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Abstract

This paper presents a dual-phase dual-path hybrid buck-boost (DPBB) converter with
an offset-controlled zero-current detector for Li-ion battery applications. Compared with
inductive buck-boost converters, the proposed hybrid converter has a continuous input
current, reducing the input voltage (Vjy) ripple, which is caused by the parasitic inductance
of the bonding wire. The proposed switching operation of the DPBB topology shows a low
inductor current ripple with the continuous output delivery current; therefore, the ripple of
the output voltage (Voyr) is reduced with the efficiency improvement. Compared with the
prior hybrid buck-boost converters, it supports the buck and boost modes only by adjusting
the duty cycle, so this addresses the issues of mode transitions. The proposed work utilizes
the dual-phase operation to lower the conduction loss and improve the dynamic range. The
proposed offset-controlled zero-current detector compensates for the timing error owing to
the propagation delay of the control signals to reduce the reverse current from the output.
The chip is fabricated using a 180-nm BCD process. It regulates Voyr at 3.3 V with a wide
Vin range of 2.8 V to 4.2 V. Peak efficiencies of 95.88% and 93.08% are achieved in the buck
and boost modes, respectively, with 140 mQ) of inductor DC resistance.

Keywords: hybrid buck-boost converter; multiphase; DC-DC converter; output delivery
current; inductor current; zero-current detector

1. Introduction

As the types and numbers of mobile devices increase, managing the rechargeable Li-
ion batteries equipped in these devices has become an important research topic. Because the
voltage of Li-ion batteries varies from 2.8 V to 4.2 V depending on the operating conditions,
research on the stable regulation of an output voltage (Voyr) from various battery voltage
levels has been widely conducted over the past several years. In particular, many hybrid
buck-boost converters have been presented with various design approaches to overcome
the drawbacks of conventional inductive buck-boost converters, such as discontinuous
input current (I;y), output delivery current (ip;y), and a high average inductor current (ir ).

Early hybrid buck-boost converters were primarily designed to achieve a continuous
ipryv [1-4]. However, they utilized the conventional inductive buck configuration for the
buck mode without using a flying capacitor (Cr). Therefore, they still have all the drawbacks
of inductive buck converters, such as discontinuous Iy and an average iy level higher than
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I10ap. Moreover, these converters typically operate in more than two modes to support
buck-boost operation, which results in complex mode transitions.

Figure 1 illustrates the operations of state-of-the-art hybrid buck-boost converters. To
address the drawbacks of inductive buck-boost converters, prior hybrid DC-DC converters
included the following two main design approaches: (1) topologies for dual current delivery
paths [3,5-11] and (2) switched-inductor-capacitor topologies [1,2,9-15]. The dual-path
current strategy supplies ipry with i; and a capacitor current (ic). Figure 1a shows a state-
of-the-art dual-path hybrid buck-boost (DPBB) converter [7]. Similar to the prior DPBB
converter, the ipyy of certain hybrid DC-DC converters is composed of i; and ic alternately
during a clock cycle (Tck) [5,7]. Otherwise, as shown in Figure 1b, other hybrid buck-boost
converters have a reduced average ij by implementing a phase in which ipyy consists of
both i; and ic simultaneously [6,8-11].
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Figure 1. Operations of prior methods; (a) DPBB converter in [7], (b) the buck mode, and (c) the boost
mode of the four-phase hybrid buck-boost converter in [9].

<)

The switched-inductor-capacitor topologies can be reconfigured to reduce the average
ir by placing the inductor at either the input or output terminal depending on the boost or
buck mode, respectively, as shown in Figure 1c [9]. The conventional inductive buck-boost
and boost converters have discontinuous 7; and ipyy; therefore, the average level of iy is
always higher than the load current (I;pap), causing a large conduction loss (Pcp) owing
to the DC resistance of the inductor (DCR) [16]. In inductive buck and boost converters, the
inductor is placed at the input and output terminals, respectively. Consequently, depending
on the voltage conversion ratio and the relationship between the input and output powers,
both buck and boost converters exhibit an average 7}, higher than I} oap. Therefore, they
generally achieve lower power conversion efficiency than that of state-of-the-art hybrid
DC-DC converters.

In addition to hybrid topology approaches, multiphase configurations provide an
effective way to reduce the average i}, level. Compared with single-phase DC-DC convert-
ers, multiphase configurations provide several advantages, such as low input and output
ripples, fast load-transient response, and low i;, [8-10,17,18]. As multiphase DC-DC con-
verters have lowered ij, levels for each inductor, they operate in discontinuous conduction
mode (DCM) more often than single-phase DC-DC converters. Therefore, a highly accurate
zero-current detector (ZCD) is required for an efficient operation. Many techniques have
been proposed to detect the exact zero-crossing point of i;. Certain designs utilize voltage
comparators to compare the voltage drops across the power switches to sense the zero-
current point [19-22]. The resistance of the power switches must be increased to improve
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accuracy. However, this leads to efficiency loss. Therefore, they suffer from a tradeoff
between timing error and efficiency.

Another approach is to detect the zero-crossing point of iy through an indirect voltage
profile using digital circuits [23-26]. The exact switch-off timing is typically controlled with
digitally controlled delay cells; however, they occupy a large silicon area. Moreover, the
resolution of a digitally controlled ZCD is directly related to its accuracy. To increase the
resolution, coarse and fine tuning of the delay cell was designed in [26], but this increases
the circuit complexity.

To address the aforementioned issues, this paper presents a dual-phase dual-path
DPBB architecture whose power stage is similar to that in [7], but with an additional phase
(@3). The inclusion of @3 slightly improves the conduction loss and ripple characteristics
by modifying the current flow and switching sequence. Furthermore, due to the dual-phase
operation, the current flowing through each power stage is halved, which further reduces
the overall conduction loss. In addition, an offset-controlled ZCD is employed to effectively
minimize the power loss caused by reverse inductor current under light-load conditions.
The remainder of this article is organized as follows. Section 2 describes the working
principles and power loss analysis of the proposed DPBB operation. Section 3 presents
the circuit implementation of the proposed method. Section 4 presents the measurement
results of the fabricated chip. Finally, conclusions are presented in Section 5.

