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A Fully Soft Switched Point-of-Load Converter for
Resource Constraint Drone Applications

Yong Qu

Abstract—The power efficiency and weight of present point-
of-load (POL) dc—dc converters for drone applications are often
compromised because they suffer from large switching losses at
continuous conduction mode for heavy loads and excessive hard-
ware overheads at discontinuous conduction mode for light loads.
This paper presents a boundary conduction mode (BCM) control
scheme for POL converters embodying a single operation mode.
This is achieved by means of a hysteresis voltage controller to turn
ON/OFF the output power stage when necessary. The proposed BCM
control scheme achieves high power efficiency (>91.2%) over a
wide load range (5 mA-1 A) by means of fully soft switching.
Specifically, a hysteretic current controller is proposed to realize
Z.CS, and an adaptive dead time controller is proposed to realize
ZVS. Further, the proposed BCM control scheme requires a small
output inductor (0.82 p«H) by means of designing the customizable
peak inductor current. To verify the proposed BCM control scheme,
we realize a BCM-based POL converter that features an input
voltage range of 5-16 V, output voltage range of 2.5-8 V, switch-
ing frequency of 1.5 MHz, peak power efficiency of 96.8%, and
<35 mV output voltage undershoot/overshoot for 1-A load
step. When being benchmarked against state-of-the-art counter-
parts, the proposed design features the lowest voltage under-
shoot/overshoot, the highest switching frequency, ~5.7 X smaller
inductor, and ~11% higher power efficiency at light loads.

Index Terms—Boundary conduction mode (BCM), fully soft
switching, high power efficiency, point-of-load (POL) converter,
small size.

1. INTRODUCTION

RESENT-DAY drones are highly resource constraint [1],
P embodying more functions with more complex hardware,
hence leading to compromised flight life. In view of this, the aim
of enhancing the flight life is becoming increasingly imperative,
and it can be achieved with reduced weight and improved power
efficiency.

Inductor-based point-of-load (POL) buck dc—dc converters
[2], [3], which are right next to the load and convert the energy
from a battery (e.g., 11.4 V) to a voltage (e.g., 5.0 V) appropriate
for the load, are ubiquitous in drones with increased numbers
(e.g., ~6 POL converters can be found in [1]). In view of
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this, power efficiency and weight of inductor based POL con-
verters are critical parameters to achieve the above-mentioned
aim.

The state-of-the-art POL converter attempts the aim in two
means [2]. First, it operates at continuous conduction mode
(CCM) for heavy loads and discontinuous conduction mode
(DCM) for light loads, a dual-mode operation, hence leading
to the improved power efficiency particularly over a wide load
range. Second, it operates at a high switching frequency (e.g.,
>1 MHz) to reduce the size of output inductor, which is typically
~33% of PCB footprint and ~50% of total weight [4].

However, the present approach has three undesirable conse-
quences. First, as the switching frequency increases to MHz,
the switching loss becomes severe for CCM. This is because
CCM innately cannot realize fully soft switching, which in-
cludes zero-current switching (ZCS) and zero-voltage switching
(ZVS). Hence, the power efficiency at heavy loads is compro-
mised. Second, the size reduction of the output inductor is often
limited by three factors. The first factor is the small inductor
current ripple for the avoidance of DCM at heavy loads [5],
hence leading to a relatively large inductor. The second factor
is the large dc current at heavy loads, typically requiring a large
inductor with current rating two to three times higher than the
maximum output load current to avoid the risk of magnetic dc
saturation [6]. The last factor is the current overshoot—a large
inductor is desirable to suppress it during large load steps [7].
Third, excessive hardware overheads are required to achieve
both CCM and DCM.

At the boundary between CCM and DCM, there is a spe-
cial operating mode called boundary conduction mode (BCM),
whose inductor current at the valley is around zero. Compared
to CCM and DCM, BCM offers three innate advantages. First,
as the valley current of BCM is around zero every cycle, it
innately allows ZCS, thereby easing the realization of fully soft
switching [8]. Second, as the peak inductor current of BCM
is customizable, a substantially small inductor can be achieved
by means of designing a large peak inductor current [9]. Third,
BCM enables the converter with a single modulation type over
the whole load range. It is well recognized that conventional
converter designs typically employ hybrid modulations, i.e.,
pulse frequency modulation (PFM) and pulsewidth modulation
(PWM), to improve the conversion efficiency over a wide load
range. However, due to the employment of both PFM and
PWM, the reliability and the output voltage regulation of the
converter often gets compromised because of its ensuing design
complexity and potential mode transition issue [10].

