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High-Efficiency Hybrid Dual-Path Step-Up DC-DC
Converter With Continuous Output-Current Delivery
for Low Output Voltage Ripple

Se-Un Shin¥, Member, IEEE, Sung-Wan Hong

and Gyu-Hyeong Cho

Abstract—This article proposes a new boost converter topology
called dual-path step-up dc—dc converter (DPUC). Unlike the con-
ventional boost converter (CBC), the DPUC has a hybrid structure
using one inductor and one flying capacitor to make dual current
delivery paths. This allows continuous current delivering to the
output, reducing both the dc level of the inductor current and
the output voltage ripple. Therefore, the DPUC has higher effi-
ciency and smaller output voltage ripple than those of the CBC.
In addition, the feedforward characteristic of the flying capacitor
can alleviate the effect of right-half-plane zero that degrades the
transient response. Even with the inductor dc resistance of 200 mg?2,
the DPUC achieves a high efficiency of 95.2% and a small ripple of
up to 15 mV.

Index Terms—Boost converter, dc resistance (DCR), dual-path
step-up dc—dc converter (DPUC), output delivery current, output
voltage ripple, right-half-plane zero (RHP-zero).

1. INTRODUCTION

N RECENT years, as the use of mobile devices with a high

functionality increases, a longer battery time is highly desired
[1]-[4]. Accordingly, the power management integrated circuit
(PMIC) with high efficiency is in the spotlight. As shown in
Fig. 1, the PMIC transfers the power from the battery to the
loading blocks while converting the battery voltage to the adopt-
able supply voltages for the loads. Since many high-performance
loading blocks are required in the mobile devices, the PMIC
should support a large load current (I,0ADp), so-called, a heavy
load condition. In the PMIC, the switched-mode power supplies,
such as the buck and boost converters are generally used because
these converters have lower power losses than any other PMICs
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Fig. 1. Conceptual architecture and issues of PMICs in heavy load condition.

under heavy load condition [5]. However, there are two critical
issues in industrial applications when the converters operate
under heavy load condition. First, since a number of small
inductors, which have a relatively large parasitic dc resistance
(Rpcr), should be used in the mobile devices, the conduction
loss (Ppcr) dissipated at the Rpcg significantly degrades the
efficiency that leads to the serious heat problem. This Ppcr i
given by

. 2 2 A'L'LQ
Pocr = ir,rms Bpocr = | I1” + 5 Rpcr (1)

where i, yms, 11, and Aiy, are the root-mean-square value, the
dc component, and the ripple of the i1, respectively. To reduce
the Ppcr, the easiest solution is using a bulky-size inductor
having a small Rpcr. However, the bulky-size inductor is not
preferred due to the strict size limitation of the mobile device.
Therefore, reducing the i1, ,.m¢ can be considered as the alternate
solution for high efficiency.

The other issue is the large output ripple voltage Avo with
switching noise Avswn that degrades the performance of the
loading block [7], [8]. To reduce both Avp and Avswn, a large
output capacitor with a small effective series resistor Rggg or an
additional large buffering capacitor are required on the printed
circuit board (PCB) or inside the chip. However, it increases
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the manufacturing cost, which is also not preferred in industry
applications.

These issues are considered critical in the conventional boost
converter (CBC), as shown in Fig. 2, which is used to increase the
supply voltage in a variety of applications, such as light-emitting
diode drivers and liquid crystal display bias circuits [9]-[11],
[20]-[23]. Unlike the charge pump that has the complex switch-
ing network for various configurations [17]-[19], the CBC has
a simple topology, which consists of one inductor (L), one
output capacitor (Cp), and two power switches (S; and S2).
The CBC operates on two phases, ®; and $5. In $1, S; turns
ON and Sy turns OFF to build up the 7. Conversely, in ®o,
S, turns OFF and S5 turns ON to transfer the ¢;, to the output.
In this operation, the CBC transfers the 7, to the output only
during ®,; thus, the output delivery current 7 p is not continuous.
Because of the discontinuous 7 p, the aforementioned issues with
large Ppcr, Avo, and Avgwn become more severe especially
under the heavy load condition. In addition, another issue of the
right-half-plane (RHP) zero degrades the performance of the
CBC. These issues are explained in detail as follows.

A. Large Inductor Current

Since the average value of ¢ p must be equal to the It,0ap, the
I, becomes larger than the I1,oap as ®; increases. To derive the
It in CBC I cpc, the charge balance to the currents flowing
through Cy is applied. The I, cpc is expressed as follows:

D (—Iroap) + (1 —D)(Ir,ceec — ILoap) =0 ()
1
1-D
where D and M are the duty cycle and the voltage conversion
ratio of CBC, which is the dc output voltage V5 over the dc input
voltage Vi, respectively. In the CBC, Mcpc is 1/(1-D). Equa-

tion (3) shows that I, cgc becomes Mcpc times larger than
the It,0ap. Accordingly, when this large 17, cgc flows through

IpcBc = Itoap = Mcpclioan(D = ®1/Ts) (3)

Operation and timing diagram of the conventional dc—dc boost converter.
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the small L having a large Rpcr, it could cause significant
conduction loss Ppcr. This not only lowers the efficiency but
also causes the thermal problem in the device.