2. Proposed Dual-Path Hybrid Buck-Boost Operation
2.1. Proposed Power Stage Operation

Figure 2 shows the proposed operation of a DPBB converter with a single stage. The
conventional method in [7] has two operating phases with the same DPBB topology, as
shown in Figure 1a. However, the proposed method operates in four phases, two of which
are identical, as shown in Figure 2. Compared to prior converters, the proposed converter
divides the duty cycle (D) by half and operates in two identical phases (®1).

Vin ';Ei < II'—‘CB
1
V, . a e a
i s ﬁ CTCr éss %j é Ce 'Lg ?_ﬁj
L L L L + + Lo L
05*DTow_ K205 B2 0.5*(1-D)Tsw)
I
WV
0.5*(1-D) Tsw KA e D, 0.5*DTsw

Ss

iL L VL SZ iC" VCB iDLV VOUT iL L VL ic VCB iDLV VOUT
Vin MERwICA | B R Y v
veT CF 4 » % _§ Sl CT CF 53 I)é
1 + + © L = - - SEg S

Figure 2. Proposed switching operation of the single-phase DPBB converter.

ILOAD

Figure 3 shows the waveforms of the proposed operation with a single power stage.
As shown in Figures 2 and 3, & is the first and third phases to charge i via switch S;.
During @4, ic flows to Vo7 through charge sharing, and Cr is discharged to Voyr. The
second phase (P,) is the period during which the inductor is directly connected to Voyr.
In this phase, only i;, flows to V7. In this phase, the first node of the inductor is always
connected to Vpy, and the second node is connected to V7. Therefore, i builds up when
the power stage operates in the buck mode, and ij is discharged when it operates in the
boost mode. After the second @1, the inductor and Cr are connected in series during the
last phase (®3), and current flows to the load. In this phase, ic is the same as —i, and it
satisfies the inductor volt-second rule.
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Figure 3. Waveforms of the proposed single-phase operation.

The conversion ratio of the proposed method (Mprop) is expressed by the volt-second
rule on the inductor as follows:

DVin +0.5(1 - D)(Viny — Vour) +0.5(1 — D)(Viny — 2Vour) =0 1)

Mprop = 3(12—D)’ (0<D<1), (2)

where Vv denotes the input voltage of the DC-DC converter.

The proposed switching operation, in (2), has a conversion ratio of 2/3 to co. Figure 4
shows the conversion ratio according to D. As shown in Figure 4a, the proposed converter
operates as a buck converter when D is less than 1/3 and as a boost converter when D is
greater than 1/3. As the proposed method is designed for Li-ion batteries, the target Viy
ranges from 2.8 V to 4.2 V. Therefore, D of the proposed method ranges from 0.152 to 0.434
for the target Voyr of 3.3 V, as shown in Figure 4b. Prior hybrid buck-boost converters
have mode-transition issues, in which the converters are controlled differently according to
the operating modes. Therefore, complex control methods are required to achieve seamless
mode transitions [1-4,9,11,13]. Most conventional works cannot cover the range of the
conversion ratio to around unity. However, the operating mode of the proposed method is
determined only by D, and Mprop ranges from 2/3 to oo without any missing regions.
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Figure 4. (a) Voltage conversion ratio curve according to the duty cycle, and (b) duty cycle according
to Viy for Voyr = 3.3 V, where the black line represents the duty cycle and the red line represents the

voltage conversion ratio.
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2.2. Analysis of Conduction Loss

Many hybrid DC-DC converters have been designed to reduce the conduction loss by
reducing the average value of i}, (I). Similarly, the proposed method utilizes a dual-path
current design approach such that ic and i flow to Voyr.

As shown in Figure 3, Cr is discharged by ic during two ®1s and charged by i} during
@3. The charge balance of Cr is expressed as follows:

05DTek 05(1+D)Tek Tek .
[ ety ar+ ic(ldt = [ ic(t)dt. 3
0 0.5Tcx Tex—0.5(1—D)Tek

In @3, the inductor and Cr are connected in series, and the same current flows through
them. Therefore, the charge that flows through Cr during @3 is the same as the charge that
simultaneously flows through the inductor, and it is expressed as follows:

/TCK i (t)dt /TCK i (B)dt = 0.5(1 — D)Texl @)
1 = 1 = u. — .
JTex—050-D)Tex © Tex—05(1-D)Tex cKL

Using (4), the average value of ic during @1 (Ic,1) can be expressed as follows:

0.5DTcklc1 +0.5DTcklc1 = 0.5(1 — D)TexlL (5)
1-D
Icq1 = Ir.
c1 Sp L (6)

From the charge balance of the output capacitor (Coyr), the relationship between I}
and I} pap can be derived as follows:

05DT, 05Tck 05(14D)T,
Joo Fic(t) = Ioapdt + [yspre, iL(t) — Ioapdt + fo 5Tex ek e (#) — Iyoapdt

@)
T,
+fTCCKK 05(1—D)Tex L(t) —I1oapdt =0
D(Icy — Iroap) + (1 = D)(IL — I.oap)- (8)
By substituting (6) into (8), I, can be expressed as
L= 2 = Mpropl )
L= 31-D) LoAD = MprorlLoAD-

As shown in (9), I} of the proposed method in the buck mode is equal to the value
that is reduced by the conversion ratio in I} p4p. In an inductive buck-boost converter,
Iy and ipyy are discontinuous. Therefore, I} is always greater than I;p4p, and it causes
large Pcp, increased Voyr ripple, and higher switching noise. As I;pap increases, these
issues become more critical. However, the proposed work, including that of state-of-the-art
hybrid DC-DC converters, solves the issue of the discontinuous ipry and improves the
power conversion efficiency.

