MUX 2010

Integrated Power Conversion




Power electronics?

Analog Electronics: the ensemble of techniques and circuit
solution to project systems to elaborate the information in
analog way

Digital Electronics: the ensemble of techniques and circuit
solution to project systems for the logical and numeric
elaboration of the information

Power Electronics : the ensemble of techniques and circuit

solution to project systems to control the energy transfer
from a source to a load



The principles that defines the quality of
product are

Smal dimension |_> Compact and efficient power distribution system
High performance gy righ consumpiion

Small power consumption otherwise high battery
life for portable systems &) wigh efiiciency

LOW cost |—> Small component and high efficiency

Normally a good product design requires a good power
management system



Figures of merit

Analog electronics: precision (low offset and
high signal noise ratio), high speed
(bandwidth), low consumption and low area
Digital electronics: high elaboration frequency,
ow energy for operation and low area

Power electronics: high conversion efficiency
that implies high power density (ratio between
the circuit volume and the power utilized).

1= o P _Density = o I
B - Volume J




Chip technologies Figures of merit

Analog electronics : low offset for area unit,
high devices cut off frequency

Digital electronics : high number of gates
for area unit

Power electronics : low resistance for area
unit, low charge to drive the switch and low
reverse recovery charge



Outline

Conversion topologies design strategies
Linear conversion
Switched capacitor conversion

Magnetic conversion
Integrated power devices and parasitcs
effects

Power mosfet
Parasitic effetcs



Power flux control
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Power source

SpECiﬁcatiOnZ \ f (Vsource’ Isource ’t) =0 J
VI characteristic and type of source (AC/DC)
Energy available (limited or unlimited)
Rules to utilize the source
Safe operating area

Rules on the type of load connected to the source
ex:

Maximum power point tracking requirement

Power factor correction requirement
Limit on the Instant power requirement

EMI Rules



Power source example: Power

distribution system

VI characteristic i
EMI rules Ry —
HL 1
\Y% Voltage reference -

Over current protection




Power source examples: Batteries

Q dependent

(mAh]  Q

The characteristic depends on charge level
The quality of a battery on the ratio between the charge
stored and the volume

For the rechargiable batteries another important figure of
merit is the number time cycles



Power source examples: AC line

power source

&
Vac, lac

—@—’\/\/— v ’

The ac line power source requires a high power factor in
order to have only current that gives a mean output power:

No high order harmonics
Current waveform proportional to the voltage waveform



Power Load

Specification:

Load specification ~ N
- gV, oans loan.t) =0
Characteristic (Model) LOAD * LOAD
Static NVionp s loan s 1) =0
Dynamic .
Rules to utilize the load {QNLOAD"LOAD’U‘O
: h(VLOAD’ ILOAD’t) =0

Safe operating area " 4
Precision on current/voltage regulation
EMI Rules: Maximum ripple




Power load examble: Battery

charger

Model | ‘ '\/\/—

Q dependent
Charge Profile for a Li-lon battery

A

4.2 ViCell

lCHG

3.0 ViCell
T = TAPER

| logeche

-

» Precharge Programmable
Timer Safety Timer

The charge currentis
equaltol, ., when the
battery is below 3V.

The battery is charged
with |, when the battery
voltage is 4.1V >V, _,, >3 V.
After the charge goesina
control voltage charge
phase in which the charge
current depend on the
error voltage | ,=K(4.2 —

Vbatt)



Power load examble: WLED

Optical powerora LEDis
proportional to the
current present on the
device

The voltage in
approximately constant

/ \ For the driving is used a
e pulsed current

l4=fixed Py Py: JT ﬂ

10

Forward Current, |pp (m#A)

1 U
20 2.5 3.0 35 4.0 4.5 50 Rd
\ Forward Voltage, Vg (V) /




Power Load examples: uP power

supply

Specication VRD 10.x per Intel P4 Prescott

\ h(VLOAD’ILOAD’t):O J
V

» Small voltage variation

core

intgl.

