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Abstract: This paper presents a novel high step-down dc/dc converter topology with a single inductor for 48V data
center applications. Distinguished from conventional dc/dc converter topologies with a single inductor, the proposed
converter topology is designed by series connecting a step-down cross-connected Fibonacci converter with a buck
converter. By combination of these converter modules, the proposed converter topology offers a high voltage gain,
viz. 1/48x, without cascade connection. Hence, high power efficiency is provided by the proposed single inductor
topology. The characteristics of the proposed converter topology are investigated by theoretical analysis, computer
simulations, and experiments. In the given theoretical analysis and the performed simulations, the proposed
converter topology demonstrates higher power efficiency than the conventional converter topologies with a single
inductor. Furthermore, the validity of the proposed topology is confirmed by the experiments.
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1. Introduction

Recently, due to the shift to cloud computing,
electricity power consumption of data centers
increases rapidly. For this reason, adopting 48V for
data center architecture [1, 2] is receiving much
researchers’ attention, because the 48V data center
architecture  can  reduce electricity = power
consumption rather than the conventional data
center architectures. To realize such an efficient
power distribution system using the 48V data center
architecture, several kinds of high step-down power
converters have been proposed in past studies.

Saadatizadeh et al. designed two transformer-
less high step-down dc/dc converters [3],
Hajiheidari et al. developed a high step-down dc/dc
converter using coupled-inductors [4], Cui et al. and
Nene et al. proposed a high step-down phase shift
full bridge (PSFB) dc/dc converter [5-8], Zambetti
et al. suggested a 48/12 V isolated resonant
converter [9], Das et al. proposed a dual-phase
multi-inductor hybrid (DP-MIH) converter [10], and
Ahmed et al. invented a 48/1 V sigma converter [11,
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12]. Furthermore, Ahmed et al. also designed 4:1
and 8:1 LLC dc/dc transformer (LLC-DCX) [13].
These high step-down converters can provide a
simple circuit configuration and a high-power
efficiency. However, due to the necessity of several
magnetic components, such as coupled-inductors
and transformers, these conventional converters
become bulky.

Distinguished from these approaches using some
magnetic components, some researchers have
undertaken to develop a step-down power converter
without magnetic components. For example, Chang
proposed a switched-capacitor-voltage-multiplier/
divider dc/dc converter [14] by connecting series-
parallel type converter modules. Wang et al.
suggested a ladder-type inductor-less step-down
converter [15], Abe et al. suggested a switched
capacitor (SC) converter with double conversion
topology [16] by connecting ladder type converters
with flying capacitors. Saponara et al. developed a
high step-down converter by cascading three SC
converters [17]. Eguchi et al. designed a step-
up/step-down k-Fibonacci dc/dc converter [18] by
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modifying a Fibonacci converter. Moreover, Eguchi
et al. proposed a nesting-type step-up/step-down
converter [19, 20]. These inductor-less step-down
converters have some advantages, such as a small
electromagnetic interference (EMI), small volume,
and a light weight. However, there is a serious
drawback of poor output regulation in these
inductor-less step-down converters.

To realize an efficient step-down converter
which has both properties of these techniques, a
hybrid converter topology has been proposed in
recent years. For example, a merged two-stage
power converter [21-23] was designed by Pilawa-
Podgurski et al. and Baek et al. In the merged two-
stage power converter, Pilawa-Podgurski et al.
merged a buck converter with a series-parallel type
SC converter. The S-hybrid step-down converter
[24] was developed by Seo et al. In the S-hybrid
step-down converter, onboard loss can be reduced
by combining switched-inductor and switched-
capacitor operations. A dual-phase resonant
switched-capacitor-buck  converter  [25] was
proposed by Saggini et al. In the Saggini’s converter,
high power efficiency can be achieved by
connecting a dual-phase buck converter with an SC
converter with symmetrical topology [26]. However,
these introduced hybrid-type step-down converters
[21-25] are not suitable for high step-down
applications, because the voltage gain of these step-
down converters is small. Following these studies,
Jian et al. invented the switched-tank converter and
its families [27-30]. In the switched tank converter,
LC resonant tanks are used in the Dickson SC
converter. By increasing the number of modules, the
switched tank converter can offer a high voltage
gain. Uno et al. proposed a pulse width modulation
(PWM) based SC converter with switched-
capacitor-inductor cell [31]. By combing a ladder-
type switched capacitor converter and switched-
capacitor-inductor cells, Uno’s converter provides a
high voltage gain. However, in all converters

1/16x step-down cross-connected Fibonacci converter

Buck converter

Figure. 1 Topology of the proposed high step-down
converter realizing 1/48x step-down conversion
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reported in the previous works [27-31], the inductor
count also increases in proportion to the number of
modules.

