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A Low Power (Portable) Application — Rogers Portable Radio

* Allowed a large number of
households to have daily access to
information

* Reduced power consumption by
using more efficient electronic tubes

Main motivation: to reduce the volume and
weight of the power supply, by far the largest
part of previous radios
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Low Power SMPS in Portable/Consumer Electronics

IPad - teardown

http://www.ifixit.com/Teardown/iPad-FCC-Teardown/2197/1

* Dc-dc SMPS occupy between 20% and 80% of the total volume in
modern electronics devices, communication equipment, computers. ..

» Most of the volume occupied by passives and heat sinks

University of Toronto, Rogers ECE Department 3
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Outline: Two Parts of Presentation

SMPS

Conventional
Converter Topologies

p 2

Enabling Technology

Practical Mixed-Signal (big D small A)
High-Performance Controller ICs

Volume Reduction

SMPS

Conventional {/

Converter Topologies

SMPS

Advanced Converter

Physical Limitations Topologies
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Conventional Methods for Volume Minimization
» Operation at high switching frequencies
 Efficiency optimization = flat and high efficiency curve

e Fast dynamic response of the controller + plug and play operation

.
TiT

Load current

Pulse-width e T
< Compensator a
modulator

LY
Cal

All three of these goals can be acomplished
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Ultra High-Frequency High-Resolution Digital Controller IC

M1
L Vour *
V. & ol iR = The duty ratio of a core resolution
M2 ] (high-frequency) DPWM is varied
?5 over several switching cycles to
5 F,' achieve high effective resolution.
Dusbaode = The averaging 1s performed by the
SRS | switching converter itself (LC filter)

* The output measured with a
moving windowed ADC producing
just few error signals

E-ADPWM

" Processing unit reduced since it
also operates over a small error

range

[1] Z. Lukic, N. Rahman, A. Prodic, “Multibit =—-A PWM Digital Controller IC for DC-DC Converters Operating at Switching
Frequencies Beyond 10 MHz,” IEEEE Transactions on Power Electronics, Vol.22, Issue.5, October 2007, Pg. 1693-1707 (.pdf).
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Ultra High-Frequency Digital Controller IC Results

DPWM switching frequency Programmable, 400 kHz to
150 MHz
DPWM effective resolution 10-bit
Controller area 0.14 mm?
Y-A Modulator current Sub 10 pnA/MHz
consumption
R e— B ., g HHooonnp oo on
DIz - ©OLEIM - O« Dln - i —
DTN, now ¢ s DR e
o ok
dlnl ;.; [ a5 :
v " |
&g 126MHz ac7_ 150 MHz
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Minimum Deviation Controller IC [2]

| phase 2 T
\
4 phase I \

| J_t -
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vﬂﬂ'f(t)
5 e e[n) Track-and-Hold
DPWM < d[,/] Swall-Signal o— ADC & Error
Compensator Dl
d[ﬂ] ¥ ecodaer
» , A » ES
V dpwm restart point | start/stop A dsteaay[n]
k4
switch on/off efn] Vref(?)
L 2. 87 2t 341, "
arge-Signal Compensator | Valley Point
valley point |«
Detector
Minimum Deviation Response Digital Controller IC

[2] A. Radic, Z. Lukic. A. Prodic, and R. de Nie, “Minimum Deviation Digital Controller IC for DC-DC Switch-Mode

Power Supplies,” IEEEE Transactions on Power Electronics, Vol.28, Issue.2, February 2013.
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Conventional Controller Design

Wide-bandwidth loop

\Frequency — fime

Fast Controller Action

Time — deviation = siz?/

Reduced C Volume with a
Small Output Deviation

= Ultimate Goal
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Time-Optimal Controller

Wide—balil 1dth loop

\Frequency — fime

Fast Controller Action

Time — deviation = siz?/

Reduced C Volume with a
Small Output Deviation

= Ultimate Goal

University of Toronto, Rogers ECE Department 10
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Time-Optimal Control

v |
M\\/ Overly large peak
S g . . | . .
; [ oo e inductor current, 1.e.
| . .
: | Sprtmal s inductor might need to be
e |t SO s i overdesigned
LI =g L
I | :
S A . J Fairly complex
e | .
o o calculations
1 I | B
' |
- | i
” 0=V g ﬁ+ Qoff - @ | (1 Need to know LC
Zioad(l I
7 | | n J Very sensitive to time
AN
AL 7 delays
time
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Minimum Deviation Controller

