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Introduction
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Evolution in Power Management ICs

J Modern consumer electronics:

» Include chips fabricated with most advanced semiconductor
technologies.

» These chips are expected to be:
= Smaller.
= Faster.
= High functionality.
= Cheaper.
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Evolution in Power Management ICs (Cont..)

(d Most consumer electronics are battery-powered.

» Chips with the lowest power consumption to maximize the
battery run-time.

= Run these chips at the lowest possible supply voltage.

» Power Management IC (PMIC) is required to manage voltage
and current from a single battery source.

» PMICs may contain battery management, voltage regulation,
battery charging and DC-DC converters.

S APEARRC /

7 Aswan Power Electronics Applications Research Center




Evolution in Power Management ICs (Cont..)

d Growing demand of portable applications is a large
component of the growth of PMICs revenue.

12,000 1 Millions of Dollars

10,000 4

-l

2001 2002 2003 2004 2005 2006 2007 2008 2009 20010 20m1 2012 2013 2014
Other Analog Amplifier Data Converter M Imterface IC W Voltage Regulator
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DC-DC Converters

1 Change DC electrical power from one voltage level to another.

» DC cannot simply be stepped up or down using a transformer.
» DC-DC converter is the DC equivalent of a transformer.

> Classified based on conversion method:
= Linear voltage converters.

= Switch-mode converters.
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Linear Voltage Converters

1 Conversion depends on:

» Depend on active devices.
= Bipolar Junction Transistors. * Field Effect Transistors.

J Active device acts like a variable resistor.

J Unneeded power is dissipated in device’s resistance.

J Resistance is adjusted to maintain a constant output voltage.
J Always have Output at lower voltages than the input.

——
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Linear Voltage Converters (Cont..)

J Advantages:
" |nexpensive. = Simple.
= Small size. = Low-noise output voltage.

J Disadvantages:
" |nefficient. = Only steps down.

= Suitable just for low-power applications.

= Excessive heat # If load and/or input to output voltage
difference are high.
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Linear Voltage Converters (Cont..)

Example for linear voltage converter

LT1584 FRONT VIEW

Vi +I IN ouT ? +I Vout <] —
C1 ADJ v C2
AT 100F TSR T2 M@ " E—
= m I_.. { — OUTPUT
BALA
. A
) — — RZ
Vout = VRer (1 + RZ/R1) + lapy (R2) TPACKAGE
— Tis5e P 3-LEAD PLASTIC T0-220

LT1584 - 7A fast response positive adjustable regulators
(Linear Technology)
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Switch-Mode Converters

1 Conversion depends on:

» Storing input energy temporarily and then releasing it to the
output.

» Energy storage may be:
= In magnetic field element (inductor or transformer)

= |n electric field element (capacitor)

» Pass element operate as a switch.

» Pass element switches at a predetermined switching frequency.
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Switch-Mode Converters (Cont..)

J Advantages:
= More power efficient. = No excessive heat.
= Suitable for low-power / high-power applications.
= Steps up, steps down, and inverts.

J Disadvantages:

= More complicated. = Larger size.
= Higher cost. = Higher noise.
CAPEARC
V
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Switch-Mode Converters (Cont..)

¥iN

Example for magnetic type switch-mode converter

VIN
EQOT

TPE54513

EM PH

PWRGD

VIENS3E

33/TR

RET
GHND

EHE}DT

WIM

COMP
AGHND
POWERPAD
3
Cq
1

WIN

GHND

Rz

GMND

QGFMN16
RTE PACKAGE
[TOP VIEW)}

(Texas Instruments)

TPS54519 — 5A synchronous step-down converter

18

S APEARRC /

Aswan Power Electronics Applications Research Center

P

PH

P

S55/TR




Switch-Mode Converters (Cont..)

Example for capacitive type switch-mode converter

0.189=0.197

- —— i
[4.8005.009) |
Voltage Inverter
1 ] B 7 6 5
FoisD) Vb = {1.5V 10 5.5V A
z CAF+ 0sc ?—
M2662 0.228 - 0.244
g 3| (LMZEB3) g {5.781—5.188)

¢ ) G LV 5 v | || %,“”
CAP= ouT 1‘—:::- =W * H )
Q? “2 Lteap No. 1" ! L?;] % 1";] 4 T

30
IDENT TYP

LM2662 — Switched capacitor voltage converter
(National Semiconductor)
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Moore’s Law and Power Supply Challenges

d Increasing demand for computing and communication
devices.

» Smaller processors needed at any portable device.

» Process scaling revolution.
= Feature size of a transistor can be reduced.
= Physical area of a chip can be significantly reduced.
= Supply voltage can be scaled too.

J Moore’s Law

» Number of transistors on a chip roughly doubles every two
years.
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Moore’s Law and Power Supply Challenges

. For lower power consumption and less heat

» Processor voltage needs to be scaled.

35
30 4
Reducing the Clodk to 100 MHz
Results in 2x Power Reduction
1.5 —
200MHz
o f--- ——————e
-
mWW f’i :
15 - i
A i
- |
10+ i ; 100MHz
i i
1
o5 @-- ==
1 1
i ' / i
oo T T T T T T T T T T
05 0.6 a7 on 0o 1.0 11 12 1.3 1.4 1.5
Volts

Further Lowering Voo by 0.3v
results im total 2% Power Reduction
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Moore’s Law and Power Supply Challenges (Cont..)