To achieve a high step-down gain with a single
inductor, Lazzarin et al. developed a hybrid-type
step-down converter by connecting the ladder-type
SC converter to the buck converter in series [32]. By
cascading ladder converters, the Lazzarin’s
converter provides a high voltage gain and a flexible
output regulation in spite of a single inductor
topology. Following this study, Eguchi et al.
proposed a single-inductor high step-down converter
by connecting cascade ring-type SC converters to a
buck converter in series [33]. By using multi-phase
control of the cascade ring-type SC converters, the
Eguchi’s converter can improve power efficiency
rather than the Lazzarin’s converter [32]. However,
due to the cascade connection of SC converter cells,
these  introduced  single-inductor  step-down
converters [32, 33] suffer from a low power
efficiency.

In this paper, we propose a novel high step-down
dc/dc converter topology with a single inductor for
48V data center applications and analyze its
converter topology theoretically. The contributions
of this study are the development of a new converter
topology and its theoretical evaluation. By
combining a step-down cross-connected Fibonacci
converter and a traditional buck converter, the
proposed converter topology offers high stepped-
down voltages without the cascade connection of SC
converter cells. Concretely, owing to the cross-
connected structure, the proposed step-down cross-
connected Fibonacci converter achieves the 1/16x
step-down conversion without cascade connection.
The output of the proposed step-down cross-
connected Fibonacci converter is converted again by
the buck converter. Hence, in spite of a single
inductor topology, the proposed converter can
provide not only high voltage gains but also high
power efficiency. Of course, owing to the buck
converter module, the proposed converter topology
with a single inductor enables simple and precise
control of the output voltage. To justify the
effectiveness of the proposed converter topology,
we conduct theoretical analysis, SPICE (Simulation
Program with Integrated Circuit Emphasis)
simulations, and experiments.

2. Topology of the proposed converter

In this section, we explain the topology of the
proposed high step-down dc/dc converter with a
single inductor, which is shown in Fig. 1. To
achieve a 1/48x voltage gain, the proposed converter
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shown in Fig. 1 consists of two converters, hamely
the 1/16x step-down cross-connected Fibonacci
converter and a traditional buck converter. By
connecting these converters in series, some
remarkable features, viz. a high voltage gain, a
single inductor topology, and precise control of an
output voltage, are achieved in the proposed
converter. In the proposed converter topology, the
cross-connected Fibonacci converter realizing step-
down conversion is developed based on the step-up
cross-connected Fibonacci converter reported in our
previous works [34-36]. Unlike the previous
converter topologies [34-36], the proposed converter
topology shown in Fig. 1 is a step-down dc/dc
converter with a single inductor.

The operation principle of the proposed converter
topology is as follows. First, the 48V dc input, Vi, is
converted by the cross-connected step-down
Fibonacci converter. In this converter, the switches
Sk (k = 1, 2) is controlled by two-phase clock pulses.
Applying Kirchhoff's voltage law for Fig. 1, the
capacitor voltages of Cij (For (i=1,2)and (j=1, ...,
4)), Vcij, satisfy

Vin = VC1,1 + VCz,z + VC1,3 + VCz,4 + VClA-’ (1)

Vin = VCZ,l + VC1,2 + VCz,3 + VC1,4 + VCZA’ ()

Ver, = Ve, = Ve,, Ve, 3)
Ve, =Ve,, = Ve, T Ve, 4)
VCl.z = VCZ.3 = VCl.4 + VCz,4’ %)
and V, = Ve,, = Ve, ©6)

where the parasitic elements are neglected. By
rearranging Egs. (1) - (6), the output of the step-
down cross-connected Fibonacci converter is
expressed as

Vo = (1/16) X Vi (")

The output voltage V, of the cross-connected step-
down Fibonacci converter is converted by the
traditional buck converter. It is a well-known fact
that the voltage gain of the buck converter is D in a
continuous mode. Therefore, the proposed converter
generates the high stepped-down voltage as follows:

Vour =DV, = (D/16) x Vi, (0 <D < 1) (8)
To help readers’ understanding, only the continuous
mode is discussed in this paper. By setting D to 1/3,
the proposed high step-down converter provides dc
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1V from the 48V input. For this reason, the
proposed converter topology with a single inductor
can offer a high voltage gain and precise control of
the output voltage. The detailed analysis of the
conventional converters with a single inductor [32,
33] is summarized in Appendices A and B.

