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Dual-Path Three-Level Buck Converter With Loop-Free Autocalibration for
Flying Capacitor Self-Balancing

Woojoong Jung
Sung-Min Yoo, Tae-Hwang Kong
Jongshin Shin

Abstract—This letter proposes a loop-free autocalibration tech-
nique for self-balancing of flying capacitors in a three-level dc—
dc buck converter. The proposed converter utilizes a dual-path
power stage with balancing switches that adaptively short flying
capacitors at de-energizing phases. Thus, the dual-path three-level
converter ensures that flying capacitor voltages are self-balanced at
half the input voltage without using additional feedback calibration
loops, leading to robust operation and competitive efficiencies. The
prototype was fabricated in the 0.13-zzm CMOS BCD process and
adopted two flying capacitors of 4.7 uF each and an inductor of
10 pH with a dc resistance of 128 m(2. When an 8-V input was
converted to a 3-V output voltage with a load current of 400 mA, the
measured efficiency was 88.6% at 800 kHz switching while flying
capacitors are automatically balanced.

Index Terms—Dual path, flying capacitor, loop-free calibration,
self-balancing, three-level buck converter.

1. INTRODUCTION

OWADAYS, the demand for step-down dc—dc converters
N israpidly growing as many products need different specifi-
cations, such as battery-charging and battery-powered products
[1]. Battery-powered systems typically operate at low supply
voltages to minimize power consumption. For example, the
typical voltage of a Li—ion battery is 3.7 V, but Internet of Things
products are powered by a 1-V supply converted from a Li—ion
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Fig. 1. Conventional (a) two-level and (b) three-level buck converters.

battery [2]. Thus, a step-down converter with a low conversion
ratio (CR) (e.g., Vour/Vin < 0.45) is highly desired.
However, a conventional two-level buck converter, shown in
Fig. 1(a), with a low CR has two primary disadvantages. First,
the buck converter needs high-voltage transistors (e.g., > 8 V) to
endure a high supply voltage without breakdown. Such transis-
tors are large and suffer from high switching losses due to their
large parasitic capacitance. Second, the converter suffers from
large inductor current ripple, leading to high conduction losses.
While the inductance and operating frequency can be chosen to
satisfy the ripple demands, Vx, cony Of the buck converter swings
Vin to GND, which induces a large voltage difference between
Vx,conv and Vour, and thus a large inductor current ripple. The
power dissipation at an inductor dc resistance Prpc is related
to a square term of the current ripple, which can be expressed as

2
Pupc = I7 gus X Rupe = ( I? + Ai%/l?) X RLpc

()
where I, rivs is a root-mean-square value of a load current /7,
and Ry,pc is an inductor dc resistance. Large inductor current
ripple Aiy, increases /7, rms and Prpc, limiting the efficiency
of the two-level buck converter. Thus, the voltage difference
between Vx conv and Vour needs to be reduced to increase
efficiency.

A three-level buck converter in Fig. 1(b) initially charges a
flying capacitor Cr to half Viy and makes the swing range
of a switching node Vx 3 becomes half, i.e., either between
Vin and Vin/2 or between Vin/2 and GND. Moreover, the
effective switching frequency is doubled compared with that of
the two-level buck converter. Thus, normalized inductor current
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Fig.2. Comparison of the normalized (a) current ripple and (b) voltage ripple.
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Fig. 3. Waveforms of (a) ideal and (b) practical three-level buck converters.

and output voltage ripples of the three-level buck converter are
reduced by four times and eight times, respectively, as shown
in Fig. 2(a) and (b), thus reducing the conduction losses of the
converter [3], [4].

An additional benefit of the three-level converter is that
switching loss is also reduced. High-voltage transistors (e.g.,
8-V Tr.) used for power switches can be replaced with low-
voltage transistors (e.g., 5-V Tr.), which can provide smaller
gate capacitance and lower ON-resistance, because the voltages
across transistors decrease to below half the input voltages, as
shown in Fig. 3(a). However, the practical operation of the three-
level converter suffers from parameter mismatches in power
transistors, leakages, gate signal timing, and parasitic capacitors,
which lead to voltage variations in Cr during phase transition
[4]. The switching node voltage Vx 3 can then be different at
each operation phase, as shown in Fig. 3(b), increasing inductor
current ripples and conduction losses. In addition, the power
transistors can breakdown if voltage differences across transis-
tors exceed the tolerable range due to unbalancing of the flying
capacitor voltage.