. Processor supply voltage decreased from 3.3V to 1.1V and
smaller.

(J More transistors are packed on a single processor chip.

L Processors’ current draw will increase from 13 A to 50 A.

Big challenge for processors’ power supply
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Moore’s Law and Power Supply Challenges (Cont..)

Example for low-power processors » @el Ato@

85 T QY
\

. W5 : Q4’10 -
% 65 @i e = Supply voltage ranges
g 5.5 // from0.75V-1.2V
5 45 02’ 10 ;/
= Q2 og |Q2'11 . 8
S ¥ e Tazos — = Relatively high c.:urrent
X 25 u — can (7 A and higher)
= 1.5

0.5

™

Processor Family
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(1 Current consumer electronics demand diverse functionality.

J Smartphone; as an example; is expected to:

Communicate faster.

Capture very high resolution photos.

Display HD videos and movies.

Read PDF files.

Sending files via wireless or Bluetooth connection.

¥

< It needs very fast and advanced processor

21
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Motivation (Cont..)

J For a processor to do all of these functions:

» Fabricated using the most advanced technologies.

= Supply voltage of modern technologies ranges between 0.75 V
and 1.2 V.

» Require relatively high currents to operate billions of transistors.

Our goal:
= Design of efficient power supply for those processors.
= Low cost.
= Smaller size compared to solutions available in market.
* Fast transient response.
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Thesis Organization

sl  Chapter 1 : Introduction

sl  Chapter 2 : Integrated Switched-Capacitor Converter Design

sl  Chapter 3 : 2 MHz Integrated Buck Converter Design

e Chapter 4 : Integrated Two-Stage Power Supply Design

Chapter 6 : Conclusion and Future Work

C APEARRC /
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Integrated Switched-Capacitor Converter
Design
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Characterization Parameters for SCC

It is often confused when selecting between the inductor-
based converters and capacitor-based converters.

It is very important to determine the most effective
parameters that characterize SCCs.

1 Characterization parameters for SCCs:

=  Qutput voltage accuracy. =  Converter Efficiency.
= Size & Cost. = Ripple & Noise.
Ve
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Characterization Parameters for SCC (Cont..)

J Output Voltage Accuracy
» The tolerance of setting the output voltage at a desired value.

» Output voltage regulation

= Closed loop system that monitors the output voltage and
continuously modulates the converter power-stage.

=  Regulation depends on:

v Reference voltage accuracy. v Feedback voltage accuracy.

v Closed loop DC gain.

» Unregulated Output voltage
= OQOutput voltage value will change in corresponding to input line

and load line.
s APEARC /
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Characterization Parameters for SCC (Cont..)

(d Converter Efficiency

>
>
>

Long battery life.
Lower heat dissipation.

Inductive switching converter is
more efficient than SCC.

Efficiency of SCC depends on their
structures and input voltages.

Multi-mode SCCs can adaptively
adjust the conversion ratio to
achieve the best efficiency.
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Characterization Parameters for SCC (Cont..)

(] Size & Cost

» PCB area requirement of a SCC will be between 30% and 50%
smaller than that of inductive switching converter.

' Xalional S/N
@ &Nanonal Semiconductor .
y Semiconductor |

P/N H11®L7 73 001
Cin === cou 1 REV A C2005 ‘°§
Uin - H;#B!fit ' Uout : RS
o= Cd

GND * 8= * GND

£l

vl

Vin 7% v GND

LM3354 Evaluation Board
Rev. 1.0

90mA switched-capacitor converter 100mA synchronous buck converter

GND UL U

AreArRc o \f‘a
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Characterization Parameters for SCC (Cont..)

] Ripple & Noise
» SCC is similar to inductive SMPS in ripple generation.
» Noise generation is of SCC is lower than inductive SMPS.

0 -
-20 1 SCC &
NTSC DVD Video Band . )
40 - inductive
HiFi Audio Band SM PS
4MHz Swuc.'llng/

Erequency

~ -
\l s filter resonance frequency
-80 1 \ in Inductor-Based SRs

. Noise (dB)
s

-120 4 . . = !
1.E+00 +02 1.E+04 1.E+06 1.E+08
Frequency (Hz)
On Iy —Inductorless ---Inductor-Based

inductive CAarearc /
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Structure of SCC

(1 SCC is comprised of array of switches and array of capacitors.
» Capacitors are called “flying capacitors”.

» Switching network enables parallel or series arrangement of the
flying capacitors.

» Each switch is turned-on during one or more phases and turned-
off in the other phases.

» Each switching period is divided into two or more non-
overlapping phases.

» The phases are denoted @,, @,, and so on.
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Structure of SCC (Cont..)

[ Basic switched-capacitor converter

= Turn-on phase of
each switch v A2 Comi=
indicated. sw
Vin <i> T C
= Switching network . Ci=F
has two phases. Vour SWZ
S APEARRC 4
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Topology Selection

—o/c 9 a/c +

31 S2
Vo=%\Vs
Coa D2 ;
—C <> Load
Vo —— ! °
D1 A
I |

] H-bridge Topology
» conversion ratio equal to % .
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Topology Selection (Cont..)

 For integration, the diodes in are replaced by ideal

switches.
a/o—o—o/c A
1 $3 '
Vo=1\Vs
Coae sz\
—C <> Load
vy —— ] 2\
S4
8
S APEARRC /
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Topology Selection (Cont..)

