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Controllers for VRMs and PoLs

Control Objectives

®* Regulate the output voltage

® Obtain zero or small steady-
state (DC) error

® Fast recovery from input and
load changes

® Reasonable overshoot

‘ LDO,

Core Control

0oscC

Err gen Compensation
Logic

‘ Voltage Sense ‘ ‘ SYNC ‘ ‘ Logi

Current Sense Protecti
Communication

‘ PMBUS ‘ ‘ SPI H Memory ‘

Power Management

‘ Phase Dist. ‘ ‘ Calibration ‘ OCP' UCP’
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Analog Controllers

+++

Still in the lead

v Accurate and efficient

v’ Fast response — wide bandwidth
v" High (continuous) resolution

v Lower costs (<3A — All analog)

Labor intensive

Tailored compensation

Pin count

Limited flexibility/scalability

Communication and interface
Big D + Big A

X X X X X
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Digital Controllers

+++ ---
v' Comparable or better dynamics x Different design
v Reduced size of overall solution x Power hungry

v' Scalable and flexible

v Auto-tuning - No compensation
v Plug-and-play

v Lower pin count

v' Efficiency optimization
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What do we really trade for a digital controller

* Mimicking analog controller
operation by a digital one MOD ¥

« Conventional ADCs are too “
expansive

* High-res PWM is power oo o cowe (D w0 —
hungry L

Do we ‘settle’ for voltage- WRONG Protection, power
mode WAY management, etc. are

still in...
How “lean” can we go?
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Digital Architecture
Bottom up

Create an attractive alternative to analog control

* Hardware redesign
— Focus on the benefits of digital electronics
« Specifically targeted to power management

— Avoid sensitive analog units One step ahead:
— Standard-cell digital design (no custom design) Entire controller created
 Standardize the design flow through code

— Reduce labor efforts
— Easier testing
— Faster development
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Digital Process

Synchronous Asynchronous

v Reliable v' Low power

v Well-defined behavior v' Ultrafast

v Sequential or parallel v Area saving

x Power hungry (HS clk) x Different design method

x Synchronization hardware
(e.g., clock tree)
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Objective

* Develop a compact All-digital controller architecture for VRM or PoL

« Entire hardware described through HDL
— All standard digital design flow
— No analog part

 Integrated switches (12V nominal input)
— Minimize analog labor (drive)
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Compensation type

Voltage-mode Current-mode

D[n]=D[n-1]+av,, [n]-bv,

err

rr [n _1] _Cverr[n - 2] d [n] =d [n _1] +k |:ierr [n] - (1_ -I;_S)ierr [n _1]:|

DIn] = Din—1]+ @, (] - offv,., -2 @, [n-2]

3 multiplications + accumulator Single multiplication
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Buck IC Conceptual diagram

Core controller ' Mixed — Signal IC Yoo, A7

o Single_multip”er P| Comp. i Peripheralsfonfiguration BSTpioge E
||| Serial Communication Ous ! Jf

« Shared hardware | L nterface Jt} L

. . i f f f f f |_ |

+  6-bit window ADC |00 % 0% 0 Thignsigeorie ’//_' Q) Vel
| - c(t) |Prog. - — Y )y

. s ) " 12-bit q Vau i L

12-bit HR-DPWM | P Q| | ol v

| Ad[n] Low Side Drive JK_—TL ! ] = [Ky]
| 1 T

Peri phery || 12-bit Current |
{||PI Compensator Power - Stage I 1

e SPI | e v IOfp-seIector E (;?e_ - gr?e_
I err o ot ot

+  Programmable deadtime | (e Krlicteln] N [eer] | Z —
i 120-;;)t-i£rs1 bit | 12-bit Voltage |, § #Wgrggw ~ : = .
1| ig[n] 9 P1 Compensator |y, Tn] :
i Digital Controller Viet [ret ]!
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Control flow

VredN] Ver[N]|  Voltage Current |d[n] OPWM c(t), | Power-Stage iL(t)# Power-Stage &‘i(,t)
Compensator Compensator " Current Loop Voltage Loop
A
KaocKwou[N] KaocKiii[n] ADC l« Kyig(t) K, (iL(t)
Ky Vour(t Vout(t)
ADC e v Vour(t) Ky |€ out

v.[n]=v [n-1]+av, [n]—Dbv,

err

[n-1]

rr

a=k, , b=k, (1-T,/T,)

p
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ACL-internal-loop
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Voltage (outer) loop

