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DC-DC Conversion

Conversion

12/24/48v  20-75V

[1 Size, volume,

footprint
1 Efficiency
] Reliability
Trend towards higher ] Cost Lower supply voltages
voltages - >50V 2> 1V

Photos: Shutterstock.com
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Power Management Systems

Part of complex ICs or separate power management units: Multiple DC-DC

converters to supply uCs, MPUs, DSPs, analog & mixed-signal circuits

Linear
Regulator

5V or 3.3V

Buck
Converter

oV

Low Power
MC (Standby)

Buck
Converter

1.2V

CAN, Analog

Buck
Converter

3.3V

Linear
Regulator

DSP

External
Memory

Buck Linear 1.2V | uProcessor,
L Converter Regulator Digital Core Handheld devices, PDAs,
i-lon
Battery Buck 1.8V Low-voltage consumer pro ducts:
2.97- Converter Analog
4.2v _ _ V., ~ 4V, moderate
Linear 2.8V High-voltage . )
Regulator Analog conversion ratios

Automotive / Industrial,
server applications:

V., > 10 - 60V,

larger conversion ratios
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DC-DC Conversion Fundamentals

Pulse-width modulation: Much higher efficiency than a linear regulator (LDO)
Challenges: Increasing switching losses, EMC, parasitic coupling

Vin V.
Ic T sz o ] Vout
—| HS
Gate N L V
a
PWM) Drivers Mmlﬂt 0 0 R
and Logic t t
> Cout A 1
L, C~——-
fsw
2.2 U 0.22 pH
Q -
12 mm S mm BLCE
>
1 MHz 10 MHz 100 MHz
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Analog Building Blocks in DC-DC Converters

Example: DC-DC Buck Converter Vin
Sawtooth [Vs N p I: Power Stage
Power Generator n) D-l HS
— L
Vi Stage > Vou Pulse-Width- V., L V.,
Modulator D C
Duty outI
Cycle D - G(s)
Pulse-
Width- |«—{Compensator |€— V., Compensator V.. | R ’
Modulator \ H(s) Ve Om =
Error GVier Rive
Voltage Error Amplifier

Blocks of Interest:

[0 Power stage: switch, gate driver, level shifter
OO Error amplifier and control loop components
[0 Current sensing
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Technology Options / Devices

[ Various HV, LV transistors

[0 Buried layer or trench isolation

[0 Zener diodes, Schottky and power diodes
0 OTP memory, EEPROM, flash memory

Vin
|
Sawtooth | Vs N D Power Stage Power Part
Generator g) v DMOS, Drain-extended MOS
Pulse-Width- Ve, L& 5V, 12V,..., 80V and ~1A
Modulator D
G(s)
y Compensator v, R S Digital and Analog
H(s) < Om P Digital CMOS 1.2, 1.8V, 2.5V, 3V
= Vier b2 MOS + bipolar Analog 1.8V, 3V, 5V
Error Amplifier

Bernhard Wicht
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Outline

[0 Power Transistors

[
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Power Switch Configurations

Low-Side High-Side Half-Bridge Full-Bridge (H-Bridge)
Vbat Vbat Vbat Vbat
Load ] ‘> | _>_|~> _>_| Load |_<_
VSW sz VSW
—D—[l Load —>—|[l > o dm

[1 Transistors can be on-chip (integrated) or discrete (external)

[0 On-chip: Any transistor can be used as a power device, if voltage
ratings are suitable

0 High-power and high-voltage applications prefer n-type transistors due
to lower on-resistance Rp,,
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Power Transistors

Discrete power FET Integrated power FET in CMQOS
(external component) and BCD technologies

LR ]

On-resistance < 1Q
On-resistance ~ 10...100mQ Drain currents < 1...2A
Drain currents > 1...10A FET types for > 60V available
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Transistor Switching Behavior and Losses

Inductive loads: Four phases Example:
Vis _ e VGS = 8V
oer Drain V,, = 2V

Vi I, = 0.5A
Coep l Ip RDSOn = 0.50

VDs__ VDS = 12V
I Gate )VDS t,, = 100ns
/ f. = 500kHz
Puss|= Vos 1o Transition Losses VGMGS Transition Losses:
Conduction Losses Source 0.5 Vps Iy £ g, = 150mW
Tdsw T Conductlon Losses:

/ I,2 Rpe,, = 125mW

—t » + gate driver losses (> see section on gate drivers)

Bernhard Wicht
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Power MOSFET: DMOS

DMOS = Double Diffused MOS (lateral oder vertical)

