<]
TUDelft

Delft University of Technology

A 90.6% Efficient, 0.333 W/mm2 Power Density Direct 48V-to-1V Dual Inductor Hybrid
Converter with Delay-line Based V2D Controller

Hua, Yuan ; Lu, Qi ; Li, Shuangmu ; Zhao, Bo; Du, Sijun

DOI
10.1109/TCSI1.2022.3219243

Publication date
2023

Document Version
Final published version

Published in
IEEE Transactions on Circuits and Systems II: Express Briefs

Citation (APA)

Hua, Y., Lu, Q., Li, S., Zhao, B., & Du, S. (2023). A 90.6% Efficient, 0.333 W/mm2 Power Density Direct
48V-to-1V Dual Inductor Hybrid Converter with Delay-line Based V2D Controller. IEEE Transactions on
Circuits and Systems II: Express Briefs, 70(3), 1014-1018. https://doi.org/10.1109/TCSI1.2022.3219243

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/TCSII.2022.3219243
https://doi.org/10.1109/TCSII.2022.3219243

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



1014

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 70, NO. 3, MARCH 2023

A 90.6% Efficient, 0.333 W/mm? Power Density
Direct 48V-to-1V Dual Inductor Hybrid Converter
With Delay-Line-Based V2D Controller

Yuan Hua, Qi Lu, Shuangmu Li, Bo Zhao, Senior Member, IEEE, and Sijun Du

Abstract—This brief presents a 48V-to-1V 10-level dual induc-
tor hybrid converter (DIHC) containing 11 on-chip switches and
an off-chip gallium nitride (GaN) switch. Thanks to the 10-level
Dickson switched-capacitor (SC) circuit, most of the voltage stress
will be taken over by off-chip capacitors, which reduces the volt-
age stress of each switch to 4.8 V and takes full advantage of the
voltage pressure on the 5-V on-chip transistors. This proposed
structure is implemented in a 0.18-um BCD process to convert
48-V input to 1-V output with up to 18-A current load. The post-
layout simulations show that a peak power efficiency of 90.6 %
can be achleved at 5.2-A loading and the power density is about
0.333 W/mm considering the power stage area.

Index Terms—Hybrid DC-DC converter, 10-level, 48V-to-1V,
switched capacitor, GaN switch, 5-V on-chip transistors.

I. INTRODUCTION

HE RAPID development of automotive applications and

data center causes demand for efficient DC-DC converter.
Compared to a 48-/12-/1-V DC-DC converter, the direct 48-
/1-V architecture can reduce I>R distribution loss by 16 times
and increase the power density. However, for high voltage
converters, achieving extremely short on-time and improving
efficiency have always been a major challenge.

To address these challenges, several switched-capacitor
based hybrid topologies have been explored. A N-level fly-
ing capacitor multilevel (FCML) converter is presented in [1].
2(N-1) switches and N-2 flying capacitors are needed, and
with current-limit control, voltage balance of capacitors can
be achieved. A peak efficiency of 85% can be reached for
a 48V-to-2V converter. However, high conduction loss in the
FCML converter due to multi-switches in series limits the out-
put current. To efficiently utilize the switches, [2] adopts a
hybrid Dickson switched-capacitor converter. Split-phase con-
trol is used to achieve complete soft-charging. However, its
duty cycle is reduced by 2, D = 2 MVou Thus, [3] presents a dual
inductor hybrid converter (DIHC) 'Soft- -charging is achieved
by optimizing the size of the flying capacitors. Two naturally
interleaved inductors here can support large output current and
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Fig. 1. Detailed circuit diagram of the proposed DIHC.

produce the original duty cycle, D = N“//"”’ realizing large con-
version ratio. However, all these converters mentioned above
need high voltage-stress transistors. A 12-level hybrid Dickson
converter is introduced in [4]. In this architecture, the capaci-
tors take over most of the input voltage, making the circuit to
be an equivalent 4V-to-1V converter. This allows the on-chip
5-V transistor in the 48 V design. However, the 5-V transistor
here only bears 4-V voltage.

In this brief, a 10-level Dickson switched-capacitor con-
nected with a two-phase switched-inductor circuit is proposed,
which turns the 48-V into a 4.8-V equivalent input. The
proposed design achieves higher overall efficiency compared
to state-of-the-art designs with less on-chip and external
switches. This brief is organized as follows. Section II
describes the overall architecture, operation principle and cir-
cuit implementation of the proposed converter. The simulation
results are presented in Section III, where also the comparisons
between this brief and the previous ones are discussed. Finally,
a conclusion is drawn in Section IV.

