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Abstract: As miniaturized mobile devices with various functionalities are highly desired, the current
requirement for loading blocks is gradually increasing. Accordingly, the efficiency of the power
converter that supports the current to the loading bocks is a critical specification to prolong the
battery time. Unfortunately, when using a small inductor for the miniaturization of mobile devices,
the efficiency of the power converter is limited due to a large parasitic DC resistance (Rpcg) of the
inductor. To achieve high power efficiency, this paper proposes an energy transfer media (ETM)
that can make a switched inductor capacitor (SIC) converter easier to design, maintaining the
advantages of both a conventional switched capacitor (SC) converter and a switched inductive (SI)
converter. This paper shows various examples of SIC converters as buck, boost, and buck-boost
topologies by simply cascading the ETM with conventional non-isolated converter topologies without
requiring a sophisticated controller. The topologies with the ETM offer a major advantage compared
to the conventional topologies by reducing the inductor current, resulting in low conduction loss
dissipated at Rpcg. Additionally, the proposed topologies have a secondary benefit of a small output
voltage ripple owing to the continuous current delivered to the load. Extensions to a multi-phase
converter and single-inductor multiple-output converter are also discussed. Furthermore, a detailed
theoretical analysis of the total conduction loss and the inductor current reduction is presented.
Finally, the proposed topologies were simulated in PSIM, and the simulation results are discussed
and compared with conventional non-isolated converter topologies.

Keywords: switched inductor capacitor converter; a power converter; energy transfer media;
ripple voltage; efficiency; conduction loss

1. Introduction

The use of high-performance, power-hungry mobile devices has increased recently, prompting
the need for longer battery life [1,2]. Accordingly, power management integrated circuits (PMICs) for
mobile devices are becoming important. PMICs consist of a linear regulator, a switched capacitor (SC)
converter, and a switched inductor (SI) converter [3,4]. Although linear regulators offer the advantage
of low output voltage ripple, they have low power efficiency [5-8]. In contrast, SC converters have
high power density with better power efficiency than linear regulators, but they suffer from severe
degradation of efficiency when the conversion ratio of the SC converter differs from a pre-defined
value [9-12]. Furthermore, when the load current (I} p4p) increases, which is referred to as a heavy load
condition, SC converters require many large external capacitors. Therefore, neither linear regulators
nor SC converters are good candidates for powering high performance loading blocks that require
alarge I} oap. On the other hand, a SI converter with an external inductor is an efficient solution in
heavy load conditions [13-16]. Buck, boost, and buck-boost SI converters exist for generating lower,
higher, and lower or higher output voltage (V(), respectively, compared with the battery voltage (V).
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In the SI converter, there are two representative power losses, as shown in Figure 1. One is the
switching loss (Psyy) which is proportional to the switching frequency. When the switching frequency is
fixed, the Pgyy is a constant independent of the I} o4p. The other is the conduction loss (Pc,4). Since the
P ong is proportional to the square of the current, the P,y is dominant in heavy load conditions.
Therefore, reducing P, is important for improving power efficiency when I} o4p is large.
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Figure 1. Graph of the switching loss and conduction loss in different conditions.

However, due to a large inductor current (ir), under heavy load conditions, these efficient SI
converters also suffer from significant conduction loss (Ppcr) dissipated at a parasitic DC resistance
(Rpcr) of a small inductor for size-limited mobile devices as shown in Figure 2. This large Ppcr causes
a severe thermal problem as well as low power efficiency in heavy load conditions. Ppcg is expressed
as follows:

Aip?

Ppcr = i,rms Rper = (I + %)RDCR ¢9)
where i rpyis, 11, and Aip are the root-mean-square value, the DC value, and the ripple of the ij,
respectively. Since the small inductor for the miniaturized mobile device can have much larger
Rpcr than the on-resistance of switches, reducing Ppcr can achieve a significant improvement in
power efficiency. To minimize the Ppcr, reducing iy rps is the only solution when a large Rpcg
of the small inductor is used as shown in Equation (1). In particular, as the inductor with larger
Rpcr than the on-resistance of the switch is adopted, the efficiency improvement due to low i rys is

significantly increased.
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Figure 2. Conduction loss of a parasitic DC resistance (Rpcr) of the inductor in heavy load conditions.