 The topology has two capacitors C; and C_
(] Operation can be divided into two phases:

» First phase » flying capacitor C. is connected in series with
the input source and the capacitor C, » (Charging Phase)

. [

| |
Vo=7Vs CF(Charge)

Cr +
—C () Load
VA — ©

Vout
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Topology Selection (Cont..)

» Second phase flying capacitor C; is connected in parallel
with the output capacitor C, » (Discharging Phase)

+ r— +' Vout
Vo=%Vs

—Co <+ Load

Cr==

— CF(Discharge)=

Ve —— @ =

. ) l & -2

JOutput Voltage is unregulated.

» SCC cannot be regulated by modulating duty cycle.
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Modeling of SCC

Turns ratio = ideal conversion ratio

» Series output resistance of SCC:

Ig : Ro Io
1 —: AAA —t
RO — T . . +
fCr Vg e Vo én
» Equation doesn’t include non- E —
ideality effects. 5C_DC/DC CONVERTER |
» Non-ideality effects include:
= Switches’ on-resistance.
= (Capacitors’ ESR.
R
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CMOS Realization of Selected SCC

==Cour
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Power Losses in SCC

1 Load dependent losses.

Power MOSFETs on-resistance

<Vour

Wirebond
resistances

Capacitors ESR

PGND <>

——
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Power Losses in SCC (Cont..)

J Switching frequency dependent losses.
» MOSFET Switching Losses.

=  Power loss during turn-on and turn-off of Power MOSFETs.

» Gate Drive Losses.

= Power consumed to charge the gates’ capacitances of power
MOSFETs.

= Gate-drive loss is independent of load current.

Pep = Qg-VDriver-FSW

S APEARRC /
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Power Losses in SCC (Cont..)

] Static Power Loss.
> Also called “Quiescent Power Loss”.

» Independent on neither frequency nor load.
= Always has a fixed value.

» Comes from the quiescent current required to operate the
controller circuits.

» Quiescent power loss is low compared to the other losses in the
converter.

» Significant effect at light loads.

S APEARRC /
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Design of High Efficiency SCC

Gate Driver
I SO e ——
VGp,
Ve D> —— — Vour

-'D"D"D‘: VGeg SCC Power

VGy Stage
| Voo
JLI
Clock Generator

1 Optimized to convert a 6 V into 3 V with 2 A nominal output current.
1 Converter is designed using 0.25 um CMOS technology using LV

devices. —
S APEARC /

é}ﬂ Aswan Power Electronics Applications Research Center




Power Stage Design

1 Capacitors selection
» For the flying capacitor Ce:

= Configuration of two parallel capacitors consists of a 47 uF 1206
capacitor in parallel with a 22 uF 0805 capacitor.

= Paralleling more than one capacitor, minimizes the ESR value of
the configuration.

= Help in minimizing the output series resistance of the SCC.

——
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Power Stage Design (Cont..)

] Capacitors selection

Impedance and ESR Capacitance vs. DC biasing
100 50
47 WUF capacitor
— 10 \ 40 N L .
g \\ 22 uF capacitor g \ /
ij i \ ul / ;’ 30 \\
8 ...-,__‘ . ‘::: — \
% 0.01 l 7\% ) 10 ,f\-._
. — . B = —
47 IJ'F capacitor | | el i, s “ 22 “-F CapaCitor \_""—
oo — T 0
0.0001 0.001 0.01 0.1 1 0 ] 2 4 4 s 6 .

Frequency (MHz) DC Voltage (V)

S APEARRC /
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Power Stage Design (Cont..)

J Switching Frequency Selection
» Higher switching frequency leads to lower R,

= R is inversely proportional to f..
= Lower conduction losses.
» However, high switching frequency increase switching losses.
= Switching losses is proportional to f..
» Optimum switching frequency should be selected.
= at which the conduction and switching losses are equal.

> To select the optimum switching frequency:

= A scan for the resulted efficiency is applied at different
frequencies.
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Power Stage Design (Cont..)

Efficiency (%)

@ V=6V, V,, = 3V, and MOSFET widths =160 mm

99

o7

95

3

a1

89

arv

85

83

g1

.1

Highest efficiency
at f, = 200KHz

il 1 GO H

Coa=200kH2 >

—l— S00KHz

(LG 1.1 1.6 2.1 2.0

Load Current (A)

S APEARRC /

45 Aswan Power Electronics Applications Research Center




Power Stage Design (Cont..)

] Power MOSFETs Design
» Designing the width of each Power switch.

» Switch on-resistance is inversely proportional to the MOSFET
width.

= Minimum conduction losses require minimum on-resistance.

» Parasitic capacitances is directly proportional to the MOSFET
width.

= Minimum  switching losses require minimum  parasitic
capacitances.
» To get maximum efficiency from a converter, an optimum width
should be selected.
= At which the conduction losses and switching losses can reach a

minimum value i
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Power Stage Design (Cont..)

d Width of PMOS MOSFETs should be 2.5 higher than NMOS MOSFET

98

97 S

9 ~
95 ’ .

> / ] Highest
03

/ Efficiency

Efficiency at 2A (%)

92
91 /
90

0 %) 200 300 400 500 600 700 800 900 1000 1100

Selected Power MOSFET width (mm)
Width I
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Gate Drive Design

 Parasitic capacitances value is high for a power MOSFET.