3. Theoretical comparison of converter
topologies

To clarify the effectiveness of the proposed
converter topology, we perform the comparison of
converter topologies theoretically, where some
theoretical formulas are derived for calculating the
maximum power efficiency and output voltage. In
the theoretical analysis, the discussion on its control
method is omitted to argue the comparison of
converter topologies, where the four-terminal
equivalent model [37, 38] shown in Fig. 2 is
employed to obtain the theoretical formulas. As Fig.
2 shows, the four-terminal equivalent model consists
of an ideal transformer and a linear resistor. In this
circuit, my is the conversion ratio of the ideal
transformer and Rsc: is the internal resistance of the
switching converter. In the following, to simplify the
theoretical analysis, we obtain the parameters m;
and Rsci by assuming the conditions: i) on-
resistance of all transistor switches Sx (k=1, 2) is Ron,
and ii) time constant is much bigger than the period
of clock pulses, T, viz. the variation of electric
charges is linear in the capacitors.

As it can be seen from Fig. 1, the proposed
converter can be divided into two blocks: the 1/16x
step-down cross-connected Fibonacci converter and
the buck converter. First, the equivalent model of the
step-down cross-connected Fibonacci converter is
analyzed. In a steady state condition, the
instantaneous equivalent circuits of the step-down
cross-connected Fibonacci converter are expressed
as shown in Fig. 3, where Rqn is the on-resistance of
Sk, AQrkvin IS the variation of the electric charge in
the input terminal, and Aqw is the variation of
electric charge in the output terminal. In these
figures, the sum of the variations in the electric
charge of capacitors, Aqn! (For (i=1, 2) and (j=1,
..., &), is zero in the cycle T. Therefore, Agn in Cjj
satisfies

Aqr| +Aqg) =0, 9)
where T =Y2_, T, and T}, = T/2. (10)

Applying Kirchhoff's current law for Fig. 3, the
relationship between the electric charge of Vi, in
State-Tx, AQmvin, and the electric charge of the
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Figure. 2 Four-terminal equivalent model
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Figure. 3 Instantaneous equivalent circuits of the
1/16x% step-down cross-connected Fibonacci
converter: (a) State-T and (b) State-T,

output terminal V, in State-Tx, AQmvo, IS expressed
as follows:

State-Ti: Aqr, .y, = Aq%’ll, (11)
Aqr,p, = Mgz — Mgz + Aq?,, (12)
Aqr! = Aqp! + Aqp?, (13)
Aq7? = Aqr’ + Mgy, (14)
and Aqp’ = A7’ + Aqp”, (15)
State-Tz: Aqr, v, = Aqz;, (16)
Aqr, v, = —Aqz + Aqr + Aqd,, (17)
Aqy' = Aqr + Aqr?, (18)
Aqr? = A7 + Mg, (19)
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and Aq%f = Aq%f’ + Aq%':,

(20)
In Egs. (12) and (17), Agn® is the variation of
electric charges in C,. Furthermore, Aqgr" fulfils

Mg = Aqr and Aqr) = Aqy, (22)
because the cross-connected Fibonacci converter has
a symmetric relationship between Fig. 3 (a) and (b).
Using Egs. (11), (12), (16), and (17), the average

input current and output currents, i, and o, are
expressed as

— Aq"in

1
lin = =22 =252\ Aqr,m, (22)

A
and I, = —o

1
= ;lec=1 ACITk,vo- (23)
Insert Egs. (9)—(21) into Egs. (22) and (23), we have
the relationship between lir and I, as

1 1
Iin = _1_610 and Aqvin = _1_6Aq170' (24)
Therefore, the parameter my is 1/16.

Next, we derive the parameter Rsci through the
discussion on the consumed energy of Fig. 3. In this
figure, the total consumed energy Wr can be
expressed as

Wr = 212<=1 Wry = 2Wrq, (25)
because the step-down cross-connected Fibonacci
converter has a symmetrical structure. In Eq. (25),

Wy is the consumed energy of the circuit shown in
Fig. 3 in State-Tk, which can be calculated by

2R 2R
2 (8ax!)” + 2 (da)’

T1 = T, o
on 1,2\2
T1 (AqT1

2 2
A a2+ )

2R,p 2,312 2R,p 1,412 Ron 2,42
+——(Aar, +T—1(Aqn) +T1(Aqu
(26)

_|_

T

Substitute Eq. (26) into Eg. (25), the total consumed
energy is rewritten as

(Aqu)z )

Wr = Ron T

(27)
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On the other hand, the four-terminal equivalent
model shown in Fig. 3 has the following total
consumed energy:

2

Aqo
Wy = Recy L2%e)

(28)

Therefore, from Egs. (27) and (28), we can easily
determine Rsci1 as Ron. Finally, by combing m; = 1/16
and Rsci = Ron, We can obtain the equivalent model

of the step-down cross-connected Fibonacci
converter as

Vin 16 1 Ronl[

[Iin] [ 1/16] 1 ][_Io], (29)

because the equivalent circuit of the cross-connected
Fibonacci converter can be expressed by Fig. 3.