Drain Gate Source Gate Drain Substrate

O Combines low Rys,, (< 1Q, >1-2A) with large Vg, (...100V) Drain

[0 Source and gate isolated from substrate
> negative voltages possible Gate _“:5 ?é?j;fx
[0 Parasitic diodes at drain-source and drain-substrate Source

B have to be taken care of
B can be utilized as free-wheeling or power diode
[0 Layout: Multiple fingers in parallel (unit transistors)
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Body Diode in Standard CMQOS Devices

Vbat sz Vbat Vbat Vbat sz

[0 Body diode: always present and associated with a parasitic bipolar structure
0 Inductive switching: losses due to VF and reverse recovery
[0 Risk of back-supply (diode conducts even if switch is off)
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Parasitic Effects

For V, < 0 substrate currents through parasitic npn:

Sensitive
Substrate = Circuits .
Source Gate Vp<0 uGrSO:';g —+*— O Disturbance of other

i I circuits blocks
H ' (1 Debiasing, latch-up

sensive  [] GR around power transistor

Guardri ng (G R) : Substrate = Ground  Cjrcuits
Source Gate Vp<0 / Ver \

[0 Nearly zero disturbance at
sensitive circuits

i lsub

Li i

[0 GR around every drain which
goes to an IC Pin

----------------------------------------

Suardiing [0 Drawback: Layout area / cost
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Isolation of Circuit Blocks

L
£T1

Vo GND

ln+JlD+l ID+J n+

>
+
E—
p-iso

n-well
Deep n+ —e
Deep n+

( buried n

\\ J . J
Y Y

Common isolation of all p-/n-channel devices

[0 Rule: Isolate every (sensitive) circuit block (if possible)
[0 Shielding against substrate noise coupling
0 Similar to guardring with full “incapsulation”

Bernhard Wicht
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Substrate Coupling

Voltage slopes > 10V/ns cause capacitive charging currents (~100mA) during
transition - substrate debiasing >4V - malfunction of analog and digital

high side \ 5557 VIN
low side ) | 40V _
Drive ——=80 V/ns
500 ps
VDD Level lj/ L a " VOUT
T Shifter -
—] Control - WS ()TS V % —

*?* ) \Y_ -- -
‘ \ == An—Buried Layer

‘ "/,Sg = ’SUB ———p-Epitaxial Layer
p*-Substrate
Back-side metallization reduces coupling by ~100%, conducting trench by
~90% (if available), p-Guardring is less efficient but readily available
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Switch Stacking

Replace HV devices by stacked LV switches
- significant switching loss and area reduction

_T Vhigh
Vhigh

~E>—| 5V or—“:'S:V 1.5v({(D ~E>— ?.5v

Renz, ISSCC 2019

10° : -
all transistors @ V=3V
5
= 5V PMOS
210%
Ly
>
o
Q
T
= 10°]
s
- 7
2x1.5 73.6X
, [Stacked 2x
10 ” 'O
10 10

R Resistance /(2
on
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Useful Configurations

Back-to-back Voltage Limitation
V; Vi

High voltage

transistor
LV device
(to be
protected)
Vs

Prevents back-supply ¥ DMOS as cascode to
into battery or V,, of keep VGS or VDS of LV
LDO or HS switch devices within max.
(but 4x area!) ratings

Active Zener

vzi

R

Vc/amp

\/

Clamp with large
current capability
Vc/amp = VZ + VGS

Bernhard Wicht Analog Building Blocks of DC-DC Converters
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Shunt Regulator

Alternative to linear regulator, often as a coarse supply for a noncritical
digital block, analog standby or as a pre-regulator

Vi Vi Vi Vi

O, e i
’_”: Jout I:

Iout
Vout Vout
Ve szz'ves 2 Ve szz

“Open loop” = fast, but not very precise
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Interim Q&A Session

Please ask questions that you feel is
essential to follow the rest of this tutorial
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Outline

[0 Gate Drivers

[
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Gate Driver Block Diagram and Circuits

Main circuit blocks:

Vbat
[0 Power FET (n/p-type)
_ Level- FET incl.
[1 Protection > shifter -“: protection
O LS / HS driver a»
O Level shifter CL%”gtiré" Pead Time

0 Gate supply — >

0 Dead time control Supply
(only for bridges)

Level-
shifter

_| FET incl.
protection

e
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Gate Driver Fundamentals, Key Parameters

Function: Turn-on/off power switch with sufficient gate overdrive (voltage)

and appropriate driving capability (current over time)
Vin Vi

I

Vdrv I Vdrv

Load Load
\L \%Rdrv CGD sz
I ate
+ II: - Control +: = - %{ Cpos

l Gate Power éRdFV Cess
Driver _L Transistor

O Vv, defines the gate-source voltage of the power transistor 5V
[ Gate driver sink / source resistance R, (at given I ,.) 1Q

0 Sink / source peak current I, 1A

[ Parasitic L .. speed \, dv/dt triggered turn-on, max. V.