Ve[n] = Ve[n _1] +k |:Verr [n] - ( - -I;_S)Verr[n _1]:|

Magnitude (d8)

Phaze (deqg)

100

an
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AOL-external-loop

__________

__________

___________

___________

- A Jp

_____________
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.........

i1 Phase (deg) 573

i- Frequency (Hz) 9.93e+03

Frequency (Hz)
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Timing sequence — key waveforms

* Ring-osc. generates mid-range
frequency (10-20 MHZz)

 Time-interleaved ADC
« Time scheduling Pl operation

PWM Signal c(t)

Each unit is designed as an
asynchronous block

ADC Sampling Vere[N] ierr[N]

I
I I
Pl Calculation : ic[n] : d[n]
I I I I I I
PWM Update | o | |
i thlank i tconv_v itcalcitdead-zonei tconv_i Itcalcltpwm|
< Ts >
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Delay-Line ADC

Vsense (@nalog input) - Delay cells s

ki f] e f] i) pbe]

e (error)

* Voltage-controlled delay

« Key factor — custom design of the delay cell
— Not suitable for standard-cell synthesis
— Difficult scalability
— More complex layout PWR16
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Constant-supply DL ADC

« 2-phase conversion: ATC + TDC

« ATC outside the buffer string
— Realized by OS-timer
— Digital gates
— RC creates the analog link
— No S&H

KVV0ut
)

Vtrigger R

-

Analog

In

|

Analog-to-Time
Unit

)

Time -to-Digital
Unit

2992999

DTgitaI

A Analog Signal

t+e
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Reference Pulse

One-Shot
Timer

Sampled Signal
Vout(t) / iL(t)

Window DL ADC

Delay-Line

-y

\ 4

\ 4

Differential
Vrefllref >_\ PUlSG
)
A —t

Delay-Line Status Reglster

v Y v v ww v

Error Decoder 64 — 6bit

v Y v v v ¥

ADC Result

Sample Ready Sample Ready Sample Ready
VoA
Sample \
0 Sample Rate i i i )t
!
Stable 4 | | |
Pulse | \ ‘
t
Variable m ™ m »
PUlse A || Error Value | | ErrorValue | } Error Value
I ] 1 .
ADC >
Result
|
P
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HR-DPWM
HS clock

« High power consumption
« High accuracy — very high clk freq

Counter

Comparatorl__. R QL ppvvm

S —_
[ g
@

UPCOUNTE%“JF = ;rr‘
DUTY GYCLE —7— T LHJ !
so L1 [ 1

ReseT || I 1

DPWM —| |_| _|_|_ [
t b t
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HR-DPWM
Delay-Line

Delay elements string
- L

 Area demanding ?_W%_%_%_W—%m%

> 0 1 3 4 5 N-V
Duty Cycle MUX N-1:0

[(log,N) — 1:0]

DPWM
/\ S Out

R
Delay element

- - = - - - — . -
Atz Atl At{]

| Coarse delay cell | | Medium delay cell | | Fine delay cell |

« Segmented DL D‘JDTDTDTD] | _LD[D[D[N |
lltlﬂl . |[3:21 s/ lquM“—/l |
|;<_ ¢ 1 S

DPWM

S Out
—D— Delay element /t R 0 P 1 6
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HR-DPWM
Segmented DL

Ring Oscillator Reference

Coarse Delay Module Fine Delay Module Combination ﬂ_ﬂmﬂw
iy DCC, Logic Module e, J ‘ F
Frea [N b 256 Cells |1, oLy b e T T T T T T T §
l v G Delay-Line | /i3] =% N _i@)} o o
Delayed DCCN-l):o é’ WH% > 5 :E) P - I BV
Clock Chain S Out D<05—c(t) =DCCo&DLYene  (a)!
74 A A C(t){ T |
| D>05-c(t)= DCCy| DLYrie | (b)!
d[11-0] 37d[10-8] 8rd[7-0] d[11] < Ts < .
Duty Command t

* Low power consumption
« High accuracy
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Gate driver

« Extended drain - similar to LDMOS structure
« Enabling the use of high drain-to-source voltages
Compatible with ESD scenario

V Buffer 1 Buffer 2 Buffer 3
DD tecccccccccccccccccccccccn joccccccccccccccccccccccaccans

----------------------- ) .{.-------.