» Act as capacitive load for the circuit that produces the gate
signal for the MOSFET.

] Gate-drive circuit is used to drive the gate capacitance of the
associated MOSFET.

» Fast turning-on and turning-off power MOSFETs.

(] Gate-drive effectiveness is determined by:

» How fast the gate capacitances are charged and discharged.

S APEARRC /
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Gate Drive Design (Cont..)

d The most popular drive circuits for driving MOSFETs is CMOS

totem-pole driver.

Supply the current to

Voo e charge gate capacitances
(Turn-on Power MOSFET)
MPpgr
Power
Ra ) NMOS
CLK —/

/

To cancel the inverting
roperty of driver S
p p y S APEARC /

4le) Aswan Power Electronics Applications Research Center
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Sink the current to discharge
gate capacitances
(Turn-on Power MOSFET)




Gate Drive Design (Cont..)

 Turning-on two power MOSFETs from different phases creates
» Shoot-through problem.
» Large spikes on output voltage.

Dead time insertion

Dead Time

it
. L
IBNL
JI]
Il

Break Before Make CLK

Circuit

e

CAreArc / /0 [ ‘ /o,
JEUE S N €O
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Gate Drive Design (Cont..)

 Driving voltages for each MOSFET

* <>Vour

Cour 3

Reduced gate swing driver

Conventional totem-pole drive

&1

PGND <>
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Gate Drive Design (Cont..)

J Reduced Gate swing driver

Voo

- é-OV\ MPpr MP1
3 Cc

MNpg .7 6.0V
Joo |
3o
ans— - = d
S APEARRC /
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Clock Generator Design

J Main idea of the clock generator:

current.

1
» Charge a capacitor with a constant é -:Ii ,.J | I[
Vi [

» Capacitor voltage is compared to ‘ﬂl U” 5 &
constant high and low reference ?I>—E H' = ¥

voltages. ] locw,
= | o
. t VHFF RRFF F".? i.H
> Clock frequency adjusted by: C = ) l__ !
= Capacitor Value. S _[>‘}_"'\
= Charging current value. L | 1 [}
= High and low reference voltages.
S APEARRC /
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Clock Generator Design (Cont..)

Transient Analysis, 27 deg C
- | | Clock Signal | |
25 — — —y —y ;
] e
I §T=5us
: < >
| R B T e
Ll m F
Clock Signal e |
= I
= F
1_ ........................................................................................................................................................
e [ | R R R | R S I
)
145u 150u 155u 160u 165u
time (s)

S APERRC /
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SCC Integration and Simulation Result

Output average value = 2.94 V

Output Ripple = 24 mV (< 1%)

voltage (V)

Steady state output

2.95)

voltage (V)

2.9

2.85)

L\

=2

i i i
10u 20u 30u
time (s)

time (s)

S APEARRC /
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SCC Integration and Simulation Result (Cont..)

Tranzenl Andlysa, 27 deg
E .......................................................................................................
ga__ffﬁf"_‘"""‘______ g IS v SR s— IS m— R
g | TR T T I P— /‘J ........................................................................................
g;ﬂ._ ................................... frreees / ...... - a; ................................... a;u .................................. g.l ......
U ] U
Vs{; of R[pl / hme EEJ

 E—— e, S
Gate-source signals of d tme ]

the four Power MOSFETs

s s S

O e e

S A S S S——

§ | R WS, S— feesnrenadisimssnnisirspmsasisannass Jorrenanas
Tlu T

0 S N S

(S [N SR (S

I SN S A S—

g | — | ...................................... Jroeermmasenneaas \ ....... — froe s —
Tlu Thu
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SCC Integration and Simulation Result (Cont..)

[ Efficiency of designed SCC

98

Vin=6V, Vout=3V

97.5

©
~N

//;N\

Efficiency %

N
N

96.5 / /
\\
\
1

95.5 /
95

13 1.8 2.3 2.8 3.3

Load Current (A)

/

1

Efficiency at maximum current= 95.7%

Maximum Efficiency = 97.3%

——
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2MHz Integrated Buck Converter Design
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Operation Theory of Buck Converter

(d Buck Converter ideal circuit:
» Two ideal switches followed by LC low-pass filter

| Com— |\ Ro
Ve — 7( N o |
~N - /
Two Ideal switches Low-Pass ~Lr_-
filter
<9 ® —
S APEARRC /
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Operation Theory of Buck Converter (Cont..)

 Voltage at switching node

VSW
A
Vin
stison_ ] s2ison_
" |nput-output relation: _/lv;ageofvswwom)
Vour = D.Viy
> T
C————————
DT a-D)T
-—————————— >
Ts (Period)

J Output voltage value is adjusted by adjusting duty cycle.

S APEARRC /
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Pulse Width Modulation Control For Buck Converter

L
, |'s, SW| > Vout
Vin o_.l_fWY\ °
|
Gate Driver | Sy p |
JLI SlG = 1l O_l Co——= § R,
S2¢
I ’
| I
r————-—-- - " | Ra |
| comparator |  Error Amplifier Vig | |
| (Modulator) | (EA)/ I |
| + Vref | |
| | Voltage | Output |
Reference
| Sawtooth | Circuit l_ :_Silec_tor_!
| PWM Generator | |
L - ___ ]

S APEARRC /
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Pulse Width Modulation Control For Buck Converter

JPulse width modulation concept

A

Error Signals
Case 1l Case 2 Ramp Signal

Switching Period -

Ratio
Case 1

I
Duty : :
|
I

Duty
Ratio
Case 2 [

v / —
S APEARC /
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Power Losses in Buck Converter

] Conduction losses.