Bernhard Wicht Analog Building Blocks of DC-DC Converters 24 of 70

© 2020 IEEE
International Solid-State Circuits Conference



Low-Side Driver

Circuit structure:

Level Shifter Driver Stages Low-

Voo N\ /| side FET |\

Vo \Aww x Voutn -_l _4 _1

Control

IN| IN _“:
19‘&[: W WY
I 1 / ———
[0 Level shifter followed by driver stage(s) (CMOS inverter)
[0 Single driver stage if small power FET (low C.)

[0 Cascaded driver stages if large power FET (large C,;.)
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Example: Integrated Half-Bridge Driver

: " -“-'—" _ G -chip : off—chiﬁ
e |
E; |

P V‘ﬂ Gate
Drivers| |

\ D_'Ez'_”._lf == Cout

/)-( i\ --J

cal e gl W/L = 32000pm / 2.5um
Transistor

Logic

/

aW o*W

Herzer et al. ESSCIRC 2009

; | width W

S e gt 1 0. 4 DOTDOI .

Dr?ver resistance: 3Q CG=-I-: aCeT aZCGT a3CGI CL=a”CGT ;E r(]:j C=Ie|1ac}/nF
Driver peak current: 1.5A Stage Stage 1

Optimization: n stages, each increasing in driver strength (W/L) by factor «
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© 2020 IEEE

Cascaded Driver Stages

Different design goals depending on application needs:

[0 Design for minimum delay

[0 Design for minimum power (correlates with die area)

O Always: Ensure dv/dt immunity - adjust R, by W/L of last driver stage

VDD
< A

:
chvaO_»L[j—frfC» )_V‘f_ »V_Doj_v_;:_|
VS tapdéjSO% >-L T | R”% I I L_ |f‘

Vour R, ~R,=R

Single inverter: With any load C;:

Power FET

tapd Ci
Lapa = R-C; =R = tapd/CG tairect =|R|- €, = C €, = tapdC_
G G
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Cascaded Driver: Optimization for Speed

Speed optimization: n stages, each increasing in driver strength (W/L) by «

_ (L » ax+1CG tcascade 1N CL/CG a
Lairect = tapd C_G teascade = ntapd = natapd » =

a*Cg Lairect CL/CG Ina
o o o
o Y \ A W
Transistor ! -

o'W

width W [O‘W I:“ZW
CGT OLCG]-— OLZCG]-— OC3CG]-— CL=OLnCG=-f 5k i -

Stage 1 Stage n In
Practical trade-off speed vs. area, power:

Choose a = 3...6 (» Euler’'s number e) - calculate n -

Example: C, = 300pF, C; = 30fF, t,,; = 1ns T2 3,4 5 0

2 thirect = 10US, toascage min = 25NS (o =€, N = 9), tosca0e = 32NS (a0 = 6.3, N = 5)

&8y |
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Optimization for Power Efficiency and Area

Optimization for speed does not result in minimum driver power loss:
[0 Too many stages: Increasing driver losses E g, jper

[0 Too few stages: Increasing power FET switching losses E,,, due to larger
rise/fall times 50 . . . . . . ; .

—_—

mme- Ed—?'i-vew‘ -

Options:

M
-
I

[0 Fixed-taper buffer
[Villar, ISCAS 2005]

[0 Combination of fixed-taper

and variable-taper buffers
[Vemuru, JSSC Sept. 1991]

Nopt,loss

10 |~

- -
----------

Switching losses / nJ
I.\d.j.'

*
-
.‘.

0 () l - - E 4 O -
Rule: Fewer stages n - correlates 2 4 6 8 10 12 14 16 18 20
to larger scaling factors o 2 6...>10 Number of stages n
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Optimization for Power Efficiency: Last Stage

Further power reduction by eliminating cross-conduction in last driver stage
- separate branches for pull-up / down path =2 no area penalty

Cross-copnduction! T izo
j MP2b 3000
2
30 600 3000 30 ™1 BAPB
2 2 2
MPO MP3 MN2b
_l _l —| MPO 150
Vin—¢  ¢=mem Vigate » 2
_| _| in—1 B T— Vgate
MNO 10 MN200 N300 to power
i 2 transistor
Methods to reduce cross-conduction: |E/'N31OOO
[0 Break before make 2
[0 Asymmetrical sizing of each driver stage
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Reduction of Cross-conduction in Last Stage