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Proposed BCM-based POL converter. (a) System architecture. (b) Measured waveforms.

Although BCM offers the potential for the combined lighter
weight and higher power efficiency over a wide load range, it
is rarely adopted for POL converters at this juncture. That is
because reported control schemes [11]-[14] for CCM and DCM
are inadequate/incompatible for BCM-based POL converters.

In this paper, we propose a novel BCM control scheme for
POL converters embodying a single-mode operation. This is
achieved by means of a hysteretic voltage controller to turn
ON/OFF the synchronous buck power stage when necessary. The
proposed BCM control scheme achieves high power efficiency
(>91.2%) over a wide load range (5 mA-1 A) by means of
fully soft switching. Specifically, a hysteretic current controller
is proposed to realize ZCS, and an adaptive dead time controller
is proposed to realize ZVS. Further, the proposed BCM control
scheme achieves a small output inductor (0.82 /H) by means of
designing the customizable peak inductor current. To verify the
proposed BCM control scheme, we realize a BCM-based POL
converter that features an input voltage range of 5-16 V, output
voltage range of 2.5-8 V, switching frequency of 1.5 MHz,
maximum output current of 1 A, and the peak power efficiency
of 96.8%. When being benchmarked against state-of-the-art
counterparts, the proposed design features the lowest voltage
undershoot/overshoot, the highest switching frequency, ~5.7x
smaller inductor, and ~11% higher power efficiency at light
loads.

The organization of this paper is as follows. The proposed
BCM control scheme and circuitry implementations for a BCM-
based POL converter are delineated in Section II. Measurements
and benchmarking are presented in Section III, and finally, the
conclusions are presented in Section I'V.

II. PROPOSED BCM-BASED POL CONVERTER

In this section, we will first delineate the system architecture
of the proposed BCM-based POL converter. Thereafter, we
will delineate the proposed BCM controller and its circuit im-
plementations of the key functional blocks—hysteretic voltage
controller, hysteretic current controller, and adaptive dead time
controller.

Fig. 1(a) shows the system architecture of the proposed BCM-
based POL converter, wherein the circuit blocks and circuit
elements within the left shaded box are monolithically realized
in an IC. The power switches (Mp and M) are realized by
high voltage lateral diffused metal oxide semiconductor (MOS)
transistors for low ON-resistance and high switching reliability.
The proposed converter features inherent stability and fully
soft switching operation, thus rendering no clock signal and
no compensation network. The proposed design also features
innate input overcurrent protection and output inductor reverse
current protection by means of regulating the current and voltage
on Mp and My.

The proposed BCM controller composes three functional
blocks. Specifically, the hysteretic voltage controller is imple-
mented to regulate the output voltage by means of turning
the synchronous buck power stage ON/OFF when necessary.
The hysteretic current controller is implemented to monitor
the inductor current and realize ZCS. The adaptive dead time
controller is implemented to modulate the gate driving signals
for the high-side and low-side power switches and realize ZVS.
Hence, fully soft switching can be obtained.

Fig. 1(b) shows the measured waveforms of the proposed
BCM-based POL converter, wherein V at the top and Vx at the
middle are the output voltage and the voltage at the switching
node, respectively. I, at the bottom is the inductor current. It
can be seen that the proposed POL converter performs as a
constant current source (the average of I, is 1 A) and provides
a load-demanded current (Ip = 0.6A) by means of turning
ON/OFF the synchronous buck power stage. The inductor current
features settling within one switching cycle and the power stage
is turned OFF only when the inductor current is around zero.

A. Proposed BCM Controller

Fig. 2 shows the operational waveforms of the proposed BCM
controller, where Vp is the output voltage and AVp is the
predetermined voltage ripple window of V. I and I, are the
output current and the inductor current, respectively. I, px and
Iy are the peak and the valley of I, respectively. Unlike the
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Fig. 2. Operational waveforms of the proposed BCM controller.

dual-mode operations of the state of the art, the proposed BCM
controller allows the POL converter to always operate at BCM
under all conditions. Hence, 111y (=0 A) is close to zero.