PVDD <> m

I:)drive
. Filter
Gate Drive & Inductor (L) DCR,
PWM Dead-time NN
> generation \/ J_
ircui Filter
Circuits z Capacitor
Narive D?g ©
ESL
|_
|-'_4 ESR

N A
| The conduction loss

I
Lsources are encircled |
PGND <> ‘", _______
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Power Losses in Buck Converter (Cont..)

J Switching losses.

» MOSFET Switching Loss.
=  Power loss during turn-on and turn-off of Power MOSFETs.

Pswrer,on) = 5 +Vin - lpaiiey - (tSW(ON))-FSW

PSW(FET,OFF) — . Vin : Ipeak : (tSW(OFF))' FSW

» Gate Drive Loss.
Pep = Pgate (HSs) T Pgate (LS) — (Qg(HS) + Qg(LS))- Voriver- Esw
» Body Diode Loss.
= Dead-time loss (diode conduction loss).

2
1
2

= diode reverse-recovery loss.

S APEARRC /
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Power Losses in Buck Converter (Cont..)

[ Inductor Related Power Loss.

» Inductor Core Loss.
Foore = Kq fxBy Ve (mW)

» Inductor AC Loss in Windings.
H.F. SKIN EFFECT

= Skin effectat h ig h fre quency. CURRENT PENETRATION DEPTH IN STEEL (CURRENT SHOWN IN BLUE)

= R — L
46 = P o O Q

60Hz. 1000Hz. 400KHz.
6" (150mm) 0.2" (5mm) 0.030" (0.75mm)

©1 998 EHE, Inc.
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Design Specifications For Buck Converter

1 Buck converter should be capable of powering recent Intel
Atom ™ processor families.

» Output voltage range 0.75Vto 1.5V

» High output current capability up to 10 A
» High efficiency higher than 90%

» High switching frequency of 2 MHz

» Small output voltage ripple (<3%)

» Fast transient response
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Power Stage Design

1 Inductor Selection

» Minimum inductor value should be used to ensure CCM
operation.

L (1-D)Vg

U

L, = 167nH
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Power Stage Design (Cont..)

1 Inductor Selection

» For safety, the inductor value is chosen higher than 167 nH.
» An inductor with a value of 220 nH from Vishay is selected

v

| 0.100 = 0.010

[2.54 + 0.254]

)

T 4
0.204 + 0.010
[5.18 + 0.254]
0.216 + 0.010
> [5.49 + 0.254]

Selected inductor has a maximum DC resistance of 5.2 mQ
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Power Stage Design (Cont..)

(] Output Capacitor Selection
» High capacitance value could help in minimizing
undershoot/overshoot percentage.
» Capacitor with low ESR and ESL should be selected.
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Power Stage Design (Cont..)

(] Output Capacitor Selection

» Two parallel 47 uF capacitors are used in order to minimize the
output ripple and the output undershoot/overshoot at the same

LMEK3leABI476ML LMEK316A BJ476oML
E LES . DC Bias Char.
1000 Impedance, ESR Freq : "0
—ESR
100 z | 0
— 10 -20
5 e A =
= 1 - £ o 40
NI < -60 \_\\\
e -80
0.01 }__, -
0.001 -100
0.001 0.01 0.1 1 10 100 1000 10000 0 2 4 . & 8 10
Frequency[MHz] DC Bias Voltage[ V]

Capacitance vs. DC biasing

Impedance and ESR o
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Power Stage Design

(J Power MOSFETSs Design

Efficiency @ 6A (%)
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Error Amplifier Design

» The error amplifier is simply an operational amplifier.
» The EA is concerned by detecting the difference between V. and
Vs
= This difference is called “error signal”.
» for the buck converter to operate properly at high switching
frequencies:
= High gain.
= Wide bandwidth.
= High slew rate.

» The two-stage Op Amp is sufficient.
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Error Amplifier Design (Cont..)

Vbb <5 .
T T T T T K T
| MP1 '] | | MP2 | ! MP3|
! | . | =
| i | | | |
| o | | Differential | | |
| S~ I | Amplifier |
| & .g | | | : |
| 55| | | | R o V2
13 | ! | | | B:
| I'V- M1 Mpa MPs [ V+ =
| l N “, | S|
| | I | Cc Rel g
| @
||REF<+> | | | I—WA+—¢ 8|
| | | | Compensation | 31
| I | ' MN1 MN2 [ I s
| | | | — 4 £
| | I H g
—— 41 | I | wmN3| S
[ O A - L — 4 -
GND <& . *
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Error Amplifier Design (Cont..)

» Compensation network is used to ensure the Op Amp stability
if the Op Amp is configured as a closed-loop.

Compensation network T
T I VVNV—
CC RC
r VOl .
* +
V

Vin <¢ Om1.ViN R, ——C <¢ Om2.Vo1 R, —LC, Vour
APEARE
V
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Error Amplifier Design (Cont..)

Uncompensated
Op Amp

40 AN

: / L
« compensated \
20 . OpAmp \ \

. A\ >
. Q \
A :PZ \
OO v )
- 45° ; - :
_an°| compensated T~ .
90 Op Amp . N
135° : Phase N
. gin .
-180°) . g=90°H§}
v .