Break before Make Asymmetrical Driver Sizing

Vi Vi
e .I J Hamzaoglu TCAS II Oct. 2001

Wittmann JSSC July 2018

MP3 weak strong
{ MEM P3

strong—| weak

A

O

gate
to power Vin { }_. j— j_ t— Vgate
transistor T j— to power

|:|MN3 strong weak transistor
}—|V” I:MNS
( 50 )
weak strong =WIl1+

% —
Drawback: T weak”

B Large delay (switching signal : : :
pro?)agatesy2(x throug% bgffer) Adjust width W found for optimum speed or

m Delay margin required to cope  10SS€s by asymmetry factor AF = 20-30%:
with process variations B Fast Turn-off of MN3, slow turn-on MP3 and in pre-stages

y
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High-Side Driver

Type 1 Floating Driver Type 2 Referred to ground

V%@h V%©h
Vbat Vbat

A R

High-Side High-Side
Driver T d Driver
Load Load
1 _ 1

[ n-type power switch: Overdrive needed > V,,,, = V,, + Vs
O Vg from charge pump, bootstrapping or boost converter

Bernhard Wicht Analog Building Blocks of DC-DC Converters
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High-Side Driver

Example for floating driver (Type 1)

|_I,_evel Shifte\d Driver Stages High-
Ea
% T3 |5
(5155«
VDD —K >l— .>1 j 3
—
Control IN
Logic -[>°7—|[| Load
l \. 1 J . J

O Driver stage: Low voltage transistors even for large V,;
00 R,,: Tradeoff between speed and DC current (typ. 100kQ)
[0 Diode(s) to clamp voltage across R,,, and limit Vs for driver
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High-Side Gate Supply: Bootstrapping

Similar to charge pump with oscillator replaced by half-bridge (power stage)

Principle Circuit Implementation Energy delivered by C,,;
VF VF Q |
Vo DI .Zboot Vb DI Voot Vo D' rgak Voot
Vhat Dpoot » Dpoot Vat Dbogj Q%uvbat
_>_| T Cboot N B> J -1 Cboot IDC 2 > _| T
LT f 3
1

V. Y
— sw bootstrap I sw - sw
>_| capacitor >_|>_|_ >_|
O C,,.: SUpplies high-side driver 2 V, ,; = V,,+Vpyp-Ve Example:

O C,,.: gets recharged if high-side is off (low-side on, Qgate = 10nC, Q.. = 1nC,

V,_,, = 0V) from V,, through bootstrapping diode D, éb."ff@sgouf’Sg‘gfﬁzz

O Sizing: Cppor 2 (ante + Qrr + Ipoor / fsw) / AV poot 2 Cpoot = 120nF
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Voltage

Power Stage Dead Time Control

Vin

G
Dead Time _D£|

G i 'iGus Gisi Gys pwm|Dead

Time | Gate
Control| Drivers
Reverse Body diode
\ recovery conduction

0 Turn off one FET - then turn on other FET with dead time in between

[0 To avoid cross-conduction (damage!) and minimize losses
B Cross-currents, body-diode (VF, Qrr), zero-voltage switching, >25% loss reduction
OO0 Optimum dead time dependent depends on operating point (V,,, load,...)

B Constant delay (with trimming)
B Adaptive delay: Sensing of off-state - then turn on other FET

B Predictive delay: Cycle-by-cycle control, complex
Analog Building Blocks of DC-DC Converters
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Dead Time Control Concepts (1)

Constant Delay (two examples) Adaptive Dead Time Control

V
I HS N N ON

IN -
— HS enable rb‘ T/—{I:HS
1—! Delay >_I _
{D_>_| 1S HS sensing

e PWM Adaptive dead tinye
Levelshifters — ~ control

and Gate Drivers Vg

- Dol :)'\‘>‘| HS LS k N )A LS@SiggF»F
elay M S LS
vt Ll

=y ™ O Off-state detection at cascaded

[0 Worst case margin > large t,..,  drivers allows shorter t;,4
[0 delay trimming - length of [0 LS sensing: Simple inverter
inverter chain HS sensing: Down-level shifter
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Dead Time Control Concepts (2)

Predictive mixed-signal dead time control [Wittmann JSSC July 2016]:

PWM

L

VIN

I PWMys| Level
Delay Line :,— — Shifter MNHS
8-bit Dead Time Vv
OThil 1o PWM Gate il
TSP 1 | Converter Drivers
sbit | L PWM.s Gl Y
DT.o LS
In
Counter Window |Vswi| Sample I 1
up/down Vv
8-bit Comparators and Hold | Zsw
r ¥
Counter Window  |Vsh2 Sample S
up/down
8-bit Comparators and Hold
VSW