II. PROPOSED TOPOLOGY
A. Overall Architecture

Fig. 1 shows the detailed block diagram of the proposed
10-level dual inductor hybrid converter with a delay line based
voltage to duty cycle (V2D) controller and a type-III com-
pensator. 10 high-side switches SW;-SWj are connected in
series, and two low-side switches SW1{-SWj, are connected
between two inductors Lj, L, and ground. The SW; is an
off-chip e-mode GaN FET (EPC2035) with maximum 60-V
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See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 27,2023 at 06:43:38 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-6238-4423

HUA et al.: 90.6% EFFICIENT, 0.333 W/mm? POWER DENSITY DIRECT 48V-TO-1V DIHC 1015
Al sw, Vin B : SW, Vin W, Vin
\SW2 1;\_’2 SW;
Tc1 A, sz; Tct B, W, Cy SW;
SW, T ﬁm_{ T SW, G
TC: As JSWs ek Cs Bs SWs i C3 SWs
SWg ¢ —i— 4’_\’6 @ SWg C4
Tes As {sw, T6s B, W, (9 W,
SW; CsT 1 W, CsT SW; Cs
Ter SWq L e Ter SWq o Cr SWq &
TCg SWyg =Cy  SWyg Cy  SWyo
1% SWy SWni 1% v - SWi;  SW. v, 1% SWy;  SW.
X1 L‘ 2 N X2 X1 N 12 1 & X2 11— s " 12 & 4"')?
——— )| gt M. S M S
Cout ? lioad Cout ? lioad Cout ? lioad
(a) State 1 (b) State 3 (c) State 2 and 4
Fig. 2. Operation states of the proposed structure.
continuous Vpg to block the full input voltage at the power-on 0s O 0, 0 0 O
period, and SW>-SWj, are on-chip 5-V NMOS switches. The Vsw1 il S —
proposed converter includes 9 capacitors. The switches and
capacitors form a 10:1 Dickson step-down converter and the Vsw2 o
hybrid converter forms a 4.8:1 equivalent Buck converter. The : -
input voltage for the hybrid can be considered as 4.8 V, which Vswo .61
makes the stress voltage being fully utilized by 5-V on-chip il L
MOSFET devices. Also, the overall structure has reduced the v 1.8
. . SW10 (1)
number of both transistors and capacitors by 2 compared to
the 12-stage converter presented in [4] which leads to a better v
performance in power efficiency and excellent switch quality. V[l
Besides, a VDD supply selector, which mainly consists of an ‘
low-dropout linear regulator (LDO) and 1:5 SC DC-DC con- - N e S
. . . . \ -
verter, inherits the fast transient response of LDO and the high [ —F T
efficiency of SC converter, providing the power for the feed-
back circuit and reducing the its impact on the efficiency in  Fig. 3. Operation waveforms.
the steady state.
Vo= 0y k=129 2
B. Operation Principle Ck= "o "mtT e @)

The 10-level DIHC converter’s operation is similar as the
original DIHC converters [3]. Fig. 2 demonstrates the four
states of the proposed converter. Components in grey are in
idle state. Operation waveforms are shown in Fig. 3.

State ¢1: The odd-number switches turn on and the odd-
number capacitors are charged. Inductor L; stores the energy
and L, releases the energy. The power supply is connected to
the whole circuit to provide power. The current flow is shown
in Fig. 2(a).

State ¢3: The even-number switches turn on and the even-
number capacitors are charged. L; releases the energy and L,
stores the energy. The current flow is shown in Fig. 2(b).

State ¢2 and ¢4: The low-side switches turn on and all the
other switches turn off. The capacitors are idle. L; and L,
will be the power supply for the converter. The current flow
is shown in Fig. 2(c).

For continuous conduction mode, according to the inductor
voltage-second balance, if the same duty cycle is applied to
state 1 and state 3, expressions for the conversion ratio and
flying capacitor voltages during the steady state are given as

~ Vin/10

(D

where, V¢, Vip, and V, are the average flying capacitor
voltages, input voltage and output voltage, respectively [6].

To maintain capacitor charge balance, charges shared among
all the flying capacitors need to be the same, thus, Ick
Ic@+1)- Inductors Ly and L see the same number of capacitors
in both branches, which results in the same average current
in the two inductors. This indicates that the current balance is
automatically achieved [4]. The inductor current ripple in the
inductors is given as

. Vol =10V,/Vin)

Air,
fswL

3

C. Driver Design

The driver circuit contains a bootstrap circuit, a level shifter
and a buffer driver.