Time — deviation = size

Reduced C Volume with a B .
Small Output Deviation = Ulumate Goal

University of Toronto, Rogers ECE Department 12
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Minimum (Optimum) Deviation Controller

'I;U!H(I) A

"”Hh‘!(r) A

Vihreshl

valley point , W
5 \ valley point
| T D t
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*No current overshoot, no need to know converter parameters,

simple calculations
13
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Minimum (Optimum) Deviation Controller

+ 1 phase |

| PEES SW fY'l‘\rl"Y'\ _ \\\'vom(t)
| J_t -
|
A

vl () | l

" . : 0—| >o—{ SWs C

|
{- I

]

] load

c'(Ht (1)

Vom(t)
din : o e[n] Track-and-Hold
DPWM < [,'] 'S,n all-Signal < * ADC & Error

Compensator Dedsdar

dn] ¥ ecoder

A A A A A,
V dpwm restart point | start/stop 1 dsreaay[n]
¥
e[n] Vre?)

switch on/off

Large-Signal Compensator Valley Point

Detector

A

valley point

Minimum Deviation Response Digital Controller IC

(J Only needs to remember D before transient
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Self-Calibrating SAR Track & Hold ADC

Vyn b |
Differential Static error generator j\ I k V‘il
amplifier kverror \L I |
S[_h vdynil ) N ! |
[ | Il |
& Static e | ' !
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Dual Sampling Mechanism

\ v(f) . valley/peak
Vout(t) 1 ¢ poinl‘S :

i(7)

> o€ e
on toﬁ’

PID | Suppression
compensator logic

PID
compensator
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Practical Implementation (500 kHz VRM)

100 mv
: + 320mVv valley point | o, H valley point
0 Gate drive sional  switchoff | o, switch off
D, il switch on | o, [ ] switch on
D, b

1 .9 1

30A 30A
zﬁ » NIRRT, zﬁ WN\N\N\N\NW\/\M

D, < Joad Steﬁ D, ~— Joad ste

Fast PID Optimum Deviation

= University of Toronto, Rogers ECE Department 17
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10 MHz Mixed Signal CPM Power Module with Instantaneous
Efficiency Optimization I3
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IC Block Diagram

Incorporates:

Polll 1 Pol2] | Pal3T | Pl 1 Pal3] | P61 | Pl 7T | PorlB] 3 .
%*_J ﬁéﬂJ %J %J %J %J %J %J Serss 1. Novel gate swing

) P aligipui

et . ~ circuit
%ﬁﬂ%ﬁﬁhﬁ%ﬁ Hﬁ 1 ”"”’(’) 2. Modified high-

) o resolution charge-pump

Programmable [0 5|k clk <7

S| Dead-time #l.| Blanking Ve Sengil:]rgre(?itrcuit
S 2 Ti
N e g @*‘ based DAC

| R [70)‘( b Nal7:0] o) ve(t) Vrer (1)
Gate-Swing Segment Ch ; " R
Scaling Circuit Selector PumsrlgiC ‘lC[n] Con?rg;aslator - V\ﬁr;\dg(\:l:ved - 3. Optimized deSign Of
gsse_sl<2:0> 1 seg_s1<2:04 Scan Chain | 1= L] . o "
ON CHIP L e current sensing circuit
I ] 1 Controller ﬁgton [5:0]
PC Interface [ Efficiency 4 (SQHSQFET)

Optimization | PFM en
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Low-Power High-Frequency SensFET

i
ense- ! | —
SFET :“1 > M%' « o[>

I

I

I

(& 1 | f
D) i) y. o] :
I

I

|

I >-| > . o[>—|
sense(t) |Seg Seg q Seg 3
L I

Segmented Power-
| Transistors and Gate- Drivers,

GBW reduced since the amplitude is always relatively large (but not
the losses)

=8 University of Toronto, Rogers ECE Department 20
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IC-Implementation

Specifications Value Units
0.13 um
CMOS Process
2.5 mm?2
Area
- 2.5 v
! Input Voltage
! 0.8-1.3
| .8-1. A%
g ! Output Voltage
500 mA
Rated Load
400, 0.9 nH,uF
Filter L,C
Power Stage
Input Cap o it
z

