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University of Toronto

* Formed in 1827

» 84,000 students

 Around 12,500 faculty members

* Yearly budget exceeds $2 billion

 Research grants and contracts $1.2 billion/year
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University of Toronto

*The largest and most known University in Canada
 Constantly ranks among top 10 - 20 in the world
10 Nobel Laureates (5 in the last 20 years)

« Sir Frederick Banting and J.J.R. Macleod won the
Nobel Prize in 1923 for their work with Charles Best
In the discovery of the role of insulin in controlling
diabetes
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The Edward S. Rogers Department of Electrical and
Computer Engineering

* Formed in 1909

« 2,500 students

« 85 faculty members

» The ECE department constantly ranks
among top in the world

 Notable faculty members: Ted
Davison, W.M. Wonham, Bruce Francis,
Kenneth Smith, Adel Sedra, Andre
Salama
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Research Groups

* Biomedical
« Computer Engineering
« Communications

* Electromagnetics
 Photonics

* Electronics

* Energy Systems
 Control System

Laboratory for Power Management and
Integrated SMPS
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About High Power Density Power Supplies from

A ) W

42” or
105cm
* Allowed a large number of households
to have daily access to information

» Reduced the volume and weight by using
more efficient electronics (increased
power density)

Main motivation: to reduce the volume and
weight of power supplies, by far the largest
part of previous radios

Portable Radio !

@.,,' =0 University of Toronto, Rogers ECE Department 6
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Our Seminar Covers The Same Ideas: QOutline

B Conventional
SMPS Converter Topologies
% Main motivation: to reduce
the volume and weight of
Digital control as enabling technology switch mode power supplies
(SMPS) while improving
{} power processing efficiency.

Advanced Mixed-Signal Controllers

<+ .

Conventional
SMPS S fEn e e Advanced Converter
- Examples- .
Topologies
- Examples-
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Outline

Part I Introduction to High Power Density SMPS

Switch Mode Power Supplies (SMPS) and their applications

- Power management system architectures and applications
- Typical SMPS functions and structures
- Power stage topologies and controllers E ERS 7

Correction

Computer Server Application

Cellular Handset Audio Ampuﬂ..-s

——————————————

PA Loop
Control

e P | e, St
‘ ant!nd ' Baseband luaband

-
: Color
) Display
Handset

Lighting . . 8
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Outline

Part I Introduction to High Power Density SMPS
Switch Mode Power Supplies (SMPS) and their applications

- Requirements for high power density SMPS (volume and efficiency)
- Controller architectures

- \oltage mode controllers (VMC)

- Current programmed control (CPM)

- Controllers for frequency-regulated topologies

L’rue!(r]

-+

+
Vg_() Power Stage load

| Power Stage + Controller = Switch Mode
{g;)T ! i(1) Power Supply (SMPS)

Controller
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Outline

Part I Basic Principles of Volume Reduction (Capacitors)

Volume of Reactive Components — Capacitors

- Size of the output and input filter capacitors
- Energy storage capacity and the capacitor volume
- Capacitor volume drivers (nominal voltage & charge fluctuation)

- Switching frequency, charge fluctuation (ripple), and design tradeoffs

- Feedback loop and charge fluctuation (voltage deviation)
- Relation between the capacitor volume and transient response
- Design tradeoffs (size of the input filter)

- Influence of the nominal voltage on the
charge fluctuation
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Outline

Part I: Basic Principles of Volume Reduction (Inductors)

Volume of Reactive Components — Inductors

- Size of filter and energy transfer inductors
- Energy storage capacity and inductor volume
- Inductor volume drivers (peak current & flux linkage)
- Principles of flux linkage minimization
- Influence of the inductor current

- Influence of feedback on the inductor volume (inductor peak current)

-Converter topologies and inductor volume (flux linkage) reduction

11
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Outline

Part I: Power Losses, Efficiency, and Volume Reduction

Power Losses and Volume
- Relation between power losses and cooling requirements
- Hot spots and heat sinks
- Distribution of power losses
- Emerging components
- Influence of feedback on the converter efficiency

Part I: Main Volume Drivers in Conventional Topologies - Examples

- Point of load converters (PoL Converters) Heat sink
- Ac/dc converters (Boost and Flyback based solutions)
- Resonant topologies

http://murata.com/

University of Toronto, Rogers ECE Department 12
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Outline

Part I1: Analog, Digital and Mixed-Signal Control of Power Converters
Review of Control Methods and Practical Challenges

- Voltage mode control methods (PWM, voltage hysteresis, V?)
- Current mode controllers (Average & peak CPM control)
- Frequency based control:

- Light load control methods

- Control of resonant converters

- Control of DAB (and back-to-back VSC topologies)

System Modeling and Practical Implementation of Analog Controller

- Modeling of voltage loop controlled system and design of control loop
- Practical implementation challenges
%ontrol loop design for current programmed mode controllers
& - Practical implementation challenges

University of Toronto, Rogers ECE Department 13
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Outline

Part I1: Digital and Mixed-Signal Controllers

Digital and Mixed-Signal Control
- Comparison of analog, digital and mixed-signal controller implementations
- Current state of the art (penetration of digital in low power applications)
- Power consumption, complexity, and silicon area
- Discretization effects and limit cycling

Digital Controller Implementation and Design Examples

- Modeling of voltage loop controlled system and design of control loop
- Principle of silicon and power efficient controller implementation
- Determination of minimum hardware requirements
- Hardware-efficient implementation of functional blocks and on-chip implementation

[
(]
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Outline

Part I11: Advanced Mixed-Signal Controllers

vu!e!('r]

Auto-tuning (plug and play) controllers . T
- Network emulator based control e O | Power Stage load
- Limit-cycling based solutions .
- Controllers for on-line efficiency optimization X0 A4
: Auto-tuning
Optimal response controllers Controller

- Optimal (proximity) time controllers
- Minimum deviation controllers (for direct and indirect energy converters)
- Optimal control of resonant (LLC) converters

University of Toronto, Rogers ECE Department 15
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Outline

Part I11: Advanced Mixed-Signal Controllers

Advanced controllers for rectifiers with power factor correction (PFC)

-PFC rectifier with predictive current control
- PFC with wide-bandwidth voltage loops

in(t) L v D
—” L
+ + +
o—
+ Vbuss(t) } {
. Vline(t) f§ COUt
Ac line input _ Chuss =— L
90 Vrms to 260 Vrms Vm(t) U Isolated dc-dc VOUt(t) L0ad
50 or 60 Hz converter
_(>_| downstream stage
— | Full-wave diode G2 SW; ( )
O——— rectifier - _ _
Py 0
-
Boost-based front-end stage
Rsim(t)
Y A
PFC rectifier controller ?:f)-:tigltige
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Seminar Outline

Conventional
SMPS Converter Topologies

<

Digital control as enabling technology Seminar day 1

R 2

Advanced Mixed-Signal Controllers

+ <

Volume of Power Supplies (Power Density)

Conventional Seminar day 2
SMPS Converter Topologies Nl ol TV
- Examples- T .
opologies
- Examples-
Physical Limits

SMPS

University of Toronto, Rogers ECE Department 17
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Outline

Part IV: High Power Density Mixed-Signal Controlled Dc-Dc Converters

Physical Limits of Conventional Topologies and Principles of Volume Reduction
- Transient and efficiency limits
- Basic principles of volume reduction (short review)

Multi- Level and Hybrid Dc-Dc Converters Scomerersage _ Dosnsiream Buck Sages
Viatt | ——!——— : v . |
- Multi-level converters (basic principles) e T s AR N
- - = : ___1_| [ I : SW8 Coutl :
- Switched capacitor (SC) and hybrid converters | IpE==s | G | |
. : | I SW, A 1 : buck;
- Design examples I sws v Lo Ty
+|—--—1 | Css _: SW3: : : X2 A : out2
R i : ' |
Modular Dc-Dc Converters N = R R I
: T : 1| SWa Jli | e
. . . - Tc, 41 e e— | :
- Modular and partial power processing ideas s I | iswn o 3 Voo
- Design examples TR G | Wiy Cast |
i SWe W o | buck, | |
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Outline

Part V: High Power Density Mixed-Signal Controlled Ac-Dc PFC Converters

Review of Conventional Rectifiers with PFC Architectures
- DCM flyback
- Boost based PFC
- Inductor and capacitor volumes, cooling requirements

PFC with Ripple Cancellation
- Design challenges and principle of operation
- Controller design for ripple-cancellation systems

iin(t) L Wy o D Viop(t)
- I 1
Modular and Multi-level PFC Structures . S e |
1 l: Ql buss = } {
Viine(t) i§ Vinl®) ey Vour(t)
- Interleaved structures . ’ ot
—  |Full-wave diode| 5 Q: Vius/3 |7 2¢ 5
- - o— i _
- Multi-level PFC topologies e o -
= * =
Non-symmetric multi-level PFC converter w6 Jmwleo jo0 T [owo o0l a0 o
e o !
‘\' v : Signal comparators and I Hvg(t) ii i ?;‘?P;ﬁ?ram stage
| \MTW—/ :::‘r Pulse redirection | 1 | o o ]
i Hvin(t) din] i i logic i -
: ?(;/r?tr;gileedrcurrent programmed mode Hviop(t) H—‘ i
i :: Centre-tap voltage :
1 Input current and buss voltage regulator :: regulator :

University of Toronto, Rogers ECE Department 19
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Part |

Introduction: Applications, Power Management Systems and
SMPS Architectures

University of Toronto, Rogers ECE Department 20
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SMPS Applications

Portable Devices (fraction of W to several W-s) billions/year

 Power supplies for functional components / hundreds of mW to few Watts
- Point of Load converters

« Power management modules/ tens of Watts

- Adapters/chargers/ tens of Watts

Lighting Applications (several W to tens of W)
« LED and HID Lamp Supplies (drivers)

Cellular Handset Audio Amplifiers

B 0 e emee ooy,
=N ! 1B
: andsfree
\ -lo | Speaker \
z f— ——1
ai | Stereo Headphone |
1

Pack
Electroni cs

P e e e )
PLL Loo op Filter = 2
e
u :
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SMPS in Portable/Consumer Electronics

IPad - teardown

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

 Dc-dc SMPS occupy between 12% and 80% of the total volume in
modern electronics devices, communication equipment, computers ...