Next, the equivalent model of the buck converter
is analyzed under the continuous-mode, where the
cycle T is set to

T=T,+T, T, =DT,and T, = (1 — D)T, (30)

In a steady state condition, the instantaneous
equivalent circuits of the buck converter are
expressed as shown in Fig. 4, where R, is the on-
resistance of S, and Sp, Ri is the equivalent series
resistance of L, Agrjvi (j=a, b) is the variation of the
electric charge in the input terminal of the , and
AgQrjvout 1S the variation of electric charge in the
output terminal. Applying Kirchhoff's current law
for Fig. 4, the relationship between the electric
charge of Vi in State-Tj, Adrw, and the electric
charge of the output terminal Vo in State-Tj, AQjvout,
is expressed as Egs. (31)—(34), because the buck
converter operates in continuous mode.

State-Ta: Aqr, v, = [,* Aik, (£) dt = DT, (31)

= —f Aig (t) dt + Ag
=— —DTIL + Agg¥t, (32)

and AqTa_,,ou .

State-To: Aqr,, =0 (33)

and Aqr, ., = f Asz(t) dt + Aq7¥t
= ——(1 — D)TI, + Aqg}t. (34)

In Egs. (31)—(34), Airj-(t) (j=a, b) is the variation of
the inductor currents and 1. is the amplitude of the
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AQTnv ut

Ron Cuut RL Vout

Figure. 4 Instantaneous equwalent circuits of the
buck converter used in the proposed converter: (a)
State-Ta and (b) State-Ty

inductor current. Using Egs. (30) — (34), the average
input and output currents, li and loy, are expressed as

Aqy, 1
Il"l’l = TL = FZ§=1Aqu,Ui (35)
Aqy 1
and oy = Tout = ;Z§=1AQTj,vout- (36)

where Il corresponds to I, in Fig. 2. Insert Egs.
(31)—(34) into Egs. (35) and (36), we have the
relationship between Ii and loy: as

I; = =Dlyy, and Aqy,, = —DAqy, . (37)
Therefore, the conversion ratio of the buck converter,
mg, is D.

In the following, we derive the parameter Rsc:
through the discussion on the consumed energy of
Fig. 4. In the following theoretical derivation,
switching losses are ignored, because the discussion
on the control method is omitted to argue the
comparison of converter topologies. It is well known
that soft switching techniques can reduce switching
losses in buck converters. In Fig. 4, the total
consumed energy Wr can be expressed as

WT = WTa + WTb' (38)

In Eq. (38), Wy; is the consumed energy of the
circuit shown in Fig. 4 in State-T;, which can be
calculated by

Wi, = (Ron + R»M (39)

( fTTa nif, (t)dt)2

and Wr, T

= (Ron + R)) (40)
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Figure. 5 Equivalent model of the proposed high
step-down converter realizing 1/48x step-down
conversion

lin

Substitute Egs. (39) and (40) into Eq. (38), the total
consumed energy is rewritten as

_ (Aquut)z
WT - (Ron + Rl) T (41)

Therefore, from Eqgs. (17) and (41), we can easily
determine the internal resistance of the buck
converter, Rscz, as RontRi. By combing m; = D and
Rsc2= Ron*Ri, We can obtain the equivalent model of
the buck converter as

Vi] 1 ofr1 ROTL + Rl Vout ]
= . 42
[Ii [(D) D] [0 1 ] —Iout (42)

Finally, by combining Egs. (29) and (42), the
equivalent circuit of the proposed converter shown
in Fig. 1 can be expressed by

-
Iln

1
[mlmz ] 1 m3Rscy +Rsc2” Out] (43)
mym;

0 1 Lout

because the four-terminal equivalent model of the
proposed converter can be illustrated as Fig. 5. From
this figure, we get the characteristics as

Ry,
2
Rp+m35Rsc1+Rsc2

n= (44)
Ry,

and V, =mym,V;, X (—
out 12 m Rp+M3Rsc1+Rscz

). (45)

where Ry is the resistive load. As it can be seen from
Eq. (44), the parameters Rsci and Rscz have a strong
influence on the power efficiency and the output
voltage. That is to say, Rsci and Rsc2 are one of the
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Table 1. Characteristics comparison.