90

o
O

Efficiency / %
~J
o

N
-

o))
o

&)
o

81.2%
fﬁ%

Vg = 12V, Vg1 = 5V,
L = 10pH, f,, = 10MHz -

7 'SW

— DT Regulated
—DT Fixed to 5ns

0.1

02 03 04 05

lour /A

[0 10MHz buck converter, 125ps dead time resolution by inverter delay line
O Low-side turn-on if V_,~0V, sensed by S&H, no body diode conduction
[0 Loss reduction of up to 30% = 6% higher efficiency at 10 MHz

Bernhard Wicht
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Outline

[0 Level Shifters

[
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Basic Level Shifter Configurations

Signal transmission from low side (control) to high side (power stage)

Resistor-based Cross-coupled Vhigh Gate Driver Tr:?]\éviitror
Level Shifter Level Shifter
L M3 |—><—| M4 N Viat
outp outn >)_ _|[’
Vdf 1 Vhigh = Vdrv le I/

J I l>II . V.
Rou M3 |—> i_ M4 ":ll lJl >
Voutn Voutp ] Voutn M5 M6

ﬂ| $M1 N2 <§"j‘/l1 Ilﬂlqﬂz Load
— 1 1 I

- DC current  + No DC current Drawback: V,, # V,,
+ Simple, small - Slow and large area - weak ‘0’ level at gate driver
+ Default state - No default state input = cross-currents!
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Cross-coupled Level Shifter with Full HS Swing

Viigr Vhigh Moghe, JSSC Feb. 2011
i s ) @4%
* Voutp Oq Vioutn
1 Voutn » aq Voutp
M M8 M M8
VC&SC ;II— _I < casc ‘jl— _| < . .

"‘ |::‘1_M6 "‘ (M6~ both inverters with
switching point near

IN M1 INIM9 IN M1 INImo Vg, (Strong pmos,
| ™ | weak nmos)

Ve Of cascodes M5, M6 prevents Inverters increase loop gain

logic ‘0’ level at driver input - faster switching and reduced
- full high-side swing achieved power consumption > M7, M8 can
by bypass devices M7, M8 become minimum size
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Sizing of the Cross-coupled Level Shifter (1)

M1 (M2) needs to be strong enough to pull drain of M3 (M4) below V,,, by
one V,, 2> W/L follows from condition I, = I5 (= I;)

Vhigh = Van
™ .
ng = Vin M3 in

(Hfl ) / (Ir%) — 9 Hop (F;f'rt.-‘- — Vi h.) sda VSdX <M 3:|\V > triode

Ly Ls fon (VDL — Vin)? e <l
T : . v/, Y Miin

Vit = Vi = |Vt _||:|\/|1 > saturation
Vgs = VDDLi J  region

Design guideline: 1
1. Use minimum L and V_,, = V,, (higher V_,, gives higher speed) Moghe JSSC Feb. 2011

2. Choose min. W1, W3 (and W5) that fulfill sizing equation(s)

3. Increase W1, W3 (and W5) concurrently to enhance speed

4. W, may be set even larger to faster charge parasitic cap at drain of M1, M3

Example: y,,/U,, = 1/3, Vg4, = 12V, Vpp, = 3.3V, Vi, = 0.8V - Width ratio M1 to M3 = 0.96 ~ 1
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Sizing of the Cross-coupled Level Shifter (2)

M1 (M2) needs to be strong enough to pull drain of M3 (M4) below V,,, by
one V,, 2> W/L follows from condition I, = I5 (= I;)

Vhigh{
Vsdx <|\/|:; I_\_

B

VD1 < Vcasc —

M5

Vgs = VoL

—f M
i

ng = Vhigh - Vicasc —

]\

Vth, casc = Van

M3 in -

tr|o_cle (Ll ) Hop (Pa’m — 1'fca.sc — I'Jf'f.h)vsd;r.

region = 2 5
(H_3> Hon (l DDIL — I'ft‘.h.)

L3

M5 in

saturation .

reglon (I j) rhf - :um I."h)I sdx

M1 in (H_d) ([rht - I;'usr' _—‘He)

saturation 3

region

Moghe ]JSSC Feb. 2011

Vi = Vibn = H'f}h-h

Bernhard Wicht
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Outline

[0 Control Loop

[
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Regulation Schemes: Voltage Mode Control

Vin
Sawtooth | V. T -
s PWM Duty Cycle D | 1
Generator _>HS PWM | Duty Cycle e
VSW
D

Error Amplifier

Ve

Q
+3 1

Two-pole plant transfer function: Change in D has L-C,, time constant
- relatively slow, complex loop stabilization
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Error Amplifier

Influence on line / load regulation, transient response, etc.

