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Outline

» High-density DC-DC conversion
» Hybrid/Resonant Topology Overview

e Generalized output iImpedance modelling for N:1
resonant topologies

« Multimode operation
e SC/ReSC power loss minimization & comparison

o Example: 12V - 3.7V Quasiresonant Series-
Parallel Converter

e Conclusion



High Density DC-DC Converter:

Key — Reduce passive component volume

N1 & B Ve
1T > Strategy 1: Increase frequency
Vm(—l—)é s\ ¢ g Dlow = Smaller inductor, capacitor
. = Increase in frequency dependent
losses (winding, core, gate drive
etc.)
i o Vi VS S 2: Change Archi
A|pp oC N 74_ m Strategy 2: Change Arcnitecture
fswL d_/l = Reduce inductor AV
A = Multi-level or multi-stage converter
AV Loc PP [A_s = Possible double efficiency penalty
out, pPp —> | —
1:swcout LF/

s Do Both?



Specific Volume (mm3/ pJ)

Switched Capacitor Perspective

BERAAE : :
M R S = Only switches and capacitors
Vi—/E ==CAV—]V, ) ] ) ]
2 ] = Simple full integration in standard
CMOS
Accessing this energy = Capacitors have much higher
density costs power energy density than inductors

= Stacked devices enable high
voltage with low voltage process

= Achieve higher device utilization
FOM!

= |[nherent charge sharing loss

| = Difficult Regulation
Capacitor | = Reconfigurable Architectures
[Cooley & Leeb, APEC 2011] - LOSSy linear reQUIation

Specific Cost ($/ pJ) 1[Seeman & Sanders, TPEL 2008] ‘




Hybrid/Resonant SC Converters

(Concept can be generalized

to many topologies) = |_everage high active device

T utilization (same as SC)
! LI = Soft charging or resonant energy
l AN transfer (reduce charge sharing loss)
C : : e
SC Stage Vour C_D = Potential for higher utilization of
- capacitor energy density (larger
| | | ~ voltage swing allowed)
e.g. FCML [1, 3], Series = SC front end - lower V-s product
Parallel [2], Fibonacci, —> shrink inductor dramatically
Dickson [3]

= Capability for Variable Regulation

= Multi-mode operation: high

[1] Meynard PESC "92 efficiency across load range

[2] Schaef APEC “17

[3] Lei et al & Pilawa : )
APEC 16 & TPEL ‘15 [Kesarwani Compel *15]

[Rentmeister ECCE “16] 5



Examples

Series-Parallel ReSC Dickson ReSC FCML/Meynard
VDD VDD
s v Ts
S
.||~_./.__|O;_L l/._ 2N s,
|_U iﬁ o s
= S5
o Vo Vour s
|_U ig) |-U Cx==Cx2==Cxs== =N =CX3 i‘ L
= Cxa== Cxo== Cxy == SW ~n Vour
State 1 Cu= i\ Crr * ¢ . Ss T :J[COUTfIDC
VDD Se | -Xl L Sy | Se L L
X
Yo Vour
Cx1 Cxa Cxs SN i ﬁ

State 2

|
[
_W I_ Cour G?l’il{

Considerations: e

B

Internal Charge Sharing

[Lei et al, COMPEL 2013]

\oltage Balance on Capacitors = universal challenge

Startup, gate driving
Variable control & timing
Parasitics, ringing, etc.