Pro Conv. Conv.
P- [33] [32]
m 1/16 1/16 1/16
m; D D D
Gain D/16 D/16 D/16
477 85
Rect R (3gg) Fon (33) Fon
R Ron R,, +R R,, +R
sc2 + Rl on 1 on l
. Ry
Efficiency

Ry, + m3Rsc1 + Rsea

R,
Output mym,V;, X
P v <RL + m3Rseq + R5c2)

most important factors to design of an efficient high
step-down converter.

The theoretical performance of the proposed
converter topology is compared with that of the
existing converter topologies with a single inductor
[32, 33]. Table 1 shows the characteristics
comparison,  where the characteristics  of
conventional converter topologies were analyzed by
the same analysis method. Concerning the existing
converter topologies [32, 33], the detailed
theoretical analysis for deriving the maximum
power efficiency and output voltage is explained in
Appendices A and B.

As Table 1 shows, the proposed converter
topology can achieve the highest power efficiency,
because the parameter Rsc: of the proposed
converter topology is the smallest. To provide the
1/48x stepped-down voltage, a 1/16x step-down
converter is connected to the buck converter in
series. Hence, the total performance of the 1/48x
step-down converters depends on the performance
of the 1/16x step-down converters, namely, cross-
connected  Fibonacci  converter,  ladder-type
converter [32], and cascade ring-type converter [33].
From Table 1, the proposed converter topology
outperforms the conventional converter topologies.
In next section, according to the results of the
theoretical analysis shown in section 3 and
appendices, the converter characteristics in the case
of the resistive load are discussed.

4. Simulation study
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Figure. 6 Simulated results of the 1/16x step-down
converters as a function of output power: (a)
power efficiency and (b) output voltage

To clarify the effectiveness of the proposed
converter, the comparison between the proposed
converter and the introduced converters [32, 33] was
conducted by using SPICE simulations, where the
simulation conditions are as follows: Vi.= 48 V,
Ron=0.1 ©, R=0.45 Q, Cij = Co =33 puF, Cou=10 pF,
L=10 uH, and f=1 MHz. In the SPICE simulations,
the discussion on its control method is omitted to
compare converter topologies.

Fig. 6 is the simulated result of the 1/16x step-
down converters as a function of output power. As it
can be seen from Fig. 6, the proposed step-down
cross-connected Fibonacci converter stands out from
the conventional converters in power efficiency and
output voltage point of view. Concretely, the
proposed converter can achieve about 93% at 6W
power efficiency. The proposed converter can
improve power efficiency more than 15% at 6W in
comparison of the conventional ladder-type
converter [32]. Furthermore, the simulation results
shown in Fig. 6 are very much consistent with the
theoretical results shown in Table 1. From these
results, the validity of theoretical analysis can be
confirmed.

Fig. 7 demonstrates the simulated results of the
1/48x step-down converters with a single inductor.
As Fig. 7 shows, the proposed converter
outperforms the given converters [32, 33] in power
efficiency and output voltage point of view.
Concretely, the proposed converter can achieve
about 87% at 3W and 76% at 2W in the case of D =
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Fig. 7. Simulated results of high step-down dc/dc
converters with a single inductor as a function of
output power: (a) power efficiency and (b) output
voltage.

0.7 and D = 0.4, respectively. In other words, the
proposed converter can improve power efficiency
about 7.5% at 3W and 7% at 2W comparing with
the conventional 1/48x step-down converter using a
ladder-type converter [32], in the case of D = 0.7
and D = 0.4, respectively. However, as it can be
seen from the output power shown in Figs. 6 and 7,
the output power of the proposed converter is low.
Due to the harmful effect in a short circuit fault, the
SC converters are difficult to use in high power
applications, because there are several capacitors in
an SC converter. Of course, we can increase the
output power of these high step-down converters by
employing the parallel connected topology. In the
parallel-connected structure, the users must consider
the risk of short circuit faults.

5. Experimental study

In this section, some laboratory experiments were
performed concerning the experimental circuit built
up with discrete components. The purpose of this
experiment study is to confirm the proposed
topology, not to characterize it. To perform simple
topology confirmation, the experimental circuit was
assembled with photo MOS relays AQW 217,
Darlington  sink  drivers TD62083APG, a
microcontroller PIC, and electrolytic capacitors. Of
course, the switches Si, S, Si, and Sp,, can be
realized by power MOSFETSs. However, the design
of driver circuits is required to use power MOSFETS.
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Since the design of peripheral circuits is out of focus
of this paper, the photo MOS relays were chosen to
assemble the experimental circuit.