When the converter operates under medium-to-heavy load conditions, the ripple com-
ponent of the inductor current is relatively small compared to its DC component. Therefore,
for analytical simplicity, the inductor current is approximated by its DC component when
estimating conduction loss in the following analysis. To compare the effectiveness of the
proposed operation, Pcp of the proposed method (Pcp prop) is analyzed as

Pcp prop = 2 X 0.5D{1L2(RON +Rpc) + 21C,12RON} +2x0.5(1 — D)I;>(2Ron + Rpc), (10)
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where Rpy denotes the on-resistance of each power switch, and Rpc denotes the DCR of
the inductor. In this analysis, the Rpoy of the power switches is assumed to be the same. By
substituting (6) and (9) into (10), Pcp,prop can be expressed by I pap as follows:

2
Pcp,prop = D{MPROPZILOAD2(RON +Rpc) + 2(%) MPROP21LOAD2RON}
+(1 — D)Mpror*Iroap*(2Ron + Rpc) (11)
1-D)?
= Mpropr*lL0aD” [RON{ ( ZD) —D+ 2} + RDC} .

Because the DC component of each current causes Pcp, the ac current is ignored in
this analysis. Table 1 presents a comparison of the characteristics of the proposed DPBB
operation with those in prior works. As shown in Table 1, I} of the inductive buck-boost
converter is always larger than I} p4p because the converter has discontinuous I;y and
ipry. However, the hybrid buck-boost converters, including the proposed work, have
a continuous ipyy; therefore, they achieve a lower I than I} p4p in the buck mode. The
DC-DC converter in [9] has two different operating modes for the buck-boost converter,
as shown in Figure 1b,c. Therefore, mode transition issues occur when Vjy and Voyr
become similar, and a complex control system is required to solve these issues. However,
as mentioned previously, the proposed work has a single-mode operation, and therefore,
it generates a target Vpyr level even in a wide range of Vjy through only duty control
without the mode transition issues.

Table 1. Comparison with prior buck-boost DC-DC converters.

Conversion Average iy . . o .
Ratio (1) Conduction Loss (P¢cp) ir Ripple (Aig)
__ 2 2 _py? Vin T, 2Mprop—1
Proposed Mpror = 3=y 3(-D) [LOAD Mpror*I10ap> {RON{ (123) -D+ 2} + RDC] B 731\1/)1';%,,
_ 1 1 _py? Vin T, 2Mpy—1
[7] Mpg7 = 2(1-D) WILOAD MR721LOAD2 |:RON{2<]TD) —-D+ 2} + RDCi| % X ﬁ
Buck 1 1 _py? 1-M 2Mpo ek —1
mode Mropex = =p 2=plLoap NIR‘J,BCKZILOAD2 {RON{ . %) SR D} + Rpc VINLTCK X ( Rg,B%}L(,BCKRQ,BCK )
[9] Boost
008 2 ViNT
mode Mgopst =1+D Iroap MR9,BST21LOAD2{RON (D + %) + RDC} MK (2 — MRo st ) (MRo,BsT — 1)
Inductive D 1 2RoN+R VinT, M
buck—boost Mpp = =p 1—plLoap MBBZILOADZ(ioI\{)z DC) B R & 7

Figure 5 shows a comparison of the normalized Pcp based on the analysis presented
in Table 1. Pcp as shown in Figure 5a is normalized by ;o ap>, and Pcp as shown in
Figure 5b is normalized by Pcp of the inductive buck-boost converter (Pcp pp). As shown
in Figure 5a, the proposed method always shows a lower Pcp than that of the inductive
buck-boost converter. In the inductive buck-boost converter, I} is always higher than I; o4p
due to the discontinuous ipy.

For a fair comparison with state-of-the-art works, Pcp is compared by considering the
operating conditions of Li-ion batteries. The target Vy ranges from 2.8 V to 4.2 V, and the
target Vour is 3.3 V for mobile applications. Figure 5b shows a comparison of Pcp prop to
each Pcp of the prior works under the operating conditions such that their respective Vpy,
Vour, and clock frequency (fck) are the same. As shown in Figure 5b, the proposed method
shows a lower Pcp than that of the converter in [7]. The longer the period of DTk, the
higher the Pcp, because I} increases with D. For the same Vyr level, D of the proposed
method is always lower than that in [7]. This implies that the proposed method always has
a lower I, than the prior method, and therefore, the proposed method shows lower Pcp
even with the same power stage topology.
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Figure 5. Comparisons of the normalized conduction loss according to (a) the duty cycle and (b) input
voltage, comparing the proposed work with those in [7,9].

In the case of the boost mode, the proposed method and the method in [7] have a
larger I}, than I; o 4p because the inductor is always connected to Vy. Therefore, I}, increases
as the conversion ratio increases. However, the hybrid buck-boost converter in [9] always
has a lower I} than I} o4p because it utilizes the switched-inductor-capacitor topology and
dual-path current technique in the boost and buck modes, respectively. Moreover, the
number of power switches in the current path is smaller than that in the proposed method.
Although the converter in [9] shows lower Pcp, the difference in power loss decreases
when Viy approaches 3.3 V. In addition, regulating V oyt becomes difficult because of the
missing conversion-ratio range.

2.3. Analysis of Inductor Current Ripple

One advantage of the proposed method is its low i ripple. As shown in Figure 3, the
ir ripple of the proposed method can be expressed as follows:

Aip = YN x (0.5DTek) + YUt 5 [0.5(1 — D) Tex ) + 4N x (0.5DTek)

(12)
= | Y=2our | » {0.5(1 — D) Tk}
AiL:‘/IZZa(X'l_ZWIDST x (1-D), (19

where Ai} denotes the ripple of i;. Using (2), D is expressed by Mprop to compare the
ripple of i; according to the conversion ratio. Subsequently, i; can be expressed as follows:
_ 3Mprop —2

p = 2PROP T £ (14)
3Mprop

. VINT,
AZL = IN_CK X ‘1 _ZMPROP| X <1

~ 3Mpgrop — 2> _ VinTck _ 2Mprop — 1
2L

- % . (15
3Mprop L 3Mprop (15)

The i;, ripple of the prior converters is also analyzed according to the conversion ratio,
as shown in Table 1. As mentioned previously, the converter in [7] comprises the same
power stage as that in the proposed work, but it operates only in two phases ($; and @3).
It always builds up ij, with the voltage across the inductor of Vy, and discharges with
(Vin — 2Vour). However, the proposed method operates in three phases, and whether
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ir is charged or discharged during @; is determined by the operating mode. Unlike @3,
a voltage of (Viy — Vour) is applied across the inductor in @,. Therefore, as shown in
Figure 3, i, builds up more in the buck mode and is discharged in the boost mode during
@,. In this case, the inductor voltage during &; is lower than that during @3, and this
makes the ripple of i;, 33.33% smaller than that in the conventional work.