B. Large Output Voltage Ripple

As shown in Fig. 2, since the 7y, is transferred to the output
only during ®5, the ¢p changes abruptly at the beginning and
end of the ®5. Due to this large discontinuity of the ip, the
CBC has a very large output voltage ripple Avp cpc compared
with the buck converter that continuously transfers the i, to the
output [24]-[26]. Therefore, the bulky size Cp with small Rggg,
which are not preferred in the industry, is required to minimize
Avo,cBC-

C. Large Switching Noise

In addition, the large discontinuity of ¢p causes a large
voltage spike (Avswn) due to the parasitic inductance (Lgsy,)
component that is connected to the output capacitor in series.
This Avgwn is given by

dip (t)
dt
Since the dip(t)/dt is significantly large due to the disconti-

nuity of the i p, the Avgwn becomes also large, which degrades
the performance of the loading block.

“)

AvgwN = Lgsr,

D. RHP-Zero

On the other hand, it is well known that the CBC has an
RHP-zero effect that worsens the transient response [15]. This is
because a temporarily opposite reaction occurs at the i p when an
I,0ap changes. The RHP-zero of CBC (w;, cBc) is expressed
as

(1-D)’R R
L ~ Mepc’L

®)

Wyp, CBC =
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Fig. 4. Conceptual structure of the dual-path dc—dc converter.

where R is the output load resistance. From (5), since this
RHP-zero is located at the low frequency under the heavy load
condition with a large conversion ratio, we cannot ignore the
effect of RHP-zero and have to consider it in the controller
design.

There have been various attempts using the additional passive
components to solve the issues noted above. In Fig. 3(a), a
multilevel converter using the additional flying capacitor can
reduce both Aiy, and Avp due to the reduced amplitude of the
switching node voltage with an effectively increased switching
frequency [12], [13]. However, even though Ai;, decreases, the
effect of reducing ¢y, ms 1S negligible under the heavy load
condition because the I, is dominant in the iz, ;,s. Moreover,
since the current is still delivered to the output discontinuously,
the Avg is not much decreased. Also, the complex controller for
regulating the voltage across the flying capacitor should be ad-
ditionally used [12]. On the other hand, an interleaved converter
with additional inductors can reduce the I, flowing through
each inductor, which eventually reduces the Ppcr, as shown in
Fig. 3(b). However, it requires additional inductors that are larger
in size and higher in cost than the other passive components
[14], [15]. Moreover, the current delivered to the output would
be discontinuous, and an additional current balancing technique
is required for each inductor.

To solve these issues in the heavy load condition with the
small-size inductor, this article, an expanded version of the
article presented in [16], proposes a new topology named a dual-
path step-up dc—dc converter (DPUC). This article additionally
includes the conduction loss analysis, the small-signal analysis
for transfer function in different modes, and the detailed circuit
description for the controller and gate drivers to fully analyze
and characterize the proposed DPUC. As shown in Fig. 4,
without adopting the interleaved structure that requires a com-
plex balancing controller and additional inductors, the dual-path
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topology has two paths for the current with a hybrid structure
using an inductor (L-path) and a flying capacitor (C-path), which
makes the 77, low. Since the series parasitic resistance of the
flying capacitor Resr,  is generally much smaller than Rpcr,
the conduction loss dissipated at C-path is also much smaller
than that of the L-path. Owing to the lowered 7, by C-path, the
Ppcr could decrease even when a larger Rpcr is adopted than
that used in the CBC. In addition, Avg can be reduced owing to
the continuous output delivery current ¢p. Thus, the proposed
DPUC can achieve better performance in heavy load conditions
with the small-size inductor.

The rest of the article is organized as follows. In Section II,
the concept of the proposed boost converter with the dual path
is explained and analyzed. The controller implementation for
the proposed boost converter is described in Section III. Mea-
surement results and performance comparisons are presented in
Section IV. Finally, a brief conclusion is provided in Section V.

II. PROPOSED DUAL-PATH STEP-UP CONVERTER
A. Proposed Topology

The DPUC consists of one inductor (L), an output capacitor
(Co), a flying capacitor (Cr), and five power switches (S1—
S5), as shown in Fig. 5. In @4, S is turned ON to build up 7.
Simultaneously, S5 and S5 are turned ON and C'r is connected in
series with Co to form the C-path. Then, the energy is transferred
to the output through C'r even though 4y, is not delivered to
the output during this period. In @5, Ss and Sy are turned ON.
Accordingly, L and C'r are connected in series to form an L-path.
Thus, 77, can be delivered to the output through C'r. By repeating
@, and @-, the ip of the DPUC can deliver the current to the
output all the time.

The conversion ratio of the DPUC (Mppyc) is expressed by
the voltage-second balance on the inductor as follows:

DVix + (1 = D) (2Vix — 2Vo) = 0 ©)
2—D
Mppuyc = m7 (0<D<1). @)

In (7), since the duty cycle D varies from 0 to 1, Mppyc can
vary ideally from 1 to infinity. The range of the conversion ratio
of the DPUC is the same as that of the CBC. Therefore, unlike
the switched capacitor converter, which has the limitation of
conversion ratio, the DPUC has a step-up characteristic without
the limitation of the conversion ratio.