Loop compensation
Widely used: requires well controlled
symmetrical OTA, cascode OTA G,, = g,, of input pair

Vo Vo - » f
_”flllbias ﬁ—“: Slope = gm1.2 =V Blpias
Vref_—l E/H M2 Ij-

Vi — -

.

H | e
| Vovp = Overdrive = Vsg — Vi,
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Soft Start

To prevent inrush currents at start-up: Soft start input at error amplifier
replaces fixed reference by slowly increasing ramp of ~1-10 V/ms

Soft start

Error Amplifier

~

] ETI/M

\_

. 1

Converter

Vout ?

Output

—>
t

Example: Slope = 2V/ms, C.. = 5pF = I, = 2V/ms-5pF = 10nA

Reasonable
capacitance
values > I,
in NA range:

Voo

b

10/1 |——

—

10/1 |9

‘100:1

Iss =

Ibias =l
1MA 10nAy

<

1/10

<
1/10
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Sawtooth Generator

Settling time of falling edge limits duty cycle  pww [ Duty Cycle D | |'
and switching frequency

Preferred solution: Integrator with fast and
precise refresh, saw tooth bias level easily
controlled by V.., can be combined with

) _ ) “\7'\finite settling
time-interleaved approach (two integrators) -

v - undefined range try
DD C

loos

T/
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Control Loop Analysis and Stability

Vin
|
Sawtooth | Vs |~ D Power Stage _ bez
Generator [ | T D-l v bel + bez
Pulse-Width- Ve, °‘”—¢/out Closed loop
Modulator D R transfer |, = 4 1
G(s) (Load) function: —— = — ~—
Vier a1+ a
Compensator v R S
H(s) el . - > Loop  Vrp
~ N—me Rz ., T
0 gain:. vy
T—— Error Amp ref
Modulator (plant) G(s) = _ > double pole

transfer function:

Frequency compensation through H(s) by inserting zeros (and poles) > Z,(s)
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Frequency Compensation

Example: Type II compensation > H(s) = two poles, one zero

Vout
| oM
Compensator
V > ) Vis Rip1 ;T
c ® 9m @ H(S)
C2== C1g g Vref be2 E
X H(s)
- Zero f, f, :
- A ~ Py
H(s) = e _ Repa  gm (1 +sR1(y) Frequency (log)
Vout bel + bez sC; (1 + sR,(C,)
) M ] Example: f, = 10kHz, f, = 87kHz
Integrator (pole at f = 0) Pole f, > R, = 4kQ, C, = 3.9nF, C, = 457pF

- On-chip integration by means of capacitance multiplier
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Cap Multiplier: Fully Integrated Compensation

Voltage mode Current mode: K.-H. Chen,
(Miller effect): x TPEL Jan. 2008
T T T T T T T T T T T T T T T |
: — V¢
Ce K- VREF] V: = R¢ J_i
| C
ViTl _l I_ VO‘LL ¢ Error amplifier : Vin CZIE
=4V ) v e
' Wsz/Lsz_K |
: WSI/LSI - :
: N~ :
fo e
Coqg = A-C, Coqg = K - C, o
‘ | Type II example: Ryg; = 4kQ, Rys; = 80kQ
Rincon-MorapJSSC Jan. 2000 Cc; = 200pF “equal” to 4nF = 20x smaller

[0 Area efficient on-chip implementation of large capacitors

[0 Additional advantage: Can be adaptive = adjust phase margin for fast
transient response
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Regulation Schemes: Current Mode Control

V. is compared to a ramp voltage V... derived from the inductor current I,
forming a second, inner control loop

CLK Vi G(s
: (s cLk ]
Pulse-width- v Current || Output capacitor -
modulator _‘>_||I_|S sensing || with ESR + load -
L IL Rsense Dut C Cle D >I
+J_ D Logic Qate v = Vout_ Lout i < y y
> drivers | power V—> Cout \*R v
sense,ext
-‘>—| LS stage RES% (Load) ¢
and L
Vsense
Visen + 4 ~ inductor
— < [~ Current loop
(inner loop)
Compensator RS H(s)
V, fb1§
V4 o fb
Z +H—Vier b2 Voltage loop
—— Error Amp (outer loop)

O Excellent line transient response - V,, independent of V,,
O Inherent I, current limit (by limiting V)