The measured output voltage of the proposed
step-down cross-connected Fibonacci converter is
demonstrated in Fig. 8. Furthermore, the measured
output voltage of the proposed high step-down
converter is demonstrated in Fig. 9. The experiments
of Figs. 8 and 9 were conducted under the
conditions that Vin= 48 V, Cij = C, =33 uF, Cou=100
uF, and L=100 mH, and the output load R =100 kQ.
These experimental conditions also meet the

IMS0-X 2014A, MYSE270503: Mon Mow 25 16:55:38 2019
] 20.0V7 1.00v/

GND (Input)

Output (=2.46V)

(Output)

Recall Default/Erase
- -

IMS0-X 2014A, MYSE270503: Mon Now 25 16:59:29
1 200v/7 1

GND (Input)

Output (=0.97V)

GND (Output)

(b) D = 0.4
Figure. 9 Measured output voltage of the high
step-down dc/dc converters with a single inductor

assumptions of the theoretical analysis described in
section 3. Due to slow switching speed of the photo
MOS relays AQW 217, viz. typical turn on time is
0.25 ms and typical turn off time is 0.05 ms, we set
the switching frequency f to 40 Hz. This is why the
simulation and experiment parameter settings are
different. As can be seen from Fig. 8, the measured
output voltage is about 2.98 V. In other words, the
voltage gain is about 1/16. As it can be seen from
Fig. 9, high stepped down voltages were obtained by
the experimental circuit. Concretely, the measured
output voltage is about 2.46 V and 0.97 V in the
case of D = 0.7 and D = 0.4, respectively. In other
words, the voltage gain is about 1/19 and 1/53 when
D=0.7 and D=0.4, respectively. From these results,
we can confirm the validity of the proposed
topology through the experiments. However, we
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confirmed only the validity of the proposed
topology, because the experimental circuit was
assembled by using photo MOS relays. Therefore,
the detailed investigation through experiments is left
to a future study.

6. Conclusion

For 48V data center applications, a novel step-
down dc/dc converter topology consisting of a step-
down cross-connected Fibonacci converter and a
traditional buck converter has been proposed in this
paper. The performance evaluation of the proposed
converter topology was performed by theoretical
analysis, SPICE simulations, and experiments.

In the performed theoretical analysis and SPICE
simulations, the power efficiency and output voltage
of the proposed converter topology are higher than
that of the conventional converter topologies,
namely the high step-down converter using a ladder-
type converter and the high step-down converter
using a cascade ring-type converter. Concretely, the
power efficiency of the proposed converter topology
reached about 87% at 3W and 76% at 2W in the
case of D = 0.7 and D = 0.4, respectively. In other
words, the proposed converter topology improved
power efficiency about 7.5% at 3W and 7% at 2W
from the conventional converter topology using a
ladder-type converter, in the case of D =0.7and D =
0.4, respectively. Furthermore, the experiments
indicated the validity of the proposed topology. In
the performed experiment, the high voltage gains,
viz. 1/19x and 1/53x, were obtained in the case of D
= 0.7 and D = 0.4, respectively. The proposed
hybrid-type high step-down dc/dc converter with a
single inductor will contribute to the development of
48V data center applications.

However, this research work lacks experimental
confirmation of the obtained theoretical formulas,
because the purpose of the experiment shown in
Sect. 5 is to confirm the circuit topology, not to
characterize it. This is the limitation of this research
work. In a future study, we are going to perform the
detailed investigation by integrating the proposed
converter into an IC chip. The IC implementation of
the proposed converter requires the design of
peripheral circuits such as driver circuits and
controllers. In this paper, we proposed a new
converter topology and analyzed it theoretically.
The experimental evaluation about power efficiency,
power density, etc. requires an integrated
implementation in form of an IC chip. Furthermore,
the fault analysis of the proposed converter is left to
a future study, because the proposed converter
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requires several capacitors to achieve high voltage
gains.
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In this Appendix, the conventional hybrid-type - ©
converter using a cascade ring-type converter shown

in Fig. Al [33] is theoretically analyzed by using the
four-terminal equivalent model shown in Fig. 2. In | | R"‘" H co
this theoretical analysis, we discuss the theoretical F@ = R”"F& S T

| ‘\Buck converter r{ o -
\ (d)

Cascade ring-type . . . .
converter Figure. A2 Instantaneous equivalent circuits of the

ol Cs = ol e = cascade ring-type converter: (a) State-Ty, (b) State-
I T, (c) State-Ts, and (d) State-Ta
Figure. A1 Circuit configuration of the analysis of the cascade ring-type converter only,
conventional hybrid-type 1/48x step-down because the characteristics of the buck converter

converter using a cascade ring-type converter
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have already been discussed in Section 3 (Please see
Eq. (42)).