With respect to the conversion ratio, the two-phase operation regulates Voyr down
to a low voltage close to 1/2 of V|, but the proposed method regulates down to 2/3 of
Vi for low iy ripple. When considering the applications of Li-ion batteries, the conversion
ratio of (2/3 < Mprop < o) is sufficient for Voyr to reach the target voltage of 3.3 V.

ipry of the DPBB topology comprises ij and ic,;. In the capacitor-delivery phase,
the ippy is determined by the charge-sharing process between capacitors, which results
in an exponential current profile. Compared with the linearly varying inductor current,
this behavior produces a larger instantaneous variation in the delivered current, leading
to increased ipry ripple. To analyze this behavior, the capacitor current ic; during the
charge-sharing process can be expressed as

Al

iC,l = Ipe™ (16)
where T is the time constant composed of both resistance and capacitance including Cg. The
charge balance of the Cy defines the coefficient Iy of (16). In other words, both the average
values of ic 1 and i 3, which is the L-path current in ®3, should be the same in steady state,
which is expressed as follows:

DTck - T .
Jo " Fica(t)dt = 05(1+D) Ty 1141
2Tk jge=dt = 0.5(1 — D)1 Tek (17)

I — 05(1-D)ITeg
- T(]—ngTCK/T) N

Substituting (17) into (16), ic 1 is given by

_05(1—-D)ITek ¢

Ic1 = T(l — e_DTCK/T) (18)
From (18), the i1 pp (peak-to-peak ic,1) can be expressed as
. . 0‘5(1*D)ILTCK _ 05D
lC,l,pp = T(l — e_DTCK/T) ( —e T ) (19)

Figure 6 compares the capacitor current ripple of the proposed structure and that
of [7]. Here, i 1,pp,norm denotes the normalized capacitor current ripple, defined as I Tcx /T
As shown in Figure 6, the proposed structure exhibits a smaller capacitor current ripple
than [7] over the entire buck-boost conversion-ratio range.

Figure 7 shows the simulation results of the Voyr ripple according to I} p4p in the
buck and boost modes. As shown in Figure 7a, the Vo ripple increases as I} o4p increases
in all the cases.

In the case of the converter in [9], i| is always delivered to Voyr, and it utilizes a
longer D than the others. Therefore, the Voyr ripple is smaller than that in other works.
When compared to the operation in [7], the proposed method shows a smaller ripple of
Vour because it has a smaller capacitor current ripple, as discussed in Figure 6. In the case
of the boost mode, the method in [9] shows the smallest ripple of V oyt since ipyy is equal
to i, as shown in Figure 7b. When compared to the prior DPBB converter, the proposed
method also shows a smaller Vot ripple.
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Figure 7. Comparisons of the output voltage ripple between the proposed work and conventional
works in [7,9]: (a) buck mode and (b) boost mode.

3. Circuit Implementation
3.1. Dual-Phase Dual-Path Buck-Boost Converter

Figure 8 shows the top block diagram of the proposed hybrid dual-phase DPBB
converter. It has two DPBB stages which operate with a phase difference of 180°. D is
determined by the error voltage (Vgrr) and ramp signal, which is compensated by the
current sensor [27] for low-sided power switches. The proposed work adopts a dual-
phase structure with 2.2 pH commercially available shielded ferrite-core inductors (Bourns,
Riverside, CA, USA). Due to the low power level and limited flux swing, the magnetic
core loss is negligible compared to conduction and switching losses at 1 MHz. In addition,
the proposed offset-controlled ZCD is implemented to enhance efficiency under light-load
conditions. The level shifters and inverter-based drivers employ a VDD selector to drive
the power switches.
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Figure 8. Top block diagram of the proposed dual-phase DPBB converter.

Figure 9 shows the four-phase operation of the proposed dual-phase DPBB converter.
Both DPBB stages build each i; up during @;. From @; to half of the clock cycle, the
first power stage operates at @,, and the second stage operates at @3 such that each iy, is
discharged. Subsequently, the i; -charging phase is repeated for half the duty cycle. The
first and second power stages operate at @3 and P,, respectively.
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Figure 9. Operation of the proposed dual-phase DPBB converter.
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The proposed converter employs a dual-phase power stage, reducing the average
inductor current to half of that in a single-phase DC-DC converter. Accordingly, the total
conduction loss due to DCR is reduced by approximately 50%, as shown in Figure 10a.

In addition, the 180° interleaved operation mitigates the output ripple through partial
ripple cancellation. The phase-shifted inductor currents reduce the AC component at the
output, resulting in a smaller Voyr ripple. Figure 10 presents the performance comparison
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between single- and dual-phase DPBB converters. As shown in Figure 10b, the dual-phase
operation achieves a Voyr ripple reduction of up to 2.567 mV (67.5%).

0.07 - — ¢ L| —=— Dual-phase buck
" ! —O— Dual-phase boost

—&— Single-phase buck

—7— Single-phase boost

1} ;
§ 0.06 - i’
.E . -.1““.“.“..‘. %‘ 8+
T2 H
= 2 E Proposed %
5 s 0.05 - ¢ single-phase & 6F
=3 50% 4 =
@ o i =
s X reduction s Proposed '~
F 0.04 |- H dual-phase 5 4t
' =
5 : =
4 v (@)
0.03- eeeessccce 2

28 30 32 34 36 38 40 42

k ). ). ). ’ £
Input voltage [V] 0.0 0.2 0.4 0.6 0.8 1.0

Load current [A]
(@) (b)

Figure 10. Comparison of the (a) conduction loss and (b) output voltage ripple.