Bernhard Wicht Analog Building Blocks of DC-DC Converters 51 of 70

© 2020 IEEE
International Solid-State Circuits Conference



Control Loop Analysis Current Mode Control

—— VO

Pulse- D Power I Output
width- stage - capacitor
mod. (G1) and L (G>) and load
V. Current
sense .
m sensing
(Rsense) G(s)
Current loop (inner loop)
H(s) Compensator v R
Ve / L
* 9m
Voltage loop 7 | N Veer Riz
(outer loop) T Error Amp

Modulator (plant) G(s)~
transfer function:

ut

Current loop transfer function:

I, GG, 1
Ve \ 1+ G1G62Rsense  Rsense
E I Output G(s)
—»— 1/ Reense capacitor ——V;
and load
Compensator RosS
V, b1
V. - fb
? 4 R
Z, N_ ref fb2
T— Error Amp

- 1st order system:
much easier stabilization
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Current Mode: Subharmonic Oscillations

Unconditional instability above 50% duty cycle (step-down)
- perturbation AI, of inductor current leads to subharmonic oscillations at /2

D < 50% (stable) D > 50% (unstable)
Ve

V’sense/ N

A Vsense
~ Al L

- stableif | m > —

A Vsense
=~ AIL
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Current Mode Control with Slope Compensation

(VVsope) 9ets compared to a ramp voltage V. derived from the inductor

current - two implementation options ok ]
CLK Vi G(s) -
I PWM | Duty Cycle D >
Pulse-width- $ Current || Output capacitor B
modulator _D_”ES sensing || with ESR + load V.
L I R Option 1
%D Logic G_ate —yYym :L;/exe_. Vout lout prion Ve — Vsiope
= drivers | power || |,, Cout Bt Vionse
LS stage Vsense,ext R ~ inductor
Resr (Load) current
™N and L
TT Current loop i Ve
(inner loop) Option 2 | Veense + Verope
~ inductor

_Compen sator R H(s) current

Vi + slope
.4,_@ -
Iz +—Vier b2 Voltage loop

(0]

T— Error Amp (outer loop)
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Slope Compensation: Circuit Design (1)

Option 1: Difference (V. - Vge) is generated in the current domain, fed into
replica FET and compared to voltage across power FET = V... = V., = Rpsonl;

VDD
E|| |E CLK__l
| ] | i
I, [ -] PWM | o Duty Cycle D >
¢ | c ~ Islope | o 3 D -
Ic‘ Islope¢ i _J_ Ve
Vc_ + Vs/ope_ + Py,
¢ — Vslope
I I VSW VSGI’)SG
I_ I_ L [, Switching ~ inductor
| | . node current
R Ry I I
¢ siope Replica | 1M | Power
FET ' FET

Concept can also be implemented on high-side FET (more complex)
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Slope Compensation: Circuit Design (2)

Example for Option 2 with replica current sensing and slope compensation

I L oy
1
1 S LLLLA *
ey : Lee, JSSC CLK -|
! : Jan. 2004 -
1
1 -1
Vg@ : —L T z PWM | Duty Cycle D g
[ : -
1
1 <
: ® : é Rp - VC
Z\ Power Stage Vsense + Vs/ope
A Bulfer Modulator Compensator ~ inductor
r===- r===-
, : o . , o o= Vi /R current
d(o R V! ' [ [ ! ’ + slope
|| Pulse Width + —1 ! WVier
Generator | S : : 1 | \/in ’:D—‘
clockl. - “ .|} sensed inductor 3 Rp
L = ion: CAGEE o S al >
igh-sice__ e
R

replica s —<loith e,
Cu rre nt genérator -‘ gf |

sensing
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Current Sensing

V. X
bat T ) /Df
Circuit _| o |
Blocks switch Szfre; gaesgz)ng
Low- of the power
_l side transistor
switch
0 —
V,
0 Open loop: DS

m Over-current detection - turn-off power FET
B Continuous current measurement

0 Closed loop:
B Current limit
B Current controlled DC-DC conversion
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Current Sensing Concepts and Circuits (1)

Rys Sensing  Replica Sensing: Sense FET + Sense Amplifier

Power Power Vo Sense i, Vg A, Vr| 1 | lout
. . - — > P >
switch _ SWItC”m M - 1 | FET R 1+ jw/w, Rout
—l ML VDS [ I ML Vd o
# |>1 V S
—Rys

{ V ylout

+ Lossless i R L = v AJR (1)
Viou . .
- Accuracy C Rout t Vg = —linRur + loutRus (2)
[ AR R R 1
+ Lossless (2) > (1): 2£ = mu/Roue  Run _
lin 1+ ARMS/Rout RMS M
+ Good accuracy . Ga -