@° ) . Uncompensated /
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Error Amplifier Design (Cont..)

Op Amp gain and phase with supply [£10%] and Temperature [-40, 25 and 125 C]
and process node variations

__ Gain
= :
80_‘_7.: """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" |- """""""""" |-"
[ Maximum DG gain=828 B | Max; UGB= 17 MHz |
e I Minimum DC:gain=813 dB : Min.UGB=6MHz
@ 40— PR R s AT ; ;
=
s
eI
0
1 10 100 1K 10K 100K ™M 10M 100M
frequency (Hz)
Phase
1 R
[ | | | . | | | \\.ﬁf
R a e — e S
% L : : : : Minimum Phase margin=60 | :
g o —
" i
2 [
s [
o _100__ __________________________________________________________________________________________________________ L
N N U U R S R
1 10 100 1K 10K 100K
frequency (Hz)
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Triangular Signal Generator

The main idea:

CK_ouTC J

|»—-- __________________

= Charge and discharge 7 | o |

. . | NPDiff :

a capacitor with a :I " Ve [ N |
—i — G >
constant current. _— | - m P
:\-> | _ B Y et
) . - <l> 111 ETrl_OUT | i o CK_OUTC:
= Capacitor voltage is et 7| L N [ Les s |
. L _ |
compared to VPhigh Y » >‘r: R vielab
L :_ | ow  }pb—- -~ |, —__geeikon

and VPLOW I:’-:I I: : Con;!;\glirf?tor i

|
— : Peak detect Circuit i
" VP, and VP, ck_outc | RS
determine peak to T

peak VOItage- Charge/Discharge Circuit
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Triangular Signal Generator (Cont..)

Comparator N-diff

Vb «—
e - __L_
N | ' i . -E]l
| | | e ] IMP3f 5 |
I | | — MP1 MP2 | — I —-i|— £ |
| I I 3
= Fast and accurate for | | : o | ]2
igh input voltages. | | e L | | B
: 8 | V- < | : = V+ : o:
33| | —— ]
= Used to detect the | Za| | : ! | | Vo
. £zl |
high peak of the 137 : | o
. . | I
triangular signal. | , | . | |
: MNL Ly | | — : :I— |
! | | MN2 E: MN3|:—<:| |
:__E_.H_: o o | Rl
GND —I
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Triangular Signal Generator (Cont..)

Comparator P-diff

Vob <«
) P — ! vy
I vipr L[ T I H MP2 I || MP3
I —' | | — | | |
= Fast and accurate for | : | — | |
. g Di ere_mia | | I
low input voltages. | Ss| | ! amplfier | | |
128 : | v
| E2] | i
S | Q
= Used to detect the © v = e wps [ : Ve “é:
low peak of the | & ! ] _'! | §:
. . I IREF | j 3
triangular signal. | | | | L] 4l
| I ), MN1 mnzf— | | Sl
| | = = — Y g
R R | | | MN3| ©l
L _| S
GND <4 '
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Triangular Signal Generator (Cont..)

Gain vs. frequency for the designed two-stage comparator

AC Analysis
I O
60— / e parator Py NN

- i |Comparator N-diff | ; Gain='83.1 dB i i
| cain=76dB | L =an=ss 5 g

a 1 | T T T . i---

2 7 E

=R :

- |

o | E
20_§ _____________________________________________________________________________________________________________________________________________________________
o i
ol o N

1 10 100 1K 10K 100K ™ 10M  100M 16 106
frequency (Hz)
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Triangular Signal Generator (Cont..)

Simulation results for triangular signal and clock signal

Triangular Signal

A A A A e N
i ; i Period ; ; ;
: | _ (495.3 ns) | | |

) 1.5 e e, VS
Py I
& I
E I
E 1 JE USRS | YISO SN, YNSRI SR, (RIS ARSI, N NS SN, YN SRR S
= i
e A\ \ AN\ \
. | . . . . | . . . . | .
77.5u 78u 78.5u
time (s)
Clock Signal
25 e e—y e pee——
2 ------------------------------ ------ Ffequency-=-2MHz-- ------------------------- -----------
) | | Duty Cydle= 50% | |
@ 1O + < R I . B F R A IR
5 s
= M- - B S S e B R e SEED EEETE
o ! ! ! ! !
> : : : : :
T [ R B B e N I e R A
0. | | I | |
76.5u 77u 77.5u 78u 78.5u
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PWM'’s Comparator

Rail-to-rail input range comparator

I
= Usedin the PWM Vias %t i EEMS d[_Ms
controller to generate the
required duty cycle Vias2 Jj}. MI5 — M 4 ws
MI15 M1é
= Consists of: ;—ﬂﬂﬂ_ﬂjﬂ__“fj}l_:l‘%  — c
» PMOS folded-cascode | = o l
combined with NMQOS | Vs — — {EM")
folded-cascode.
Vbiasa : M14
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PWM'’s Comparator (Cont..)

PMOS/NMOS folded-cascode comparator gain with supply [£10%] and

temperature [-40, 25 and 125 C] variations

Gain (dB)

Comparator Gain

ol

_20_§ __________________________________________________________________________________________________________________________________________________________________

ol N
1 10 100 1K 10K 100K

frequency (Hz)
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Reference Voltage Circuit

=m0 Vie(on)
—2 mV/°C
Gb "1 .----"‘--m
- T
N /
Methodology of Al
VaE(on)
bandgap il
reference voltage e TVh o & Vasias 40V
circuit
Vr Vr o MV

generator
\ o

+3300 ppm/°C = + 0.085 mV/°C
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Reference Voltage Circuit (Cont..)