Switching Frequency ,

: Segmented_Power Transistor |lig=" 0260234 I
and Gate-Driver , GSSC block |[:p=' | Ron Pmos , Nmos
1.2,2.5 v
Supply Analog, Digital
83 %
Peak Efficiency
500 A
CPM Controller Current
10 A
PFM Controller Current
200 A
Digital Core

rmm' =8 University of Toronto, Rogers ECE Department 21
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Experimental Results

With Gate Voltage Swing
Adjustment

With Segment
Adjustment

No Optimization
50

45

40

35

50
Output Current (mA)

S

@ 65

S oo Vin=2.5V
Q2 ) Vout=1V
é 55 f. = 10MHz
1N

Light Load Medium Load Full Load

500

November 17th, 2012
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Reaching the Physical Limitations Through
Hardware-Efficient Mixed-Signal ICs

.
TiT

Load current

Pulse-width | v -
< Compensator 37

tulator X igh- '
podulao . ¥ High-frequency of operation

!
e

¢ Optimal response with plug and
play operation

@ v’ Relatively flat efficiency curve
even during load changes

=0  University of Toronto, Rogers ECE Department 23
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Moving Forward
Advanced Low-Volume SMPS Topologies

[ES) [EZ|
=0  University of Toronto, Rogers ECE Department 24
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Moving Forward

J Reduce volume of
reactive components
through advanced
converter and control
topologies

J Allow weight (cost)

distribution where the

silicon are will be

larger than today but
—

the overall volume

smaller

 No penalty in efficiency

Silicon
Silicon
Silicon

Overall volume (weight) contribution

University of Toronto, Rogers ECE Department 25
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Flyback Transformer Based Buck (FTBB) with Transient
Energy Recycling [4]

[4] Jing Wang; Prodic, A.; Wai Tung Ng, “Mixed-Signal-Controlled Flyback-Transformer-Based Buck Converter With Improved
Dynamic Performance and Transient Energy Recycling,” IEEE Transactions on Power Electronics, Vol. 28, Issue. 3, February
2013.

University of Toronto, Rogers ECE Department 26
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Flyback Transformer Based Buck with Transient Energy

Do

Recycling

Flyback Transformer

il
™~

’ﬁu

,ﬁ‘—fj

|

[

| T
=

I

Vi ILLEAK

Vctrl (t )

D/A A/D & Vrer
A
y  feln] en]  -le(t)| |lsalt)
) Steady State
Izg «— Compensator _E_ A 4 \ 4 wlr

SO < CS Cz
31 Transient Suppression
si « Circuit

Digital Controller

University of Toronto, Rogers ECE Department

The buck inductor is replaced with a flyback transformer, and a
single extra switch inside the conduction path

27
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FTBB - Principle of Operation

<—
Isa() X

Current slew rate of magnetizing
‘

vt inductance 18 -V, /L, rather than -V /L

m

Also, the transient energy is recycled
back to the source — two fold effect

Iload(t)
—>

+

] The inductance is reduced to its leakage
L o Vet value

28
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Conventional Minimum-Deviation vs. FTBB

== Conventional Buck =#=FTBB Converter

\O
o

Current (A)

oo
oo

Efficiency (%)
z 8 £ %
/

\

Voltage (V)

E H } —— —
0.95 ! : :
2.90 2.95 3.00 3.05 3.10

Time (ms)

3
o

-
(@)}

2000 4000 6000 8000 10000 12000

6.00 Frequency of Load Changes (Hz)

4.00

2.00

0.0

Current (A)

Conventional buck

-2.00

Vo (f Increased inductor current slew -rate
out( ) ‘ . .

«— FITBB converter

Voltage (V)

2.90 2.95 3.00 3.05 3.10
Time (ms)
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Load-Interactive Steered-Inductor DC-DC Converter

with Transient Energy Recycling P!

[5] S.M. Ahsanuzzaman, A. Parayandeh, A. Prodic, D. Maksimovic, “Load-interactive steered-inductor dc-dc converter with
minimized output filter capacitance,” in Proc. IEEE Applied Power Electronics Conference (APEC ’10), 2010, Pg. 980-985.

rmﬁ,’ =8 University of Toronto, Rogers ECE Department 30
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Load Interactive SMPS with Current Steering

swi
f DC-DC Converter
swl sw4 vr,,:,(:}
2 A ’
N A |
Vel) —) —>—] sw3 =C load
v — e
A A F W N N Lﬂﬂ'ﬂr
. Information H,
ci(D)] |ai'(D)
Dead- | €(t) | Mode Control J‘P re-Logd
Time | Logie - <
':‘(f)dpﬂavmJL V%’f 1
d[n] PID e[n]
DPWM & (oo, <)~ ADC
Digital Controller

® Relies on improved interaction with the digital load

= Theoretically, allows selection of the output capacitor based on the
output ripple criteria only.