University of Toronto, Rogers ECE Department 22
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Point of Load (PoL) converters | |f SonEssaT |
~all suppl

o ™ pply

I

| :D [ (ﬁ

| Ac/dc | (Downstream) | Gsrjphllcs

| Ac line (PFC) dc/dc stage i pply

L

Memory

supply

Backlight

Y4

supply

Jarar

I/O supply

University of Toronto, Rogers ECE Department

=

\
Large
majori
Digital loads /ajO ty
J
\
Analog or
Mixed-signal
Loads
J

Power management systems often have more than 30 different supplies
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SMPS Applications

Computers, Comm., and Consumers Electronics (up to few hundred W)
 Power supplies for components/ several watts

* Voltage Regulator Modules (VRM-s), i.e. processor supply/ around 100 Watts
« Off-line power supplies and rectifiers with PFC / up to kW

24
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SMPS Applications

Automotive (several hundreds of watts to tens of kW)
* In car electronics and lighting (tens of watts to hundred of watts)

 Engine management unit and injection systems (hundreds of watts)
 Hybrid/electric drivetrains and chargers (up to tens/hundred of kW)

Comfort and Convenience
- HID Lighting
Performz‘mce and Emissions Seating Controls/Memory
Engine Management Ride Control

Adaptable Suspension
Advanced Powertrains

Theater Lighting
Climate Control
Navigation Systems
Infotainment/Video

Hybrid Vehicles
Gas Electric
Fuel Cell Electric

e Diesel Electric
Stability Control > i > Li-lon Polymer

Seat Belt Pre-tensioning 4 Ultra-capacitors

Tire Pressure Monitoring

http://www.eeweb.com

Battery
m EPS % = Management Unit

Air-Conditioner
ECU

e Battery | Battery Drive
otor

Accelerator Monitor Mﬁ:littor Battery
Hydraulic Brake
s |} Moy | Wovut
Pump

l
Air-Conditioner
Compressor

) : Applications using semiconductor components

http://www.toshiba-components.com/automotive/evs.html

@.,,' =0 University of Toronto, Rogers ECE Department 25
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SMPS Applications

Servers and Server Farms (often MWs of total power)

» High step down ratio dc-dc converters (hundreds of watts)
 Ac/dc and dc/dc storage-connected units (up to tens of kW)

Typical AC distribution architecture (dotted components are optional)

Dc bus possible

uPs' i:LOU\\//_ T T T T TServerrack !
I V System card | |
t 4 System card
l n, == 12v
: AFAE—% |
10 2= = 3.3V
1L | <1.25v |
| __ POL/VRM
N
F— AC loads (cooling) \
_’\/_—> DC loads - -
----- Similar to
http://powerelectronics.com previOUS
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Requirements for SMPS

 Low-volume and weight implementation (mobile, automotive)
 Low steady state power consumption (mobile, consum. electronics)
 High power efficiency (servers, consumer electronics, mobile)
Cost-driven applications (all, mobile in particular)

“1 cent is a lot of money in mobile industry” F. Carabolante

-Budgets given for total volume and quiescent power consumption are
usually very constrained

-Many functional blocks of modern devices compete for volume and

;ggs power

University of Toronto, Rogers ECE Department 27
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SMPS Topologies and Basic Principles (Buck)

L

. Y

M
LIl + T*

Processor V _l
supply inT VD C

|
| I . —
: Ac/dc Downstream : - G&‘TSES;;S L
. T igi
' Ac line (PFC) dc/dc stage | Digital loads v, ()
V.

i Memory " t VOUt = DVln
|
|
|
Battery pack —:— supply
|

] Load

IL
L]
<_o<
c
—
—

) 00

| .
SR \ J DTs

Ts

(“Backight \ | )
o M -state ON  OFF
L _____ |
[%)
e
-g Analog. or phase N -, ]\l
o /0 supply H— Mixed-signal B
o Loads Viall) phase [N Ly i 40
_________ phase 2 T\J—’YLM—H
|| Low-power SMPS ! phase 1 ' b i) )
— HD supply | 2
|
|~ ;/ L] Gate
\ / Driver
H, T H
Point of Load (PoL) converters a0 | | Jew
dy[n+1]
ADC, Multi-Phase | X ADC,
) DPWM [ fre (1]
d[n+1] p VoulTl]
di. .\l"IJ\L : <  Current |j [n] eln
fe (] | ppase 1 Sharing  |[++— . - L]
. . Compen.
Multi-Phase  Current Logic ;
vinln1] Current Compensator : Vo]
Estimator | | brert n]
i) o
: F r Wialn] update currents
Vou1] sink enable
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SMPS Basic Principles: Buck Example

Control

Lrl'.'l.!.!'{ f]

] Load

Power Stage

M Powker Stage
Ra Py Y Y Y\ "
n T
Vin T Vp C Vout [
Vo)1
Vi Vout = DVin
DTs "
7 Ts
M -state ON  OFF

i i(1)

A1) T

Controller

Duty ratio (control variable)

Power Stage + Controller = Switch Mode
Power Supply (SMPS)

 Higher switching frequency implies smaller LC components.

University of Toronto, Rogers ECE Department

* ldeally, no losses (in reality - high efficiency).

» Control requires special attention (nonlinear time-varying system).

29
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Common Controller Structures (Dc-Dc Converters)

s L s e
1] + I3[ ~ W +
v, Jr() /N r c L' SR, +C) /N w Y ¢ Lo g R
' 4[}0_15 SR ] [So =
)

Pulse-width q,

5 R
modulator [ Compensasor : clk, ‘ \—<f Compensator
T N | "
0 T 2T 3T,
PWM voltage mode control Current-programmed mode

Indirect control, by setting the
current for the next switching
cycle (Note)

Direct control of the output
voltage

University of Toronto, Rogers ECE Department 30
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Common Controller Structures (Dc-Dc Converters)

B
(D). #‘} %Xm
i I

[

=1
3

T

q

http://www.cpes.vt.edu http://www.ti.com

V2 control Hysteretic Control

In this case information about the
capacitor current (rather than
sinductor current is used) — fast
‘response and stability

Variable frequency control based
on output voltage measurement
only

University of Toronto, Rogers ECE Department 31
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Volume of the SMPS

IPad - teardown

M
Capacitors Ji|i
Load

 Most of the volume occupied by passive
components and cooling components

* The passives often dominate the overall
cost of the supplies

University of Toronto, Rogers ECE Department 32
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PFC Volume

I

|
Downstream :
dc/dc stage | |
|

Processor )

suppl
\ pply )
Graphics

| supply ) Digital loads

Memory
suppl
\ pply )

Backlight
supply

I
4 N\ Analog or

1/O supply Mixed-signal
Loads

Y4
AN

[

S Low-power SMPS

N y

Rectifier with power factor correction (PFC), also known as PFC rectifier,
Is also bulky, often, by far the largest element

®
g8 |
—

VL7 ANO

University of Toronto, Rogers ECE Department 33
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PFC in Hybrid and Plug-In Hybrid Electric Vehicles
(PHEV) PFC

Standard Charging Connector Hqusshold Outiet
s o -

Engine  Auxiliary
Battery

EPS «
5 CAN
Motor 2
lerafor § Monitor Monitor Drive
Acce! Q Unit Unit Battery
Hyedrraakue"c_. Brake < Battery
P < Module Module

Selector

I I Fast Charger

Air-Conditioner  Heater Connector,

Lever
Non-Contact Chargin

(Contact Charging |

- : Applications using semiconductor components AC-DC
: PHEV-specific components c

PFC

http://www.toshiba-components.com/automotive/evs.html

%, =8 University of Toronto, Rogers ECE Department 34
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Conventional Boost Based PFC Rectifier + Downstream

iin(t) L Vx(t) lgll /
—” L
+ + +
o—
+ Vbuss(t) } {
P Vline(t) f§ COUt
Ac line input ) Chuss =— L
90 Vrms to 260 Vrms Vm(t) v Isolated dc-dc VOUt(t) L0ad
50 or 60 Hz converter
_(>_| downstream stage
— | Full-wave diode G2 SWi ( )
O——— rectifier - _ _
Py 0
-
Boost-based front-end stage
Rsim(t)
Y A
PFC rectifier controller ?:%-:tisr;?e

= Boost converter controlled by a current programmed mode
% = Downstream stage usually steps down from 400V to 48V, 24V or 12V

University of Toronto, Rogers ECE Department 35
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Conventional Boost Based PFC Rectifier

+

v, (1) =V, sin(at)

O

Irine(t) g L
o) PN Y Y Y >t Py
750pH " Voult)
P ]
= Load
_ - A7k 75 - 200 W
o) Ig(t) 6 c_| ® _
-~ Reimelg(07""-1 Power stage = Inner current loop forces
S‘o}t@ the input current to follow
il N -
S E—— the input voltage waveform
i Pulse-width |
\ modulator | |
T = \oltage loop controls the
" . Current loop - ; :
Q?_. compensao ratio of the input voltage
N - and current
I Voltage loop E_i
compensator vV

PFC controller

University of Toronto, Rogers ECE Department

36



Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Conventional Boost Based PFC — Low Bandwidth V. Loop

o [ L
+ 750uH ) y Vau(®
Vg (1) =V, sin(w, t) + D Load <ipi (t)>TS Voult)
. \_L IM uF 75 - 200 W > m
° | ig(t) B | J Re®ig /\ | »
Reenselg(t) { Power stage Vasin(@ F? [V] (Paclt)y, C=

Gate - |
drive _ 1

|
Pulse-width Voltage loop | eut)
modulator / compensator % Vi
f
8 Current loop erage mOdel

compensator

1;
- 2 cin?2 2
VZsin®(at) V
T 1 Voltage loop 4 _ Vg Y Vg
compensator ®V <pac(t)>-|- (1 COS|
ref s R 2R
PFC controller e e

The voltage loop must not attempt to eliminate the output
capacitor ripple through Re variations. Hence, it is usually
designed to be very slow. \We have a bulky high voltage cap.