GBW (4)
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Current Sensing Concepts and Circuits (2)

Sense FET + Sense Amplifier: Practical implementation

Power - Sense Power Sense
a

. . VBat
switch VR | FET switch YRR | FET
ML 7 MS MS
A »
a v ilout M%/ ilout
Iin = - M3
' Vout Vout
Rout Ibiasi Rout

O Accuracy: Mismatch (M, amp offset), variation of R, (trimming), loop gain
OO0 Lower input current limited: I;,, = M1},
O Finite I,;,. causes a DC error:

RurUin + Ipias) = RusUout + Ipias) 2 Iin = MUgue + Ipias) = Mlgye fOF Ipiqs K Ioye
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Current Sensing Concepts and Circuits (3)

Sense FET + Sense Amplifier: I,,,. compensation

Power v Sense 50 . . . . . . .
switch v Sa 1 FET o I.c = 20uA, M = 2500
5 Cus |
M1 I IE I M%/ ilout - Ipias i 30} without compensation
Iin lbiasi L M3 g ol
\J V LL
out O 2
Ibiasi Ibiasi% Rout = el
O With I,;,,. compensation: | |
RMLIiTl — RMS(Iout + Ibias) - Iout — Iin/M 0 \ - -~ - - : = =
O Input current limit remains: I;,, = M1y, Input Current I, / A
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Outline

L

[0 System Design
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Protection and Diagnostics

[0 Thermal protection Vear
[0 Over-voltage (VDS) Level- FET incl.
> shifter -ll: protection
[0 Over-current 4}
= Short-to-ground Control Dead Time
O Short-to-battery Logic Control
[0 Open load Gate {}
Supply
[0 Under-voltage (UVLO)
Level- FET incl.
> shifter protection
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Thermal Protection

Protects the IC from damage at high temperature

Vo
® ® PA

ot b L
| ] |

n 1 Shutdown

R Usually installed as a
secondary protection:
RT% Rrsp Indirect limitation of load
current in regulators, drivers
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Floorplan

[0 Rule: Separate high-voltage and .
_ : 5 3 Ly ®  Low-Side  High-Side
low-voltage domains 3 8 &3 swin Soitor
. . o
[0 Reason: HV-Isolation = Spacing =
Chip Area = Cost
. . B;gg?nzp Charge Pump
[0 IC level copper metallization SOR 3
_ Current uv 3
0 Thermal analysis Sensing 5
g
[0 Mechanical stress: avoid corners /
edges for sensitive blocks (bandgap) Bridge
Digital Digital Core Oscillator DI
Low Voltage Analog allrfc)j
Low Voltage Digital SPI EEPROM
High Voltage / Power
64 of 70
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Pinout, Grounding and Supply Guidelines

[0 Supply and ground pins adjacent, bypass-C placed here close to pins

0 Short bond wires for power pins and fast signals (RY, L) = close to the
middle of one side of the die, vice versa: corner pins for quite signals

[0 Use separate bond pads for each domain or at least apply star connections,
consider double / tripple-bond :

[0 IC-Level wiring in groups: 1A rower
B Noisy lines (digital, switching power) <=1 power Logic
B Supply lines (high current) v
B Sensitive lines (analog) TAx 1Q =" 421 | ogic » Analog
1V drop
— Analog
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Pinout, Grounding and Supply Guidelines

_ Power Power
Analog Analog Analog Logic
Anaog\\/ Analog Logic Power Power
Die

Bondwires % g 3 %
Package ‘
Lead
Frame -

AGN LGND PGND1| PGND1 PGND2

> ) () ¢ & <
PCB Ground Plane

]

)
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Conclusion

DC-DC Conversion

[0 Power Transistors
[1 Gate Drivers

[0 Level Shifters

[0 Control Loop

[0 System Design

Photos: Shutterstock.com
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Papers to See This Year

Session 11 "DC-DC Converters” Relevant Papers:

0 11.2: Resonant SC converter with on-chip L-C, level shifter, switch stacking
O 11.3: One-Step 325V-to-3.3-10V DC-DC, bootstrap gate supply

O 11.4: 48 - 80V input 2MHz GaN DC-DC, current sensing (DCR)

0 11.7: Buck-boost DC-DC, 2.5-5V input, adaptive dead time

Session 18 “"GaN & Isolated Power Conversion” Relevant Papers:

0 18.2: 400V Offline monolithic GaN IC with control loop

[0 18.6: 60A, 48V-to-1V DC-DC, dynamic level shifter

Session 32 “"Power Management Techniques” Relevant Papers:

0 32.2: Piezoelectric Energy Harvesting IC
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