Figure 11 shows the simulated loss breakdown of the proposed dual-phase DPBB
converter according to Iy pop with different input voltages. Pgy includes both the voltage-
current overlap loss during switching transitions and the gate chargimg and discharging
loss. Figure 11a shows the loss breakdown with Viy = 2.8 V. When compared to that
with Viy = 4.2V, it shows a larger Pcp with the same I} p4p because the conductivity of
the power switches is less with lower supply voltage. Under the light-load condition of
Iroap =100 mA, the total loss is calculated as an average of 15.09% of the output power.
AtI;poap = 1.3 A, the portion of the power loss is reduced in efficiency, and the total loss is
calculated as 4.423% of the output power on average.

0.12 F
Hl P, of power switches
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008 [ Pgy of power switches
0.06 |
0.04 |-
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Figure 11. Loss breakdown of the proposed dual-phase DPBB converter according to I1oap at
(a) VIN =2.8Vand (b) VIN =42 V.
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3.2. Proposed Offset-Controlled Zero-Current Detector

As mentioned previously, the proposed dual-phase hybrid buck-boost converter op-
erates in DCM over a wider I} oap range than single-phase converters. In conventional
implementations, ZCD is typically performed using a single static comparator that com-
pares the relevant node voltages. Figure 12 shows the waveforms of DCM operation with
the conventional static comparator. As shown in Figure 12, although the static comparator
ideally detects the zero-current point when Vcp equals Vour, its propagation delay causes
the power switches (S4 o and Sy ) to turn off after 7, reaches 0 A. Consequently, reverse
inductor current flows, leading to additional power loss.

| @ | off &)

A A | |
iLA LA \: P&er Loss
| |
0
' t
Veea : Veea
T
| =
0
I
: >t — |
' - > t 4 —
VsiaH H Vsan (lrﬁ |
— O Lt X | L 5 ¢
057D Tcx 0.5*DTex ! Propagation
I 05*1-D)Tek  0.5%(1-D)Tex Delay

Figure 12. Waveforms of the proposed dual-phase DPBB converter with the strong-armed-latch
comparator in DCM.

To compensate for the timing mismatch owing to the propagation delay, an offset-
controlled ZCD is proposed. The block diagram is shown in Figure 13a, and it consists of
an offset-controlled comparator, a charge pump, and a dynamic comparator. A schematic
of the offset-controlled strong-arm latch comparator for the proposed ZCD is shown in
Figure 13b. It is designed with the duty-cycled type to reduce power consumption [28].
When input voltage (Vp) falls below the negative input voltage (Vour), an intentional
offset voltage (Vpg) is introduced at the negative input transistor (M;) by connecting an
offset-injecting transistor (Mog) in parallel. For the analytical derivation, both M1 and MOS
are assumed to operate in the saturation region, and the large-signal MOS drain current
equation is used. The resulting Vg is calculated as follows:

%}hﬂbx(%)l(VCB — Vin)? + %ﬂncox(%>os(VCTRL — Vin)?

(20)
= %ynCox(%>l(VCB +Vos = Vi)
W/L
Vos = \/(VCB — Vi)' + ((V\///L))Ols(VCTRL —Vin)* = (Ves — Vin) (21)

where Vcrrp denotes the control voltage of Mog.

https://doi.org/10.3390/ electronics15061304


https://doi.org/10.3390/electronics15061304

Electronics 2026, 15, 1304 13 of 24

Signal for Vs, 5 Vien |
v =,
Signal for Vi, 4 M 2ht I Sy4 Vo S
cee 24

v
VCB,B ! T 1+ + 1
_ N DW
Vepa + Charge

_I_ up Pump

(EN=1)— On
(EN=0) — Off

VCTRL
our
"""""""""" i Offset-controlled
] i comparator 5
/- r" + » ZCDy =
Vour * 1+ ; § ——>» ZCD, el Virsy Tl jl—ﬁv
Signal for Vs, p \J Vs < lj [:1
CK
Signal for Vi, 4
(a) ®)

Figure 13. Block diagram of the proposed (a) offset-controlled ZCD, and (b) offset-controlled strong-
arm latch comparator.

Figure 14 shows the waveforms of the proposed ZCD. When the buffered gate signals
(Vsg,a and Vsyp) are triggered to turn off the power switches, the dynamic comparator
determines whether Vg or Voyr is higher. If Vg is lower than Voyr, the charge pump
increases the offset voltage (Vcrrr), and the output signals of the offset-controlled ZCD
(ZCD4 and ZCDp) are triggered earlier. Otherwise, if Vg is higher than the optimum
point, Sy 4 and Sy p are turned off when Vp is higher than Voyr. This implies that the
power switches are turned off when each iy is still positive, and that some charge remains
to be transferred to Voyr. Therefore, the charge pump decreases Vrgy to reduce the offset
voltage of the proposed ZCD, as shown in Figure 14.

A
iL,A
-0
t
VCB,A
0
t
VCTRL
[ | |
: : : : t t
ZCD 4| [ [ [
| | | | I
: : I : : I ¢
Vs Ll Il | | | |
1 | | |1 | |
] ] I 88 ] ] > ¢

Figure 14. Waveforms of the proposed offset-controlled ZCD.

Figure 15 shows the simulation results of the proposed ZCD. With 3.3 V of Voyr, each
Verre is regulated at 2.833 V on average. Figure 15b compares the accuracy of the proposed
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ZCD with the conventional work, which comprises the strong-arm-latch comparator. The
conventional work suffers from both propagation delay and comparison time; therefore,
the power switches are turned off at I 4 of —8.502 mA. However, the proposed ZCD turns
off the power switch at —0.543 mA of I} 4 by intentionally applying and adjusting the offset
to the comparator.