University of Toronto, Rogers ECE Department 37
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Conventional Boost Based PFC Rectifier

iin(t) L V() Rll
[ L1
+ + +
o— |
+ Vbuss(t) } {
P Vline(t) $
Ac line input : (o =
90 Vs t0 260 Vi Vin(t) use Isolated dc-dc
50 or 60 Hz converter
downstream stage
— | Full-wave diode G2 Dk sw, ¢ 0°)
O———| rectifier - _
Py
-
) Boost-based front-end stage
Rsiin(t)

Dc-dc stage

PFC rectifier controller
controller

= Very large boost inductor due to a large voltage swing (400 V)

= Bulky heat sink to cool down the switch (and diode)

University of Toronto, Rogers ECE Department 38
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LLC Resonant Converter as the Downstream Stage

ol brid Resonant tank
alt oriage 4 \ D
\r_\ / Mj
_QDUQ} L, "o *
'Gj |—""ﬁ Cmn‘:: []:81‘ Voul 1)
I;};fluf;;-_ Lm % i E) R
I * Rsc
O 1 PR
IGz —DJﬁ} G D;
. ™~ H
Cff sz N~
| | ADC &
Switching | DPFM ﬂn] PID = eln] Transient |
control logic ; detector
piln) 1 filr] Jiln]
Nonlinear
Controller Logic Digital controller

= | r, Lm and Cr form a resonant circuit

= The control is performed by regulating frequency of the half bridge

University of Toronto, Rogers ECE Department 39
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LLC Resonant Converter as the Downstream Stage

2 T T T T T
; Qe=0.0
18 ]
Qe=0.2
' Qe=08 7
14 — Ge=1 i
12 F | Qle=2
= l / Qe=10
£ |
o ! / - - - ZCSIEVS
08 +—(( 1t [ T
: apacitive (
e I |Region ///
04 / )
02 el =
_,_o—'-'—'“_f _'____,_,_,-o--""--
e s —
0.1 1 10

m

= The gain of resonant circuit defines conversion ratio
= The input of the resonant circuit can behave as an inductor or capacitor

= Due to slow regulation the output capacitor is usually very large

@.,,' =0 University of Toronto, Rogers ECE Department 40
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Dual-Active Bridge (DAB) as a Bidirectional Stage

Bidirectional dc-dc converters
Standard Charging Connector ﬂ‘s:':_g’comm aISO freq uently used

(100 V/200 V)
— - B

Engine  Auxilia)

Typical AC distribution architecture (dotted components are optional)

-
Server rack

; System card | |
Motor Battery System card |

Monitor Monitor VI System card | |

Unit Unit Battery =
Hdera':Jlic —— Brake bl & ;\2/‘/ [

e Mod e, ; o b 3.3v
Pump Aodiiea e A <128v ||
l Fast Charger ) P
Air-Conditioner  Heater Connector, ; |
| — es oo
(Diesel) Non- |
Non-Contact Chargin Generator @ o ,Z';‘('fsa AC loads (cooling)
(Contact Charging | Az
- : Applications using semiconductor components AC-DC = '\'_ > DG loads
: PHEV-specific components Charging Station

http://powerelectronics.com

= Dual active bridge as the most common configuration

University of Toronto, Rogers ECE Department 41
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Dual-Active Bridge (DAB) as a Bidirectional Converter

1, 69 — iH% Cora = BAT

= Can operate as a bidirectional ac-dc or dc-dc converter

University of Toronto, Rogers ECE Department 42
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Dual-Active Bridge (DAB) as a Bidirectional Converter

h-) H:) . HJE} \Jé}
1 ‘anast
iy O Ci== j”g ‘ O = BAT
|

VAT
L /H p = 1V2 6in(s)
PN 20l
v, (t) =V, sinat) V) 00 v, (t) =V, sin(at + 8)

% = Power can be regulated through phase modulation (PM) between two

bridges and/or through frequency regulation
3 IE2)
‘@lm' (VO

ARBOR
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Applications/Topologies to be Analyzed

Jm®— | WOl b
M L : 750uH Vol
lil-l m — VY N T+ vy (1) =V, sin(w,t) z} 4 407 i Load
K 75 - 200 W
L - i) —
Ving Vb CT Vou|] Load —L_| 0, L
l Reenselg(t) ‘ Power stage
—_ A Gate
drive [
vp(D)t =
Pulse-width
Vin modulator
t B
~ 8 Current loop
DTs PW I\/I CO n t ro I I e d compensator
T
- ON OFF Voltage loop 4
M -state ‘ I compensator & Vet
7 PFC controller

' Cou %g Voul(Z) —
i ~ o) st
. R L J:_ J'_
o, [E 4— __rrer
s 1y == i”% O == BA
eln I

ADC &

Transient | 5, II‘-' q'.;lf(" . I—} I'—}
: h e T[22 b 1
I F S

detector

e Digital controller

Frequency controlled Frequency/ PM controlled

$' = Throughout the seminar these 4 classes of converters will be primarily
_ analyzed (principles can be extended to other topologies/classes)

University of Toronto, Rogers ECE Department
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Passive Components Volume & Fundamental Volume
Reduction Principles

University of Toronto, Rogers ECE Department 45
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Passive Components Volume & Fundamental Volume
Reduction Principles

y oL
T 7] |*
Vin s \p & CT Viut [] Load

cap

1
Volume C =k, (W )= k, (5 CVZ)
Volume L ~k, (Wl.n ducm)z k, (% LI? j
= Volume of reactive components is proportional to their energy storage capacity

» 3

University of Toronto, Rogers ECE Department 46
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Volume Reduction Principle

All of the following volume reduction methods that will be presented here
are centered around reduction of the energy storage requirements

cap

Volume C =k (W ):kl(%CVz)

Volume _L = ky(W ., per0r) = (% LI 2)

Since in the applications of interest most often: k,<<k; i.e. the energy storage
capacity per unit volume of the capacitors is larger than that of the inductors, we
will be looking at an increased use of the capacitive energy transfer/conversion.

Side benefits (byproducts): Reduction of voltage/current stress of the components
allowing for power processing efficiency improvements and cost-effective
Implementation .

&?&% - Potential for operation at higher switching frequencies

University of Toronto, Rogers ECE Department 47
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Volume Reduction

Side benefits (byproducts): Reduction of voltage/current stress of the components

allowing for power processing efficiency improvements and cost-effective
Implementation .

Drawbacks/Challenges: In some applications the capacitors have lower reliability
and the complexity of topologies/control method significantly increases

University of Toronto, Rogers ECE Department 48
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Volume Reduction vs. Efficiency (Bulky Components)

Heat sink

Inductor \

"

8 .
| _— ,
|

http://www.murata-ps.com/en/news/new-products/214

= Volume reduction without efficiency improvement can increase the
size of the heat sink.

. =>Wealso need to improve efficiency and/or reduce temperatures of hot
----- spots (loss distribution)

University of Toronto, Rogers ECE Department 49
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Capacitor Volume Reduction Through Charge Swing
Minimization - Basic Principles

University of Toronto, Rogers ECE Department 50
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Capacitor Volume Reduction (Reduction of Supply Voltage)

M
4T ol 1
Vg L Vp & C+ Vou [] Load Volume C zkl(z CVomzj

= Trend of reducing supply voltages in PoL (V,,,) helps us but, at the
same time, increasing power requirements create challenges

- Increased current and conduction losses (i.e. larger inductor)

- Reduced slew rate and slower transient response for heavy-to-
light load transients

University of Toronto, Rogers ECE Department 51
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Capacitor Volume Reduction (Reduction of Supply Voltage)

Vout(t) A
M5 i L peak point

+ %4\ +~1 v Viiilo |
v, -<> VAN c L™ g 4
—[}a—‘ i i(f)

13T
=

. d e
Pulse-width | ¢ oY=
< Compensator 37!
modulator .
~ VOUt
Slew_rate =
L Conventional Suppression Conventional
compensation : logic compensation

% = Heavy-to-light load transient and the influence of the inductor slew
rate (lower output voltage)

University of Toronto, Rogers ECE Department 52
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Mixed-Signal Controlled SMPS
Capacitor Volume Reduction — Basic Principles

M
ot etfie 1
] Load Volume_Czkl(E CV(sz

T Vout

—

- C reduction through minimization of the capacitor charge swing
(variation) => reduction of the capacitance value

We will focus on this principle

.

m
I3 IER

» 1

University of Toronto, Rogers ECE Department
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Sizing of the Output Capacitor and Charge Swing

MS L Capacitor sizing criteria (based on
N = +|Aq maximum allowable voltage
WO REA c Y Tou s variations), i.e. charge swing:
- ; o SR
Aq =CAV
sulse-width | % €, . AQyin e + Alrane
Pulse-width | Compensator & AV . — qnpple Otransient
modulator £ out C
ref

In point-of-load converters (and number of other applications) the ripple
component of the charge swing Aqy;,. 1s often much smaller than that of the

transient component Aq;,ansient -

% => The output capacitors size is in most cases determined by the dynamic
KN performance of the controller

University of Toronto, Rogers ECE Department 54
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Sizing of the Output Capacitor and Charge Swing

< Trecov | Voutst)
1M : piegarieis e

Y

’ T Charge swing:
T AV ripple g g
v . Aq=CAV
o | 4 Viransient valley point
0 switch off
D switch on

'

L}

d :Aqtranqipn

The faster the controller brings inductor current to the new load value the

less charge A0, Capacitor needs to give and, therefore, for the same
output voltage deviation AV,,,.,t W€ Can use a smaller capacitor.

University of Toronto, Rogers ECE Department 55
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Conventional Methods for Charge Swing Reduction

= Operation at higher switching frequencies for reducing Ay
(also reduces the inductor value)

= Fast dynamic response of the controller for reducing 4¢ . sient

-
13T

Load current

Pulse-width e ST
< Compensator a
modulator

LY
Eal L

b ref

% A fast response controller operating at a high switching frequency can
s | drastically reduce the volume of the SMPS.

[E3 ER
mm" =0 University of Toronto, Rogers ECE Department 56
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Influence of the Controller on the Size of the Output
Capacitor

Due to slower dynamic response, i.e. larger filter requirement..