B. Reduced Inductor Current

The noted point of the operation in the DPUC is the current
of C-path (i¢, 41), which is a part of the flying capacitor current
ic in @1, it is defined as

ice1=IToe ™ 8)

where 7 is the time constant composed of both resistance and
capacitance including C'r in the C-path. The charge balance of
the Cr defines the coefficient I, of (8). In other words, both
the average values of i¢ 41 in C-path and ic 42, which is the
L-path current in @2, should be the same in steady state, which
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is expressed as follows:

DTs Ts
/ ican (t)dt = / I

0 DTg

DTs .
/ Ioe_?dt = (1 — D)ILTS
0

(1-D)I.Ts
Ip=—"—7—. 9
07 7(1— e DTs/7) ©
Substituting (9) into (8), ic,¢1 is given by
1—D)I.T ¢
1= DILTs -t (10)

lc,e1 = 7_(1 _ e—DTs/T)

As shown in (10), it can be noted that i 41 depends on the
time constant 7. If 7 is very small, the C-path of DPUC operates
similar to the charge pump, which has a large peak current due
to charge sharing [19]. However, since the goal of the C-path
is making continuous % p, it is preferred to adopt a large 7 for
holding the dc current. Therefore, the large C'r is required for
the large 7.

However, since the capacitance is related to the volume, it is
important to choose an optimum capacitance of C'r. Fig. 6 shows
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Fig. 7. Waveforms of the proposed dual-path dc—dc step-up converter.

the effectof Tinic 1 as simulation results. As mentioned above,
since ic,41 depends on C'p, when the value of C'r is low, ¢ ¢1
has the large peak at the start and converses to zero current at the
end. However, the larger Cr is selected, the smaller the ripple
of ic 1 and it holds dc current even at the end of the phase.
On the other hand, when the large C'r over an optimum value
is used, the effect of reducing the ripple of ic 4 is getting low.
Therefore, in this article, we chose 10 uF as the optimum value
of C F-

Fig. 7 shows the waveforms of the DPUC to explain its
advantages visually. In terms of i, the C-path of the DPUC
reduces the ¢, because this path makes the ¢, continuous.

From the charge balance of the C', the relationship between
the average value of the ic 41 (I, 41) and the dc value of the i,
in the DPUC (I, ppuc) is expressed as

1-D
D

Ic.e1 = It pruC. (11)
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Using (11), the charge balance of C5 is considered as follows:

D (Ic¢,.e1 — Iuoap) — (1 = D) (I, ppuc — ILoap) =0
(12)

1
Ir0ap = <MDPUC — > I1.0aD-

I -
L.DPUC = 5 D)
(13)

—-2D

Asshownin (13), I, ppuc isreduced to (Mppuc-1/2) I,oap
lower than I, cpc, whichis Mcgc I1oap at the same operating
condition. Using these results, the conduction loss of the CBC
(Pcond,cBc) and the conduction loss of the DPUC (Pgond, DPUC)
with the same conversion ratio (M) are compared as follows:

Peond,cBc = M*Ioan?(Rox + Rpcr) (14)

Peonappuc = (M —0.5)*ILoap? (DRON +2(1 - D)Ron

1—D)?
+ 2¥RON + RDCR)
D
2M — 2
_ _ 2 2 o
= (M 0.5) It.oaD <2RON S0 = 1RON
+ 1 Ron + R (15)
@M — DM — 1) ON DCR | -

In this analysis, the ripple of the current is ignored because the
dc component of the current is dominant to the conduction loss
under the heavy load condition. In addition, the ON-resistance
of switches is equal to Ron for the simple analysis.

In Fig. 8, the conduction loss is compared with a normalized
conduction loss divided by Ir,0 AD2Ron. In the case that Rpcog
is equal to Ron, Fig. 8(a) shows that the conduction loss of the
DPUC is lower than that of the CBC from when the conversion
ratio M is higher than 1.2. Also, as the larger the Rpcr is used,
such as four times Ry, the greater the difference in conduction
losses between the DPUC and CBC is caused, as shown in
Fig. 8(b).

Intuitively, the conduction loss is proportional to the resis-
tance and the square of the current. Therefore, the conduction
loss is more sensitive to the current level than the resistance of
the switch. Since the DPUC has two current paths to reduce the
current level flowing through each path, which is the key point
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of the DPUC, its conduction loss can be less than that of the
CBC even though DPUC has more power switches, leading to
higher efficiency than the CBC in heavy load conditions.

C. Reducing Output Voltage Ripple and Switching Noise

The continuous ip reduces the output voltage ripple of
the DPUC Avp ppuc. In Fig. 9, the simulation result shows
the comparison of Avp without Avgwyn at Vi = 2.5V,
Vo =45 V, ILOAD = 500 mA, CO =10 /j,F, TS = 1,us, and
Resr = 30 mS). Under this operating condition, Avp cpc is
42 mV, while Avp ppyc is 10 mV. Also, since the dip/dt of
the DPUC is significantly smaller than the dip /dt of the CBC
owing to the continuous ip, we can expect that the Avgwn
generated by Lggr, is greatly reduced.