To prevent this issue and minimize the inductor current ripple,
state-of-the-art papers have suggested calibration techniques
to balance the flying capacitor voltages in three-level buck
converters [5]-[7]. However, the techniques utilized additional
feedback control loops to sense the capacitor voltage and adjust
the gate signals of power switches, which were complicated to
design with additional area and power consumption. Moreover,
those feedback loops can be susceptible to operating conditions,
such as load variations, affecting the converter operation. To
overcome these limitations, this letter proposes a dual-path
three-level buck converter with loop-free autocalibration, whose
parallel power paths operate in a complementary fashion to auto-
matically balance flying capacitors without using any feedback
loops.
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Fig. 4. Block diagram of the proposed dual-path three-level buck converter.

II. SYSTEM ARCHITECTURE

Fig. 4 shows the block diagram of the proposed dual-path
three-level buck converter that adopts loop-free self-balancing
of flying capacitors Cr1 2. Power switches Mcn1,2 and Mcpi 2
and a flying capacitor Cr of the original three-level converter in
Fig. 1(b) are divided into two paths Mp;-Mp3-Mn1-Mn3 with
Cr1 and Mpo-Mpy-Mno-Myy with Cgpo while two balancing
switches SWg and SWi, are added between Cg; and Cpso. The
total size of the divided power transistors My1_4 and Mpq_4 and
flying capacitors C 1 2 in Fig. 4 can be similar to the total size of
power transistors Mcn1,2 and Mcpi 2 and the flying capacitor
Cr in Fig. 1(b), respectively, because the same load current /;,
is evenly divided into the dual paths. Thus, the area occupied
by power switches can be maintained similar to the allocated
area for the original three-level converter except two additional
balancing switches while their sizes are relatively smaller than
power switches, leading to small decrease in power density.
The converter adopts type-3 compensation to ensure a stable
feedback loop for output regulation.

In the dual-path structure, the power transistors of paths 1
and 2 operate complementary; the operation mode is depicted
in Fig. 5. This letter focuses on when CR is lower than 0.5 with
logic signals for power transistors in Fig. 6(a). The operation
mode comprises four phases: P1 and P3 are for energizing and
P2 and P4 are for de-energizing and balancing.

First, suppose that there is no parameter mismatch and the
flying capacitors are initially charged to Vin/2. During P1 phase,
Mn3 p3 on path 1 and M2 p2 on path 2 turn ON. Half of /7, flows
from Vi to the load via the flying capacitor C g5 on path 2, and
the charged voltage of C 5 increases. The rest of 71, flows from
GND to the load via the flying capacitor Cr; on path 1, and then
the charged voltage of Cp; decreases. At the end of this phase,
Cro is higher than Vin/2 and Cpy is lower than Vin/2. We can
infer that one of Cgy 2 is charged and the other is discharged
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Fig. 5. Operation of the proposed dual-path three-level buck converter when
CR < 0.5.
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Fig. 6.  Gate logic signals when (a) CR < 0.5 and (b) CR > 0.5.

from Vin/2 in energizing phases; this characteristic can be used
in the following phase to fix balance.

In P2 phase, all NMOS transistors on both paths turn ON and all
PMOS transistors turn OFF for de-energizing. Thus, the bottom
of Cg1 2 is connected to GND. In this phase, SWy also turns ON
for balancing, which shorts Cr1 and C o with the same voltage
converging to Vin/2. It is noted that all PMOS transistors are
surely OFF before SWy turns ON. Moreover, the power losses
across SWy during balancing can be negligible since Cr; and
Cro are balanced with almost same voltage levels, minimizing
the inrush current through SWy;.

For P3 phase, M3 p3 on path 1 and M2 p2 on path 2 turn
OFF and all other power transistors turn ON. That is, the switch
operation and current direction are exactly the opposite of P1
phase. At the end of this phase, Cr; is higher than Vin/2 and
Cpo is lower than Vin/2 while energizing the inductor. Then,
the next phase, P4, operates the same as P2, which performs
both de-energizing and balancing. It should be noted that the
balancing switches operate at every de-energizing phase, and
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the capacitor voltages are gradually balanced to about half Viy
within multiple cycles through repetitive charge redistribution.

Even if any mismatches between path 1 and path 2, such as
leakage, timing, or parasitic capacitance (e.g., Cp in Fig. 5),
exist, the proposed converter still ensures that flying capacitors
hold the same voltage that is approximately Vin/2, which can be
proved by following equations. First, the voltages of two flying
capacitors Verp and Vs are defined as follows:

Vert = VIN/2+AVL, Vope =ViN/2+ AV, (2)

where AV, and AV are arbitrary error values in Cp; and Cpa,
respectively, which are not correlated. Then, the relationship
between Ve and Vepe during the energizing phases P1 and

P3 can be expressed as
Pl: Vin —Vere =Vepr, P3: Vin —Vorr = Verz. (3)

Also, Vcory and Vepe during the de-energizing and balancing
phases P2 and P4 can be expressed as
PQ, P4 VCFl = VCFQ- (4)

By substituting (2) in (3) and (4), following equations about
AV; and AV5 can be derived:

AV + AV =0, AV, = AV,
AV, = AV, = 0.