Directly producing the bootstrap voltage from 48-V input
could result in considerable loss, particularly for the lower
level switches [4]. Thus, two types of driver circuits are used
for the 10 high-side switches, shown in Fig. 4.

A dual level shifter (DLS) with both pulse-triggered (PT)
and level-triggered (LT) level shifter [9] is adopted, shown
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Fig. 6. Timing waveforms of DLS.

in Fig. 5. The pulse-triggered level shifter establishes the sig-
nal at the rising and falling edges of the input control signal,
with short propagation delay and relatively large instanta-
neous power consumption. The level-triggered level shifter is
to maintain the signal, after this brief pulse has vanished. The
propagation delay is relatively long, but the average power
consumption is low. The two collaborate to ensure fast and
accurate delivery of the low-side control signal to the high-
side. Timing waveforms of this DLS are shown in Fig. 6.
Simulated propagation delays of 7p;y and tpgyy are 0.9ns and
2.3ns.

D. Delay Line Based Voltage to Duty Cycle Controller

In this brief, a delay-line based V2D controller with cal-
ibration loop is adopted to fit the high switching frequency
used and overcome the delay-related problems caused by the
comparator in the conventional ramp-comparator-based V2D
controller. The block diagram is shown in Fig. 7. It consists
of two parts, a fixed small duty cycle generator and a V2D
controller. Two same V2D cell are used in each part to realise
the bias calibration [8]. Fig. 8(a) shows the V2D cell in the
V2D controller. It generates a duty cycle signal by changing
the delay of the falling edge of the clock based on the control
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Fig. 9. Block diagram of the proposed VDD supply selector.

voltage Vg4 from the previous stage. The timing diagram of
the V2D circuit is shown in Fig. 8(b). The changed time #;
can be expressed as:

_ C(VDD — Vp)
-

where Vj, is the flip voltage of the inverter; 1 is controlled
by both the bias voltage Vj;,s and control voltage of the error
amplifier Vg4 in the previous stage.

tq 4)

E. VDD Supply Selector

The proposed VDD supply selector consists of high-voltage
pre-regulator, LDO, bandgap reference, comparator, 1:5 SC
DC-DC converter and switches, as shown in Fig. 9. The pre-
regulator here enables the use of low voltage transistors in
the following circuits. For the two switches MP; and MP»,
two additional PMOS are added to each switch to connect the
bulk of the two switches to the higher voltage level to elim-
inate the effect of parasitic bipolar [7]. The operation of this
proposed supply selector is shown in Fig. 10. At the begin-
ning, the VDD supply is provided by the LDO. As long as
the output voltage of SC converter builds up, the output of
the comparator changes and SC converter will replace the less
efficient LDO to provide the VDD supply. Fig. 11 shows that
there is an increase in feedback controller duty cycle when

Authorized licensed use limited to: TU Delft Library. Downloaded on March 27,2023 at 06:43:38 UTC from IEEE Xplore. Restrictions apply.
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the VDD supply decreases. This can help increase the load
capability of the converter, as when it carries heavy loads, the
output voltage may go below 1V and thus the VDD supply
also decreases, which can further increase the duty cycle to
help the voltage go back to 1V.

III. POST-LAYOUT SIMULATION RESULTS

The proposed 10-level DIHC converter was designed in a
0.18-um BCD process and the results are based on post-layout
simulations of the whole chip. Fig. 12 shows the layout of the
proposed converter. The active size is 3.8mm x 5.9mm, with
an area of around 22 mm?. The converter was simulated under
the following conditions: input voltage is 48 V, output voltage
is regulated at 1 V, and the switching frequency is 1 MHz.
GaN Spectre model provided by EPC is used for SW; switch.

Fig. 13 shows the simulated waveforms of the switching
nodes. During the power-on period, only SW; (GaN) takes
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Fig. 16. Inductor current and output voltage at the optimum load.

up to 48-V voltage stress and all NMOS switches take up to
4.8-V voltage stress to secure a safe power-on stage for these
5-V devices. During the steady state, as shown in Fig. 13(b),
the voltage swing of all switching nodes is 4.8 V, which is
Vin/10, i.e., the voltage of SW1 is between 48 V and 43.2 V.
Operation waveform of flying capacitor voltages is shown in
Fig. 14.