D. Derivation of Transfer Function

The state-space averaging method is used to obtain the steady-
state value and the small-signal models of the DPUC. Based on
the two-phase operation of the DPUC in Fig. 5, three equations
can be obtained according to the current and voltage relation-
ships of the energy storing elements. In @4

dvo(t) - ’UIN(t) — Up(t) - ’Uo(t) . Uo(t) (16)
dt N TFCO RCO
dvp(t) o ”UIN(t) — ’Up(t) — ’Uo(t)
dt rrCo {17
di 1
Zflt(“ = Zun() (18)

where vin, vF, and rp are the input voltage, the voltage across
the C'r, and the parasitic resistance of the C-path including
both Rgggr of the C'r and ON-resistance of the power switches,

respectively.
To represent in matrix form, two vectors are identified as
Vo(1)
State vector: © = |vp(t)| and input vector: u = [vin (¢)].
ir(t)

Equations (16)—(18) can be written as

Spl £E=A1.Z‘+ Blu (19)
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TABLE I

MATRICES FOR STATE-SPACE EQUATIONS
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Matrices for —(1/RC,+1/1.C,) —1/r,.C, O -1/RC, 0 1/C, 1/r.C, 0
State A, = -1/7,C, ~1/7.C. 0|, 4,=| 0 0 -1/C,|,B,=|1/r.C, |,B,=| 0
Equation 0 0 0 /L 0 -r/L 1/L 1/L
2(-2+D)DR (2-D)
Steadv-Stat v 7 *4(1*D)D2R : 2(1-D) " My,
caty-sate Xy =| Ve |= MVIV D Vi |=| A=M)V  |uy=[Vy]
Value ro+41-D)DR " |, .| 20-D) " ! !
I, ! (M =0.5)1
(=2+D)D @-D)
(1-D)(-r. —4(1—D)DR) " 41-Dy’R ™
-(/RC,+D/r,C,) -D/r.C, (1-D)/C, D/rC,
A=DA,+(1-D)A, = -D/r.C, -D/r.C, —(1-D)/C, |,B=DB,+(1-D)B,=|D/r.C,
—(1-D)/L (-D)/L —(1-Dyr, /L 1/L
Matrlces. (<24 D)(~14+2D)
Calcglate.d in o1+ D), +4(1-D)DR) ™
Derivation (-2+D)
E=(A4,-A4,)x,+(B,-B,)u, = Vix
C,(~1+D)(r, +4(1-D)DR) "
1
a-pyL "™
where given by
[—(1/RCo +1/rpCo) —1/rpCo 0 vo(s)
Guapruc(s) = =
A = —1/rrCo ~1/rrCo 0 (8) |aco.rrmo
I 0 0 0 B (4(1 — D)’R — (2 — D)Ls)Vin
[1/reCo 2(1 — D)*(4(1 — D)’R + Ls + (Co + Cp)LRs?)’
(23)
Bl = ]./T’FCF
The important parameters of G4 ppuc(s), such as low fre-
1/L ' ,
L quency gain G4o,ppuc, the double pole frequency wo ppuc,

and & are the derivative matrices of z. According to the above
method, the state equation in @s can also be derived as follows
(all the matrices including both A 2 and B2 are listed in Table I):

Py : = Axx + Bsru. (20)

Using (19) and (20), the averaged state-space equation can be
derived as

i = (DAy+ (1—D)As)z + (DB + (1 — D)Bs)

= Az + Bu. 21)

By applying the perturbation analysis [6], the state equation
of the small-signal ac model is obtained

i=Ai+ Bi+Ed (22)

where E = (A1—As)xo + (B; — B2)ug and perturbed
quantities are the hatted letters, e.g., d is the perturbed quantity
of D, and x( and ug are the steady-state values of two vectors
x,w in Table L.

To easily derive a transfer function G,q,ppuc(s) from duty
D to the output voltage of the DPUC, the above state-space
equation can be approximated as the second-order transfer func-

tion form while assuming 7 is negligible. The G4 ppuc(s) is

quality factor Oppuc, and RHP-zero frequency w.,, ppuc, can
be obtained from (23)

Vin (2M —1)*Vin
G = = 24
d0,DPUC 21— D) 5 (24)
y _ 2(1-D)
0,DPUC L(CF T CO)
- 2 25)
(2M —1)\/L(Cr + Co)
Cr+Co)R
Qppue = 2(1— D) %
_ 2 (Cr+Co)R
oM —1 L (26)
_4(1-D)’R _ 2R
W DPUC = (o T MM —Dp 2D

It is noticeable that both double pole and RHP-zero are higher
than those of the CBC [6]. To compare the simplified model
Gua,ppuc(s) with the transfer function G,4,cgc(s) from duty
D to the output voltage in the CBC, the frequency responses are
simulated at the given operating point (Viy =2.8 V,Vp = 4.2V,
R=70,L=47uH,Cr = Co =10 uF,rr = 0.1Q,and Ron
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is ignored), as shown in Fig. 10. From this figure, we can verify
the simplified model G4, ppuc(s) and identify that the DPUC
has two times higher RHP-zero than that of the CBC. Therefore,
the DPUC could have a better transient response and an easier
compensation than the CBC.

E. Discontinuous Conduction Mode (DCM)

Moreover, even in the DCM, since the two current paths with
C-path and L-path exist the same as the continuous conduction
mode (CCM), the DPUC can maintain the advantage that the
current can be delivered to the output during the build-up time
of the iy. Therefore, as shown in Fig. 11, the DPUC in DCM
also reduces the peak of the ¢p and increases the efficiency.

III. CONTROLLER IMPLEMENTATION

Fig. 12 shows the top structure of the DPUC. The DPUC
adopts the conventional peak current mode controller [6] by
sensing the ¢, that flows through S;. Among the implemented
blocks, we will discuss several important blocks in this section.