=8 University of Toronto, Rogers ECE Department 31
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Steered Inductor Buck-Boost Converter

[ 4

' ' <
' SWS i E swb
; > ' 0 o o V- ey L .
Y | s Il beee- “eccceccas —_—rryyl.... * eeea-
sw1 ; sw4 w1 E swi £
(]
" T A '
Y Q — <, /¥
s —— QN M\
% :" ® C EVg(‘) % % .‘\ C
: A : A
[} []
' \ 4 > '

= Light-to heavy pre-transient
condition current “pump-up”’

= Slew rate 1s Vg/L vs (Vg-Vout)/L

University of Toronto, Rogers ECE Department

November 17th, 2012

*Heavy-to-light transient ,the
current 1s steered away from the
capacitor to the source)

*The current slew-rate 1s —Vg/L
(was -Vout/L in buck mode)

* Energy recycled in this cycle

32
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Load Transient Performance

Prevu qa  — = _ 1 | Stop a - [ = 1

L

. Output Voltage . . - Output Voltage

@WNWWWM A D

Inductor Current
[T U N W U ¥ T T WY

L
f\;\w\,\,\w T -

LU U U U AL L Switeh 1

T2 FoRE

NI AR AU PN A TR LT T AR LA LI L LI Switchn

gﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂl_lﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂrﬁ&cﬁi_ %ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂI_Iﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂs‘mhz '
Switch 3 Switch 3 |

% ER— H ...... SWltCh4 % ........... ‘ | SWltch4 7
I Switch 5 . Switch 5

: I Pre-load Command i I Pre-load Command |
L _ LoadStep | Load Step |
& Toomy ' € 200my 6’275 0orams N lor potnts | [_“S;:i‘t‘:ﬁ’;“’l TITITRE 2 WP ' B [ A
Erlsr_n?‘l?ng Resolution: 10.0ms J Ug:JZL;]I:OSOOQ [PrlST_lr?'u?ng Resolution: 10.0ns J -m

Theoretically, allows reduction of the output capacitor to ripple-

% limited value
E5) [ES

=8 University of Toronto, Rogers ECE Department 33
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Buck Converter with Merged Capacitive Attenuator [©]

[6] A. Radic, A. Prodic, “Buck Converter With Merged Active Charge-Controlled Capacitive Attenuation,” IEEE Transactions
on Power Electronics, Vol. 27, Issue. 3, March 2012.

University of Toronto, Rogers ECE Department 34
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Common Approach: Serial Connection of a Switch Cap
Converter And a Converter with Inductor

+ +
V, C) IS:WItCthéCZpSic'Eor c = Buck Converter
\ ront-End Statge Vy/n
Controller 1 Controller 2
1. Reduced output filter volume 1. Bulky intermediate balancing cap

2. Extra switches in conduction path (at
least 4) and at least 6 switches total

3. Requires two control loops

rmﬁ,’ D= University of Toronto, Rogers ECE Department 35
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Buck Converter with Merged Capacitive Attenuator

-All switches rated at 2V,

CureCommledonar 4y L Yl of the conventional buck (no
[ o ey H»% | extra conduction losses)
V(D) Cj, ==+ = }VLx(f ) Cou T Voul t)| | load
VmZ(t ) sw —N% SWy i .
- % = — -Switches are shared
‘ between the cap stage and
() b
; - ! uck
} Tap ;olrage Slf’ll(j? s‘jec‘jor i «© l DPWM ] PID ‘e[n] lezlz)n(sfn/ 4;—
! vald) comparator | i detector i ) )
| aa] || am | -Lower switching losses
1 0 | g [ | i than of the conventional
} regulator } } }
3 o 1 buck
ST Dl e
Combined controller

-Centre tap voltage
maintained constant with the
help of buck inductor

- Better transient response
than the time-optimal buck

University of Toronto, Rogers ECE Department 36
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Modes of Operation, Ideal and Practical System

S, in(0)

o 9 T > ?
+
J-Vln/(t) _“—_VT SWs3

V), == vit) = 0.5v(f)
—[ SWy
— SW, —
o . 1 [ O
T
mode a
) N/ i/,(t)o
+ l . -
vet)  Ciy ==+ Vi) = 0
—[ SWy
— SW, —
o . 3 [ O
T
mode b/d
» b0 Centre-tap voltage controller
A on. Ski l d
. l i o * operation. Skips regular sequence an
U --u() e )= 0.57) takes the charge from the cap with
Vin2f W 4 . *
s - tl 5 larger voltage until balance is

mode ¢

achieved.