[ == w/ proposed ZCD mmw/o proposed ZCD )

Vepa Vers o Vour .
30 .‘l - A + A .’- + A + I:.‘:' A + A i ;‘;
1.0 -
=R vr—t v v 1% 174 v 97
i i i~
23000 v . NG e
E 2
£ no MW v
g P "
7 1ol . S—
I ! oz
13.40 mV ZCDg 4136 mV N os0z] T
2,85 + 2937
s B (X Verr a -
< 2834 _—, r -
281 Verre g T gi oV
T T T T AR R -0.284 : :
882.0 883.0 884.0 885.0 867515 867 521
time (us) time (us)
(a) (b)

Figure 15. Simulation results of (a) the steady-state operation of the proposed ZCD and (b) compari-
son to the conventional work.

The bias-control ZCD forms a bang-bang feedback loop that iteratively adjusts the
comparator offset. Since the resulting timing correction step is much smaller than the
comparator decision time, the loop converges stably without oscillation.

Figure 16 shows the simulation results of the timing error according to I} oap. As the
input voltage decreases, the bandwidth of the comparator used in the ZCD decreases, which
degrades timing error. In addition, the propagation delay of the logic and driver also increases
as the input voltage decreases, resulting in a larger timing error. On the other hand, the slope
of the inductor current is determined by the voltage difference across the inductor. Therefore,
the decreasing slope of the inductor current is only weakly affected by I} oap. As a result, for
a fixed V;, the variation in timing error with respect to I} oAp is relatively small.

20 W
(—m—V =28V,
— o—o— o —06——9 w/o proposed ZCD
=157 —e—Vin=33V,
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-
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Figure 16. Comparison of timing error with and without the proposed ZCD.
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Figure 17 shows the relationship between the required comparator offset Vg and the
load current. As the load current increases, the magnitude of the required offset increases
from approximately —40 uV to —100 pV. This is because the slope of V¢ becomes steeper
near the zero-crossing point as the load current increases. As a result, a larger offset is
required to compensate for the ZCD sensing delay and to suppress reverse inductor current.

|
=Y
(=}

T

|
®
(=}
T

Offset voltage [nV]
|
8

|
[
®
(=4
T

_200 1 i 1 i 1 i 1 " 1 "
0.05 0.10 0.15 0.20 0.25 0.30

Iroap [A]

Figure 17. Variation of the comparator offset voltage with load current.

4. Measurement Results

Figure 18 shows a chip micrograph of the proposed dual-phase DPBB converter. The
chip is fabricated using a 1P6M 180-nm BCD process for performance verification. The chip
area is 5.897 mm? and the core area is 3.82 mm?. Two inductors of 2.2 uH (DCR = 140 m())
are used, and the size of both Cr and Cpoyr is 10 puF. The switching period of the system is
designed to be 1 MHz. Vo is regulated to 3.3 V, and the chip is measured while changing
Vin and Ioap-

1. Duty controller
2. Ramp generator
3. Zero-current detector
4. Digital logic
5. Vpp selector
Drivers

2437 ym

e ded A AL L LA LLL

b

|< 2420 ym
Figure 18. Chip micrograph.

Figure 19a shows the measured waveforms of the buck mode at Vjy = 4.2 V and
Iroap = 500 mA. The ripple of Vo is measured as 8 mV, excluding the switching noise
owing to the equivalent series resistance of Coyr. Figure 19b shows the steady-state
waveforms of the boost mode at Viy = 2.8 V and [;pap = 500 mA. In this case, the Voyr
ripple is measured as approximately 7 mV. Because ip;y of the proposed work is always
continuous with alternative i, and ic, the Voyr ripple is reduced under the similar operating
conditions when compared to that of the conventional works [5,9]. Figure 19¢ shows the
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ripple of Voyr and gate signals with D = 0.43. Figure 19d shows the total ipry with the
ripple of Voyr. The waveform of the total ipyy corresponds to 25% of the actual ipry under

the light-load condition.

(Vin=2.8V) & (I;04p =500 mA)

T |
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Figure 19. Measured steady-state waveforms: (a) buck mode at Vi =4.2 V and I} oap = 500 mA;
(b) boost mode at Vi = 2.8 V and I} pap = 500 mA; (¢) Vour ripple and gate signals at D = 0.43;
(d) total ipry with the Voyr ripple.

Figure 20 shows the load-transient response of the proposed work. As shown in
Figure 20a, [;pap is changed between 0.1 A and 1.701 A with Vjy = 4.2 V. The undershoot
of Vour is measured to be approximately 100 mV, and the settling time is measured to
be 160 ps. The overshoot is measured at approximately 100 mV with a settling time of
100 ps. Figure 20b shows the load-transient response with Vi = 2.8 V. As Vjy decreases,
the overall response deteriorates for similar I pap change. The topology in this work stores
the energy in the inductor during D, and this delays the energy transfer the input to Vour
under light-to-heavy load transition. Therefore, it has a right-half-plane zero due to indirect
energy transfer.

The measured power conversion efficiency of the proposed work is shown in Figure 21.
The efficiency is measured Vjy ranging from 2.8 V to 4.2 V for the Li-ion battery appli-
cations. The peak efficiency in the boost mode is measured to be 95.88% at Vjy =4.2'V
and I;pap = 800 mA. The peak efficiency in the buck mode is measured to be 93.08% at
Vin=3.1Vand I;pap = 800 mA. The proposed work is designed to a higher I; o4p range
exceeding 1 A; therefore, the sizes of the power switches are designed to be larger than
those of certain prior hybrid buck-boost converters. As shown in Figure 21, the lower the
Vin, the lower the conductivity of the power switches, and consequently, the lower the
efficiency. When Vjy decreases by 100 mV, the power conversion efficiency decreases by
approximately 2.1%. However, the proposed hybrid buck-boost converter maintains more
than 90% efficiency for I pap larger than 300 mA over all Vjy ranges.