A. Three-Phase Mode Operation

1) Reduced Peak of Capacitor Current: The DPUC basically
operates on the two-phase mode in the time domain with @; and
@-, as explained in Fig. 5. In the two-phase mode operation, the
Ic,®1 is determined by the duration of @; due to the charge
balance of C'r. When @, is shorter, /¢ o1 becomes higher,
which increases the rms current reducing overall efficiency and
increasing Avg. To maintain /¢ 1 low even though the @ is
very short, we insert the intermediate phase, @3, between @,
and @, as shown in Fig. 13. This is just an insertion of the
operation phase in the time domain. There is no requirement
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Fig. 14. Reduced peak of ¢ and i p in three-phase mode.

of the additional switches or passive components for this three-
phase mode. Moreover, since all switches are turned ON and
OFF once in a single period, the three-phase mode does not have
additional switching losses compared with the two-phase mode.
In &3, switches Ss, S3, and S5 are turned ON at the same time
to combine the L-path and the C-path so that the current can be
delivered to the output (L + C path). As shown in Fig. 14, if
the charging time of the capacitor is the same as the discharging
time of the capacitor when @ is short, I 41 can be maintained
as Iy, based on (11). In other words, if @1 + @3 = 0.5 T'g, both
the forward current and the reverse current flow through Cr
during 0.5 T’s. This means that the /¢ 31 does not become high
even though @ is very short in the three-phase mode. Therefore,
this three-phase mode reduces the rms current. The conduction
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loss of the DPUC in the three-phase mode (Peona,pPUcC 3P) 18
expressed as follows:

M2
Peonda,ppPUc 3p = (15> Ioap®(4 — 3D + Rpcr)

M
I
(Y o

- 0~5> Ron + RDCR:| .
(28)

1.
[ MDPUC

From (28), Peona,ppuc_sp is compared with Peo,q,cBC and
Peona,ppuc of the two-phase mode DPUC for two cases of
Rpcr = Ron and Rpcr = 4Ron, as shown in Fig. 15(a) and
(b), respectively. Owing to the three-phase mode operation, the
Peonda,pPuc_sp can be reduced even when the conversion ratio
M is low.

The phase mode selector, which operates with a simple algo-
rithm, as shown in Fig. 16, automatically adjust the operation
mode by comparing ®; and 0.5 T's.

2) Reduced Output Voltage Ripple: Owing to the three-phase
mode operation, the reduced /¢ 41 maintains Avo smaller than
Avo _cpe even in low M condition. In Fig. 17, the simulation
result shows the comparison of Avp without Avgwy at Vin =
4 V, VO =45 V, I[LOAD = 500 IIlA, Co =10 ,uF, TS =1 S,
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Fig. 17.  Simulation results of A'UO,CBCy A'UO,DPUC7 and AUO,DPUC?BP
on the same operating condition.
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=14mV/

t

and Rggr = 30 m§2. Under this operating condition, Avo ppuc,
whichis the Avg of the two-phase mode, is larger than Avo cc
because of short @1, while Avp of three-phase mode DPUC
Awvo ppuc_sp issmaller than those of any other cases. Likewise,
since the dip /dt of the three-phase mode DPUC is smaller than
those of both two-phase DPUC and CBC in low M condition,
the Avgwny of the three-phase DPUC generated by Lggy, is also
smaller than others.

The three-phase mode DPUC can also achieve better per-
formance in low conversion ratio conditions than the two-phase
DPUC, which has low performance, such as large output voltage
ripple and conduction loss.

3) Derivation of Transfer Function in Three-Phase Mode: In
the three-phase mode, the small-signal model is different from
the two-phase mode. The state-space averaging method is used
to obtain the steady-state value and small-signal models of the
three-phase mode DPUC. The three-phase state equation of the
DPUC can be derived by inserting ®3 to the two-phase state
equation of the DPUC as follows (all the matrices for the three-

phase mode DPUC are listed in Table II):
@3 = A3J} + B3u. (29)

Since the number of the state is three and the duty of @5 (D2)
is 0.5T'5 (0.5), the averaged state-space equation can be derived
as

T = (DAl + (05 — D)A3 + 05A2)17
4 (DB1 + (0.5 — D)By + 0.5Ba)u

= Az + Bu. (30)
Applying the perturbation analysis
i=Ai+ Biu+ Ed 31

where E = (Al — Ag)l‘o + (Bl — B3)U0.

To easily derive a transfer function G,q ppuc_3p(s) from
duty D to the output voltage of the three-phase mode DPUC, the
above equation can be approximated as the second order transfer
function form as follows:

Gua,ppuc 3p(s)