There are some alternative topologies that can reduce i rpss in a SI converter. For example,
Figure 3a shows a multi-level structure with an additional flying capacitor that reduces Aif,, thereby
improving power efficiency in light or medium load conditions [17,18]. However, under heavy loads,
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since I} is much larger than Aij, the reduction of Ppcr is limited. Alternatively, Figure 3b shows a
multi-phase structure that can reduce I and can result in increased power efficiency compared with
the multi-level structure in heavy load conditions. However, it requires an additional inductor that is
larger and more expensive than other passive components [19-21]. Furthermore, both the multi-level
and the multi-phase structures require complex balancing circuits, as shown in Figure 3.
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Figure 3. Alternative topologies for reducing conduction loss in Rpcg: (a) multi-level buck converter;

(b) multi-phase buck converter.

To resolve these issues, this paper proposes and analyzes a new type of hybrid switched inductor
capacitor (SIC) converter with energy transfer media (ETM) using an additional flying capacitor.
The topologies with the ETM provide improved efficiency by lowering I}, owing to an additional
current path in heavy load conditions.

The topologies with the proposed ETM are introduced in Section 2. In Sections 3 and 4, the operation
principle and a detailed conduction loss analysis of both the buck and buck-boost topologies are
provided. In Section 5, different examples of extension to other topologies are explained and discussed.
The simulation results for verification are presented in Section 6. Finally, a brief concluding summary
is given in Section 7.

2. Energy Transfer Media

A hybrid SIC converter that possesses the advantages of both a SC converter and a SI converter
is an attractive solution [22-30]. However, it is complicated to design because of the many complex
combinations of power switches and flying capacitors. Also, various factors such as conversion ratios,
balancing circuits, and power loss should be considered. To make it easy to design, and to reduce
Ppcr at the same time, this paper proposes an ETM that can be easily implemented with all types of
non-isolated converters, such as buck, boost, and buck-boost topologies, with high efficiency under
heavy load conditions. An ETM has been used previously to reduce only Ai; [29,30]. However,
similar to a multi-level converter, this structure is not effective at improving power efficiency under
heavy load conditions. Therefore, we propose an ETM that uses an additional flying capacitor to obtain
high efficiency in heavy load conditions, as shown in Figure 4.
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Figure 4. Energy transfer media with a flying capacitor.

The ETM uses one external flying capacitor (Cr) and three power switches (Sy1—Smas).
This approach offers the advantage of inserting the capacitor current path into the output current
path (C-path) as well as the inductor current path (L-path). This ETM with dual current paths can be
applied to conventional non-isolated topologies by simply cascading the ETM, as shown in Figure 5.
Figure 5a is a conceptual structure showing that the ETM can be applied to conventional converter
topologies. Figure 5b—d show examples of applying the ETM to buck, boost, and buck-boost converters,
respectively. This paper analyzes buck type and buck-boost type topologies with ETMs as examples
and discusses possible extensions to other topologies.

Conventional
Topology

) lLoap

) ILoan

Figure 5. (a) Conventional topology with an energy transfer media; (b) buck converter; (c) boost
converter; (d) buck-boost converter.

3. Buck Converter with Energy Transfer Media

Figure 5b shows a buck converter with ETM (BKETM), which is composed of power switches S-S
and Syp1—-Sums, one inductor (L), one flying capacitor (Cg), and one output capacitor (Cp). The BKETM



Energies 2019, 12, 1468 50f 19

uses two operating modes (®1, ®,), as shown in Figure 6a. The operation waveforms of the BKRETM
are shown in Figure 6b.
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Figure 6. Operating mode (a) and waveforms (b) of buck converter with energy transfer media (BKETM).