AVou(%) = 12% © output voltage | AV, (%) = 35% | Output voltage
C20A 20A -

Th3 200V 0 T00ps Ch3 # 3.23 ¥

Chi~ 1.00V 200V M 100ps Ch2 & 1.8V . oo v

Faster controller Slower controller requires 3 times larger
output capacitor to achieve the same
output voltage deviation as the faster one

University of Toronto, Rogers ECE Department 57
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Inductor Volume Reduction Through Flux Linkage
Minimization - Basic Principles

University of Toronto, Rogers ECE Department 58
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Inductor Volume Reduction — Basic Principles

|
.@._Af Vqume_szz(llej
n + 2

Vp & Ct Vou [] load K,- depends on the type of
inductor

|
| o

Principles for the inductor volume reduction/elimination :

- Current division (reduction of the inductor current), will see that
It does not actually reduce the output filter inductor (common
misconception)

- Inductor volt-second swing reduction (novel converter topologies)
Main focus

University of Toronto, Rogers ECE Department 59
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Current Sharing — Basic Principle

phase N -, ]\‘
J- I v ¢ 3 R
+l m(t) phase T\| L N jl,_\'(!)
C_) phase 2 f 1
3 i
phase 1 L Y g 0 (D voul)
L 1 sink
A4
HS Al
1 L] Gate ﬁf\Lﬁ’ -
3 Driver i) C load
H i 1 _| LS —‘7 N
L | - ?
+ .
et (1)
dy[n+1]
ADC, | | Mulii-Phase |i—F————|. ADC,
DPWM 5 i)
diln+1] ] Vouln]
dj.. .\'[’T]U < Current |, [n)
S 1o Pl e[n]
Lesin{n] Phase 1 ) Sharing |« Compen 4+®
Multi-Phase Current Logic . /T,
Vin[11] Current Compensator |« Vyeln]
Estimator || Erert 7] T
T ievil ] i
; 1 # Wiln] update currents
Voul ] 4 sink enable

% = Each phase conducts 1/N of the current of the original converter
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Current Ripple

I

c L SR

V-V Same areas (1)

/ﬂ?"\

J:__,.-""
W
+

University of Toronto, Rogers ECE Department

(Vg _V)DTS V(- D)Ts
Al = 1 = 1

Current ripple influences the
rms current (conduction)
losses and output capacitor

ripple.
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Inductor Volume Reduction — Basic Principles

Ul phase 3

phase N+, . T\|
N

s L inlt)
hase
p I ;
phase 1 — ftoad (1) (1)
Ly

Vour o
sin
HIG /s + A
L Gate L
Driver " ] i) =C load
H, 1 LS

1 1Y’
Lol L Volume_ L = k,N| =(NL)| —
i) [S10)] i 2 N
dy[n+1]
ADC, | | Multi-Phase [F——F———| ADC,
pPwM  [% s
‘(a',[u +1] ham! Voul 1]
di.. ol JU ) Current |j,,
b fesn(n] Phase | 171 S';::r;:;;; :_’["L] C":}; - Al
Multi-Phase Current Logic S
valA] Current Compensator : ] V] .
T The same total inductor
1 1 % S I"fu["{ update currents . - -
e volume as for the original

case

To have the same total ripple the inductor in each phase needs
to be N times larger

However, the input filter is reduced significantly
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Flux Linkage Minimization

: SN a, - Ve VDT, _va-Dyr,

Ve () 2 e §’Ff L L

- To reduce the inductor we can
reduce the flux linkage A

A VeV Same areas (1) = Conventional solutions try
f 't to increase the switching
/ frequency (reduce Ts)

DT, = Aswe will see 4 can be also

\ |T. reduced by changing
V converter topologies

/

focus
University of Toronto, Rogers ECE Department 63
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Volume Reductions Addressed Through Seminar

SMPS

Conventional

Converter Topologies

<

Digital control as enabling technology

N

Advanced Mixed-Signal Controllers

)

-

SMPS

Conventional
Converter Topologies
- Examples-

Volume of Power Supplies (Power Density)

SMPS

A 4

Physical Limits

Advanced Converter
Topologies
- Examples-

J

University of Toronto, Rogers ECE Department

\ 4

Capacitors
and efficiency

/

Inductors and
further
efficiency
Improvement
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Part Il

Controller Design: Review of Conventional Analog Controller
Design, Analog Implementation, Digital Controller Design and
Digital Implementation

University of Toronto, Rogers ECE Department 65
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Review of Analog Controller Implementation

MS L L MS {’hnnﬁn
[3f — " 3 [3[ 1 +

, Moscow

+ [ Fl'-'rl + g .\r 1"".-'“
L -C> AN |'_‘F . C — f gR V, _() SR r_‘*r‘ C —— t
[ - ] [So— .

&
: d e
Pulse-width | i s s R FH
odulat Compensator §
modulator v clk_ oF Compensator

0T, 2T, 3T,

. el
KPWM voltage mode C(thl/ Current programmed mode

Voltage mode control taken as an example, the principles ca
extended to other control methods. In fact the other methods
often result in simpler system dynamics.

University of Toronto, Rogers ECE Department
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Controller Design - Overview

J Dc and ac equivalent circuit modeling of converters
J Compensator design and analog controller implementation

J Modification of the model to accommodate digital controller
Implementation

 Limit cycling and other quantization effects

[ Digital compensator design and practical implementation

University of Toronto, Rogers ECE Department 67



Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

DC and Small-Signal ac Modeling, Converter Transfer
Functions

University of Toronto, Rogers ECE Department 68
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Review of Modeling Steps

J Converter in equilibrium and average values

 The small-ripple approximation, inductor volt-second balance, and
capacitor-charge balance (conversion ratio and average currents)

1 Dc equivalent circuits and modeling of losses

 Ac equivalent circuit modeling and converter transfer functions,
modeling of basic functional blocks

d Compensator design and analog controller implementation

University of Toronto, Rogers ECE Department 69
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DC Modeling — Converters in Equilibrium

Three basic principles of the SMPS analysis
1. The small-ripple approximation

2. Inductor volt-second balance

3. Capacitor-charge balance

These three principles are applicable for all converter topologies
and used for both dc and ac analysis and modeling.

University of Toronto, Rogers ECE Department 70
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DC Modeling: Small-Ripple Approximation (SRA)

1 [ L

N ) vy - . We approximate

e L

lv'JE () b 7 C ::{ g—R V(t) :V +Vripp|e zV
) .
_ The small-ripple
O0<t<DTs onstate” the switch is in approximation (SRA) !
position 1

DIs<t<Ts “off state” the switch is in
position2 V =DVg< Intuitively

D is duty ratio, 0 <D <]
D’ =1-D

=0 University of Toronto, Rogers ECE Department 71
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DC Modeling: Small-Ripple Approximation (SRA)

==
®

v (O T2 oL %

0<t<DTs «,y state” the switches are in

position 1

DTs<t<Ts “off state” the switches are in
position 2

¥ V = f{D,vg)
KN

%, =0 University of Toronto, Rogers ECE Department 72
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DC Modeling: Inductor Volt-Second Balance

v, () 1, C SR

- 1-.'

0<t<DTs “on state” the switch is in V =V, -V
position 1
DIs<t<Ts “offstate” the switch is in Vi=-Vv
g% position 2
__@a |

[EXI EQ
rmm' =0 University of Toronto, Rogers ECE Department 73
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Inductor Volt-Second Balance: Initial Current Waveform

. i " Equilibrium

v (O ! 2 C=—= 2z i(T)=i((n+1T,)

No net increase of the
i inductor current

i, (1)

T W\A/\

% / I, 2T 3T nl. (m+1)T,

cf!; (f) VeV

- ¥
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Inductor Volt-Second Balance

i, (nT,)=i ((n+1T,) —— i, ((n+1T,) +i, (nTs)

For already established equilibrium

(Ve ()., fV (t)ydt = Inductor volt-second balance

In steady-state the average value of the inductor voltage
over one switching cycle is zero!

IEEJIEEI
TS
LARBOR |

RRRRR

University of Toronto, Rogers ECE Department 75



Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

Combining SRA and Inductor Volt Second Balance

{ Small-ripple
+ L _ approximation

v (O

_ T, 3 o)~V
i V, (t)zV

b
|

g

A Ve Same areas (1) Inductor volt-second
o / balance

e

e ]

— =D(V,-V)-DV =0

_ -V
&% By using SRA and volt-second balance
conversion ratio of every converter can
E2E3

/o C v () :TinvL(t)dtz

be found In minutes.
University of Toronto, Rogers ECE Department 76
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Capacitor Charge Balance

1 [ L
’ + v, - + e
+ li In equilibrium the output
v O 1o c L Sr Ccapacitor voltage is
' ' constant
(i @), == j i_()dt=0 Capacitor —charge balance

In steady-state the average value of the capacitor current
% over one switching cycle is zero!

l%% E3
xmm =0 University of Toronto, Rogers ECE Department 77
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Combining Capacitor Charge Balance and SRA
Small-ripple approximation

] 'I..-'_ L
* 0<t< DT,
N + v, - + ) | | y '
v, () ', C:{_ e IC(t)zlL(t)—EzlL_E
_ 1. DT, <t<T,
] i V V
'C(t)ZIL(t)_EzlL—E

Capacitor —charge balance

(i (t)).. :TiniC (t)dt =D(l, -V/R)+D'(l, -V /R) =0

By combining SRA and capacitor-charge balance inductor
currents of each converter can be found quickly.

University of Toronto, Rogers ECE Department 78



Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

General Algorithm for the Calculations of Conversion Ratio
and Inductor Currents

1. Arbitrary assign voltages to all capacitors and currents to inductors
2. Draw equivalent circuits for both portions of the switching interval:

- Express inductor voltages in terms of the input and capacitor
voltages

- Express capacitor currents in terms of inductor currents and v/R,
(or output currents)

3. Apply small-ripple approximation (SRA)

v(t)=V +v

ripple ~ I L

~V i (t)=1_+]

ripple
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General Algorithm for the Calculations of Conversion Ratio
and Inductor Currents

4. Apply inductor volt-second balance to find the conversion ratio

(Vv @), == j v, (t)dt =

5. Apply capacitor charge balance to find inductor currents

(ic O)s, —ju (tydt =0

University of Toronto, Rogers ECE Department 80
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Buck Converter

Ve M(D) 4 M(D)=D

University of Toronto, Rogers ECE Department 81
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ldeal Boost Example

W

I, 1:UD" 1
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Inclusion of Losses and DC Equivalent Circuits

@.,,' =0 University of Toronto, Rogers ECE Department 83
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DC Transformer Model

I, i In the ideal, 1.e. lossless, case
- — e —— .
+ o +
v Switching . P,=Ru=>V,l, =Vl
" converter
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Transformers: Basic Rules and Labeling Convention

- < b

Element constrains

ViV, V5 Y,

nl n2 n3 ) nk
ni +n,l, + N, +...+n. 1, =0

Two-winding case

University of Toronto, Rogers ECE Department 85



Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

Transformers: Basic Rules and Labeling Convention

R, I 1:M(D) I

&
A - >

M(DYR, /

+ +

Mo, () y 2R
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Modeling of Conduction Losses

L e . Components models that
N . ) . Include losses

Ve () ) T ¢ ::__ §R
‘on” —}%

: JE] <“fo » s \

|deal l
I, 1:UD" 1 j, i |
> e n ﬂ+ 5 “on” —s $ F
V _‘_C) ] - | l’n ! <:
g | y SR ‘Of " — \
% iL L' HL IL L RL
e —_— e YT AN

l%%ll%%

szm =0 University of Toronto, Rogers ECE Department 87
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Inclusion of Losses and Construction of an Equivalent Circuit

1 Again, we apply small-ripple approximation, inductor volt-second
balance, and capacitor charge balance

O Unlike in the ideal case, volt-second balance, and capacitor charge
balance equations are not independent. The current going through
resistive components causes voltage drop that affects inductor voltage.