u=0,rp=0

) 24Vin(R ~ 555729) (32)
(1.5 — D)’R+ Ls + (Co + Cp)LRs?)
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TABLE II
MATRICES FOR THE STATE-SPACE EQUATIONS OF THE THREE-PHASE MODE DPUC
Matrices ~(1/RC, +1/7,C,) —1/r,C, 0 ~1/RC, 0 1/C, ~1(1/RC,+1/1,C,) —-1/1,C, 1/C, 1/r,.C, 0 1/r,C,
for State | A= ~1/r,C, “1/rC, 0. A= 0 0 -1/C, |, 4= “1/1,C, “1/rC, 0 |.B,=|1/rC,|.B,=| 0 |.B,=|1/r,C,
Equation 0 0 0 VL 0 -r/L “1/L 0 0 1L /L 1L
33-2D)RV}y 3,
p 4r, +(3-2D)’'R 32D ™ M
- o IN
Steady o<l 1y 2| 2Vu@rG=20DR) | | 2D | D
State 0 F 4rF T (3 — ZD)Z R o) 3-2D IN IN [2%0 IN
Value L 6 M,
6y ——Vy 3 Lo
4r. +(3-2D)’R) (3-2D)°R
—~(1/25,Co+1/RC,) -1/2r,C, (1-D)/C, 1/2r,.C,
A=DA, +(0.5-D)A, +0.54, = -1/2r,C, -1/2r,C,  -1/2C, |,B=DB,+(0.5-D)B,+B,=|1/2r,C,
Matrices -1-D)/L 1/2L —r, /2L 1/L
Calcplated - v,
m C,(4r+(3-2D)*R)
Derivation E =(A, - A)x,+(B, - B)u, = 0
3(3-2D)RV,,
4r,L+(3-2D)’LR
Important parameters of G,qppuc sp(s), such as low
. i - & [ Wocac=20kHz ] [ wopuc=26kHz }
frequency gain Ggoppruc_sp, the double pole frequency %‘ HHHHTHF— E o e et P Y i
3 B | i I ! 1
wo,ppUC_3p, quality factor QDPUC_g p, and RHP-zero fre- % f
quency w.p, ppUC_3Pp, are obtained as follows: S 0] o s
‘ ==

24Vix 32
G = N 2y 33
d0,DPUC_3P (15— D) 3 IN (33)
.  (15-D)
0,DPUC_3P —L(CF o)
= ’ (34)
2M+\/L(Cr + Co)
Cr+Co)R
Qpruc_sp = (1.5 — D) %
_ 3 [([Cr+Co)R
oM L (3
(1.5—-DYR 9 R
Wzp,DPUC_3P = 7 = 1L (36)

From (5), (27), and (36), we can identify that the RHP-zero
of the three-phase DPUC w, ppuc_sp is higher than those of
both CBC and two-phase mode DPUC. To verify this simplified
model G4 ppuc_3p(s) of the DPUC and comparing with both
Guapruc(s) and Gygcpc(s), the frequency responses are
simulated at a given operating point (Vixn =4V, Vo = 4.5V, R
=7 Q, L=47 ,LLH, OF = CO = IO[LF, T = 0.1 Q, andRON
is ignored), as shown in Fig. 18.

B. Gate Driving Technique

The gate drivers of Sq, S3, and S, switches can be imple-
mented with a conventional gate driver (CGD). S and S5 require
a special gate driver due to the higher voltage 2V — Vin than
the output voltage V. First, the gate driver for Sy is shown

Wap,ppuc_sp=442kHz

£) ‘
Frequency (Hz)
Fig. 18.  Simulated G4(s) bode plot of the CBC and DPUC with different
modes.

in Fig. 19(a). A bias current IcpaMp generates appropriate
Verawmp that protects the S, from the breakdown. Clamping
transistor Mcr,avp limits the lower voltage of the So gate driver
in discharging the gate voltage of So.

Fig. 19(b) shows the gate driver for S5 which is modified from
a dynamic gate controller (DGC) of [3]. In this driver, we used
a simple logic gate and eliminated a bootstrap technique that
requires a large bootstrap capacitor. S is turned ON with 0 V by
the CGD through the transmission gate (TX) in ¢; and ®3. In
contrast, when vy becomes 2V — Vin in @5, CGD cannot turn
S5 OFF. To fully turn the S5 OFF, M is added in this gate driver
for Ss. This My enables to turn the S; OFF by connecting vy
the gate of S5. At this time, TX is turned OFF in @5 to eliminate
the current path of CGD. Thus, since this DGC uses internal
voltage vy, it can be implemented without the external voltage
or bootstrap technique.

C. Zero-Current Detection (ZCD) for DCM Control

The DPUC in DCM has the same operation phases ®; and
®, as in the CCM. It also has the same advantages that ic o1
can flow to the output even during the build-up time of the iz,
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Fig. 20. (a) Mode of switch S2 for (a) ZCD and (b) SDT-ZCD circuit.

reducing the peak of ip. The difference between CCM and
DCM is only that the converter has the OFF-state, in which
all the power switches are turned OFF, when the ¢;, becomes
zero. For this DCM operation, there is a technique to com-
pare the voltage across the switch to perform the ZCD of the
i1, [20]-[22]. However, this approach results in an inaccurate
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Fig. 22.  Timing diagram of SDT-ZCD.

Switch Type Width/Length
$4 8V N-LDMOS 90mm / 800nm
S; 8V P-LDMOS 240mm / 300nm
S; 5V P-CMOS 140mm / 500nm
Sy 5V P-CMOS 140mm / 500nm
S, 5V P-CMOS 140mm / 500nm

v i

Fig. 23.  Chip micrograph.

ZCD due to the offset and delay of the comparator, which
reduces efficiency under the light I1,0ap condition. To solve
this problem, ZCD using the switching node (vy ) information
can be used [27]. In this article, the ZCD using vx informa-
tion is adopted as a shrinking diode time zero-current detector
(SDT-ZCD).