In @4, S; and Sy, are turned on, and Sy, Sy, and Syys are turned off. At this time, ij is built up
with a slope of 2(Vjy — V)/L and is delivered to the output. In ®,, Sy, Syp1, and Syy3 are turned on,
and S; and Sy are turned off. While iy, is de-energized with a slope of —V /L, it is also delivered to the
output. In the meantime, the capacitor current ic of Cr flows to the output, while the voltage of Cr
is charged to Vv — V. To derive a conversion ratio (Mpk), applying the voltage sec balance to the
inductor with duty cycle D is expressed as follows:

D(2ViN—-2Vp) - (1-D)Vp =0. (2)
Simplifying Equation (2), Mpk is given by:

Vo 2D
M = — =
KTV 14D

0<D<1. 3)

The Mpk of the BKETM from Equation (3) has a value between 0 and 1 as D varies from 0 to 1,
which is the same as the range of a conventional buck converter (CBK). Therefore, in spite of the SIC
converter, the BKETM behaves like a CBK without the limit of the conversion ratio.

To obtain the average value of the C-path current (I¢ ¢2) delivered to the output in ®;, we also
apply charge balance to Cr as shown below:

DI - (1-D)Ic,e2 = 0. 4)
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Simplifying Equation (4), Ic ¢ is given by

D
1-D

Icar = Ir. 5)

Applying the charge balance to the output capacitor Cp,
D(I. = Iroap) + (1 = D)(IL + Ic.e2 — ILoap) = 0. (6)
Substituting Equation (5) into Equation (6), I} can be expressed with I} o4p as shown below:

1 _ Mgk
=3 +DILOAD =1 5 JLoaD- 7)

For the CBK, I} is always the same as I;o4p [3,4,13-16]. In contrast, for the proposed BKETM,
I is I;pap divided by (1 + D). As Mpg increases, I}, decreases. Therefore, I always has a smaller value
than I pap due to the two current paths (L-path and C-path). As I} decreases, Ppcr also is reduced
compared to that of the CBK. To compare the total conduction loss with that of the CBK, we assume
that since the parasitic resistance (Rgsg) of the flying capacitors is typically much smaller than other
resistances, the loss of Rgsg can be ignored for simplicity. Also, the on-resistance of each switch is
assumed to be the same as Rpy. Thus, the total conduction loss (Pgqcpx) of the CBK is expressed
as follows:

Peond,cak = DIL*Ron + (1= D)I1*Ron + IL*Rpcr = IL*(Ron + Rpcr) = ILoap?(Ron + Rpcr)- (8)

On the other hand, the total conduction loss (Pg sxeTaMm) of the BKRETM is as follows:

Peond,premm = 2DRonIL? + (1= D)Ron (I + Iceo® + (I + Ica2)?) + I12Rper )
:1L2[(1+D+L+D—2)R + Rpcr] (10)
1T-p " 1-p/Ro~ + Rocr
=[2(=—22R R 11
L (1_MBK oN + Rpcr) (11)
2 — Mgk)? 2-M

= gILOADZ(—BKRON + Rpcr)- (12)

4 T— Mpx

For the relative comparison with CBK, the ratio between P.y,4 cpx and Pcouq BxkETM 1S €xpressed as:

(2-Mgg)?* ,2-M
Pcond,proposed . 4BK (ﬁRON + RDCR) (13)
p cond,conv RON + RDCR ’

Figure 7 depicts the value calculated by Equation (13) versus the conversion ratio Mp for different
Rpcr- It shows that Py,pq pxeTMm is lower than Pey,q cpx across a wide range of Mgk values. As described
by Equation (7), the total conduction loss decreases because I} is reduced as Mpg increases. Also,
the larger the Rpcg, the lower the Py,4 pxeTam is compared with Pey,g cpx. Therefore, BKRETM is a useful
topology for step-down when a small inductor with a large Rpcr is used in heavy load conditions.
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Figure 7. Conduction loss comparison for the buck converter with energy transfer media (BKETM)
and conventional buck converter (CBK) with different Rpcr values.

4. Buck-Boost Converter with Energy Transfer Media

Since the boost converter with the ETM shown in Figure 5c has been previously described in
detail in [27], this paper focuses on the buck-boost converter with ETM (BBETM) shown in Figure 5d.
It is composed of power switches S1-Sy, Sp1—Swms, one inductor (L), one flying capacitor (Cr), and one
output capacitor (Cp). The BBETM also uses two operating modes (P, ®,), as shown in Figure 8a.
Its operation waveforms are shown in Figure 8b.
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Figure 8. Operating modes (a) and waveforms (b) of buck-boost converter with ETM.