] Need to construct equivalent circuits corresponding to volt-second
balance and capacitor charge balance equations and solve them.

1 Equation describing average input current is also very useful
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Volt-Second Equations and SRA

DT, <t<T,
. L
R
{.I'. s m
+ +1“-r-"' -
i + Ve i

v, (t)=v, (t) =i, (t), =i, ()Rop ~ v (t)=v, () —i R, -V, —v(t)
~V, — I R — 1 Ry ~Vy = R =V =V
1 Ts
(v (). :T—ij(t)dt =V, -R I, -DR,,I, =DV, -D'V =0
s 0
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Capacitor Charge Balance & SRA

DT, <t<T,
: L
R
{.I'. I ﬁ
+ +1*~,r_.f" +
Vi + Ve oL
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Average Input Current & SRA

DT, <t<T,
: L
R
{.I'. I ﬁ
+ +1*~,r_.f" +
Vi + Ve }i
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Construction of Equivalent Circuits

(g®). =1| |(v (t).. =V, ~R 1 -DR, I, ~DV, DV =0

92
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DC Equivalent Circuit

. £y
Wiy ATATE myr
+ DV,

7, O B S I

| e

Conversion ratio of a realistic boost converter

‘D':l .
_l_

1-PVo
i:il[l_DVFj R L DR _Pout_ Vg
Vg D Vg 1+ LT on U—P RL_|_DR
Dl2 R In 1_|_ D|2 Ron
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Conversion ratio of an Realistic Boost

R /R

ﬂ;. AR =001

[ L"g

H_,l_.f:R .05

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
D
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General Algorithm for the Construction of Equivalent Circuit

1. Draw equivalent circuits for both portions of the switching interval:
- Include “on” and “off” models of components
- Arbitrary assign inductor current and capacitor voltages

2. Express inductor voltages in terms of the input and capacitor voltages,
products of resistive elements and inductor currents, and diode voltage

drops.

3. EXxpress capacitor currents in terms of inductor currents and v/R, (or
output currents)

4. Write expressions for the input current in terms of inductor currents.

.
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General Algorithm for the Construction of Equivalent Circuit

5. Apply small-ripple approximation (SRA)

=~V

g_ripple ™ Vg

v(t)=V +v

~V] i (=1, +i

~ ||_ Vg (t) =Vg +V

ripple = ripple

6. Apply inductor volt-second balance

(v, @), jvmm_

7. Apply capacitor charge balance

(ic @), —{umm_

S

& esd  University of Toronto, Rogers ECE Department -
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General Algorithm for the Calculations of Conversion Ratio
and Inductor Currents

8. Find average value of the input current (usually not zero)

(i,®). == j i (t)dt

9. From equations obtained through steps 6 to 8 construct an equivalent
circuit

ER [E3
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Example: Realistic Interleaved Buck Converter

MS, L,
MS, L
a7 e
J T
P;: C) SR, |, J: SR, C — R
- = -

0<t<DTI,  MS,isin “onstate”  All transistors and
Inductors have non-zero

&% 0<t<D,T, MS, is in “on state” resistances

__pa
B3 EQ

%, =0 University of Toronto, Rogers ECE Department 98
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Example: Realistic Interleaved Buck Converter
- Equivalent Circuit -

i J
Ll R“ DIRH.‘ 'III'} IRSI
> AN —— AN —— AN
Iy R D.R DR
- L2 i B ) 2OR2
A Ay
+

Ve O ?E ) Co ,,f_ SR
Siclizas

Can be used for power components selection, current sharing
% analysis, efficiency analysis....
KN
2 E3

[ES E
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AC Equivalent Circuits Modeling and Converter Transfer
Functions

University of Toronto, Rogers ECE Department 100
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Power Stage Modeling: Game Plan

Transfer functions:

Time varying nonlinear circuit Control-to-output t.f.

B

Linear time Invariant -

ac equivalent circuit \

Input-to-output t.f.

Output impedance

__pa
B3 EQ

%, =0 University of Toronto, Rogers ECE Department 101
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Power Stage Modeling: Game Plan

v,
28V

Viy=4V  Compensator

N

L
50 uH
vl +
Lioad
- C R
D) y = 0
500 pF 15y 39 v
_ H(s)
Jf, =100 kHz
T ranszl_vtor Error
gate driver I signal
5 Pulse-width| V. Ve IHV
modulator Ge(s) ‘

Vief
5V

Sensor
gain

University of Toronto, Rogers E

N\

Load current

f’l”"'”r('s.) variation
System Model |

f&'{‘\' ) . Zr:m (5)
ac f\fm’ > (11‘54(‘s )
variation

N A _

d(s) sl G

Duty cyele !

variation

Converter power stage

k
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AC Behavior

V =DV,DC equations

d(t) = D, + D, sin(at)

v(t) =d(t)V, < |For ac, the results of dc analysis
usually cannot be directly applied

University of Toronto, Rogers ECE Department 103
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Perturbation Effect

i, (T) 3 Averaging works
: and removes

5 switching frequency
0 T 2T, ripple well.

1 Volt-second
balance and capacitor
d() charge balance are
< D) —> — .

not valid anymore

1 (n+1)Ts d ||_(t) N
0 ij(t)dt =(v (), =L < - )

nTs

University of Toronto, Rogers ECE Department 104
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Creation of a Linear Time-Invariant Eq. Circuit (Reminder)

1 [ L
- tn +\ i
Ve _O 2 T Linear time-invariant
eguations
Time varying nonlinear circuit / |
l Construction of eq. circuit
Linearization
Averaging over Ts /

v n day,

: : : e il s
Averaged time-invariant . ~ i

equations 5. () C—— 2k

__pa
3 ES)
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Three Basic Techniques Used in the Construction of AC
Equivalent Circuit

1. Averaging that eliminates switching ripple and the time varying nature
of the circuit

2. Mathematical, i.e. analytical, perturbation that emulates effect of small
signal variation around the operating point

3. Linearization that allows us to construct a time-invariant nonlinear
model

[

(]
=¥ 3
5 52 M
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Creation of a Small-Signal Eq. Circuit for a Buck Converter
(Averaging Inductor Waveforms)

. 0<t=d(t)T, | d(t) T, <t<T,
[ L L
Ty B + | Bl + v, N
+ Lo + i,

Vi (t) =V, (t) —v(t)

(i, (t
0, =L 20 .4y, ), <0} 20

University of Toronto, Rogers ECE Department 107
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Perturbation and Linearization

(i, (t
0, =L 20 .4y, ), <0} 20

Perturbation

d(t)=D+d(t) D>>d(t)
(v()),, =V +(t) V >>V(t)
(i, (1)), =1, +i_(t) I, >>1, (t)
(i, (). =1, +iy () I, >> 1 (t)

University of Toronto, Rogers ECE Department 108
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Combining Perturbation & Averaging Results

Cdl +i o)

dt B (D - Ci(t)) (Vg +V, (t))—(V -I—\7(t))

Dc terms

/

L£+ Lﬂ
dt dt

2"d order terms

|
- {D A, (0) +d )V, —\7(t)}+EjA(t)\7g (tﬂ

1t order terms

This equation is still time varying nonlinear, due to the 2nd
order terms

University of Toronto, Rogers ECE Department 109
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Linearization
/=0

di, d_fLI_ NI
L m +L " —{D v, (1) +d(t)V, v(t)}+[i(9ﬁg/(tﬂ

Multiplication of

dI DV, -V =0 Dc terms, give two small terms
dt us dc solution
di, 1t order terms: linear
LE Ve (D) + d Vs V)| ime-invariant equations

The 15t order terms are used for construction of an equivalent

% circuit
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Capacitor and Input Current Averaging

S 0<t=d()T, )T <teT
ﬁ{;fw_ " I ——— N -

<>-uLa>—V“)

|g(t) =1, (1) 1,(t)=0

Ao,
dt

(i, ), =d®- (i),

University of Toronto, Rogers ECE Department 111
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Perturbation and Linearization

d(V +v(t - V +v(t Capacitor current
el dt()):('L+'L(t))_ R() p

Input current

1, +iy ()= (D+d(®)- (1 +i, (1))

av(t) _ (1) @ 15t order terms for

dt capacitor current

- < " 15t order terms for
i,(t)=d()- 1, +D-i.(t)| the input current
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Construction of AC Equivalent Circuit

i, (t)=d() 1 +D-i(t) WO _ 90O
L
t R
\gﬁm () L m
- w
_|.
+ \ + /\{/ )
v (7} , c_L
Y dor " Y Dv (1) T SR
Di; (1) -
~~ -
+ M/ -
d@yw,
&  die 0, (t) +d )V, —V(t)
-
[ER B3
:mm" =0 University of Toronto, Rogers ECE Department 113
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AC Equivalent Circuit of a Buck Converter

University of Toronto, Rogers ECE Department 114
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Summary of the Steps

1 [ L
+ T +\ i
Ve _O 2 T Linear time-invariant
eguations
Time varying nonlinear circuit / |
l Construction of eq. circuit
Linearization
Averaging over Ts /

v F 6 day,

: : : e il s
Averaged time-invariant . ~ i

equations 5. () C—— 2k

__pa
3 ES)
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Boost Converter Example

116
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Converter Transfer Functions