https://doi.org/10.3390/ electronics15061304


https://doi.org/10.3390/electronics15061304

Electronics 2026, 15, 1304

17 of 24
(Vv=42V) & Vourr=3.3V)
1 FVou T 40 us -
- Vour 1 V| > 40 u
E 100 mV| 5
C o : T : 40 us -
1.701 A : ]
ILqAn k 1| 0.1A = 409 s
Vour 1 V|
T 40 us -
160 mV 3 .f
; I :.::--'H":“Jﬁ“““‘“ﬁi
- oA T152ps 7
100 mV| I
- . . 40 .
L : 1.65 A 1.65 A E
:‘ ILOAD 0.1A . tR= 300 ns : ILOAD | : ; 0.1 A tF= 400 [lSF;
4 L . d Lovoa bl d gl bvvnn b biv oo b L L d
(b)
Figure 20. Measurement load-transient response with (a) Viy =4.2 V and (b) Vjy =28 V.
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Figure 21. Measurement power conversion efficiency curves: (a) PCE versus Iy oap for different Viy;

(b) PCE with error bars.

Figure 21b shows the average efficiency with error bars derived from the results in
Figure 21a. The error bars represent the standard deviation of the efficiency obtained
under different input voltage conditions. The standard deviation remains around ~1% and
reaches a maximum of approximately 1.3% across the load range. This result indicates that
the efficiency variation with respect to the input voltage is relatively small, demonstrating
that the proposed converter maintains stable efficiency over the wide input voltage range.
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By comparing the measured PCE (power conversion efficiency) and the post-layout sim-
ulation results at room temperature (25 °C), the two results exhibit a similar trend. Although
a larger deviation appears in the light-load region, the difference is around 1% in the normal
load region. Based on this observation, the temperature-dependent PCE characteristics from
0 °C to 100 °C are analyzed through post-layout simulation in this work.

Figure 22 shows the temperature-dependent power conversion efficiency character-
istics of the proposed converter. Figure 22a illustrates the PCE curves with respect to
load current at five different temperatures. As the temperature increases, the PCE slightly
changes due to the temperature-dependent characteristics of the power devices and passive
components. Figure 22b presents the average PCE with error bars derived from the results
in Figure 22a. The error bars indicate the standard deviation of the PCE across the different
temperature conditions, while the solid line represents the mean value.

98
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Figure 22. Simulation results of temperature-dependent power conversion efficiency curves: (a) PCE
versus I oap for different temperature; (b) PCE with error bars.

Table 2 presents a performance summary of the proposed work with a comparison
to the state-of-the-art hybrid buck-boost converters. When compared to that in [7], the
proposed work is designed with the same topology as that of the power stage. However,
the proposed work is configured with dual phases to drive a wider range of I; oap. As a
result, smaller i, ripples and Voyrt ripples are obtained with four operating phases per
cycle. In addition, several hybrid buck-boost converters reported in [29-31] are included
in Table 2 to provide a broader performance comparison. The comparison results indicate
that the proposed work achieves competitive efficiency compared with the prior works.

Furthermore, the load-transient response of the proposed structure is compared with
the prior work in [7]. The proposed structure is capable of delivering a significantly larger
load current. Specifically, the proposed structure achieves a current density of 0.68 A/mm?,
which is higher than 0.32 A/ mm? reported in [7], indicating a stronger load driving
capability per unit area. In terms of load-transient performance, the proposed structure
also demonstrates competitive dynamic characteristics. The proposed structure achieves
a TsprTLE (settling time) of 160 ps for a load step of 1.6 A, whereas [7] reports a TspTTLE
of 150 ps for a load step of 0.45 A. When compared with the converters in [29-31], the
proposed converter also demonstrates higher current density, implying improved load
driving capability per unit chip area. Despite experiencing approximately more than three
times larger load step, the proposed structure maintains a comparable TsprTLE to that of [7].
These results verify that the proposed structure provides fast and stable load-transient
response even under large load current variations.
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Table 2. Performance comparison with prior hybrid buck-boost converters.
. ISCAS21  SOVC’21 SSC21  ISSCC'20 $SC'23 $SC'24
This Work 4] 7] TPE’22 [9] J [11] [13] J [29] TPE’23 [30] J [31]
Technol 180-nm 180-nm 180-nm 180-nm 0.5-um 90-nm 180-nm 180-nm 180-nm
cehnology BCD BCD BCD BCD CMOS * CMOS BCD BCD BCD
. Dual-path
Topolo Dual-path SWlLt_C(}; ed- Dual-path buck ;rv};fti e}; Three-level ~ Dual-path Dual-path Dual-path
pology buck-boost buck-boost  /switched- buck-boost  buck-boost  buck-boost  buck-boost
buck-boost buck-boost
L-C boost
# of phase 2 1 1 4 1 1 1 1 1
# of modes 1 3 1 2 2 3 1 1 1
Vin [V] 2.8-4.2 2.5 2.8-4.2 1.2 9-45 2.8-5 2.9-4.2 2.7-4.2 2.7-4.2
Vour VI 3.3 14-5 3.3 0.7-2.0 24 0.4-9 33 34 34
lLoap 0.1-1.8 0.3-15 0.2-1 0.08-2 0.3-2 0-1 0.2-1 0.02-0.7 0-1
range [A]
L [uH] 2x22 4.7 4.7 4 x 0.0047 12,047 2.2 4.7 4.7 4.7
Cr [uF] 2x10 10 10 4 x0.1 22 10 2 x 10 10 2 x 10
Cour [1F] 10 10 10 0.05 20 47 47 10 10
fow [MHz] 1 1 1 25 2 0.8-3 1,15 1 1
L Yes No Yes Yes Yes Yes Yes Yes Yes
reduction
Cont[llr;]uous Yes Yes Yes No No No Yes Yes Yes
DCM Yes No No Yes No No No No No
operation
Active area 2.63 415 3.14 2.59 11 3.38 37 1.25 22
(mm ) *%
Current
density 0.68 0.36 0.32 0.77 1.82 0.29 027 0.56 045
(A/mm~)
TSETTLE
[ls] 160 @ 1.6 N.A 150@045 03@138 N.A N.A N.A N.A nal
@ Al oD
[A]
o fflijceiZflc 95.88% 92.87% 96.6% 89.49% 97.6% 96.8% 93.8% 95.63% 95.5%
(DCR of z,) (140 mQY) (250 mQ)) (N.A) (60 mQ) (N.A) (N.A) (175 mQ)) (288 mQ) (250 mQY)

* Driving circuit for GaN switches ** Estimated from die micrograph *** Current Density = Max. I} oap/ Active Area.