In &4, S; and S;3 are turned on while i} increases with a slope of Vy/L and is delivered to the
output. At the same time, Syy; and Syy3 turn on, and ic flows to the output through the C-path, while the
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voltage of Cr is charged to Vi — Vo. With a conventional buck-boost (CBB) converter, current cannot
be delivered to the output while i; is building up. The ability of the BBETM to transfer the energy to
the output during i; build-up is one of the main differences between the BBETM and a CBB converter.
Owing to this operation, the output delivery current (ip) in the BBETM is continuous, resulting in a
small output voltage ripple (AVp). In ®,, Sy, Spp, and Syz turn on, and 7, is delivered to the output.

For the BBETM conversion ratio (Mpg), applying the voltage sec balance to the inductor based on
the operation is expressed as follows:

DVin + (1 - D)(—ZVO + V[N) =0. (14)

Simplifying Equation (14), Mpp is given by:

MBB:V‘;’IZT:Z(;_D) 0<D<1. (15)
Mpp of the BBETM from Equation (15) has a value between 0.5 and infinity as D varies from 0
to 1. This means that the BBETM can operate for step-up and step-down output voltages. Since the
conversion ratio is limited to less than 0.5, this approach is not appropriate for applications with a low
conversion ratio. However, it offers several advantages compared with a CBB converter.
First, similar to the buck type converter, the BBETM I} is reduced compared with that of a CBB
converter. To analyze this, the average value of the C-path current (Ic ¢1) in @1 can be obtained by
applying charge balance to the Cr as shown below:

Dlco1— (1-D)Ip = 0. (16)
Simplifying Equation (16), Ic ¢ is given by

1-D
I = Ir. 17
c,o1 D L (17)

Applying the charge balance to Cp,
D(Ico1 —Iroap) + (1= D)(IL - Ioap) = 0. (18)

Substituting Equation (17) into Equation (18), I} can be expressed with load current (I;p4p) as
shown below:

1
I = ——I = Mpgl . 19
L= 2 —p)Loap BBILOAD (19)

Due to the two current paths in the ETM, the BBETM [} is as low as Mpgl;0ap, while the CBB I} is
(1 + Mpg) Iroap [4]. Therefore, the BBETM Ppcg can be reduced. To compare the total conduction loss
with that of the CBB, the on-resistance of each switch is assumed to be the same as Rpp;, and the total
conduction loss (P4 cpp) of the CBB is expressed as follows:

Peond,c8 = 2I.2Ron + I12Rpcr = (1 +Mpg)*Ir0ap>(2Ron + Rper)- (20)

In contrast, the total conduction loss (Pgu4,83rTM) Of the BBETM is expressed as

Peona seerm = IL*Ron + IL2DRon + 2Ic,1°DRon + 2112 (1 = D)Roy + I.°Rpcr (21)
2
2(1-D
=I*[(3-D+ u)RON + Rpcr] (22)
1 Mg -1

= Mpg*I10ap>(( +3)Ron + Rpcr]- (23)

MBB(ZMBB — 1) 2Mgp
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For the relative comparison with the CBB, the ratio between P4 cpp and Pgyuq geTm for the
BBETM is expressed as

2 1 2Mpp—1
Peond BBETM Mg (3= mvig=1) ~ 2Mps + 3)Ron + Rocr]

i (24)
Pond,cBB (14 Mpg)“(2RoN + Rpcr)

Figure 9 depicts the values of Equation (24) versus the conversion ratio Mpp for different Rpcr
values, showing that the Py,q pperrm is lower than the Py, cpp for a wide range of Mpp values.
This finding demonstrates that the BBETM is more efficient than CBB due to the dual current paths.
Also, it shows that the larger the Rpcg, the lower Py,4 ppeT;m i, compared with Py,g cpp. Therefore,
the BBETM is useful for step-up and step-down applications when a small inductor with a large Rpcr
is used in heavy load conditions.