The operation principle is as follows: At ¢t = t(, the output
current /o changes from 0 A to full load (i.e., 100%) and
subsequently the output voltage Vo commences to decrease due
to the discharge of the output capacitor Cp in Fig. 1(a). The
synchronous buck power stage in Fig. 1(a) remains OFF until
the output voltage Vo reaches the bottom of the predetermined
voltage ripple window AVp at t = 1, and an enable signal
(EN = 1)1is generated by the proposed BCM controller. Although
the output current /o becomes 0 A at r = f5, the synchronous
buck power stage keeps ON because the output voltage Vo is
still low. Once Vj, reaches the top of the predetermined voltage
ripple window AV, at t = f3, the synchronous buck power stage
gets turned OFF and waits for the next switching period (enabled
by EN = 1).

Consequent to the aforesaid regulation mechanism, the pro-
posed BCM control scheme features the following insightful
merits. First, it eases the realization of fully soft switching
because of the valley inductor current I;yy ~ 0 A (ZCS).
Second, it supports single-mode operation, only at BCM, and
improves the power efficiency over a wide load range, including
light loads and heavy loads. Third, the proposed BCM-based
POL converter performs as an ideal voltage source. To meet the
variable current demand from the output load, the BCM-based
POL converter turns the synchronous buck power stage ON/OFF
based on the output voltage. Fourth, the proposed BCM-based
POL converter is innately stable and requires no compensation
network.

Considering the converter weight, the output passive compo-
nents, i.e., the output inductor L and output capacitor C'p, are
critical and will now be elaborated. The output inductor L can
be expressed as

1 Vo(in—Vo)
fsw - Vin

where Vin and V are the input and output voltages, respectively.
fsw is the switching frequency. There are two interesting insights

L =
Itpx

(D

gty yy M Mo t3 ha ts

from (1). First, it shows that L is customizable and can be con-
trolled by both I, px and fgyw; note that, for the same scenario,
L in reported designs [2], [15] is only determined by fsw. In
view of this, it is one of the key advantages of the proposed
BCM control scheme to further reduce L by means of increasing
I, pr. Second, once the input and output voltages are fixed, the
switching frequency of the BCM-based POL converter becomes
constant and does not vary with the output load changes. This
attributes to the achievement of optimal power efficiency over a
wide load range.
The output capacitor C'o can be expressed as

_ I
T 2AV,

Co nT (n=2,3,4,..) 2)

where AVp (e.g., 20 mV) is a regulated voltage ripple of the
output voltage V. T'is one switching cycle and # is the number
of switching cycles. In this design, the minimum turn-ON period
of the power stage is two switching cycles (n > 2). Equation
(2) shows that a smaller AV), can be achieved by increasing the
output capacitance. Note that the size of the output capacitor is
typically tens of times smaller than that of the output inductor.

Put simply, the proposed BCM control scheme allows the
POL converter to embody high power efficiency over a wide
load range by means of fully soft switching, and to employ a
small output inductor by means of designing the customizable
peak inductor current.

B. Proposed Hysteretic Voltage Controller

The proposed hysteretic voltage controller serves to regulate
the output voltage by means of turning ON/OFF the synchronous
buck power stage based on the output load demand.

Fig. 3 shows the schematic of the proposed hysteretic voltage
controller, where V is the output voltage of the proposed
POL converter, VREF' the voltage reference, and EN is the
output regulation signal of the hysteretic voltage controller. The
hysteretic comparator features an internal hysteresis AV g (e.g.,
0.2 V), and the output voltage window AVj can be determined
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Fig. 3. Schematic of the proposed hysteretic voltage controller.
based on the following: Viv
R R LDPMOS
AV = <1 + A Bl 2 AVrr 3) Y/ [ Current Sensor
RQ R4 i,,Kl

where Ry = Ry = 10k(2, and R4 = 20-R3 in this design. Equation
(3) shows that the proposed design leverages on the ratios of
resistors instead of their absolute values. This results in the
mitigation of silicon process variations and subsequently higher
regulation accuracy.