As shown in Fig. 20(a), S5 allows the ZCD for DCM in the
DPUC topology. In the case of X g, signal driving So, the switch
is turned ON when X gy, is high as the switch mode, and S is
reconfigured to the diode connection when X gy is low as the
diode mode. When the current flows in the forward direction
through S,, the conduction loss is reduced in the switch mode.
After a certain delay, it operates in the diode mode to passively
prevent the reverse current without the special circuit. At this
time, it is effective to reduce the time of the diode mode as
much as possible. Fig. 20(b) shows the SDT-ZCD controller that



SHIN et al.: HIGH-EFFICIENCY HYBRID DPUC WITH CONTINUOUS OUTPUT-CURRENT DELIVERY FOR LOW OUTPUT VOLTAGE RIPPLE

6035

b < | A4voppuc=8mV |+ asmac
/2-Phase Mode(DPUC) Vo 4y 2 - . s/ CBC )
Vin=2.8V = Vin=2.8V
S
fow=1MHz i . ¥ fow=1MHz
l.0ap=600mA N NN AR ILoap=600mA
VI\vf\vAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVI ,l oy ‘,
Vo 2V/Div . Larger I vo: 2V/Div
Voac : 50mV/Div p [ ,, *1 - H hr voac : 50mV/Div
i+ 500mA/Div | _ﬂ_ quﬂrff _r_. I ‘ f TL il mm T_T i ;‘L n i : 500mA/Div
\ vx : 5V/Div / \ vx : 5V/Div /

(2)

Fig. 24. Measured waveforms of (a) two-phase mode DPUC and (b) CBC.

automatically tracks the optimum delay. The SDT-ZCD uses the
falling edge v x r of the vx node and the rising edge vgr of vgo
to reduce the diode mode time DT. Initially, at the start, UP signal
with fixed duty Ty is generated. Then, the I charges Czcp to
increase the vycp. This vzcp increases the turn-ON time of S
by increasing the X gps width compared with the ramp signal
generated at the rising edge of Xgy.

As shown in Fig. 21, when the diode mode time is held
more than the optimum, vger and vxp are not overlapped,
and the increased vyzcp is maintained (UP case). Conversely,
if the diode mode time is held less than the optimum, vgop
and vx r are overlapped when S5 is turned OFF. This results in
a DN signal with a fixed duty T to decrease vyzcp through
21 (DN case). This reduces the width of the X g, in the next
cycle and increases the diode mode time again. Since T is
related to the resolution for accurate ZCD time, if T is large,
the resolution of the control voltage vzcp in the SDT-ZCD
is low, which makes the controller hard to find accurate ZCD
time. In contrast, if T is small, the resolution becomes high,
which helps the controller to find accurate ZCD time. Even if the
small T'p requires a long settling time for the STD-ZCD, the fast
settling time for ZCD is not required for DCM in the steady state.
Constructing this digital feedback using UP and DN signals, it
is possible to realize the accurate ZCD. Fig. 22 shows the timing
diagram in which the optimum diode time is determined. The
SDT-ZCD can operate accurately compared with the conven-
tional ZCD which is inaccurate due to the offset and delay of the
comparator. To design the accurate ZCD, increasing C'zcp or
reducing 5 can be helpful to implement high resolution in the
SDT-ZCD.

IV. MEASUREMENT RESULTS

The proposed DPUC was designed with 1P4M 0.18 pm BCD
process. As shown in Fig. 23, the chip area is 2 mm x 3 mm. In
this work, a CMOS device which has a breakdown voltage of 5V
is used. Since the voltage at the switching node vx becomes 2
Vo — Vin in @, laterally diffused metal-oxide-semiconductor
(LDMOS) that has a higher breakdown voltage than that of the
CMOS device is used for S;. Also, in @1, the voltage stress of S
is the same with V. Since the maximum V of this workis 5V,

(3-Phase Mode(DPUC)

Vine3.3V
Vo=4.2V
fsw=1MHz
lLoap=600mA

Vo : 2V[Div
voac: 50mV/Div
iLZSOOmA/DiV SO B R R

\ vx : 5V/Div / Vx

Fig. 25.

o i o i 0 Lt o i o i i it o o o ]

T e e ;
| J3eak ot

Measured waveforms of the three-phase mode DPUC.

we designed the Sy with the LDMOS for the robust operation.
These are the reasons that both S; and S, are larger than the
other switches.

Fig. 24 shows the measured waveforms at Viy = 2.8V, Vp =
4.2V, and I1,oaop = 600 mA. Since @, is greater than 0.57s in
operating conditions, the DPUC operates in the two-phase mode,
as shown in Fig. 24(a). For the comparison, Fig. 24(b) shows
the operating waveform of the CBC under the same condition.
It shows that the i;, of the CBC is much larger than that of the
DPUC. Also, the Avp_cpc is 50 mV, while Avp ppuc is only
8 mV owing to the continuous ¢p.

Fig. 25 shows the measured waveforms at Vi =3.3V, Vp =
4.2V, and I,oap = 600 mA. Since P is smaller than 0.5 7,
the DPUC operates in the three-phase mode. Avp ppuc_sp is
also so small as 12 mV.

Fig. 26 shows the Avp ppuc as Vin varies from 2.4 to
4.2 V under the condition of Vo = 4.5V and I1,oap = 500 mA.
Compared with the Avy-cpc, while the DPUC does not adopt
the interleaved structure that requires additional inductors, it has
maximally three times smaller Avg in the two-phase operation
owing to the continuous ip. In addition, the DPUC can keep
Awvp small owing to the three-phase operation, as Viy increases.