[Kesarwani, COMPEL “15]

Implementation is challenging,
but performance is compelling




Kim, Brooks, Wei
(JSSC 2012)

Examples: Past Work

Many other examples, esp FCML, 3-level:

Reusch & Lee; Salem & Mercier; Shenoy et al;

_ Lei, May, Pilawa Schaef, Stauth,
Pigue, Alarcon (TPEL 2016) (ISSCC 2015)
(PESC 2008) .
P 1 vi Pz : v miﬂ v, o | ' L ’“""a’r—-”“ﬁ‘*a L Mo l-9a
Ry Y
Vo £l C.—. Vex v c out J_C
JT N, | M?a:_‘_]}—cﬁza T h
i M1al|:]}‘¢|a
Yousefzadeh, Alarcon, FCML: Meynard 92
Maksimovic (TPEL 2006) (& others, e.g. Pilawa Little Box Pilawa, Perreault (JSSC 2012)
o et APEC “16) | .
L + Spa* Sno* _|Si* _?i* Transformation Stage Regulation Stage
;l + L ;l &a = O4 Vou = —I_Lr _;’S\QW ¥ i
C_jb_ e L T R§ —Cya2 Vin(% (:—?q ) C:—?EJ?J s ) f‘ i %\;Ut
m g:_,an ) ih"—l EE Slow High Voltage Devices - Fast Low Voltage Devices
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Generalized Output Impedance Modelling

» Focus: Hybrid SC topologies that can be resonated with a

single inductor (FCML, Series Parallel, Fibonacci)

L Reff

.I§+T

N:1
LYY
N T + + +
5C Vs*w C,—/ Vout Iout Vin Vout <¢>I0Ut

= General formulation: Step-Down Topologies

= SC = unreqgulated, arbitrary N:1 step down stage

* |nductive impedance shapes the current waveform
= R+ model: captures conduction loss & loadline



In Any Given Phase...

T R G Ri L
] /\/\/\/% A4
% |
out Vi Vout
—tR;
I(t) = kieRiCi [;(t) = kije 2L sin(wq;t)
1
0.4
=05 202
k. = F(initial conditions)
% 1 2 3 4 s T 2 3 4 s
t/T w t
N 0 )
Y . .
Charge Transferred: Energy Dissipated:
eg. 221>

2fsw

L L
Key: qi:f Ldt «==5 Ei:f Rl dt
0 0



Pioss = fsw z E; = IDCRef eff

Reff MOde]. \_/B g_/\/\/y Vout *)Iout
oy Lo

R _ ﬁ;wZEi
ST = fow 2402 =)

Know proportionally how much charge q; = a; q
flows out in each phase from topology L L Yref

*optimized/normalized cap sizing/utilization

*normalized T/t per phase Cancels out in final

Same as a,,, element in: calculation, sort of arbitrary

[Seeman & Sanders, TPEL ’08]



Note: Result is general
Works for arbitrary N-level SC/ReSC topologies where charge flow links the

Re Sult S : output: SP, FCML,_Fibonacci

Specific cases (Series parallel, FCML) worked out in: [Pasternak, Compel ‘16]

Arbitrary SC Circuit Arbitrary ReSC Circuit
t; R;
. _Z—coth(ZR C) ] _Z tanh(8Lfm)
T 2T a)? PIEEE g Ohn)
t; > 2R;(; t; K 2R;C; @ high Q
a a’R; na?’
__*q 27 2300,
L G T T a)? R ResC = o B a2
eg.21>4a=1,C=C,R =R eg.212>a=1C=C R, =R, Q= (w,RC)?
1 T2

Rss1 = Af. C Rrsp = R Reff Resc = ?R



Comparison I
R [~ YL,
. + N:1 L i +
(any arbitrary Ne 2
converter or phase)  Vin Vv c,==Vou C¢ Loui

— .

SC FSL/SSL boundary at t; = 2R;C;  For ReSC t; = m,/LC;

T
@ inflection, resonant period is increased (frequency is reduced) by ~ > Qi

Za_lz Z 7Taiz
P — Ci P 4C;Q;
SSL ngw(z al)z ReSC 2];:9W (Z al)z

/[A
In SSL @ same frequency, R ¢ of resonant case is improved by a factor of ~ 1 Qi



R.« VS Frequency:

Fundamental resonant operation =
primary case treated thus far

@ high frequency - CCM

@ low frequency = off-time
modulation (DCM)