Model

* High current

VRD 10.0-VRD 10.1 .
Maximum VID L ¢ H'gh SIQW
(Voltage Identification) ’ r'aTe
Vee Ratings (VID) 0.8375-1.6V
VID step 12.5mV

Output impedance resistive required

tc Tolerance Band (TOB) =19mV ( I t _ O
. g (VLOAD ' "LOAD ! ) -

— 914 for VRD 10.0
Max Load Current

-—

1154 for VRD 10.1 | |
Valtage identification & bit I
Over Voltage Protection VID + 200mV (Propesed) “ |
0A 20 A 40 A 60 A 80 A 100 A 120 A
Over Current Pratection Not fixed (Proposed) 0.00V . . . . . .
002V ;“\-\_
Maximum overshoot voltage S0V 004V - — :\N\“\.
allowed over VID . 008V — H\\\.
0.08Y —=—— T
Maximum overshoot fime 25us 010V . "\_,_\_\_
duration ever VID o 012V : e
014V —=
Up te 61 steps 0.1V ]
Dynamic VID y 0.18v 4 J
(12.5m V75 us)
( —e—/max Load Line —=—Vtyp Load Line Vmin Load Line
dlgpr/dt sax =504/ s
NOTE. 1. Presented as a deviation from VID
J'I:l-'lll‘i I_I'.J'I'E' JTIJI'F-EI‘FH”LE - . N
Im@Q /1.4mQ 2: Socket load line Slope = 1.0 mOhms, TOB = +-19 mV
{Rproop)

Y U I T [ . \ N I T R O 2 T . T N e | |



Transient

Synchronous buck
converters

s : V\RM— Proc;esir\
DC/DC | I
g Cg B g A T

| % k Bu/H< Decoupling  Packaging Cr/
lc lvRM
Current l ‘R
ESLi} _ ESL

- Critical Factors

Voltage Droop ESR ESR of the System

Cap

l, . ™ Time(sec)
<Tn 100n Tu




Power Load examples: uP power

supply

Load current step variation

Vin
Feedback
4% L Tour
7YY Y\ . }
|

CONTROLLORE =~ J_
COUT
% CPU

!

lout 4

Output voltage response:

Without Droop Function

Vour 4

Vuaxd— — — — — — — —

Vmin —— — —& —
AV = ESR - Al

Tolerance Band NOT respected

With Droop Function

Vour ¢

VMAX-

AV = ESR - Alg;

Vmin

Tolerance Band respected



The Power System

The total power system composed by the
and the

Power system

/ Control Signal \

Source J'L

i iy -”prs:;zzng}”mwm il

\K




Choose of the correct architecture

In a integrated the power architecture selection is
driven by

Type of conversion (non isolated)

Step down (voltage of the source in all codition is major than the
voltage of the load)

Step up (voltage of the source in all condition is the same of the
load)

Step down and up (when the voltage of the source and the load can
have a common interval of values).

Maximum power utilized
Low power
Medium power
High power
Complexty of the architecture



Determinate the maximum power

The maximum power consumed by the system is
limited by:
The package
The cooling system

T,

R Junction case resistace
&JC

Dissipated power

——]

TI_“
Q C) Rocs Case Heater resistace

T,

—+—]

Heater Ambient resistace

—|
h—..'l

S



Choose the correct architecture

Dependely on the architecture the power
related to the converter can be plotted as

reported
Solution 1
N Solution 2
Ploss " " ploss max
Solution 1

Solution 2

Pload Pload



Linear conversion

This scheme, commonly used to stabilize low power supply, is designed to
meet the load specification by using the analog strategies but it doesn’t
maximizes the power transfer

High power loss = low efficiency = low power density

P .V V

out _ ‘out ¥out ~

_ _ ~ _‘out
- TRVARY

- N In In In




Linear conversion efficienty

n Bias consumption




Switched-mode conversion

To maximizes the energy transfer the power systems must be

Iyg%
ﬁmgﬂ‘w

designed using energy storage elements (inductor and
capacitor) and switches:

Capacitive (Charge Pump)

Magnetic

Control & Sensing Signals

1 !

(| N
)

Thermal Energy



Capacitive Switch- mode

conversion : Charge Pump

The energy is periodically stored into and released from the E filed of
the Pump or Flying capacitors. They are typically used in
applications requiring relatively small amounts of current.

Reduced components

. Exam IeVoIta eSte U
Integration P J PP

{L{

This scheme is the simpler Charge pumn structure and its

dynamic output voltage is oo

r o C'I { Tr r T
AV yyr (- Law )= . | -IlL f ' [j Voo —¥our (1) Lo }]

FUME

Without output current we have

L N



Capacitive Switch- mode

conversion : Charge Pump

In case of load _ _

Voo O—— | Crons J‘ J“Cx f‘\ IG; | 0=
T
The voltage is reduced
ﬁ-lt?= [:"Q = C‘ fl.jl.-:lli‘ E:'.';'-'E - C : 1 f .