The proposed hysteretic voltage controller functions as a
voltage feedback loop and requires no compensation network,
somewhat akin to the pulse frequency modulation [13]. Thus,
it features quick transient response and short regulation delay
(<50 ns). They are highly advantageous to the mitigation of
output voltage undershoot and overshoot caused by large load
steps (see Fig. 9).

C. Proposed Hysteretic Current Controller

The proposed hysteretic current controller serves to realize
ZCS and regulate the inductor current by means of monitoring
the current on power switches and keeping the valley inductor
current at the boundary (around zero).

Fig. 4 shows the schematic of the proposed hysteretic current
controller, where the lateral diffused p-channel metal oxide
semiconductor (LDPMOS) current sensor and zero-current sen-
sor are realized based on the designs in [16] and [17]. The input
signals Vpg and Vo are from the LDPMOS current sensor
and the zero-current sensor, respectively. The output signal of
the proposed hysteretic current controller Vg, is initially set as
high. Once the sensed current ¢ p - of the peak inductor current
reaches the predetermined value, Vipr/Rg, the comparator
CMP outputs high and resets the RS latch, Vo = 0. When the
inductor current drops to zero, the zero-current sensor outputs
low Vzc =0, and sets the RS latch Vi = 1. The operation
logic of the proposed hysteretic current controller will be further
illustrated in Section II-D.

The leading edge blanker is employed to prevent the false trig-
ger by the possible spikes of the replica current from LDPMOS
current sensor caused by current switching of Mp in Fig. 1(a).

Leading Edge
VQg Blanker

Vex
. +
i cMpP
Rs§ Vrer | _ AND
Off-Chip; 1R o,
_Do_ Delay E
At —
Iy S
Zero-Current

Sensor

Fig. 4. Schematic of the proposed hysteretic current controller.

As the resistor Rg determines the peak inductor current, Rg is
off-chip configured to provide easy customization.

D. Proposed Adaptive Dead Time Controller

The proposed adaptive dead time controller serves to realize
ZVS and enable fully soft switching by means of modulating
the gate driving signals for power switches and turning ON/OFF
the power switches when their drain-to-source voltage/current
is around zero.

Fig. 5(a) shows the schematic of the proposed adaptive dead
time controller within the shaded box. The input signals EN,
SET, and Vy, are from the hysteretic voltage controller, the con-
verter starter, and the hysteretic current controller, respectively.
Two output signals are the gate driving signals for the high-side
and low-side power switches.

Fig. 5(b) shows the operational waveforms of the proposed
adaptive dead time controller, where GN and GP are the gate
driving signals of power switches My and Mp, respectively.
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The dashed line Vx and the solid line 7,y are the drain-to-
source voltage (where the drain is the switching node) and
current of My, respectively. The dashed line V), p and the solid
line ipsp are the drain-to-source voltage and current of Mp,
respectively. iz, is the inductor current. It can be observed that
the power switches, i.e., My and Mp, feature soft switching
(ZCS or ZVS) in every turn-ON or turn-OFF transition during the
period t;—ts. Because the switching cycle f5—tg repeats t;—14,
for the sake of brevity, only the operation of cycle #;—#, will be
described herein.

In Fig. 5(b), at t = ¢, the value of the switching node voltage
Vx equals to Vp because the synchronous buck power stage
remains OFF, EN = 0, and the switching node exhibits a high
impedance. At ¢t = f1, once the output voltage Vo drops to the
bottom (Vrgr-AVp/2) of the predetermined voltage-ripple
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window AVp, an enable signal, EN = 1, is generated by the
proposed hysteretic voltage controller in Fig. 3 and turns ON the
synchronous buck power stage—Mp first gets turned ON with
ZCS. Then, the M p current 7, p commences to increase. Att —
t2, once i p reaches the predetermined peak value Vigr/Rgs
(see Fig. 4), the proposed current controller outputs low Vi = 0,
and subsequently Mp gets turned OFF with ZVS. Due to the
continuation of the inductor current, the switching node voltage
Vx thereafter decreases. At = t3, once the low-voltage detector
in Fig. 5(a) detects that Vx reaches zero, the proposed adaptive
dead time controller in Fig. 5(a) turns ON My (ZVS). Then,
the My current 7,y starts to decrease. At t = t4, once iy
drops near to zero, the proposed current controller in Fig. 4 turns
OFF My with ZCS. By this mechanism, fully soft switching is
achieved.