Behavioral model can be used to -
capture entire frequency range:

22 f Y
REFFin/l_i_[st\(jv Resy

6=9.2 (least squares analysis)

Less than 2% error over entire
range

Any Arbitrary Phase

10 - .
ReSC SSLIFSL
= (subharmonic) |
- |
GN) N\
= Resonant operation indexes
g 10" F performance across all modes!
= I
MT» ReSC [
; I
Rt 4 (multlmod:e) :
“t D
10° + 1 T
107! 18° £, (normalized) 10! 10°

. DCM ¥ "
LN\ «, + Resonant '/\/\/\/\/

[Kesarwani, ISSCC “14] W\/\

Exact Expression —> 2:1 Converter:

. R
. - 1 sinh <—4Lfsw>+
eff — 4Cfsw

[Pasternak, Compel “16]

iz (7o)
cosh (ﬁ) — COS (7;5—]‘:(:)
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Extended Multimode Operation

™\

F !
N:1 [
VIn SC ||

L
L Y Y Y\
+ 0 +

This is a conceptual drawing,
not schematically accurate

Variable regulation
 Interpolate between levels:
k-1 V,, k
< <
N-1 V., N-1

for; 1<k<N-1

Vou  Cm=Vour (Plou Depending on volt-seconds applied

(frequency and V-V,
Inductor current waveform will appear:

resonant; V

out

=kV,,

quasi-resonant: V ,<kV,, inductive: V,,<<kV,,

DCM

DCM/CCM

boundary

CCM

i

'/\/\/\/\/

/N

i

AN AWAWA

i

Wﬂﬂ/ |/\/\/\/\/\/\/\/\/




Nice way to accomplish multi-mode
operation: Current Mode Control

Current

Current

Syncronization,
level shift, gate

»
»

drive ) C Nice bonus: This scheme
can ‘automatically’ balance
L Vi, flying capacitor voltages!
v | N1 > U ; v
Vi | SC Co == (P hous [Rentmeister ECCE ‘16]
<>

High-ish Load: CCM

v

Light-ish Load: DCM |

v

Time



Related to Ry, | With 1 size

SC Optimization e

2:1 Rerr
NNVN—

@D Vi @) 'DCCD Ploss = Peono + Pow = 15 Rerr + Egg T

VDD lﬁl/l KE =4E, . W
REFF = ———coth GG — GG,sp" Vsw
T—E Ve ACf, 41y, RC
1 J\

|_
C,=
' Vg’ Resr
Mz J——
VOUt
B R YO - ——
Mz J—2 . EY This is true regardless of static loss, fixed
be® o+ T Sﬁ resistance, bottom plate capacitance
= Mg, _—_“l;’ |
1 W, =8Cy Roy sp fow tanh™ 2
) \/I +128EGG,SP fS?NC)Z( RON,SP

[Kesarwani, TPEL '14] 16



SC Optimization

Wopt = F(fsw)

2:1 Rerr
NNN—
@D Vi <i> % % 'DC<¢> Ploss = Feono +Pow = Iéc Rere + Egg fow
Pross _ 0 = trancendental equation?
afSW
2 [
fSW,OPT :3\/ > Kloe 1+k :Sinhlﬂij k =0.577
128C5 Egg sp Ron sp 2K \/E
|2 C,I12.R’
fsw.opr = 0-16523\/ > - W, =1.4386-3 X BY
C:X EGG,SP I:QON,SF’ GG,SP
e ~ Device FOM
Note: does not include E R
bottom plate loss... Ploss =2.850966- |é€:3 i/ —— [Pasternak, Compel "16]
lets discuss later! Cy

\_ Y 17




Btw: similar optimizations for }

ReSC Optimization | e

2:1 Rerr

04O ¢

ANNN—

VOUI

VDD

Cer3

M,

.

s L

Ioc ¢

) Cep=

= Cy

M,

2
T 2Ron,sp

Reer =—
EFF T g W,

oo =4E. W

GG,sp” "sw

e

IDC<¢> Ploss = Peono + Psw = 15¢Rere + Eqg fsw

%:O: W = Ron,sp

gL
a\Nsw o 4 > \ fSW EGG,SP

PMIN =2 DC\/ fsw \ Ron,sp EGG,sp

Device FOM

1:SW,opt = O?