The variable available to control the converter in the frequency
With Ideal components the efficiency is




Capacitive Switch- mode conversion

: Charge Pump (discrete)

Voo

1
!

C1

Vop +Vs + AV, + AV, -V, =7,




Switched capacitor with MOS

Two phase charge Pump R = T -G
T Ll eyl
ovou If the RdsON is big the
equivalent resistance is
L# #d hiqgher because during
T &  the turn on time the
TS R b




Detailed description

Vo Vop
ON T Crunr o 1 i OFF

E —_—
= T =

M1 0 ] M2
2Vpp 2V

—— >
1F1I'IIIIJ' 0 DD 21'[].]]

OFF T Crone ON
= T =

M1 Vb [ a2




Big Step Up function

For an higher output voltage the cell can be

connected
— CELLAN — l
K ‘ CEL;_U CK
|
f




Charge pump control system

If the Charge pump is controlled it modulates
its equivalent resistance in order to achieve
the output voltage level. From an efficienty
point of view it is equivalentto a LDO

REF

S

>
|

>

0OSsC

o

CP

orT

>



Switch cap conversion efficienty

. Bias consumption and turn on charge
Pload
n = Pout ~ Vout
\ I:)in 2Vin




Magnetic power conversion

This type of circuits are based on using the magnetic field to store the energy
of inductor or transformer other than the electric field of the capacitors.
It's possible classifying the converter on the basis of
type source and load

AC-AC
AC-DC Rectifier
DC-AC Inverter

DC-DC
presence or not of a transformer

Non isolated

Isolated _
mode of operation

DCM

CCM
switching condition

Hard switching
Resonant



Type of converter

In general application IC integrated the
different soultion utilized are

Driver l,_} |
Step down =P J

With the same voltage rate L

Stepup . T At tf T

in 1 {:; o _— - - F} {:I et I
1 { - 1

Y[




Switched-mode control

To meet the load and source specification is needed a control
system :
Voltage mode if the sensing signal is only the voltage
Current mode if in the sensed signal there is the current

Control & Sensing Signals

1 !

Doy il
ey

Thermal Energy



Modulation

Each switch has two possible level so the control
system can only modulate the duration of each
state:

Frequency modulation
> Ton constant
> Toff constant
> Duty constant
Fixed frequency
> Pulse width modulation



Pulse width modulation at constant
frequency

§ = ton __Mm to toﬁ‘




Control loop

d Vout




Switched-mode control

To meet the load and source specification is needed a control
system :
Voltage mode if the sensing signal is only the voltage
Current mode if in the sensed signal there is the current

Control & Sensing Signals

1 !

(| N
)

Thermal Energy



Power Switch: Power MOS

Power switch requirements for MOSFET:
Low Rdson = Low L and highW
High breakdown = Body region low doped

Punch through when the channel is fully depleted



Power MOSFET

Source

4
|

Gate olirce Meta
T Soe

Vertical power MOS PS

<]

P+
A ysiljzén

L P Well J Bxi
N Epi
M+ Substrate

Drain

This structure has the high breakdown voltage and low
Rdson:

During the off state the depletion region is present in the
Nepi
The Rds on decreases by reducing the channel length



Electromigration problem




Layout power MOSFET




Rdson contributions

Metal_2_drain

V1iG-1)

= Rv

11i(-1)

VI

Metal 1 drain

~/ Ron

Rm1”"

/"Ron

Rromie

410m 0

100%

R bonding

Rm )

20

Rmcmi

At}

10%

R?T.!-OS

2090m 0

70%




POWER MOS commutations: Gate

charge curves

The MOS commutation characteristic with an
inductive load is described by the gate charge
curves

This curves is a charge controlled
representation of the power MOS. They report
the relation between the Vgs voltage and the
charge injected in the gate to drive the device

in relation with the switching condition (Ids,

Vds)

A
Vg

Vgsth




POWER MOS commutations: Gate
charge curves

The importance of the gate charge curves is
related to the driving circuit design because
they represent the relation between the driving
mode and the switching losses.

The gate charge curves depends on the
switching condition (Il ,Vds) and on the
parasitic present on the application but almost
they don’t depend on the driving circuit.