The realization of fully soft switching enables the proposed
POL converter with the adoption of a significant 5.7x smaller
output inductor than the state-of-the-art designs (see Table I)
because of the high switching frequency and the customizable
peak inductor current. Typically, a 5.7x smaller inductance
requires 5.7 x fewer turns of winding and provides a 5.7 x lower
dc resistance (DCR). Hence, the dc loss of the inductor gets
substantially reduced. Although the ac loss becomes relatively
larger, this increment is much smaller than the reduction of the
DCR loss.

The realization of fully soft switching results in a relatively
large peak-to-peak inductor current, which increases the con-
duction loss on power switches. This increment of conduction
loss is significantly smaller than the saved large switching loss,
particularly at high switching frequencies.

Put simply, the proposed hysteretic voltage controller regu-
lates the output voltage and determines the turn ON/OFF of the
synchronous buck power stage. To realize fully soft switching,
the proposed hysteretic current controller determines the turn
OFF of the power switches, and the proposed adaptive dead time
controller determines the turn ON of the power switches. The
realization of the fully soft switching eliminates the large switch-
ing loss, which is significantly larger than the slight compromise
of the conduction loss, and thus greatly improves the power
efficiency.

III. MEASUREMENT RESULTS

Fig. 6 shows the microphotograph of the proposed BCM-
based POL converter fabricated in a 130-nm BCDLite process.
The prototype is 2.5 x 1.2 mm? with 50% of the area occupied by
power transistors LDPMOS and lateral diffused n-channel metal
oxide semiconductor (LDNMOS), and provides a maximum
output current of 1 A. One surface mounted power inductor
with 0.82-uH inductance and 7-m§{2 DCR, and one 0805-case
100-pF capacitor with ~10-m) equivalent series resistance
(ESR) are employed in the setup of the proposed BCM-based
POL converter measurement.

Fig. 7(a)—(c) shows the measured voltage and current wave-
forms of the proposed BCM-based POL converter with the
output current of 0.8 A, 0.4 A, and 10 mA, respectively. We
note two observations. First, the proposed design regulates the
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TABLE I
PERFORMANCE COMPARISONS OF DIFFERENT STATE-OF-THE-ART DC-DC CONVERTERS
This Work LMZ12001 [18] 2017 [19] 2019 [20]
Application POL PoE Portable
Fabrication Process 0.13um N.A 0.5um BCD 0.35um CMOS
BCDLite o ' ’
Soft-Switching Techniques ZCS and ZVS No ZVS No
. CCM, BCM,
Operation Mode BCM and DCM CCM, BCM, and DCM
Control Scheme BCM Control COT Control Dual Mode AOT+PLL
Control
Input Voltage (V) 5-16 4.5-20 33-57 3-3.7
Output Voltage (V) 2.5-8 0.8-6 12 1.2-1.8
Max. Output Current (A) 1 1 2.5 0.7
Switching Frequency (MHz) 1.5 1 1 1
Output Passive Capacitor (uF) 100 100 122 10
Components Inductor (pH) 0.82 10 22 4.7
Voltage Overshoot (mV) 28 50 198 160
Regulation for
1A Step Undershoot (mV) 35 50 182 120
The Peak 96.8% 93% 90.63% 90.04%
Power @Max. Load 96.8% 92.5% 90.63% 88%
Efficiency
@5mA Load 91.2% <80% <60% <80%

The bold entities are to emphasize the good performance realized in the proposed design.

e

|

-

< 2.5mm »

Fig. 6. Microphotograph of the proposed BCM-based POL converter.

output voltage and provides a load-demanded current by means
of turning ON/OFF the power stage. The power stages are turned
OFF only when the inductor current I; reaches around zero.
This can significantly mitigate the inductor current ringing and
reduce the rectification power loss on the body diode of the
low-side power switch. Second, the proposed BCM-based POL
converter features inductor current settling within one switching
cycle. This attribute improves the transient response. Moreover,
as mentioned above, the switching cycle n is an integer, i.e.,
n>2.