In a steady state condition, the instantaneous
equivalent circuits of the cascade ring-type
converter are shown in Fig. A2, because the cascade
ring-type converter is controlled by four-phase clock
pulses. In Fig. A2, Ron is the on-resistance of S; (j=1,
oty 8), AQrivin (i=1, ..., 4) is the variation of the
electric charge in the input terminal, and AQrivo IS

the variation of electric charge in the output terminal.

In Fig. A2, the variation of electric charge, Agr,
in Cx (k=1, ..., 9) satisfies
;1-=1 Aq¥L = 07 (Al)

because the overall change in Aqgri¥ is zero in the
cycle T. In Eq. (Al), the cycle T is set to

T=Yr T,and Ty =T, =T; =T, = T/4(. )
A2

In each state of Fig. A2, the variation of electric
charge fulfils the followings by using Kirchhoff's
current law:

State-T1: Aqr, »,, = Aqr,, (A3)
Aqr, v, = Aq7, — AqR, + Aqy,, (A4)
Aqf, = Aq}, = Aqt,, (A5)
Aq?, = Aq7, = Aq},, (A6)
and Aq7, = Aqr, + Aqy,. (A7)
State-T2: Aqr, ,, = Aqr,, (A8)
Aqr, v, = Aqt, — Aqt, + Aqz,, (A9)
Aqz, = Aq3, = Aqt,, (A10)
Aq?, = Aq7, = Aq3,, (A1)
and Ag? = Aqf, + Aqz,. (A12)
State-Ts: Aqr, »,, = AGF,, (A13)
Aqr, v, = Aqf, — Aqf, + Aqy,, (A14)
Aqz, = AqF, = Aqt,, (A15)
Aq?, = Aq%, = Aq3,, (A16)
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1/16x step-down ladder converter

Buck converter

Figure. A3 Circuit configuration of the
conventional hybrid-type 1/48x step-down
converter using a ladder-type converter

Ron I Ron [ Ron I Ron L Aqu,Vu
-—
——0

Vin = Vo

A Qr.vin

A Qgravo

——0
Cé: Ron #@: Ron #@: Ron #@: Ron
Vin ng Vo

(b)
Figure. A4 Instantaneous equivalent circuits of the
1/16x step-down ladder-type converter: (a) State-
T1 and (b) State-T»

and Aq, = Aq?, + Aq?,. (A17)
State-Ta: Aqr, v, = AG3,, (A18)
Aqr, v, = —Aqz, + Aq}, + Aq7,, (A19)
Aqz, = AqF, = Aq3,, (A20)
Aq?, = Aq3, = Aqr,, (A21)
and Aqr, = Aqt, + Aq,. (A22)

Since the average input/output currents, lin and o,
can be obtained as

_ Aq"in 1

lin = =2 =2 %01 Ay, (A23)
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A
and I, = q”"

= Z 18qr,5,, (A24)
we derive the relationship between liy and I, by
substituting Egs. (Al)-(A22) for Egs. (A23) and
(A24) as follows:
Iip = ——1I, and Ag, =——A A25
in = T Jglo an CIvin—_E v, ( )
Therefore, we have the parameter m; as 1/16.

Next, in order to obtain Rsc, we analyze the total
consumed energy, Wr, shown in Fig. 2. As it can be
seen from Fig. A2, the 1/16 step-down cascade ring-
type converter has a symmetrical topology.

Therefore, the total consumed energy of the cascade
ring-type converter, Wr, is expressed as

Wy = Z?=1 WTL = 4WT1

(AQ%l—AQ%l)

2
(adf,)
Ty

+ 4R,

+

4R
2 2
Aqs Aqs +Aq1 —qu
+Ron( ;11) + Ron( T1 TT11 Tl)
(477 (Aqy,)*
= (522) Rop kel (A26)

From Eq. (Al1l), we get Rsci as (477/256)Ron,
because Wr of Fig. 2 is expressed by Eq. (28).
Therefore, the four-terminal equivalent model of the
1/16x step-down cascade ring-type converter can be
expressed by the K-matrix as follows:

[in]-
1 (477/256)R0n] [_V})O]

[16 1/16] 1

(A27)

Finally, by combining Egs. (42) and (A27), we get
the characteristics of the conventional hybrid-type
1/48x step-down converter shown in Table 1.