The prior hybrid buck-boost converters require more than two operating modes for
the buck and the boost modes. However, the proposed work has only one switching
operation, and the operating mode is determined by only D to address the mode tran-
sition issues. Most hybrid buck-boost converters have a continuous ipry, but Ijy is not
continuous. Therefore, they have a dip in the power efficiency with the bondwire parasitic
inductance [32]. However, both I;y and ip;y of the proposed work are continuous; therefore,
the input capacitor could be smaller than in the prior works. Moreover, as the average i
level is reduced with the dual-path strategy, the efficiency is improved by reducing the
conduction loss owing to DCR. The maximum power conversion efficiency is measured to
be 95.88% with 140 mQ) of DCR.

When compared to the prior work in [7], the switching loss of the proposed work
can be slightly larger, because the proposed operation causes more switching operations.
However, it is expected that the conduction loss due to if ;s is smaller because Aip is
smaller. In addition, comparable efficiency is expected with a small-sized inductor [33].
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5. Conclusions

In this paper, a dual-phase dual-path hybrid buck-boost converter with an offset-
controlled zero-current detector was presented for Li-ion battery applications. The pro-
posed DPBB switching scheme enables seamless buck and boost operation using a single
duty-cycle control, while the dual-phase architecture reduces conduction loss and improves
current handling capability. In addition, the offset-controlled ZCD compensates for the
propagation delay of control signals, effectively suppressing reverse current and supporting
reliable DCM operation. As a result, the proposed converter achieves reduced inductor
current ripple, lower conduction loss, and improved output voltage regulation.

The prototype was implemented in a 180-nm CMOS process and demonstrated peak
efficiencies of 95.88% and 93.08% in the buck and boost modes, respectively, with an
inductor DCR of 140 mQ). A detailed EMI evaluation was not included in this work,
since accurate EMI characterization requires a dedicated PCB-level implementation and
standardized measurement setup. Such evaluation is strongly influenced by package
parasitics and board layout rather than the intrinsic IC-level circuit topology.

The proposed converter employs a dual-phase architecture in which two power stages
operate in parallel. Ideally, the currents of the two phases should be balanced. However,
in the prototype implemented in this work, a dedicated current-balancing technique is
not employed, and therefore current imbalances between the two phases may occur. In
particular, if the voltages of the two Cgs are not perfectly matched, a mismatch between the
inductor currents I}, o and I g of the two power stages can arise.

Figure 23 shows the simulation results of the inductor current mismatch caused by the
voltage imbalance between the two flying capacitors. As I} oap increases from 100 mA to
1.3 A, the maximum difference between the two average I o and I p is calculated to be
38.9 mA when the voltage mismatch reaches 57 mV.

(Vix =42 V)|| (Vour=33 V) || (Cr = 10 uF)

3.42 40
3.39 - _ 20
—_—! |
2. 3.36 - 5
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= 333+ =
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Load current [A]

Figure 23. Current mismatch due to the voltage imbalance between two Crs.

In practical implementations, the capacitor and inductance values of the two power
stages may not be perfectly identical. To investigate the impact of such component mis-
matches, parametric simulations were performed by varying the Cr and inductance values.
Figure 24a,b shows the variations in the Voyr ripple and the inductor currents of each
phase due to the mismatch of Cr and inductance, respectively. As shown in Figure 24a,
when the capacitance varies by £10%, the Voyrt ripple changes by up to 1 mV (1.53%). In
the case of inductance variation, the Voyr ripple changes up to 1.03 mV (1.34%) with an
inductance variation of £10%, as shown in Figure 24b.
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Figure 24. Transient waveforms with current mismatch in (a) conventional multiphase and
(b) proposed dual-phase buck-boost converters.

Future work may focus on addressing the limitations discussed above. For example, a
current-balancing technique that senses the voltages of the two flying capacitors and com-
pensates for their voltage difference could be introduced to mitigate the current imbalance
which occurs in the dual-phase architecture. Such an approach could help maintain better
current balance between the two phases and further improve the overall performance of
the dual-phase converter.
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Symbols

The following symbols are used in this manuscript:
ViNn Input voltage

Vour Output voltage

In Input current

iDLV Output delivery current

iL Inductor current

Cr Flying capacitor

I oaD Load current

ic Capacitor current

Tck Clock cycle

Pcp Conduction loss

Dq Switching phase 1

D, Switching phase 2

D3 Switching phase 3

Mpropr Conversion ratio of the proposed method
I Average value of inductor current

Icq Capacitor current during &4

Cour Output capacitor

Pcp,prop Conduction loss of the proposed method
Ron On-resistance of each power switch

Rpc DCR of the inductor

fcx Clock frequency

icq Capacitor current during &4

T Time constant

i3 Inductor current during @3

ic1,pp Peak-to-peak of ic ;

ic1,ppmorm  Normalized capacitor current ripple
VERR Error voltage

Psw Switching loss

Ves Voltage at the bottom node of the flying capacitor
Vos Offset voltage

My Positive-input transistor of the comparator
Mos Offset injecting transistor

VerrL Control voltage of Mog

TSETTLE Settling time

I, rms RMS inductor current

It A Inductor current of 0° stage

ILB Inductor current of 180° stage
Abbreviations

The following abbreviations are used in this manuscript:

DPBB Dual-phase hybrid buck-boost
DCR DC resistance

DCM Discontinuous conduction mode
ZCD Zero-current detector

D Duty cycle

PCE Power conversion efficiency
EMI Electromagnetic interference
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