(&)
(6)

From the above equations, AV; and AV, converge to zero,
and Ve and Vopg become Vin/2 through the entire operation.
In short, voltages of Vgri 2 can be of equal level by arranging
parallel connection of Cr; and Crs through balancing switches
in P2 and P4, but they may converge to either below or above
Vin/2. In P1 and P3, however, the sum of Vcry and Vg is
recharged to Vix by arranging series connection of Cp; and
C o, resulting in self-balancing of Vr; and Vps to the voltage
level of Vin/2.

If CR is higher than 0.5, all PMOS transistors and the balanc-
ing switch SWy, are turned ON in P2 and P4 with the gate logic
signals in Fig. 6(b). In this case, the self-balancing mechanism is
still the same; the sum of Vcp; and Vpo is charged to Viy in the
energizing phases, and they are rebalanced in the de-energizing
phases. The voltage range of Vx changes, as shown in Fig. 6(a)
and (b), and Vx is connected to either GND (CR < 0.5) or Vin
(CR > 0.5) in P2 and P4. It is noted that the proposed balancing
technique can also be effective in dynamic transitions since the
balancing switches automatically operate during de-energizing
periods of the converter. That is, the balancing technique does
not need additional periods but shares the existing periods, P2
and P4, which are determined through the converter control loop.

III. CIrcuUIT DETAILS AND DESIGN CONSIDERATION

Fig. 7 depicts the circuit details of the balancing switches
SWy and SWr1, and logic operation. SWy 1, consist of two series
transistors in each switch to prevent the reverse current. In case
of CR < 0.5, if SWy; has only one transistor, the reverse current
would flow because the voltage difference between Np; and Np,
can be Vin/2 and —Vin/2 in phases P1 and P3, respectively.
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The balancing logic signals Bsw and Bswr, for SWyp and
SWi,, respectively, can be generated based the gate logic sig-
nals of power switches. For example, a logic circuit for Bgwp
comprises two 3-NAND and one NOR for CR < 0.5. Bswp
guarantees an accurate balancing timing at which Npq o are
disconnected from Viy and Ny o are connected to GND by
sharing the gate logic signals D1 and D2. Thus, SWy and SWy,
do not turn ON during the phase transition between P1,3 and
P2,4, which otherwise leads to shoot-through currents and power
losses.

Bswnu and Bgwr, are made with the logic supply voltage,
which is typically lower than the main supply voltage. Thus, the
logic signals need to be level shifted to drive SWy and SWr,
with suitable voltage levels. For example, the level shifters for
SWiy need two levels of supply voltages Vy and Vi, which
can be generated from a dynamic supply generator (DSG). The
DSG for SWy provides the high supply voltage V from Npq o
voltages and the low supply voltage V7, by shifting down Np o
voltages as low as the PMOS balancing switches can fully turn
ON while not exceeding the breakdown voltage.

IV. MEASUREMENT RESULTS

Fig. 8 shows the die micrograph fabricated in a 0.13-pum
CMOS BCD process. The core size is 3.7 x 3.7 mm?, and the
total size including pads is 4.5 x 4.5 mm?. The layout utilized
a symmetric structure for dual power paths to match the timing
of gate signals for power switches as well as flying capacitor
connections. The 10 pH inductor with DCR = 128 mS2 was
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chosen considering current ripple, power losses, and form factor.
Each flying capacitor had 4.7 uF to decrease the voltage ripple
below 50 mV and thus minimize power losses across balancing
switches. Power and balancing switches utilized 5- and 12-V
transistors, respectively.

Fig. 9 depicts the effects of balancing switches for autocalibra-
tion of voltages in Cr1 2. When the balancing switches operate,
as shown in Fig. 9(a), the Np; o nodes swing the same voltage
levels from Vin/2 to Vi but are phase shifted by 180° with each
other. Vx also swings from GND to Vin/2, verifying that Vop
and Vo are self-balanced. However, if the balancing switches
are deactivated in the dual-path structure by intentionally turning
OFF SWy and SWy,, as shown in Fig. 9(b), V x varies irregularly
due to inherent parameter and timing mismatches, implying that
the balance of flying capacitors is broken. In this case, the duty
cycle changes depending on Vx levels, e.g., when Vi is higher
than Vin/2, duty becomes short. This unbalancing leads to not
only efficiency degradation but also risk of damages in power
transistors.