1.2 = Ror=0
PoondsBETH *— Rocr=Ron
1 ™ |—A— Rper=2Ron
Poona cas 10 Poona,s8ETM = Peond,ca8 = v— Rocr=5Ron
Rocr=10Ron
Rocr=25Ron
0.8
0.6+
0.4+
0.2
T T T
0 1 2 3

Conversion ratio Mas (Vo/Vin)

Figure 9. Conduction loss comparison of buck-boost converter with energy transfer media (BBETM)
and conventional buck-boost (CBB) for different Rpcg values.

5. Extension to Other Topologies

5.1. Multi-Phase Buck Converter with ETM

The multi-phase converter is a structure that allows multiple inductors to transfer energy to the
output when it is difficult to support sufficient energy for the output with only a single converter.
The proposed ETM can also easily implement a SIC converter with a multi-phase structure. As shown
in Figure 10a, the multi-phase buck converter can be designed with two ETMs for a single output with
heavy I} oap. The proposed multi-phase buck converter with ETM (MBKETM) consists of one inductor
and two flying capacitors, because two ETMs are used. Figure 10b shows the operation principle of
the MBKETM. The advantage of the MBKETM over other topologies with an ETM is that the input
frequency (fiy) for the input duty ($1, ®;) and the output switching frequency (foyr) for the output
duty (o1, Po2) can be independently controlled. As an example, in this paper, the input duty is
controlled to regulate the output voltage, and the output duty is always fixed at 0.5 so that the C-path
currents (Ic 01, Ic,®02) can be maintained at the inductor current I. Then, applying charge balance to
the output capacitor Cp in this condition,

1
Iy = Icoo1 = Icw02 = EILOAD- (25)

From Equation (25), I} can also be maintained at half of I;pap, the same value as I} of the
conventional multi-phase buck converter (CMBK) with two inductors [19]. Thus, the MBKETM can
generate triple current paths (one L-path, two C-paths) with a single inductor and two low-cost,
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small flying capacitors, thus reducing cost and size compared with a CMBK. Moreover, owing to these
triple current paths, the ripple of the output delivery current ip is reduced such that the output voltage
ripple AV is smaller than that of the BKETM. Furthermore, by adopting a higher output frequency
(four) for the output duty (Pp1, Poy) than the input frequency (fiy) for the input duty (@4, $;), AV
can be further reduced. These characteristics are verified with simulation results in the next section.

four

s5,(®01,P01)

?SMH L-Path {ir)
Po1 ®o2 Swz1
Cr1 TCF1

TooSuy S

C-Path?(ic.001)
" @ L L-Path(i) A |
fn S1 343 Vo Swsz2 Vo
i L e o [/
(¢102) Sz Li o Lo l.oap Sz[_' C-Path2(ic,o>oz)D J_Co lLoan
P,
(a) (b)

Figure 10. Topology (a) and operation (b) of a multi-phase buck converter with ETM.

5.2. Single-Inductor Multiple-Output Buck Converter with ETM

As the name suggests, a single-inductor multiple-output (SIMO) converter can regulate many
outputs with one inductor [31-33]. As shown in Figure 11a as an example, it is also easy to make a
dual-output structure with two ETMs. More outputs can be generated by increasing the number of
ETMs. Figure 11b shows the operation of a single-inductor dual-output (SIDO) buck converter with
two ETMs (SIDOETM). Because of the ETMs, I} is reduced compared with that of a conventional SIMO
converter (CSIMO). Moreover, since the SIDOETM has triple paths (one L-path and two C-paths),
the currents (ipy, ipy) delivered to each output (Vp1, Vo) are continuous. In contrast, with the
CSIMO, the currents delivered to the output are discontinuous because a single inductor must be
used to distribute the energy to each output during different time slots. Therefore, the CSIMO has
the disadvantage of significant large voltage ripple at each output. In contrast, since the proposed
SIDOETM has continuous ip; and ipy, the output voltage ripples (AVp1, AV ) can be significantly
reduced. Also, the CSIMO typically uses a comparator-based control for regulation of the outputs,
which is very vulnerable to spike noise at the outputs [32,33]. Because the discontinuous output
delivery currents can generate large spikes at every output due to the parasitic inductance that is
connected to the output capacitors in series, it can cause a malfunction on the regulation control of the
CSIMO. Therefore, the SIDOETM has an additional advantage of being able to alleviate the spike noise
due to continuous output delivery current.

ip1_Voy Sz

lLoapt

?Mﬂ

Swsz ip2

(a) (b)

Figure 11. Topology (a) and operation (b) of a single-inductor dual-output buck converter with ETM.