PTAT thermal voltage referenced y
\ / \Q/IS
/

Vref — ILR + VEB3

) 4

Vref = L anVT + VEBS

CTAT diode referenced

A\ -—
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Reference Voltage Circuit

The output voltage of designed bandgap with temperature sweep
[-40°¢:125°C], £10% change in supply voltage, and process variations

Bandgap Reference Circuit

maximum change =17.8 mV

1.205(

voltage (V)

1195 ==

temp (degC)
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Design of Supply Voltage Generator

1 Using of linear regulator to obtain supply voltage for controller circuits

r
l |

: I Vour
| I 111 ; !

l |

Compensation
Network

|

|

l

g — ESR

| Rb %
< :

|

|

_Feedback Control

M)
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Design of Supply Voltage Generator (Cont..)

Linear regulator response to output current change
Worst case = £12%

LDO Response to Load
2.8 ______________________________________ ______________ —tran2.v(vdd):
2 2.6f | | | |
z L :
o F j -
E i ; :
T 24 i :
> 0 ! !
2.2} | | i
' 76U 764U 76.3u 77.1
time (s)
5m Transient Analysis, 27 deg C

: — tran2.i(i2)

—— - ——— e -
e
g s s s
BImf— g
Py H H |
3, I s s s
2M e e e
- — — —
76U 76.4u 76.8u 77.2

time (s)
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Experimental Results

Close view to PCB

Veul Proy onmng Componentd 3

: L N
AL DAL YR
01‘6 N .
{ [ "

Vogam Wire ~

PCB Trace
Cut

.~ 100nH -
external.
Inductor

39
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Experimental Results (Cont..)

Vin =3V and Vout = 1.2V

rx 1 iq’
T‘*k_R.”'l_l__i_. L“JTrlgd Tek Run | —i—} Trig'd

=4

Vow N} e

I' Gate sigrfal

Chi 2.00V [@% 2.00V M40.0ns| A Ch2 & 1.40V
25 Apr 2012 25 Apr 2012
Uj25.40 % 18:11:23 0[16.40 % 18:14:21

Load = 0A Load = 10A
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Experimental Results (Cont..)

Efficiency
96.0%

94.0%

90.0% / AN

88.0% \\Efficiency at Full
86.0% / Load =91.18%

Efficiency (%)

lLoap (A)

Efficienc/y at light —

CAreArc / T | o,
|Oad = 82% ' ‘ :;. .5 '.:. ‘: N / N\
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Limitations of Buck Converter

1 As the buck input voltage increases and lower output voltages
are required.

» Switching loss increase.

» Small duty cycle that leads to high peak current in top switch.
» Degraded transient response.

» High efficiency cannot be easily obtained.
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Limitations of Buck Converter

 If we decrease the input voltage for the buck converter

» Higher efficiency due to the increase in duty cycle and the
decrease in switching loss.

» The ability to use low-voltage (LV) switches.

= Decrease the solution footprint .

= Exhibit lower on-resistance.

» Reduce the fabrication cost.
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Proposed Power Architecture

Breaking the 6V-to-1V converter
into two stages

I
Bus Converter 5 - ; I First Stage 5 Second Stage | 5 P
@_> 12V-to - 6V @ 6V-to - 3V 3V-to - 1V | u
I

L Two-Stage Power Supply
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Proposed Power Architecture (Cont..)

Predesigned switched- Predesigned buck
capacitor converter converter

From Switched-Capacitor

- -/
' |

Bus Converter %-: Converter > Buck Converter :_> UP
' |
—

= 6V-1t0—3V 3V-to-1V

Two-Stage Regulator

Buck converter receive 3V instead of 6V which solves the duty cycle and
efficiency issues.

——
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Integration of The Two-Stage System

SCC’s output and buck’s output of the two-stage system at no-load

1.04 SCC Output and Buck Output

Buck Output

voltage (V)

time (s)

SCC output

voltage (V)

2%¢ — euw e ®u @
time (s)
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Integration of The Two-Stage System (Cont..)

SCC’s output and buck’s output of the tow-stage system at full-load

SCC output and Buck output

1.02; | :
[ - Buck Output @ Full-Load |
1.01f : :
S [
2 1
8
= )
= L
0.99}
0.08" S AU
. 238u 240u 242u 244
time (s)

- SCC Output @ Full-Load |

voltage (V)
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Integration of The Two-Stage System (Cont..)

Load transient response of the two-stage system

Load Transient Response

Undershoot

-
-

voltage (V)

e e
o io

voltage (V)

-

=N - -]

current (A)

time (s)
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Integration of The Two-Stage System (Cont..)

Estimated Efficiency

93.0%
91.0% /@
__ 89.0% 7 \ﬁ
E\-O— 87.0% /
o / \./“\
c | 85.0% . .
2eson L/ / \ Efficiency at Full
& / / Load = 87.5%

81.0%
79.0% ‘/ /

77.0% /

75.0% /I T T T T T T T T
1 2 3 4 5 6 7 8 9 10
ILOAD (A)

Peak Efficiency=91%
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Integration of The Two-Stage System (Cont..)