@.,,' =0 University of Toronto, Rogers ECE Department 117



Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

Creation of a Linear Time-Invariant Eg. Circuit

1 [ L
- tn +\ i
Ve _O 2 T Linear time-invariant
eguations
Time varying nonlinear circuit / |
l Construction of eq. circuit
Linearization
Averaging over Ts /

v n day,

: : : e il s
Averaged time-invariant . ~ i

equations 5. () C—— 2k

__pa
3 ES)
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Buck Converter Example

50 pH A -
/\ ST ]1+;] 1 :D m]2+!2
A & angl
load
__D o == "0 F A i L
HE 15v 3Q i 1,d(1) Vy + 9,
o Sensor -
— (s) gain
/f,=100 kHz -
Transistor Error
gate driver I signal a
S Pulse-width| G (s) Ve Hy |
modulator ¢ GVd, qu and ZOUt
V=4V  Compensator T Vs -
5V

Averaged-switch model of
Buck converter (with models
of all common topologies
readily available, including
extensions for conduction &
switching losses and
CCM/DCM operating
modes)

System Model

()
ac line
variation

d(s)

k J

Duty cyele
variation

119
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Transfer Into the s-domain
i (1) (1) L

University of Toronto, Rogers ECE Department 120
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Basic Transfer Functions

i (s)
+ v(5)
v () (}) doz, % 1 SR
- )
+ N -
) asyv,
Gvc (S) |v (s)=0,
d(s) Control-to-output

V(s)
G, (s) = W |d(s)=0 Input-to-output

University of Toronto, Rogers ECE Department 121
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Basic Transfer Functions
i (s)

+ N
d(s)V,

_Vv(s)

out( ) |v (s)=0,d(s)=0
Ioad( )

Output impedance

V, (S)
% Z;,(8) = : (s) |v (5)=0,d(s)=0iinaq(s)=0| INpUt IMpedance

University of Toronto, Rogers ECE Department 122
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Typical Transfer Functions
048 o -
T g0 ;}q JdB iQ=4:»12 dB LGH‘.!
0dB ¥ —- SN
1 || (J'l‘_if || ,f(]
_ 400 Hz N\ —40 dB/decade
0 —2{]‘ LlB '_'
Gy(s)=—— 22—
1+ + 2 —*I-'[]' LlB '_' IU | -:QO fcl
Qu, o, 3 0° 300 Hz _
—60 dB | R
| £ Gv_[
—80 dB 1 1 —90°
~180 ~180°
101290 g ]
533 Hz |
| | : =270
10 Hz 100 Hz | kHz 10 kHz 100 kHz
Control-to-output transfer function of buck-type converters have
similar shape
University of Toronto, Rogers ECE Department 123
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Right-Half Plane Zero in Boost Type Converters

i.(s)L

@ |16, (8) ==Y |

(D p— gﬁ' d (S)
1isC

: ?

Vg (5)=0,

Us)

d(s)I, 1/sC
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Right-Half Plane Zero

- v(s)

aswipr O @ == 3R

IisC

N

d(s) 1+ > + >

)
Go(9) =2 —g,, =

__pa
E3IE3

=
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Right-Half Plane Zero

) RO dBV - | Gm’ | T )
| (Jh'f.«‘ | L (J'L‘ff
GO AdBY 4+~ _ jo7 v et 1
TG, = 18TV 1
| _4ssapy S\ jo-4=12d8 |
40 dBV + ' . -
- ] 4{*3?; H —4{! dB/decade
. 7
20dBV | . I
| 1072 ),
0 4By : 0° 300 Hz
dBV | -0
12 G o .
: vd J10 —20 dB/decade |
20 dBV + 260 Hz L o0
| 533 1z . 20kHz 70 o
10 Hz 100 He | kHz 10 kHz 100 kHz 1 MHz
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Explanation of RHZ in Indirect Energy Tr. Converers
] L I 1D

I i

o Fo o CR—

+ .= -
¥

e

¥ A C R

- Y K

o]

For an initial load change Q turns on for a longer period, as
a result, initially the capacitor is left without help of inductor
and the voltage drops even further (until Q is turned off again)
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Modeling of Pulse Width Modulator

B ) urren
Fad(5) Lru_a'c_fmu.f
ot variation
h J
Ao Z (s)
,(5) .
——Hi oS
ac line ‘é’( )
variation
+ - -
) . v(s)
- C!.,.“:(S) -
Duty'cyele
ariation - -
Converter power stage
all
comparator v (t)
c(t)

c(t) v Vsaw(t)
M
mil %AAAL
Vsaw(t) Tsw
Vc(t)’ Vsaw(t)
> t

M v /Vsaw“)
University of Toronto, Rogers ECE Department 128

~

DT




Mixed-Signal Controlled SMPS

Nov. 25t -26th. 2014, Moscow

Frequency Analysis

60 dBV T

|Gl

40dBV

20dBV T

0 dBV

-20dBV T

40 dBV

University of Toronto, Rogers ECE

"zq,| Determine the key
164 6, avazay S\ Joros=wse characteristics in the
Lo . f | control-to-output
1 \ | transfer function, G,4(s)
N G (9)=
Erron IR _ [ o
! BT 17, 7, 233=74dB N: Q) =93 =19.5d8
Analyze the uncompensated oo ™
loop-gain to determine the 2048 | | a1
desired compensator response o 0 10 20 /o =900 Hz o
"
%&gﬁ Tu (S) — H (S)Gvd (S) \\¥ .
m VM | | l(I)EQIf(‘,IZI.II(Hz | .
" T T T
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On-Paper Compensator Design Integral Part

1+Sj
a)zz

Load current

Io(s ac
foad(5) variation
¥ i

f\‘“{_\' ) Zrmr.r {‘\I }

— » G (s
ac line ‘é’( )
variation

- + B -

d(s) - V(s)

e G(s) -

Dty cyele!

variation -
Converter power stage

Pole at zero causes infinite DC gain => forces zero error

University of Toronto, Rogers ECE Department 130
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“On-Paper” Compensator Design PD Part

40dB

G
20dB

0dB -
20dB 4

40 dB -

| _ A typical PD (lead)
1led a, | 1 compensator with pole & zero
centered around the crossover
B 710 w, = | frequency f;and separated
0 L0 et —— according to desired phase
1 Z2G ] I
| £ (“SJ - Improvement
G.(5) =Gy —— '
{1_'_8} 1 —180°
w
, , P , 40dB T - -
| Hz 10 Hz 100 Hz f iz N7 o LITI 7, 86187 am /Kl 0,-9.5= 195 dB <7
- -fli) .
0dB ! I;Hz-\;:\
1.7kHz f,
20dB SkHz )
900 Hz 14 kHz
—40 dB : +
ZT 170 Hz
1,4% I{Hzt 17 .kHZ T
1.1 KHz (ifﬂzﬁr B TS
: : : : =270°
1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
University of Toronto, Rogers ECE | N
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Model Limitations

 Valid for frequencies much smaller than the switching frequency,
approximately up to f,,/10. Still very efficient in ripple elimination.

TS sinc
(i, (1), _[IL (tt  Time-to- frequency
TS 0 0.45
1 T
v(t)). =— [ v(t)dt
V(D). T j (t)

The analysis is applicable for small variations around a steady state
@Operating point

University of Toronto, Rogers ECE Department 132
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Practical Implementation

@.,,' =0 University of Toronto, Rogers ECE Department 133
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Conventional (Analog) Implementation

C :
Class III m : Pulse-Width
compensation C Modulator
R G & At | DT,
R, Vad comparator 1 |7
Vourl) o \K L vdD) *
4
o ~_ ) |—
Rz l V : p
V”j RAY é Vn <_Im7‘>[
..................................... d

Sawtooth
wave
generator

-An analog compensator can be implemented with few Op. Amps, a
comparator and several passive components.

% - Conventional modeling approach has limited validity, both in terms
" aa |Of frequency and current variations

University of Toronto, Rogers ECE Department 134
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UC3525 — simplified block diagram

Veer | K ————
I n
1 5 | Vc |
uv. | |
+Vn ?:f;ﬂfﬂ'i? Lockout | =1 —® I :
G I Oulput A |
Gnd @ 1 Eﬁnmg;nal | al I
s @_ Ose. Out : |
y:: @ @ Fli -—:—:IIﬂFI _|_|_ :
Ose Flupp - l Quiput B l
cr @ I I
Disch (T~ ‘ 3 | uUsts2sA Output Stage |
I =
RN ] [ e
o g pww || 5o >
I L Output A

me pul @— o
N et (20—

Sofl-Start @

o

Ei?
__pa
€2 2

»

—~

Qutput B

Rt

University of Toronto, Rogers ECE Department
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Analog Controller IC (One of the Very First)

Voltage reference 1.7 V, 3
V,or5.1V

Error amplifier (a
compensator can be built
around it)

Pulse-width modulator
Soft start-up
Under-voltage protection
External shut-down

Output stage

135
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Digital Controllers: Design and Practical Implementation
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Controller Implementation Analog vs. Digital

M L M L
- ¥ Vout + - ¥ Vout
Vin @ D C R Vin P D C 3R
/\driver /\driver y
H
Hv (1)
comparator HVO”t(t) PPN \ 0
v (t) e(t) L d[n]T_T A/D
Vi error amplifier Compensator e[n] Hv_,[n]
and compensator Vgt d[n]=f{d[n-1], d[n-2]....e[n] e[n-1]..}
15 saw-tooth v
W::s::tror? Digital Controller el
’ Analog controller
% Analog Implementation Digital Implementation

University of Toronto, Rogers ECE Department 137
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Current Situation and Motivation for Using Digital

» Currently, most o solutions for low and medium SMPS utilize analog controller in

higher power kWs digital

« Emerging GaN and SiC devices expected to operate at very high frequencies (existing

digital controllers might not be fast enough)

 Motivation for moving/finding high-frequency digital solutions

Performance and functionality

] Utilization of auto-tuning and auto learning techniques
 Fault-tolerant operation
1 Dynamic response and efficiency improvements

Reduction of fabrication expenses and reliability improvement

] Design portability and fast development

-
»

1 Monolithic integration on system level

A
S ()

University of Toronto, Rogers ECE Department
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On-Line Auto-Calibration (Plug and Play)