Fig. 10 shows the measured efficiencies when sweeping I,
and Vour. In Fig. 10(a), Vin and Vour were fixed at 8 and
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2016 [1] 2012 [3] 2016 [5] 2018 [6] This work
Process 0.13um 0.13um 0.5um (120V) 0.65um 0.13pm (BCD)
Topology two-level three-level three-level three-level three-level
Inductor - 1 nH/phase 1.5 uH 100 nH 10 pH
Flying cap. Not required 18 nF 1 uF 5nF 4.7 pF x2
Frequency 1.5 MHz 50-200 MHz ~2 MHz 50 MHz 0.8-1MHz
Viv 6-16V 24V 12-100 V 5V 8V
Vour 25-42V 04-14V 10V 0.6-42V 1.8-33V
Max. Pour 6 W 1W SW 3W 1.35W
Peak efficiency 87% (Vin=9V) 77% 90% 90% 88.6%
Flying cap. Balancin; Not required - Feedback Feedback Dual path +
ying cap. & qu loop control loop control Loop-free calibration
90 90 1 1 1 1
[ = [ t(.)tall capacuance.: of ﬂyu?g.capacnors in the dugl paths can be
_ssf <88 similar to those in the original converter since divided currents
‘;' - 5 87.3% flow through each path and flying capacitor. While the proposed
% g% converter enables loop-free self-balancing with the dual-path
Bl B[ logy. it also achieved itive efficienci 88.6%
i 34: 84: o= 40omA(Txed) topology, 1t also achieved competitive etficiencies u.p tq .67
52| HE25% alk compared to other three-level converters even considering that
TR TR T 27 24 : 2‘.s(v) 283 [5] had much higher input/output voltage ranges and [6] used an
I (mA) out . . . . . .
@) ) integrated flying capacitor at higher switching frequency.
Fig. 10. Measured efficiencies when sweeping (a) I;, and (b) VouT at V. CONCLUSION

ViN =8 V.

2.7 V, respectively, whereas I;, varies from 200 to 550 mA.
The peak efficiency of 88.1% was measured at I;, = 500 mA.
The efficiency drops at I;, > 500 mA resulted from increased
conduction losses due to larger current flowing through power
transistors. In Fig. 10(b), Vouyr varies from 2.2 to 3 V when
Vin and I, were fixed to 8 V and 400 mA, respectively. The
peak efficiency was achieved as 88.6% at Vour = 3 V because
larger Vour decreases the inductor current ripple, reducing
RMS losses across inductor DCR and power transistors. When
Vin =8 V, Vour = 2.7V, and I, = 500 mA, the simulation
results show that the voltage difference between Cr; and Cpa,
which is AVin Fig. 7, can be up to 45 mV. In case the balancing
period becomes too short depending on CR (e.g., 0.45 < CR
< 0.5), AV increases, which may limit the balancing operation.
Then, each capacitor voltage increases or decreases by about
3 mV during the balancing period, leading to the total energy
consumption of 0.65 nJ. Thus, the average power consump-
tion required for balancing operation at switching frequency of
800 kHz is about 0.52 mW, which is negligible compared to the
output power of 1.35 W. In case PMOS power switches have
intended size mismatches up to 30%, the balancing switches
still operate properly, resulting in similar power dissipation that
is still negligible.

Table I benchmarks the proposed converter with state-of-the-
art works. The proposed dual-path converter operates with low
CR,i.e., Vin > 8 Vand Voyr = 1.8-3.3 V, which can be utilized
for various applications, such as fast battery charger and vehicle
electronics. Unlike previous three-level converters that need
additional feedback loops for flying capacitor balancing, the
proposed converter adopts a loop-free autocalibration method,
which enables a simple and robust structure for self-balanced
three-level operation. The total size of power transistors and the

The proposed three-level buck converter utilizes a dual-path
power stage with two flying capacitors and adopts loop-free
balancing switches between them to automatically calibrate
the capacitor voltages. The balancing switches adaptively short
flying capacitors at every de-energizing phase while not affecting
the converter operations, ensuring that capacitor voltages are
self-balanced at half the input voltage without requiring an ad-
ditional feedback calibration loop. Consequently, the proposed
converter guarantees simple and robust three-level operation
with low-voltage transistors, which decreases inductor current
ripples and improves power efficiencies, especially for appli-
cations where the input voltage is much higher than the target
output voltage.
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