A.2 Theoretical analysis of the conventional
converter using a ladder-type converter

In this Appendix, the conventional hybrid-type
converter using a ladder-type converter shown in
Fig. A3 [32] is analyze theoretically by using the
four-terminal equivalent model shown in Fig. 2. In
this theoretical analysis, we also discuss the
theoretical analysis of the ladder-type converter only,
because the characteristics of the buck converter
have already been discussed in Section 3 (Please see

Eq. (42)).
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Fig. A4 illustrates the instantaneous equivalent
circuits of the ladder-type converter are shown in
Fig. A4, where Rqn is the on-resistance of S (j=1, 2),
Agrivin (i=1, 2) is the variation of the electric charge
in the input terminal, and Aqrivo is the variation of
electric charge in the output terminal.

Since the overall change in Agri¥ is zero in the
cycle T, the variation of electric charges Agri® in Ck
(k=1, ..., 9) satisfies

Aqf, + Aqf, = 0, (A28)

where T=Y2_,T; and T, =T, = T/2. (A29)

From Fig. A4, the relationship between the electric
charge of Vi, in State-Ti, Aqrivin, and the electric
charge of the output terminal V, in State-Ti, AQriyvo,
is obtained as

State-Ta: Aqr, ., = AGF, (A30)
Aqr, v, = Aq7, — AqR, + Aq7., (A31)
Aq7, = AqF, — Aqt,, (A32)
Aq?, = Aqt, — Aq3, (A33)
and Ag?, = Aq$, — Aqf, (A34)
State-Ta: Aqr, »,, = Aqt,, (A35)
Aqr, v, = —Aqr, + Aq?, + Aqy,, (A36)
Aqr, = AqF, + Aq3,, (A37)
Aq3, = Aqt, + Agz,, (A38)
and Ag?, = Aq$, + Aq7,. (A39)

Since the average input/output currents, lin and o,
can be expressed by

Agy
“in = (A40)

Iin

Zl 1 qT Vin
AQVO 1
and I, = =% = -3 1 Aqr,p,, (A41)

Substituting Eqgs. (A28)—(A39) into Egs. (A40) and
(A41), the relationship between li, and I, can be
obtained as

(A42)

1 1
Iin = _1_610 and Aqvin = —1—6Aqvo.
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Therefore, we get the parameter m; as 1/16.

Next, in order to obtain Rsc, we analyze the total
consumed energy, Wr, shown in Fig. 2. Since energy
is consumed by Ron, the total consumed energy of
the cascade ring-type converter, Wr, is expressed as

Wr = Wrq + Wry, (A43)

where Wr; and Wr, can be calculated by

2
(Aqf, —Aqr, )
Ty
2 1 3 )2

(Aqu —Adr, _Aqu)
on
Ty
2 1 3 5 )2
Aqr,—Aqr,—Aqr, —AQTl)
T

Wr1 = Ron +

Ry, ¢
2
(Aqt, -Aq7,)
T
2
(8a},-2a},~0a}, -0af, -a]., )
T

ROTL

+Ryn

2
3 4
R (Aqu—Aqu)
on
T
1A5—A6)2 (A7—A8)2
qr, —Adr, +R qr,—Ad4r,
Ty on Ty

:@3&Jﬁ@2

R

(A44)

2
Aqt,—Aq}
and Wry = Ron%
2
(sa},-8a%,-2at,)
T
2
(8a},-2a},-bat,-Aqf,)
T

ROTL

+Ron

2
(8a},-na?,)
on
Tz
2
(8a},-2a},-0at,-0af,-Aqf,)

+Ron o

(Aq%z _Aq%z)z
on~ . ,
saf,~Aaf, ) (aa7,~2a?,)
T, on T

= (&) R,y 2z

From (A43) — (A45), we have the total consumed
energy as

R

(A45)

= (2) R 2

From Eq. (A46), we get Rsc1 as (85/32)Ron, because
Wr of Fig. 2 is expressed by Eq. (28). Therefore, the

(A46)
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four-terminal equivalent model of the 1/16x step-
down cascade ladder-type converter can be
expressed by the K-matrix as follows:

[Vi]_[16 0 “1 (85/32)R0n”Vo]
Iin Lo 1/16]1lo 1 =l
(A47)
Finally, by combining Egs. (42) and (A47), the
characteristics of the conventional hybrid-type

1/48x step-down converter using a ladder-type
converter can be obtained as shown in Table 1.
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