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Abstract—In this paper, a new multi-inductor multi-
output hybrid (MiMoH) converter is proposed and demon-
strated. The structure is synthesized from the popular
series capacitor Buck (SCB) converter to provide multiple
output voltages. The relationship between voltages and
the power of the outputs is analyzed to provide output
regulation with duty cycle modulation. A MiMoH converter
prototype has been implemented to demonstrate conversion
from a 24-48V input voltage to three individually regulated
outputs ranging from 1.2V to 2.2V. The converter prototype
achieves 40W peak power and 91.8% peak efficiency.

Index Terms—Multi output, DC-DC, Switched capacitor,
Hybrid

I. INTRODUCTION

Each modern electronic appliances is a set of in-
dividual smaller electronic systems dedicated to more
specific tasks. These smaller systems complement and
coordinate with each other to finally serve the pur-
pose of the whole system. In most cases, the whole
system is powered by a single voltage source, while
the smaller parts use different voltage rails for their
operation. Modern televisions, mobiles, computers, etc.,
are examples of different power rails for processors,
displays, memory, communication devices, and other
individual functional blocks. Even within a processor
chip, computation demands have driven the design to
have multiple cores that require different voltage levels
(in dynamic voltage and frequency scaling, or DVFS)
and power to achieve optimal energy per computation
efficiency.

To support these multiple voltage rails, the system
power delivery often starts from a higher voltage level
and uses either multiple high-voltage (HV) high con-
version ratio converters or multiple stages comprised of
a single HV converter followed by multiple low-voltage
(LV) Buck converters. These solutions suffer from a defi-
ciency in area utilization or low efficiency from the series
connection of multiple stages. Therefore, it is desirable
to seek a new converter architecture that can deliver
high conversion ratios while providing multiple outputs
in a single converter stage. In literature, multi-output

converters use transformers with multiple secondary
windings for multiple outputs [1] or single inductor mul-
tiple output (SIMO) architectures with minimal voltage
conversion capability [2]-[4]. In this work, we propose
a switched capacitor-based hybrid converter to operate
at a high conversion ratio and provide simultaneous
multiple outputs. Section II describes the converter with
its operation, and section III follows with the steady-
state analysis. The converter hardware implementation
and experimental verification are included in Section I'V.
The paper is summarized and concluded in Section V.

II. PROPOSED MIMOH CONVERTER

Historically, Series Capacitor Buck (SCB) converter
shown in Fig. 1a was proposed and demonstrated in [5],
although the popular customary name was given in a
later publication [6]. The same topology was also syn-
thesized from the switched capacitor-based converter’s
perspective later in [7]-[10]. Following the synthesis of
the series capacitor Buck converter from a Dual inductor
hybrid converter in [11], recent high current demon-
strations for data center applications have been done
with the favorable modification of the SCB converter
[12]-[14]. The inductors in the SCB converter serve
one output. However, we recognize that these inductors
can be separated to provide multiple individual outputs,
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Figure 1: Synthesis of the new topology
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thus constructing the multi-inductor multi-output hybrid
(MiMoH) converter. There can be multiple variations
of MiMoH converter in terms of the number of levels,
capacitors and their connections, inductors, and outputs
[15]. However, in this work, we focus on the 3-level 3-
inductor 3-output converter, shown in Fig. 1b, that can
carry the essence of the MiMoH converter.

The proposed MiMoH converter has two flying ca-
pacitors C;,, three inductors L;3, and three pairs of
switches (S;4, Sas, and S3¢) working at three different
phases A, B and C. Two complementary signals control
two switches in a pair. The operation of the converter
can be explained with the timing diagram in Fig. 2
and the converter states in Fig. 3. Three operating
phases divide the switching period into six different
converter states. In state 1 (Fig. 3a) when switch S; is
on, inductor L; softly charges capacitor C; while also
supplying the load at Voyr,. Similarly in state 3 (Fig.
3b), inductor L, discharges C;, charges C,, and supplies
Vour,. Then, inductor L3 discharges C, to supply Vour,
in state 5. While in states 1, 3, and 5, one inductor
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current is charged, and the other two are discharged
in freewheeling; all three inductors freewheel in states
2, 4, and 6. For normal operation, the non-overlapped
operation needs to be maintained between states 1 and
3 and between states 3 and 5. The operating phases A,
B, and C, corresponding to states 1, 3, and 5, can be
arranged in any order or phase shifts as long as the non-
overlap condition is satisfied. As three inductors serve
the three outputs separately, the outputs can be regulated
by the time the inductors get charged and thus, changing
the slopes of the inductor currents.