POWER MOS commutations:
Gate charge curves

Ve The ideal inductive
commutation
Vet With a fixed inductor current
> level and voltage level
lc Considering an ideal diode
>

tdon _I;

(N

ton

T



Gate charge in real condition

The parasitcs elements presents on the
applications change the gate charge of the
turn on and the turn off

ne capacitor of the Vds

ne diode reverse recovery

ne parasitc inductor Ls and Ld



Driving specification depending on

gate charge

The driver ideal commutation can be calculated

in the application considering the condition of

maximum current but is a rare approssimation.
The driver current depends on the impedance

The real commutation depend on the voltage

hence the impedance present on the application

that depend on many parameters:

Ls that is vary important because it effects is
amplified by

L gate and Rgate limits the driving capabiity



Choose the correct architecture

Dependely on the architecture the power
related to the converter can be plotted as
Fe pO rtEd Switching losses

Bias and driving losses Conduction losses

n

Increase the FOM= Qg Rdson

Pload



Power MOS limitations

The limitations of the power MOS is for the
High current and voltage application:

To increase the operating voltage (during turn off)
it is necessary increase the width of the n-epi
region

The Ry, ,, depends also by the R, resistance

Trade off between max turn off V _and R, .,



When does NPN turn on?

O
N

O_
DI

Fly-BACK PHASE

During phase 2 (high to low transition of A) both HSD
A - ' and LSD are OFF due to the cross conduction control.

B \ In this phase the inductor current flows through the
intrinsic diode turning on the parasitic NPN.




Parasitic NPN

negative fly back phase

|1
5 &GCD
|1

\\ //lnpn
I Tt
L M p well
‘II' pbdy N " nwell
nwell

triple well
p— substrate

triple well

-

The Collector current flows from other pockets close to the Power.



When does PNP turn on?

B
OF | & '/LX O OF | A B [[oF P I?F— b & fF
Fo <N F < F ~ <
O L P - O T
Positive Fly-BACK
PHASE
4/ During phase 2 (low to high transition of B) both HSD
A | — and LSD are OFF due to the cross conduction control.

In this phase the inductor current flows through the
B - intrinsic diode “Id” turning on the intrinsic parasitic

009




Parasitic PNP

positive fly back phase

S
Sy

P G B /‘iticPNP
| | ]

N+ N+ | PR+ \{ i l\y
pbody//\/
nwell K ( Pwell
lpnp
S Triple N\
well AN

The PNP Collector current flows into the substrate rising its voltage



“Bootstrap” Supply for High-Side

Power

+DC Bus

Bootstrap Diode

Peak l
e H Bootstrap | L K
L|m|_t|ng Capacitor
Resistor
VDD

i

T

uP
DSP

or
Control +15V

Bias Power Supply +15V IC
.- T (}

|

..... Common (-DC'Bus) y - /




Bootstrap Cap Charges When Lo-

Side ON

++++++
VDD
1 ~ov
P
Control
B SSSSSSSSSSSSSS +15V ontro +15V.
T K}
£6 —1T
mmmmmm (-DC Bus) :

High-Side

Low-Side On
aaaaaaaaaaaaaaaa



Cap Supplies Power When Hi-Side

ON

++++++

L4
<

ooooooo

High-Side

Low-Side
FFFFF



High Voltage IC Level-Shifting
Driver

VDD

Leading ‘ }_

Edge ~ ‘|

N : . Pul J -

Genera tor [ H

Trailing \V4 \V4

COM Edge
v I




HVIC Block Diagram for Half-Bridge
Driver




Junction Isolated CMOS HVIC Driver

LDMOS LEVEL SHIFT

HV
= | =
P- P- P p-
P++ n-epi P++
p-sub

HV-FLOATING CMOS

—
n+ +
p- K j
ors n-epi p-well
p-sub
GROUNDED CMOS
LV LV
F—— L] — L] |
. N+ 5 p+ / \ [)+ / \_ n+ / \_ n+ / . N+ /
P++ n-epi el P++ |

p-sub /



Substrate coupling

Transfer functions of the substrate
coupling

-100

-130

Araplitade (B

-200 -

-240

o ; ; ; :
10 10 10 10 10 10
Frequency (radisec)

bulk Zate n-well gate p-well
contact ) souce contact [ S0 contact

- epitaxd

C ' ptbulk : )




Substrate coupling

Biacle Di
e - 40

Magnitucle (B
Amplitude (dB)

o v E a
10 10 10 10 10
Frequency (Hz)

Lmplitude (V)

pt Bt
guard uard
pt | Analog cirouit | pt
n-well
{n+ buried layer }
p-epitad ZZ
=

............. ............... ............. . : 1 p+bu]kl T I:




Conclusions

Voltage Conversion topologies (LDO,
Switched cap,SMPS)

Power devices

Design problems