F:ue.f{-'lr]
_|_
v +O . o Performs system
i OWET Stage loadjdentification (without
| direct measurement) and
AL / consequent controller self-
adjustment

Auto-tuning
Controller

1. Identification of LC product and on-line compensator
adjustments

2. Load prediction (estimation) and multi-mode operation

improving power processing efficiency
LARBOR |
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On-Line Auto-Calibration (Plug and Play)

SWy1_H
—|_SW1_|_ L load
AR *
Vg(t) <_> cu(®) o SWa_L C = Vour(t) I:l 7 |
oome
o) Delfsswe.s _
- s[n] T :
w ADC
0]
High/low | g n] | | Programmable efn] ¥ disturbance  "regain Sl -
resolution PIIPID |« Ve ] stability”
DPWM compensator o G
: 1 check il LCO '

1 n [~ [
St. st!tte Coefficients Y r Before AT --_f}tii{}_—-Agilent Technologies
rdpwm[n] y capture _ v+ |ook_up Instability
‘ *“f table detector v After AT
Dn| o[l : o M
h 4 start . Vout

LCO measurement and mode selector

R=25Q
R=110 R=250Q
System identifier and auto-tuner i 5 R=11Q f
Cancel
LCO-based auto-tuning controller - —

Print
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Ultra-Fast Transient Response
The fastest possible transient response to load changes

The size depends on the system

MS _
T3 _~ dynamics (even more than on the
+ ripple)
v, () AN
- —
4[:>0_1E -
Hppfp o140 d:' ll?l' e
Pulse-width | Compensator &
A

modulator

., Utilize digital signal processing to achieve dynamic response

approaching physical limitations of a given power stage.
% PP g pny g P g

[EXI EQ
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Ultra-Fast Transient Response
The fastest possible transient response to load changes

Y100 mv
I valley point

switch off
[ switch on

S €41

30A
0A ir(1)
2

0, <— Joad stei ——

E=TER=I < =]

1Y

SR

Pulse-width |

modulator |

Compensator

approachlng physical limitations of a given power stage.

University of Toronto, Rogers ECE Department

&% Utilize digital signal processing to achieve dynamic response
LALA
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Motivation for Going Digital - Implementation
Implementation (Using HDL) [ Pehan ]

. O

o

4 o
HDL @
descri 5
< S

y (@]

v

 Fast development

ption

(highly automated process)

 Design process is independent on

Implementation technology, temper.

uoddns
Jaindwoo Jo |ans|-ybiH

- ) [ Automatic ]
Digital controllers can be more reliable, Place and Route
Implemented with a smaller number of [Backannotauon and]

final verification

components, and developed faster.

Functionality
and timing

Fabrication
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Reduction of Fabrication Expenses and Reliability
Improvements

A supply for a digital load/ existing analog solutions

SW,
121

Vid

+

Loel J Low-power digital
et T SR, Ic: Voul) |oad ( digital data

Zﬁ r|>_1 processor)

‘ VSS

TIT

Analog Controller Vres Interface |

CCM/PEM IC

Integrated dc-dc converter

= Three chip solutions implemented in different technologies usually used
(low flexibility, significant size, reliability)

= Difficulties in implementing power management techniques such as
dynamic and adaptive voltage scaling (AVS/DVS)
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Reduction of Fabrication Expenses and Reliability
Improvements
Power supply for a digital load — a possible digital implementation

SW, L

11T - Vud
o Low-power digital
Viatt 71— SR, Vour(t)

digital load (data

C
ZE _[>_|q T | processor)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Multi-mode digital SMPS
controller

A single or a two-chip realization possible. Results in reduced size,

% improved reliability, better synchronization of modern electronic loads
and their supply systems.
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Remote Current and Temperature Estimation

[ — =— v, (0)
l |—| ol
N + Due to parameter
v, O Power Stage | load ~ Variations currents
- [~ mismatch occurs
3,0 5,01 6,0
Digital
Controller

g% Information contained in digital loop used to provide desired
—. ] current sharing and temperature monitoring.

[EXI EQ
rmm' =0 University of Toronto, Rogers ECE Department 146
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The reasons for not going into digital
(Design Challenges)
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Design Challenges, Analog vs. Digital: Silicon Area

M L
lM ! : - ¥ Vout+
LY + VOUt + V. ED ip c+ SR
+ in T
Vln P D C 2R
- driver
/\driver y A a
Hv (1)
t Hvout(t) DPWM I
comparator
SV e & din]] AID
| +
V S lifi Compensator Hv_.[n]
AN ant compersator - Vre A=D1, 62, el el 3 oL "
M saw-tooth V]
War‘]’erot”? Digital Controller 4 ref
generaior | Analog controllerT |
|
* Basic control loop can be - Each functional block usually

requires larger number of transistors,

Implemented with a small number of _
then the entire analog controller.

transistors

I
) 4

S e >
\..,-, @
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Digital Design Challenges: Silicon Area

C ,
Class III i : Pulse-Width
compensation R G, Modulator
R; Ci ——A—¢ | DTy
R, Vad comparator 3 I
Vou f) H dd
. ) } L w0 ng © |—
R, l Vss H -
v, ref ' Vs B I’L">!
.................................... o
Sawtooth
wave
generator

An analog compensator can be implemented with few Op. Amps, a
comparator and several passive components

University of Toronto, Rogers ECE Department 149
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1Y)

+

4D

/\driver
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comparator
(0

V()
| e(t)

saw-tooth
waveform

—

error amplifier &

and compensator Vref

generator

Analog controller

M L
. ' Vour ¥
V. O - cl -
/\driver ]
Hv_ (t
DPWM | out( )
diny ] T A/D
Compensator e[n] HVout[n]
d[n]=f{d[n-1], d[n-2],...e[n],e[n-1]..}
. Vv
Digital Controller el

 Power consumption of digital controllers could be much higher (will be
addressed soon). In many cases it can exceed that of the supplied load,
. reducing overall system efficiency and/or limiting maximum switching
T frequency.

University of Toronto, Rogers ECE Department
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On-Chip Integrated DC-DC Converter

________________________________

B | Fn Integrated analog controller and
SR ' a5 MHz /0.5 W power stagel!
w(O|] S . /

_______________________________

dead-time i 4) i
| J i . so*s . > .
e Y~ : , ,;j ’GA
Compensator and pulse modulator +) | ,9 L &
| . " 4 oy
Vref + : . QV w
Controller : &
Monolithic dc-dc converter http://www.ti.com/graphics/folders/partimages/TPS82671.jpg
(dc-dc converter IC)

= For low-power SMPS, existing commercial digital controllers could be too
slow and/or take much more power and silicon area than the analog solutions.

All digital advantages might be lost due to overly expensive and bulky
Implementation.

For emerging high frequency SiC/GaN devices the controllers might be slow.
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Challenges of Digital Control in Higher Power Applications
(Why it is Important to Find HF Hardware Eff. Solutions?)

* Performance required for operation at high switching frequencies could be
accomplished only with a very expensive and power hungry processors and ADCs .

*The power consumption of the processors exceeds, often exceeds, 100 W and the
total price exceeds $100 (equivalent to the overall price of a 1,4 kW converter at a
price of 7¢/W — common price taken in industry today)

* The limitations of off-shelf (commercial ICs) digital solutions could prevent
implementation of digital controllers for high power high frequency systems
utilizing new devices (GaN and SiC)
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Game Plan

] Gain a good understanding of the system and its physical limitations

1 Review basic principles of efficient digital design, analyze minimal
hardware requirements,

1 Review of various digital controller architectures

1 Going beyond feedback loop realization: i.e. practical implementation
of smart controllers
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Sources of Losses and Basic Principles of Power and Silicon
Area Efficient Digital Design

IEEJEEI
TS
LARBOR |

RRRRR
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Review: Sources of Losses in Digital Circuits

Average losses of a logic gate

4[>_:>_ I:)dig — Psw + I:)sc + I:)Ieakage =

2
=aCi Vg™ Tar + Qg Toi + leakageVae
V44 — supply voltage
Mo f- system clock frequency
|2 P-mos o- probability that the gate is active
— charge through the device due to
e Qs —C _ |
e | Cin Instantaneous conduction of both transistors
| N-mos (short circuit current)

C,, — Capacitive load seen by the inverter

| leakage — Average leakage current caused by low

%% CMOS inverter
threshold voltages of modern digital logic
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Review: Basic principles in efficient digital design
Total losses of a digital circuit

N

Pot = Z(aicivddz fok + Qs Vg fow + Ileakageivdd )

=1
N— total number of logic gates
J Decrease clock frequency

J Decrease the total number of logic gates

 Minimize the gates activity or number of gates switching frequently

These 3 rules will be used throughout the whole design
process.
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Limit Cycling, Quantization Effects and Analysis of Minimal
Hardware Requirements
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ware Requirements (DPWM & A/D )

P Switching Vout +
Vi <> converter H g R
Vou=M(d[N])Vin
cntrl Y N
5 () When the resolution of the
e ;:;D DPWM is too coarse
TT Napur - compared to that of the
a/d - -
- t N - +H,V°“t[“] ADC limit-cycling
ompensator [ ] - -
i Vo] oscillations can occur
d[n] A
L n +1
D [n] =" _ dpw
b= T Plrl==
,
V[I’I] A > Zero error range. e[n]:-2
HVout[n]_ ........... Vaut - DZ[H]VEH e[n]:-l
% V D [ ]V Vref[n]
. o = Dy |nfVin ~
 Hvau(d () elni=1
analog-to-digital converter e[n]=2

University of Toronto, Rogers ECE Department
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Minimal resolution of the DPWM

'gmmdUCtO”I" .C:ur.rfen.t...g..g._ e 1 I A S

i MMHM HME 3____.r@d_u_(;torgc_urgren_g_

W RN

7b|tDPW-I\/| ------ + ag T UL T

Chi S0t T R 73R Chisoomy M T00Ws “CRT 7 370mV
EiE 10.0mv 2 [CE 10.0mv

Insufficient DPWM resolution Minimal DPWM resolution satisfied

) Steady state condition for the LCO elimination

L Dynamic conditions

University of Toronto, Rogers ECE Department 159
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Steady-State Conditions for No Limit Cycling