Energies 2019, 12, 1468 11 of 19

6. Simulation Results and Discussion

6.1. Buck Converter with ETM

Table 1 shows the simulation conditions for the proposed BKETM. To obtain accurate simulation
results, the switching loss model is included as well as the conduction loss in the simulation. Cgate and
Coss in Table 1 are the gate capacitance and the output capacitance of the power switch, respectively,
for considering the switching loss. Figure 12 shows the simulated waveforms to confirm the operation
of the converter.

Table 1. Simulation conditions for buck converter with ETM.

VIN Vour Iroap fin L Rpcr
5V 28V 1A 1 MHz 4.7 uH 020

Cr Co Ron REsr Cgate Coss
47uF  47puF  50mQ) 20 mQ) 250 pF 100 pF

i | (1-Mex/2)lL.0ap .
I : == " 2720 mA Reduced i
v T T ET LT LT ETET T LI E, af]
J— S . I, —— Vo=238
17428 5 s [ [ s s s
WoVn=14Vy, _ 5y
Vz .
0=J.
T e o e e e | e e o e e e t\l,\‘t\“ 0A Charge balance
S S S S S S S S U S L,,,—’\L,,,‘\L,,ﬁ‘hm= 1A
Iy, =
vo = WosTomy 073

Figure 12. Simulation waveforms of a buck converter with ETM.

The results show a I} of 720 mA, lower than the I} p4p of 1 A. Also, the charge balance of the
capacitor is satisfied through ic, and the voltage and current values of each node match the calculation
in Section 3. Owing to the lowered I;, high efficiency can be achieved even when using a small
inductor, reducing Ppcr. This type of converter can also solve the heat problems associated with high
performance mobile devices. However, since the BKETM has a pulsating ip due to the C-path, a large
AV of 35 mV is observed, as shown in Figure 12.

Figure 13 shows the simulated efficiency plots for both the BKETM and CBK with different
conversion ratios (Mpg). From Equation (7), the larger the value of Mpg, the larger the reduction in I .
Thus, the efficiency of the BKETM is higher than that of the CBK when Mpk is high. However, as Mpg
approaches 1, the C-path current, Ic ¢p, rapidly increases according to Equation (5). Then, the total
conduction loss increases again, resulting in the degradation of the efficiency of the BKETM.

Figure 14 shows the efficiency plots with different values of I;pap when Mgk is 0.6 or 0.3.
When Mg is high, as I} p4p increases, the efficiency improves compared with that of the CBK. However,
when Mpy is low, the reduction effect of I} is not significant. Then, even if I} p4p becomes large,
the increment in efficiency is negligible. Therefore, the BKETM is an efficient topology when Mgy is
high under heavy load conditions.
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Figure 13. Simulated efficiency plot of a buck converter with ETM at different conversion ratios.
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Figure 14. Simulated efficiency plot for a buck converter with ETM at different load currents.

6.2. Buck-Boost Converter with ETM

Table 2 shows the simulation conditions for the proposed BBETM. Figure 15 shows the simulation
results to confirm the operation of the converter.

Table 2. Simulation conditions for buck-boost converter with ETM.

Vin Vour Iroap fin L Rpcr

5V 6V 1A 1 MHz 4.7 uH 020

Cr Co Ron Rgsr Cgute Coss
47 uF 47 uF 50 mQ) 20 mQ) 250 pF 100 pF
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Figure 15. Simulation waveforms of buck-boost converter with ETM.

The simulation results show that the BBETM achieves a lower I}, (1.2 A) than that of the CBB (2.2 A).
Also, the charge balance of Cr is satisfied through ic, and the voltage and current values of each node
are matched with the calculation in Section 4. Due to reduced inductor current, the conduction loss
can be decreased even when a small inductor is used. Moreover, in contrast to the CBB ip, the BBTEM
ip is continuous due to the addition of the C-path, resulting in a smaller AV of 25 mV compared with
the 130 mV observed for the CBB under the same operating conditions, as shown in Figure 16.