Fig. 27 shows the measured waveforms at Vix = 2.8 V,
Vo = 4.2V, I1,oap = 40 mA, and switching frequency fsyw =
700 kHz, when the DPUC operates in DCM. It shows that the
Avp ppuc is also small as 5 mV. In addition, the operation of
the SDT-ZCD is verified by the enlarged vx waveform.
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Fig. 28. Measured output voltage waveforms when I1,0Ap changes (a) from

200 to 600 mA and (b) from 600 to 200 mA.
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Fig. 27.  Measured waveforms of the DPUC in DCM with SDT-ZCD.

The load transient response is measured under the same
condition, as shown in Fig. 28. When I1,0ap changes from 200
to 600 mA, the undershoot of the v in the DPUC is 190 mV with
alleviated RHP-zero effect. Meanwhile, the large undershoot of
vo in CBC was 280 mV in Fig. 28(a). Likewise, the overshoot
of v in the DPUC, when I1,oap changes from 600 to 200 mA,
is reduced from 250 to 130 mV compared with that in the CBC,
as shown in Fig. 28(b).

Fig. 29 shows the simulated waveforms of 7 p and 77, under the
load transient conditions. It can be seen that the rapid reaction
of C-path current alleviates the RHP-zero effect as ®; changes
in the DPUC. Therefore, the DPUC can achieve faster transient
response than the CBC while using the same PWM controller.
This effect makes it easy to ensure the stability of the DPUC
using any conventional controller.

Fig. 30 shows the measured efficiency at Vix = 3 V and
Vo = 4.2V. Although a small size inductor having Rpcr of
200 m{? is used, the maximum efficiency reaches 95.2% higher
than the CBC. This prototype was designed to drive the target

Increased L-path ()
Decreased C-path (P1)

(b)

Fig.29. Simulated output delivery current and inductor current waveforms in
(a) load step-up case and (b) load step-down case.
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Fig. 30. Measured efficiency of the DPUC.

load current range of 300-500 mA. The target load current
range can be changed in the design stage for the heavier load
condition. Outside of the target load current range, the power
efficiency can be degraded due to the unoptimized conduction or
switching losses. Especially, when I1,0ap is larger than 200 mA,
DPUC shows a higher efficiency than CBC. However, because
of the additional power switches, DPUC has a lower efficiency
in the light load condition than CBC. Therefore, the SDT-ZCD
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TABLE III
COMPARISON TABLE
This Work 2014JSSC [20] 2012 TPE [15] TPS6107 [21] 2013JSSC [22]
Process 0.18 pm BCD 0.35 pm BCD 0.3 um CMOS N/A 0.35 pm CMOS
Input voltage 2-42V 2.7~45V 3.1~33V 09-55V 1.8~32V
Output voltage 3-5V 8V 45V 1.8-55V 342V
Inductor (L) 4.7 uH 10 uH 470nH/470 nH 1.5-2.5uH 1 pH
Capacitor 10 uF/10 pF* 10 puF 20 uF 10 puF 10 puF
Switching frequency ( <} %z ]()ZSI\I\ZI[) 1 MHz 5 MHz 1.2 MHz (szliﬁzgo_ 5)
Load current 10-800 mA 20-300 mA 400 mA 5-600 mA 5-800 mA
Active area 3.2 mm? **1.863 mm? 0.911 mm? N/A 1.75 mm?
Topology DPUC CBC 2-Phase CBC CBC CBC
Output delivery current Continuous Discontinuous Discontinuous Discontinuous Discontinuous
Reduced inductor current YES NO YES NO NO
Ripple Voltage <15mV 90 mV 20 mV N/A 80 mV
Peak Efficiency (Rpcr of L) | 95.2% (200 mQ) 90% (11 mQ) N/A 92% 94.8% (9 mQ)
*Flying capacitor.
**Off-chip diode is not included.
is adopted to improve the efficiency of the DPUC under the light REFERENCES

I1,0Ap condition.

Table III presents the performances of the DPUC compared
with the related papers adopting the CBC topology. Since the
output delivery current is continuous in the DPUC, Avg is
significantly reduced to less than 15 mV compared with the
CBC. Even with Rpcr of 200 mf2, the DPUC has a higher
efficiency than the other CBC works. This means that the DPUC
can use a smaller and a cheaper inductor than the CBC topology.

V. CONCLUSION

This article proposes a new boost converter topology called
DPUC. Unlike CBC, which has a single path, the proposed
DPUC has a hybrid structure using one inductor and one flying
capacitor without the complex voltage balancing circuits. It
allows that the DPUC has two current paths, which are C-path
and L-path, respectively. Owing to these two paths, the iy, is
lower than that of the CBC, and the ip is delivered to the
output continuously. The reduced ¢;, improves the efficiency
of the converter lowering the conduction loss, especially when
the small-size inductor with large Rpcr is adopted or M is high
in the heavy load condition. Moreover, the continuous ¢ p makes
much smaller output ripple voltage, Avo, than that of the CBC.
In addition, the feedforward characteristic of the flying capacitor
reduces the RHP-zero effect that degrades the transient response
of the CBC. This article also includes a detailed analysis of the
conduction loss and transfer function of the DPUC topology.
Finally, the measured results show that the DPUC has a high
efficiency of 95.2% and a small ripple of up to 15 mV, even
though the inductor having Rpcgr of 200 mS2 is used.
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