The simulated efficiency values in a range of load current
are shown in Fig. 15. Taking all the on-chip parasitics into
account, the converter achieves a peak efficiency of 90.6%
at 5.2-A load. Simulated under different corners, the peak
efficiency does not seem to have changed much. When con-
sidering the parasitics on the testing PCB, this value will be
slightly lower. For a large range of load current from 2 A
to maximum 18 A, the efficiency is above 80%. The induc-
tor current and output voltage at the optimum load (Ijpqq =
5.2 A) are illustrated in Fig. 16. The output voltage is main-
tained at 1 V with a small ripple of 12.4 mV. The inductor
current waveform shows that there is uniform current distribu-
tion between the two inductors. Fig. 17 shows the simulated
load transient responses of the proposed converter. The output
capacitor is 47uF x 2 with 5 m2 ESR for each. When load
current steps up from O A to the optimal load current 5.2 A,
the undershoot voltage is 46.4mV and the recovery time is
about 4us. When load current steps down, the recovery time
is 3.7us, and the overshoot voltage is 50mV. The proposed
converter performs a quite fast transient response.

Fig. 18 gives an estimated loss breakdown based on post-
layout simulation results. The proposed design adopts 1 uF
capacitor with 5 mQ for all flying capacitors, and 110 nH
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TABLE I

COMPARISON WITH THE PREVIOUS WORK

Dual-phase

Dual-phase

Structure . . 12-level Dickson [4] This work
dual inductor [5] multi-inductor [6]
VinlV1 48-54 48 36-60 48
Vout[V] 1-2 1-5 0.5-1 1
Switching frequency [KHz] 300 330 2500 1000
Inductors [H] 1.5p x 2 1p x4 110n x 2 110n x 2

Capacitors [F]

5 Criy (221, L5p X 2,1 X 2)

+1 Cout (GSH)

3 Criy (5.8, 5p,4.31)
+ 1 Coyut (unknown)

11 Cppy (g x 11)
+1 Cout (47u x 4)

9 Cfly (1p x9)
+ 1 Cout (471 X 2)

Power transistor

8 GaN

8 GaN

13 On-chip 5V MOSFET

11 On-chip 5V MOSFET

+ 1 GaN + 1 GaN
Tomax[Al 10 100 8 18
Peak efficiency 93% 90.9% 90.2% 90.6%
when V;,, = 48V (measured) (measured) (measured) (post-simulation)
Power density [W/mmg] 0.00147 0.0178 0.16 0.333

* Calculated from 18 A maximum load current and power stage area (around 54 mm?) estimated from [4].

5
100 200 | 300 400 500 600
time( s)

Fig. 17. Simulated load transient responses between 0 and optimum load
with Cpyr = 4TuFx2.

Others: 1.6%
Layout: 8.6%

Psw sv: 12%

Controller: 0.8%
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DCR & ESR | 21:1% & overlap

23.9%

Gate & Switching

Fig. 18. Estimated loss breakdown at the optimum load.

inductor with 3 mS2 DC resistance for the two inductors. The
conduction and overlap loss, the gate and switching loss, the
DCR and ESR loss, and the layout loss account for 42.8%,
23.9%, 23.1% and 8.6%, respectively. For the gate and switch-
ing loss, more than half of it is consumed by the switches SW
and SW,, as their bootstrap voltages are directly powered by
the input voltage.

The comparison between this proposed 10-level DIHC and
state-of-the-art designs is shown in Table I. Compared with
the 12-level converter in [4], this converter uses two less on-
chip switches and two less flying capacitors to achieve 48-V
to 1-V conversion. It is able to carry maximum 18-A load, and
achieves higher peak efficiency at 90.6% and more than two
times higher power density. Compared with two other works,
the proposed design only employs one single off-chip GaN
switch, which significantly reduces the system form factor.

IV. CONCLUSION

In this brief, a novel 10-level Dual Inductor Hybrid
Converter (DIHC) is presented, which converts 48 V directly

to 1 V at 1-MHz switching frequency for data center appli-
cations. The proposed converter takes full advantage of the
voltage pressure on the 5-V transistors. This converter exhibits
higher efficiency and improved power density compared with
the state-of-the-art works, achieving 90.6% peak power effi-
ciency with loads up to 18 A and about 0.333 W/mm?> power
density. Besides, the efficiency can stay above 80% in a large
range of load current from 2 A to 18 A. The performance of
the proposed design has been well verified with post-layout
simulations designed in a 0.18-um BCD technology.
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