VOPropased

AVopsetm  AVoces
=25mV  =130mV

0.000782 0.000788

Figure 16. Simulated output voltage ripple of BBETM compared with CBB.

Figure 17 shows the simulated efficiency plots for both the BBETM and CBB with different
conversion ratio values, Mpp. The BBETM has a much higher efficiency than the CBB across a wide
range of Mpp values because the buck-boost topology generates a much larger I; than the buck-type
topology due to a structural characteristic.
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Figure 17. Simulated efficiency plot of a buck-boost converter with ETM at different conversion ratios.

Figure 18 shows the efficiency plots with different I} o4p values when Mpg is 0.8 or 1.3. Based on
Equation (19), a lower Mpg is associated with a larger reduction in I} for the BBETM compared to the
CBB. Thus, with a low Mg, as I} o4p increases, the increment in efficiency for BBETM compared with

CBB becomes significant.
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Figure 18. Simulated efficiency plot of a buck-boost converter with ETM at different load currents.

The BBETM has another benefit of a small AV. Figure 19 is a plot comparing the AV of the
proposed BBETM and the CBB under the same operating conditions. The BBETM AV, is lower than
that of the CBB across a wide range of Mpp values. However, when Mpp is very low, which means
there is a small duty cycle D, the C-path current rapidly increases as shown in Equation (17), resulting

in a large AV again.

AV, SCBB L.
(mV) i -
150{ - =
100l ./ BBETM
=/ Pl °
. P = d
50+ . o
LN -
"
0 ] 2 3
Mpgg (Vo Vin)

Figure 19. Simulated output voltage ripple plot of the BBETM and CBB across different conversion ratios.
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6.3. Multi-Phase Buck Converter with ETM

The MBKETM is simulated under the operating conditions as shown in Table 3.

Table 3. Simulation conditions for multi-phase buck converter with ETM.

VIN Vour Iroap fin L Rpcr
5V 37V 1A 1 MHz 4.7 uH 020

Cr Co Ron REsr Cgate Coss
47uF 47puF  50mQ) 20 mQ) 250 pF 100 pF

It is possible to separate fiy and foyr as mentioned in Section 5. Figures 2022 show the simulation
waveforms of the MBKETM with different values of foy;r. Figure 20 shows the waveforms when fiy
and foyr are both equal to 1 MHz. I} is reduced to half of I} p4p because the output duty is fixed at
0.5, as shown in Equation (25). Moreover, AV is as small as 25 mV because ip is continuous due to
the presence of both the L-path and the C-path. Figure 21 shows the waveforms when foyt is two
times higher than fiy. Under these conditions, AV is further reduced to 15 mV because the effective
frequency seen at the output is increased. Figure 22 shows the waveforms when foyr is triple the value
of fiy. Under these conditions, AV is further reduced to 10 mV. However, since high fo;;1 can increase
the switching loss in the converter, causing degradation of efficiency, there is a trade-off between AV
and power efficiency.

four: TMHz
ip ‘ R N , bttt lloap = T A
i - 0.5lL0ap
o =500 mA
[ |
e |
R UBBUUBRUBBUIS USRI BB

Vo | . AVom25mV Vo=3.7V |

Figure 20. Simulated waveforms of the multi-phase buck converter with energy transfer media
(MBKETM) with fjy = 1 MHz and foyr = 1 MHz.

four: 2MHz

ip Sbaeeristetf oap= 1 A

iL . 0.5l.0ap
=500 mA

ot =

= I T I I T O

Vo AVo=15mV  Vo=3.7V

Figure 21. Simulated waveforms of the MBKETM with fjy = 1 MHz and foyr = 2 MHz.
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four: 3VHz .
ip lloap=1A
iL - 0.51.0ap
= 500 mA
fer | — T 1 T T T T T _
icz | [IITIITTTTHIT] 1 .
Vo - AVo=10mV Vo=3.7V

Figure 22. Simulated waveforms of the MBKETM with fjy = 1 MHz and foyr = 3 MHz.