Comparing two-stage Eff with 2 market examples

Comparison with MAX15112 and EN5395

gi.gzﬁ, \i@er by 3.2%
. (1]
89.0% Z and /
. 87.0%
X 85.0%
z| 8.0% o’// Higher by 16%> —--T
c 81.0% _ﬁ_._f.i_/ wo-Stage Eff
S| 79.0% é —8—MAX15112
£ 770% &/ T
Y / e
& 75.0% J \.\ —f—EN5395
73.0% ~o
71.0%
69.0%
67.0%
65-0% T T T T T T T T T
1 2 3 4 5 6 7 8 9 10
ILOAD (A)
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Design of Linear-Nonlinear Control Technique for
Buck Converter
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The Proposed Nonlinear Control Technique

J Novel nonlinear control:

» Saturate the EA output at values
near the supply voltage or ground
voltage.

» Nonlinear control is enabled only
during load transient.
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The Proposed Nonlinear Control Technique (Cont..)

/f\
Z>
|</g
5

\

\
-
\

/ )

Comparison
done to detect
~o undershoot

I\
1\

N | R
____I.I___
11
I

During Step-up
load change
condition

Comparison
result

Effect of
nonlinear
control on EA

saturated at VDD EA normal output
at steady state
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The Proposed Nonlinear Control Technique (Cont..)

N\
\
\
\
\
/
—
>
!
/
/
’/

VHT.
|
\ I I Y /-
N IVER — Vigud .
S~ T N /,*\ Comparison
VUt T === ATV done to detect
eI TS undershoot
s 1] N
/ \
: / \
During Step-down | .
| I'\ Comparison
load change ' , |
condition S a4 t, result
I e
T
EA Ioutput : : : : Effect Of
AN

saturateg a*GND
T
|

- S i(/ nonlinear
i control on EA
EA normal output
¢ S —~i1 / ,
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Nonlinear Operation Monitoring

A If the nonlinear control technique is left without monitoring

» It could continue in operation by fault and make the buck
output oscillate.

» Stability issue.

fee | N WL Onecshot| [ L

ar | o D Gt Delay
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Test and Simulation

1.1F
=~ : Buck output (nominal Value= 1V)
= 1.05 \\‘ |
o 1
2 1 MMM\«W’—— '
9 0.95 |
0.9 R R , | , A ,
80u 100u 120u 140u 160u
time (s)
ok : ' EA output Saturation
= E
g 1= '
2 0.5 |
E N R | . | e — .
0 80u 100u 120u 140u 160u
time (s)
-3 :
< Output Load Change
£2- -
s |
E- | N ———
80u 100u 120u 140u 160u
time (s)
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Test and Simulation (Cont..)

1.1+
Buck output using proposed LNL control
-~ 1
=
[
=
]
=
o
-
Buck output using conventional linear control
0.9
0.8 | | | |
) 80u 100u 120u 140u 160u
time (s)

S APEARRC /

ﬂ @ Aswan Power Electronics Applications Research Center




Test and Simulation (Cont..)

IR T

=
o

The nonlinear technique

Vsense

continued in operation for 15us

.
"

voltage (V)
=
o
% I
-

AR

B AR

T‘I

Ty

T v‘f{l‘

10
©)

£ | | |
0.65 90u 100u 110u
time (s)
[ Under_Control Signal
- _r - -
- / __________________________________________________________________
)
= The nonlinear
‘o [ technigue
=1 |is enabled
I The T'ECl'II'quUE is turned off
ot | | |
90u 100u 110u
time (s)
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Test and Simulation (Cont..)

19
0)

Undershoot =10.6%

Overshoot =10.1%
Undershoot =11.6%
Overshoot = 11.1%
Undershoot = 12.2%

Overshoot =12%
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Test and Simulation (Cont..)

Load Transient Response

voltage (V)
o=

S o

-

o=
[~
n

Lo g )

|
100u 120u
time (s)
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Conclusion and Future Work
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Conclusion

» Converter efficiency and size are the most important issues for current
consumer electronics.

» There is trade-off between system performance and system complexity.

» Tow-stage DC-DC converters can replace the conventional one-stage buck
converter to get higher efficiency and better performance.

» Two-stage DC-DC converters increase the system complexity at the first
glance, but replacing the high rating FETs by a lower one decreases the
cost and size. At the worst case, the size of the converter would be the
same of that of one-stage converters.
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Conclusion

* Conventional voltage mode control in buck converter is not sufficient for
fast transient response.

 Nonlinear control can be used to side by side with the conventional linear
control to enhance the transient response .

* Nonlinear control not only decrease undershoot and overshoot
percentages. It can be also used to obtain the same percentages with
smaller output capacitor.

* Two-stage converter in addition to nonlinear control can be used to design
a high performance DC-DC converter for low-power processors.
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(] Different techniques used to decrease the losses of buck converter at

light loads.

» Most portable devices are put in idle mode (stand-by mode) when
there is no operation. At this mode, the load current of DC-DC
converter become very low. Efficiency at light load can shorten the
battery life.

(] Design of low cost, efficient, and small size power supply for PA used in
modern smart phones.

» PAs are very sensitive for noise comes from DC-DC converters. Linear
regulator are brilliant choice for such applications. Linear regulator is
not efficient. Cascading a step-up/step-down switched capacitor
converter followed by a linear regulator would be more advantageous.
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Discussion
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Thanks
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