' I* FE‘ o r{l'_lgs W5 rlH% W, ! rﬂﬁ‘zs Wy r||14>5 Wi p 0\ iggr\]/;
Ij' Vo L'g‘ Wi ni L'J‘S LII|25 Wy ni L(I__A‘ZS Wy, NLIEIZS Wgu
l .........

Asymmetric diffusions layout
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HS drive level shifter
Capacitive method

« Capacitive coupling level shifter Vo
« Short delay
* For higher shifting ratios (>2Vp) — ladder

configuration is essential M7j|'_"\‘ (_'_4EM8
X L 1:' HS Driver
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%

N v,
> TR T~

Level Shifter — current biased

BST Voltage
['Ms Ms IliJVIg [Mio
|:/|_N |—V£p ‘HS Driver
)
VDD VSW . . . .
L DM, I_{A%Mz
PWM N
_Biz_:ls L VDDlgv J — M3PWM| M,
Circiutry Edge Detector _|_|

IBias

M, M,
_é_ f’
>

CBias

Bias circuitry

y Bias
Vref A
>_{|:V| ref
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“Lean” Level shifter

Biasing circuitry (Analog) removed BST Voltage liJ
|—|_|t|\/l5 Mo :ItMlo

Vb HS Driver
""" DM;
v s _":!} 2 N

L

Vv : o
DD : DML, % .
PWM i _l__ e
VDD1 ‘ — M3PWM| My
Edge Detector —LlH
VDD

_"Ml —|_"M2

-
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Fabricated IC
Al
e IC Block / Digital Core 0.18um CMOS
- ia-Dgg!tilR Controller = Supply Voltage SV
a s E:jﬂme ppwy P! Compensators Ay’ DPWM resolution 12-bits
‘ oy DPWM nominal frequency 1.25MHz
»:f ’ o _DPWMSiarea ________________003mm’ ___
E| &) ! ADC resolution 6-bit
c% , ‘ ‘ ADC conversion time 20nSec
' Power- Stage _ADCSiarea ___________________ 0.022 mm? ___
Drive G, B B? PI calculation time < 40nSec
CIrCUItﬁy PISiarea ____________________ 0.034 mm? ___
j | . Effective controller Si area 0.16 mm?
| a8 ﬂ_ ceidaa ‘ "N including Ring-Oscillator, Dead-Time and SPI
VE R C. W AR SN
- > PWR
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Experimental results
‘J\ig‘d\i\
| S SR -

[E1] BuL oM Timebase 0.00 | (Trigger C3 DC
1.00 Vidiv
2.0050V)

Specifications Value Mou i po L3V e g [EEDINE 01
Package 5x5 QFN - MLP IR
V, 12V Al
\\ \
Power-stage R, ~160mQ i ;é_\;ﬁé\ ~/ T
Nominal V,,, 1.5V
Nominal I, 1.5A Vsw
Off-chip LC filter 2.2uH, 50uF g I aE S N
Switching frequency fg, 1.25MHz (620KHz) 12V
Peak efficiency 70% (76%) . .
***package limited u f’ | PWR
Total chip Si area 4.4mm? ’ Y ‘l

Timebase 0.00 ps|(Trigger C3 DC
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{ |
B i
Bt fii i

i i Ll

Loading Transient

Loading transient 1.5A ->2.5A
Vin=12V, Vout=1.3V

BARGS
el uuaf g%$$ﬁ¢ﬂ¢%$ﬁ¢i1%¢#¢$¢¢¢¢+ﬁ#
< >

15us
' 2 5A
PMN\WJ\MMW\N\I\W\'WH‘
WNENEASREARARRIANARE
hIth;MM* .hk]:.nsﬁlﬁh .ﬁhhhlhw
PN

Fr
=
=
—

e 104N

&
| -- A
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Unloading Transient

Unloading transient 2.5A ->1A
Vin=12V, Vout=1.3V,

q TELEDYNE LECROY

Everywhareyoulook” VOUt f _ 6 ,) OKI— 7 ﬁ ]F;EIérEyEJ‘r glrEyIBEuE(?c()]kY
VIHZ SW™
ST AT ';L;;“.',.;.;;“;;;;L?‘PE“;Y%I'M;.' Y VR O AT
PRI TR Y RN
20us
- 2.2A I 2.5A

: ARANTAAMAARANAAA 1A
i s e WWWWWW ) A‘\N\ ANV RARNARAN

Timebase -1.4 ps||Trigger C4 DC )
Timebase -10.0 ps||Trigger C4 DC
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Thank You !
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