Fig. 8 shows the measured soft-switching waveforms of the
proposed BCM-based POL converter, where it can be seen that
fully soft switching is practically realized; as earlier denoted,
Mp and M are the power switchesin Fig. 1(a). Al and Al

are the practical current errors, and AV, and AVs are the practi-
cal voltage errors in experimental scenarios. For the sake of being
unambiguous, the lower Alp; — Alps and AV;—AV,, the
better the soft switching. In this perspective, our design (Al =
10mA, Al =8mA, AV; = 0.1 V, and AV, = 0.2 V)
is an advantageous attribute. Specifically, ZCS is demonstrated
as My is turned OFF when its current is (practically) close
to zero Alp; = 10mA, and subsequently, its voltage is also
(practically) close to zero. My is turned ON when its voltage is
also close to zero AV, = 0.1V, thus ZVS is realized. Similarly,
ZCS is demonstrated as Mp is turned ON when its current is
(practically) close to zero Al = 8 mA, and Mp is turned OFF
when its voltage is (practically) close to zero AVo= 0.2 V.

Fig. 9 shows the measured voltage and current waveforms
of the proposed BCM-based POL converter with 1-A load
step. It can be seen that the proposed POL converter features
a desirably low-voltage undershoot 35 mV, and a low-voltage
overshoot 28 mV. This is expectedly because of the fast inductor
current slew rate and the adopted large output capacitor. Hence,
the proposed POL converter offers meaningfully good output
voltage regulation even for large load steps.

Fig. 10 shows the measured power efficiency of the proposed
BCM-based POL converter for different output currents over
different input voltages. The output voltage is 5 V. As depicted,
the switching frequencies for the proposed converter with the
input voltages of 6, 12, and 16 V are 0.5, 1.5, and 1.8 MHz, re-
spectively. In general, the configuration with lower input voltage
exhibits lower switching frequency and higher power efficiency.
This is as expected because of the smaller gate driving loss. In
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details, the proposed converter achieves a peak power efficiency
0f 96.8% at the maximum output current, i.e., | A and the lowest
input voltage, i.e., 6 V. The minimum power efficiency that is
obtained under the worst-case scenario, i.e., the lowest output
current 5 mA and the highest input voltage 16 V, is still as high
as 91.2%. This attribute is achieved because of the proposed
BCM controller that features low quiescent current (~50 pA)
and realizes fully soft switching in the whole load range.

Table I summarizes the key parameters of several state-of-the-
art dc—dc converters against the proposed POL dc—dc converter.
Of particular pertinence, the proposed design is the only design
that embodies a single-mode operation, i.e., BCM, and features
fully soft switching, including ZCS and ZVS. Consequently, the
proposed design is the most power-efficient design over a wide
load range.

In the perspective of weight, the proposed design desirably
requires a significant 5.7x smaller inductance than the next
most-competitive design. This is largely because of the proposed
BCM control scheme and high switching frequency.

In the perspective of the output voltage regulation, it is imper-
ative that the POL converter features low-voltage overshoot and
undershoot for various load steps. For a fair comparison, the load
steps in designs [18]-[20] are scaled to 1 A based on the same
conditions. Obviously, the proposed BCM-based POL converter
features the best voltage regulation by means of providing the
lowest output voltage undershoot and overshoot.

In summary, by means of a single-mode operation and fully
soft switching that substantially eliminate the switching losses,
the proposed design features high power efficiency over a wide
load range. Attributed to the proposed BCM control scheme, the
proposed POL converter features lightweight and good voltage
regulation by means of employing a small output inductor.

IV. CONCLUSION

A BCM-based POL dc—dc converter was proposed to feature
both high power efficiency and lightweight by means of the
embodiment of a single-mode operation and the realization of
fully soft switching. The proposed BCM controller enabled
the POL converter with the realization of fully soft switching,
including ZVS and ZCS. Consequently, the switching losses
were shown to be practically eliminated. The BCM controller
also required a small output inductor and subsequently resulted
in weight reduction. The prototype BCM-based POL converter
featured a high switching frequency (1.5 MHz), good output
voltage regulation (<35 mV for 1-A load step), small output
inductor (0.82 1H), and high power efficiency (>91.2%) over
a wide load range (5 mA-1 A). In terms of power efficiency,
weight, and output voltage regulation, the proposed BCM-based
POL converter was shown to be the most competitive design
when benchmarked against the state of the art.
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