle
can be raised. As the duty cycle is less than 50%, the supply
voltage Vpp will be greater than the output voltage V¢, the high
level of the duty cycle will be equal to the supply voltage Vpp.
When the duty cycle is greater than 50%, the supply voltage
Vpp is less than the output voltage Vi, the high level of the
duty cycle will be equal to the output voltage V,,;. Fig. 12(b)
shows the waveforms of Vi iyver2 and Viys.

G. Driving Circuit

Fig. 13 shows the driving circuit [21]. In order to decrease
the turn-on resistance, the sizes of four power transistors are
very large. The input signals of those, which are derived from
the nonoverlapping circuit, are square pulses; the gate terminals
of those are equivalent to the large capacitances; therefore, the
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Fig. 13.  Driving circuit.
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Fig. 14.  Chip microphotograph of the proposed positive buck—boost converter.

slopes at rising and falling edge are not infinity, and the driving
circuit is used to increase the driving ability.

III. EXPERIMENTAL RESULTS

A high-efficiency positive buck—boost converter with mode-
select circuit and feed-forward techniques has been fabricated
with TSMC 0.35-pm CMOS 2P4M processes. The output volt-
age is 3.3 V, the regulated supply voltage range is from 2.5 to
5V, and the switching frequency is 500 kHz. The total chip area
is 2.74 mm x 2.59 mm. The chip microphotograph is shown in
Fig. 14. Fig. 15 shows the experimental results of the proposed
converter as the supply voltage Vpp is 4.4 V; the proposed con-
verter operates in buck mode, the output voltage V; is 3.3 V,
and the duty cycle is 75%. Fig. 16 shows the experimental re-
sults of the proposed converter as the supply voltage Vpp is
4.4 V; the proposed converter operates in buck mode, the output
voltage V, ;¢ is 3.3 V, and the inductor current is 200 mA. Fig. 17
shows the experimental results of the proposed converter as the
supply voltage Vpp is 3.3 V; the proposed converter operates in
buck—boost mode, the output voltage Vi is 3.3 V, and the duty
cycle is equal to 50%. Fig. 18 shows the experimental results
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Fig. 15. Experimental results of the proposed converter as the supply voltage
Vbp is 4.4 V; the proposed converter operates in buck mode, the output voltage

Vout 18 3.3V, and the duty cycle is 75%.
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Fig. 16. Experimental results of the proposed converter as the supply voltage
Vpp is 4.4 V; the proposed converter operates in buck mode, the output voltage

Vout 18 3.3V, and the inductor current is 200 mA.
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Fig. 17.  Experimental results of the proposed converter as the supply voltage
Vpp is 3.3 V; the proposed converter operates in buck—boost mode, the output
voltage Vo, is 3.3 V, and the duty cycle is 50%.
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Fig. 18.  Experimental results of the proposed converter as the supply voltage
Vpp is 3.3 V; the proposed converter operates in buck—boost mode, the output
voltage Vot is 3.3 V, and the inductor current is 100 mA.

Fig. 19. Experimental results of the proposed converter as the supply voltage
Vbp is 2.7 V; the proposed converter operates in boost mode, the output voltage
Vout is 3.3 V, and the duty cycle is 18%.

of the proposed converter as the supply voltage Vpp is 3.3 V;
the proposed converter operates in buck—boost mode, the output
voltage V; is 3.3 V, and the inductor current is 100 mA. Fig. 19
shows the experimental results of the proposed converter as the
supply voltage Vpp is 2.7 V; the proposed converter operates in
boost mode, the output voltage V,,; is 3.3 V, and the duty cycle
is 18%. Fig. 20 shows the experimental results of the proposed
converter as the supply voltage Vpp is 2.7 V; the proposed con-
verter operates in boost mode, the output voltage Vg, is 3.3 V,
and the inductor current is 140 mA. Fig. 21 shows the power
efficiency of the proposed converter for the output voltage equal
to 3.3 V. The maximum efficiency can be up to 91.6% when load
current is 150 mA and supply voltage is 3.6 V. The performance
comparison of the proposed converter with previous works is
summarized in Table I.

www.lranSwitching.ir

4245

RIGOL
D

&l

[ 1 RN N N NN NN RN AN R NNEE

Time 1.880us 40,000

MEFEER  ZEEmL)

CHi= 2.88Y

Fig. 20. Experimental results of the proposed converter as the supply voltage
Vpp is 2.7 V; the proposed converter operates in boost mode, the output voltage
Vout is 3.3V, and the inductor current is 140 mA.
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IV. CONCLUSION

A high-efficiency positive buck—boost converter with mode-
select circuit and feed-forward techniques is proposed in this
paper. When the positive buck—boost converter operates in buck—
boost mode, the four power transistors cause more conduction
loss and switching loss. The mode-select circuit is used to solve
these problems and make the converter operate in buck, buck—
boost, or boost mode. By using feed-forward techniques, the
proposed converter can achieve faster transient response when
the supply voltage changes. The maximum efficiency can be up
to 91.6% as the load current is 150 mA and supply voltage is
3.6 V. The switching frequency is 500 kHz. The proposed pos-
itive buck—boost converter can precisely provide an adjustable
input with a voltage range from 2.5 to 5 V.
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TABLE I
COMPARISON TABLE
Specifications 2008 Apr.[22] 2009 Nov.[23] This work
Technology 0.5um 0.35um 0.35um
Supply Voltage 3.3V 2.7V-3.3V 2.5V-5V
Output Voltage 1.8V-5V 2.5V-5V 3.3V
Tout (Max) 500mA 200mA 330mA
Inductor 200nH 10uH 18uH
Load Capacitor 3uF 4.7uF 47uF
Switching Freq. SMHz 400kHz 500kHz
Efficiency(Max) 90.6% 90% 91.6%
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