III. STEADY STATE ANALYSIS

Assume the duty cycles of the phases A, B, and C are
Dy, D,, and D3, respectively and voltages of capacitors
Ci are V¢,,. Applying the volt-second balance to the
inductors, we can get the following relationships among
input, output, and flying capacitor voltages:

Vout Vout Vout
‘/in - 1 + 2 + 2 )
D, D, Ds )
Vout Vout VOUt
Vo, = 2tz 2 and Vg, = 2t
“ Do Dy T T Ty

However, (1) does not provide information on how to
regulate each output voltage individually. Thus, this
converter breaks the norms of traditional pulse-width
modulated (PWM) converters such as Buck, Boost, or
even the parent SCB converter, [5], [10] where the duty
cycle can be directly calculated by deriving the input to
output conversion ratio from the volt-second balance. So,
we need to look into other fundamental relationships.
Other ways to analyze a power converter are to use
charge balance and/or power balance. In a switched
capacitor-based converter, the same charge normally
flows from one flying capacitor to another. This charge
is directly linked to the output current. In the proposed
MiMoH converter, the inductors can carry different
currents to support their respective outputs, or Ir,=Ioy.
These currents charge and discharge flying capacitors
C|., during states 1, 3, and 5. For simplicity in analysis,
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Figure 3: Operating states of the proposed MiMoH converter
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second-order effects from the L-C interaction listed in
[16] are considered insignificant. Thus, the inductor cur-
rents are assumed to charge and discharge with constant
slopes. Hence, applying the charge balance on C;.;, we
get the following relationship:

IoutlDl = out2D2 = IouthB (2)

We can also write the theoretical power balance equation
in the converter and apply (2):

Pin, = Pout = Pout, + Pout, + Pouts (3)
Vinlin = Vinlout, D1

= Vindout, D2 = Vinlout, D3 “4)
= Vouty Lout, + Vouts Louts + Vouts Louts

From (4), the duty cycles for the three phases can be
calculated to have relationships with different voltages,
currents and power for different outputs as follow:
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In a voltage converter, the most important feature
would be regulating the right output voltage(s). As

286~

Figure 4: Prototype of the converter

shown in (5)-(7), controlling the duty cycle to regulate an
output voltage in the MiMoH converter depends on the
power requirement of other outputs. This behavior has an
impact on the flying capacitor voltages. At the converter
switching frequency, flying capacitors can be considered
voltage sources. While the input is the power source for
all three outputs, capacitor C; acts as an intermediate
power source for Vo, and Vo3, and capacitor C, as an
intermediate power source for V. As the input voltage
is constant, the flying capacitor voltages need to move
around to accommodate the power increase or decrease
in different outputs. This behavior of the flying capacitor
voltages can be modeled by modifying the equations of
(1) using (5)-(7) as follows:

V; (Poutz + Pout;:,)

Ve, = P , and .
VC2 _ Yint outs
Pout

Note that the flying capacitor voltages in the MiMoH
converter are fully predictable based on (8), and do not
suffer from the known balancing issue of 3-level Buck
converter [16], [17].

IV. EXPERIMENT RESULTS

A proof-of-concept prototype of the converter, shown
in Fig. 4, was built using the components listed in Table
I. GaN devices have been used to implement all the
power switches in the converter. The cascaded bootstrap
technique is applied to power gate driving circuits [18].
The measured waveforms of the converter are shown in
Figs. 5a and 5b, proving its intended stable operation.
These waveforms are taken at 24V to simultaneous
three regulated output operations at 1.5V/5A, 1.8V/5A,
and 1.2V/5A. It can be seen from Fig. 5b that the
flying capacitors are softly charged and discharged by
the inductors. The switching node voltages Vy,, have
different swings as they support different output voltages.
V., levels can be calculated from the flying capacitor
voltages in 8. The inductor currents are at the same DC
levels as the output currents.

There can be numerous settings of output voltages
and power that the MiMoH converter can support. In
this paper, we include measured performances of the
converter in several example combinations for output

Table I: Components used in MiMoH converter

Components Part Number
Swi.s 60V EPC2020
Swae 30V 2xEPC2023
Cis 2x1.4uF 50V C1812C145J5JLC7805
Lis 400nH VLBU1007090T-R40L
Gate Driver LMGI1210
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Figure 7: Performance of the converter at 48V input

voltages from 1.2V to 2.2V in Fig. 6 and 7. Figures 6a-
6¢ show the performance of the converter with different
combinations of output voltages 1.2V, 1.5V, and 1.8V
from an input voltage of 24V, achieving a peak efficiency
of 91.8%. Figure 7 shows the efficiency measurement
at 48V input voltage and 2.2V, 1.8V, and 2V out-
put voltages. In this operating condition, the converter

V. CONCLUSION

A high conversion ratio multi-inductor multi-output
hybrid (MiMoH) converter has been proposed and
demonstrated in this paper. Experimental results prove
the intended operation and validate the analysis of the
converter. This is the first demonstration of a converter
achieving a high conversion ratio while providing mul-
tiple outputs without a transformer. MiMoH converter
extends the application spectrum of switched capacitor-
based hybrid converters to a broader range.
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