D= University of Toronto, Rogers ECE Department 37
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Transient Mode

Vcos ac ——

VCbuck ac ——

November 17th, 2012

SW, ir (%)
O

—+

— %SW3

vilt) = Vg(t)
—||:ISW4

S, _
O
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Experimental Results: Comparison with Conv. Buck

01 G 0B ) ) i ) i ) ) ) )
_____ 4 ...[ Vou(?) " . I
9 mV R it 3 il oo™ WQE"‘"‘"‘»‘*; 14 mV P e
_ D I L A

Siy‘h l .'\I._ ..' oy Jf.u. ZJSV . 4'.'!“. ,_,. —. A3 s s L'“'Fh'q'n..._. r.im“

| va(t) ) | | . , VLx(f)
P e T 1 T 1 LT T B

A L I | T I.O'us z L

/ f\ AN | ; 4N /f"\ :
) / /11(2) | \{; N/ ()]

T T e b e O e | T L) G T i

Conventional buck (L=1.0 pH, C=14 pF) Buck with active charge attenuator (L=560 nH, C=9 uF)

Fora 5V to 1V buck 44% smaller inductor and 35% smaller output
capacitor

=8 University of Toronto, Rogers ECE Department 39
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Experimental Results: Comparison with Con. Buck

)| - 0] R 3)?“

lu ) i L

4 ps

5V | V(7)
--m--4-»-Jt--J--J----n.---.---.-------n--n--h--a--h- -4--5 -eim--
o+ e l--p-f--p-n-r'p-s—u-p-,uu o+ e+ g

1.5A
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AAAAAS—
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2oy 1B
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e

Efficiency vs. Load Current (Vis =5V, Vou = 1.5V, fiw=1 MH2)
85 50
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80 * . 45

75 40

70 35
S 65 30
§ 60 2
2 5}
)
S 55 20
%

50 15

45 10

10 4~ BCMCA (L=560nH, C=9uF) 5

——buck (L=1000nH, C=14uF)
35 —B-—power loss reduction 0
30 -5
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
load Current (4)

power loss reduction (%)

# L l I 'voul.('t) )

VLx(t )

--.{.L-muq_.m-;-“-hg-p-—mmh.hm-wh-
":]r‘k-“rr-"w-*rf'r-*-*rrﬂrh'l-'.
A s Slew-rate increase 1.5 A

NAPACAAAAARAII
| _ _ | I A

LA S i %

boees | SV 5

teeeeheccseccccccaa -

eqecea

TARBURT

!@ﬂ EW‘M.IWM ﬂl—ﬁﬁ

Both transient response and
efficiency improved
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Extension to 2-Phase []

2-phase interleaved buck

Input filter

November 17th, 2012

converter
Active capacitive divider
L L
c% EEO & v L
Gl . + ' +
= LCZI’II QS le 4{>J Q()
1 T G8|GY Voull
Vbatt% Q 2 i Q6 = COMI [( )
= f— R
0 = v L2
+ IE '
Vin2 %>—,%3 Q 7
G2 | [« G6 || lG7
o d[n] e[n] ADC&
SW1tchllng control« DPWM PID Transient
0gIc djl ]TL detector
i Minimum Deviation
logic
Digital controller

Feb. 2012
University of Toronto, Rogers ECE Departm

ent

L, takes the charge from the top inductor and L, from the bottom

m [7] B. Mahdavikhah, P. Jain, A. Prodic, "Digitally controlled multi-phase buck-converter with merged capacitive attenuator,"
IEEI =1 Applied Power Electronics Conference and Exposition (APEC), 2012 Twenty-Seventh Annual IEEE , vol., no., pp.1083-1087, 5-9
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Many other examples ......

University of Toronto, Rogers ECE Department 42
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Conclusion

Digital control allows us to use advanced converter topologies and drastically
reduce the volume of SMPS while improving efficiency at the same time.

University of Toronto, Rogers ECE Department 43
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Thank you
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