In summary, the proposed MBKETM, using one inductor and two flying capacitors, achieves a
similar reduction of I} to half of I; p4p as the CMBK does with two large, expensive inductors, thereby
reducing Ppcr significantly. Furthermore, because fiy and foyr can be controlled independently,
AV can be further reduced. Also, unlike the CMBK, the proposed MBKETM does not require a
complex current balancing controller in spite of the multi-phase operation.

6.4. Single-Inductor Multiple-Output Buck Converter with ETM

Table 4 shows the simulation conditions of the proposed SIDOETM. Figure 23 shows the simulated
i, ic1, ic2, ip1, and ipp of the proposed converter. Due to the dual current paths, I is lower than the
sum of ILOADl and ILOADZ-

Table 4. Simulation conditions for single-inductor multiple-output (SIDO) converter with ETM.

Vin Vouri/Vour2  Iroapi/Iroap2 fin L Rpcr
5V 28V/)2V 0.7 A/05 A 1 MHz 4.7 uH 020
Cr Co Ron REsr Cgute Coss
4.7 uF 4.7 uF 50 mQ) 20 mQ) 250 pF 100 pF
i Alct jo,
il T 1 f k{ i) T

- ’\ ’\ [\ ’\ "SL l.0ap1=650mA

ip1

lLoapi=700mA

A MMM MMM AN horoims00ma

Figure 23. Simulated current waveforms of the proposed single-inductor dual-output converter with
ETM (SIDOETM).

Moreover, since ip1 and ipp do not drop to zero, the continuous current (ip1, ipy) flows to the
respective output (Vp1, V). Figure 24 shows that the output voltage is well regulated to 2.8 V
and 2 V. The ripples of each output are 15 mV and 13 mV, respectively. It has a lower AV than the
CSIMO [31-33].
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Figure 24. Simulated voltage waveforms of the proposed SIDOETM.

Tables 5 and 6 summarize the advantages of the proposed topologies with the ETM. The common
advantage is the reduction of I, resulting in low total conduction loss in heavy load conditions.
Moreover, unlike conventional topologies that have discontinuous ip, such as the CBB and CSIMO
topologies, the proposed ETM topologies have very low AV because of the continuous ip.
The MBKETM can control f;y and foyr independently, resulting in further reduction of AV .

Table 5. Summary table with buck and buck-boost type converters.

Advantages BKETM CBK BBETM CBB
Reduction of I, (@] X (@] X
Reduction of AV X X (@] X
Continuous ip o O (@] X
O: Yes; x: No.

Table 6. Summary table with multi-phase buck and single-inductor dual-output (SIDO) buck
type converters.

Advantages MBKETM  CMBK SIDOETM CSIMO
Reduction of I}, @) X 0] X
Reduction of Vo (@) X (@) X
Continuous ip (@] O (@] X
Separated frequency @) X X X
O: Yes; x: No.

7. Conclusions

In this paper, an ETM was proposed to make a promising hybrid switched inductor capacitor
converter easier to design for heavy load conditions. New topologies with ETM, which generate dual
current paths, were analyzed and compared with conventional topologies that have a single current
path. Owing to the dual current paths (L-path and C-path), all of the topologies with the ETM shared
the common advantage of reduced inductor current. Since it significantly decreases conduction loss
dissipated at a considerable parasitic DC resistance of the inductor, the heating issue can be resolved at
the same time as the power efficiency is improved, which was discussed with buck and buck-boost
converters with ETMs as examples. Moreover, the buck-boost converter with ETM has continuous
output delivery current, resulting in much smaller output voltage ripple than that of a conventional
buck-boost converter. Also, a multi-phase converter and single-inductor multiple-output converter
with several ETMs were proposed and simulated. The multi-phase converter with ETM offered the
additional advantage of separating the switching frequency between the input frequency and the
output frequency to further reduce the output ripple voltage. Additionally, the SIMO converter with
ETM achieved a small output voltage ripple, similar to that of a buck-boost converter with ETM, due to
the continuous output delivery current. In summary, the ETM can be implemented easily by combining
with conventional topologies, and it has several merits such as reduced inductor current, small output
voltage ripple, and independent frequency control. The proposed ETM can be applied to various
non-isolated topologies as a promising solution for use in heavy load conditions with a small inductor.
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