Says that ReSC (and other hybrids) get better with
arbitrarily low frequency, independent of other

factors...
What is happening = solution is choosing arbitrarily
large, lossless inductor!




Q Factor

Realistic Inductor Model

& [ Xe
7 I L, =baseL @V,

| /x g Roc o = base R @ low freq, V, /
: TN Ruco=baeRON [ 2L
' RAc,o = < = ko f0

80 j‘:a.an
70 ) zomlll Q) = base Q @ fo Vo - Qo
:

7

Dimensional Scaling:

20

10

—
=

Frequency (MHz) LO — gLO > L oc N2 &
Constant Volume Scaling of Inductance « Roc o p
L oc N2 Roco = AT
&g
L *
Roc e N* =Rpc LaCt QO = gQO ’

0 *
L. RAC - k0 \ fact

Rac € N? = RAC,OL—
0

[Perreault et al and Sullivan APEC “09] N



2:1

=<

W

b v

Rerr

Total Power Loss

IDc<¢> Ploss = Peono + Psw

[Largely unpublished]

SC and ReSC Optimization

ReSC is practical with mm-scale air-core inductors!
Must achieve sufficient ‘Q’ to have an advantage

107

p—
S
|

Power Loss (normalized)
S
=

e
<

models

Here:

» Fixed capacitance

« Every point is optimal @ f,,

e Includes bottom plate loss

“Nldeal inductor model

MIN OC\/fSW on,sp GG ,Sp

© Min SC

© ReSC Q=1 limit

X Min ReSC

10

1 -l 100
10 fSW/ fFSL 10
[Scaling Laws: Perreault et al and Sullivan, APEC “09]

10"
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Example: 12V - 3.7V (Lilon)
Quasiresonant Series Parallel

Capacitor

Via

v

PCB

ZCD_clk=»D
Comp_ 28 -
zcn_| Controller [ Pulse gen. = Lvl-shift, buf. [—M:
Ix
El‘zz 2t ;t3§
Gold >
studs

-



Efficiency (%0)

Details

I (A)

Regulation: 1-bit voltage-mode integral 6
control with nested zero current detection _
Inductor = 33 nH (0402) 2
Flying Cap = 2 x 330 nF (0402) 1y
Bypass Cap = (0201) input, (0402) output 0 0z o4 o5 o3 Mo 2
Peak efficiency =87% @ 4.6 W
POWG[’ dens'ty — 03 W/mm3 ~ 50 kW/II’]3 TABLE 5.1: PROTOTYPE SPECIFICATIONS
(bounding bOX) Parameter Value
Process 180 nm CMOS
20 ' ' ' ' ' Active Area 10 mm?
20 | | Max. Input Voltage 12V
Conversion Ratio 3:1
n0r Output Voltage 1 Switch width 150 mm*
6o + 35V 3TV | Switch channel length 500 nm
+ 36V + 38V Flying capacitance 2x330 nF
50 ' : : . ' Inductance 33 nH
02 o4 oo Currer?fS(A) ! 12 4 Switching Frequency | MHz to 2 MHz

* width is doubled for Ms and Mg



Conclusion

» Hybrid/Resonant SC topologies = great candidate
high-density dc-dc converter

* Arbitrary N:1 converter = output impedance a
useful tool for analysis and comparison

 Quality Factor - indexes performance in all modes,
(without Q, you have nothing!)

 Multimode operation: great option for high
efficiency across load range

* Any reasonable comparison must factor in the
Inductor: larger is better, but Q Is the key driver
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