+1 Vout +
SR A necessary condition to avoid
] the limit cycle oscillation is that the
_' change in the output voltage
LAdriver caused by one LSB change in the

duty ratio has to be smaller than

<
o
\4
O
@

@i [o——

Vout(t .-
DPWM | 1 the quantization step of the ADC
dinl T T AID Va_anc!
Compensator e[n] HvouN]
d[n]=f{d[n-1], d[n-2],..,e[n],e[n-1]..}
V q_ADC>Vg -AM (D)
Digital Controller Veerl]
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. L .
M L b 'p D
) L1 + Vout + > + H .+
Vg O ip ci SR + i Yo i
Q| ¥l
Ryv= SO B
st river - JH '
v - -
Vout(t
DPWM , ©
dInT] AID Boost case:
Compensator e[n] Hvouln] \V/ > Vg . Vg
d[n]=f{d[n-1], d[n-2]....e[n].e[n-1]..} A_ADC™ 4 _ (D+AD,;) 1-D
Digital Controller Vierl] 1
AD = 2Ndpwm

Buck case:

Vi aoc>Vin (D+AD ) -V, D

These conditions need to be satisfied

University of Toronto, Rogers ECE Department

for the first case operating conditions in
terms of the quantization steps
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Steady-State Conditions for No Limit Cycling

MINIMUM RESOLUTION OF DPWM FOR TYPICAL CONVERTERS

Type of converter/ Minimal resolution of DPWM
Conversion ratio M(D)
Buck [ |'f ¥ h"l r - -_|
) 7y 4 +logy — i | int|log V|
1 I’ma.x_g 4 D ! “i D - ﬂl" |
M(D ]ZD - - o < L I q)
Boost r - P 7 = N
int | log l L l Ve St +1T! int|log ,| 1 | D #11 |
- 11-D\ 7, B ) \1-D\ Ak )
M(D)=1/(1-D) AN | m ) L~ -
Buck-boost, Cuk, sepic (1 (7 N EEE TR
int | log o) ——| A LR mt|log ,| a1
. ‘1-D| DV 1 \1-D\D-A%, )
M(D):D(]__D) L \ \ max,_ . i L \ \ |
Flyback o ’ i O, ( ]
int lagﬁ!L!i.j"ﬂ +1T! int| log ,| : .i_l.!
. “1-D| D 1 \1-D( DAy,
M(D)=nD/(1-D) | D PP, D)1 I S i
Forward [ Vs 3 .
j.ﬂt Ha.-'d - ].U'g | - . { int ].Dg 1: ref _ |
\ Vaxg g 2 ) A Dar, |
M(D)=aD aia D)
Watkins-Johnson (1(7, g V) (. ( ” N
; MR gfd = |
e B\ Ty 20-1 ) iﬂt[logli' LAl }
M(D)=(2D-1)D . Dl @D-D-a7; )
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Dynamic Conditions for No Limit Cycling

O Even when the conditions given in the table are satisfied, limit-cycle
oscillations can still appear. Due to extra gain introduced with nonlinear
quantization effects in the ADC and the DPWM.

O In order to explain this limit cycling mechanisms, an analysis based on
the describing functions can be applied

\ 4

Gvd (S)

switching converter

N
>

ovw
<

analog-to-digital converter

Ve c 5
. S A
\\ compensator Vref

-
»
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Dynamic Conditions for No Limit Cycling

A 4

|G, (jw)| for o = o, 1

switching converter

DPWM

analog-to-digital
converter

|G (jw)| for o=, |«

controller

AV anc . 2G4 (jooc )
2 T

AVDPWM

Dynamic condition for no limit

cyclin 4 _
y J AV apc > ;|Gvd (Ja)LC )‘AVDPWM
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Design/Selection of Power & Area Efficient Basic Functional
Blocks

Digital Pulse-Width Modulator (DPWM) Architectures
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Analog pulse-width modulator and DPWM

comparator v (t)
C

c(t) N-bit ramping waveform
generator
c(t) V(D s[n]
AR Y ——
L din] _ | Comparator B Comparator A
Vsaw(t) ﬂ v s[n]=c[n] s[n]=0
V,(0), Vo (0 Reset Jatch Set
v, (t
v, ;(t) /saw( ) DPWM
cH) 4
. s[n] d[n]
| t 2 / A : - ff
LT, ;r.f'fr# -
() | t
TS
c(t)
t
t
TS
TS

X Analog PWM Digital Pulse Width Modulator
oy (DPWM)
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DPWM: Traditional Counter-Based Architecture

d[n] 'Tsw

N M LI T
SELETEN < Toy Zero-State < Ty <y

Cﬁ(—>> Counter —~—o—> Detector > S QpFb——
Al T c(t)
SR latch
N
1:clk =270P fsw L |
»  Comparator > R
A 4 GHz clock signal needed for {
operation at the switching
frequency of 4 MHz with 10-bit R ,
resolution. For 12-bit, 16 GHz Pot = Z( CiVaa” T +@iQscVaa Tod + 'leakagqud)

clock would be required. =

% « High power consumption and definitely challenging IC design

» Top of the line processors don t have the ability to produce high frequency
high resolution DPWM signals
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DPWM: Traditional Counter-Based Architecture

d[n]- Tew
< Ty m Zero-State « Ty < Toy
——~4—o——» > —>
Cﬁ(—>> Counter Detector S Q
d[n]-Tew c(t)
-| [ SR latch
o Tsw
»  Comparator > R

fy = oNopum , §

SW

!

d[n]

Also the reason for that the resolution of DPWM in commercial products
reduces as the switching frequency increases (for example 10 bit at 50 kHz and
% 8 bit at 200 kHz) => Tradeoff between resolution and frequency

[EXI EQ
rmm' =0 University of Toronto, Rogers ECE Department 168
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DPWM: Ring Oscillator Based Architecture

Voo, delay line
N
LT Lr ?
rst
Yas rst rst
tO t]_ t2 t3 e f:_._._l
d[n]'Tsw
‘ ‘ \ N-bit d[n]
Multiplexer
_ 4[ [t
< Q S
c(t)
R« o e
Fot = (aiCind fo +ailscVag +I Ieakageivdd)::

- ‘e o
— . o
=1 s e e

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

 Low power consumption
 Requires relatively large silicon area

 Nonlinearity (non-monotonic) problems could occur

University of Toronto, Rogers ECE Department 169



Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

DPWM: Ring Oscillator Based Architecture

Voo, delay line
N
N \—[gel{iy-fe" _I:\ Ngelay_et =27
LTl 4}
rst
Vss rst rst
to t t ts SR S|
d[n] Tew
T \ N-bit d[n]
Multiplexer
LT f=
< Q S
c(t)
R« oL T
Pot = (aiCind fon +atilsVyq +1 Ieakageivdd)?

- ‘e o
— . o
=1 s e e

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

 Low power consumption
 Requires relatively large silicon area

 Nonlinearity (non-monotonic) problems could occur
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DPWM: Ring Oscillator Based Architecture

Vob, delay line

E? \>-—H>"—‘I:?—I:\ I\Idelay_el = 2opum

Vss rst rst

to t t G e By

N-bit d[n]
Multiplexer
Tau ]

g 0

e N, e,
% 5 T .
Pot = (aiCind for + @il sV 41' Ieakageivdd).f
=1 e :

 Low power consumption
 Requires relatively large silicon area

 Nonlinearity (non-monotonic) problems could occur
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DPWM: Hybrid Ring/Counter Based Architecture

Delay line
f[1:0]
o
° |
_\‘/dd ™~ ga dela D(lgr ela (ﬁ [ delay
Power On | reset ‘ ‘ . ‘
reset-start|_start ~ reset | reset reset
>SS N R EEL L I S AL S
—s] 11
ndpw ST
Input register in [4:0] .
—p ) 32:1 Multiplexer
[9:0] in[9:0] P
A B
10-bit NOR
5-bit counter <
delay block
i0rg- cnt[4:0] ;
in[9:5] l —+» vdd in AL
v A B* A* By ] S =2l 3
_bi _bi | 4:1 Multiplexer
5-bit comp. 5-bit OR cnt[A] falO] 5,
out
s Q°
DPWM
MR R

 Hybrid structure shares advantages (and drawbacks) of the previous
two architectures. A compromise between power and area consumption.
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“Digital Like” Analog Component: Digitally Programmable
Current-Starved Delay Cell

Vad r AVad
> Q13
G Lo EQH a ou 1:delay = fsw[n]tmin
RO
Qp R Up X j T Co t... — minimum propagation
Qu A Vi rﬁg&’ﬂ&?L)> 'El\ggwﬁﬂ,(%&/” %’1“’&!— fime
| é ( ' ( — | The resolution/ maximum
- i @fsw_o Qfsw_l @fsw_z ﬁfsw:% frequency of the DPWM are
still limited. For 10 MHz
Programmable delay cell T and 10-bit the propagation
fpf)[(&o] time < 100 ps needed!

= Allows regulation of switching frequency/resolution
% = Reduces overall size and power consumption

= Can operate at low supply voltages used for digital logic, I.e.
can be implemented in most recent technologies.
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High-Frequency High-Resolution Dithering and Sigma-Delta

Based DPWM

1Y1

M2 ¢

Vout +

o

HVout(t)

B

Dither or || Pyocessing
\E—A \n Unit

(Compensator)

A/D

Digital Controller

Na/d

Vref[n]

University of Toronto, Rogers ECE Department

1 The duty ratio of a core resolution
(high-frequency) DPWM is varied
over several switching cycles to
achieve high effective resolution.

O For example, for a 2-bit DPWM
producing 0%, 25%, 50 %, 75%, and
37.5% can be obtained by
periodically changing output between
25 % and 50%.
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High-Frequency High-Resolution 15t Order ¥-A Based DPWM

dwr[n]| Core

c(t)

>-A Modulator

DPWM

swi L Vout(t)
O+ Jil Y YY) * *
C load
! 1 )™
H::l sw2
3 . L
A A Hlvout(t)
t c(t
Cy(t) : 9 mode control
dead-time logic AD
c® f ym(t) H VoulN]
A |1 Guar-sampling | (s
DPWM (clk,] compensator [e[n] TV [Nl
Digital Controller .

University of Toronto, Rogers ECE Department

er[n]
d[n] o “ H%X[n]
\\
D A pole in zero, i.e. integrator 1/s

Sigma-delta modulator changes
the output of the core (3-bit)
DPWM to result in average value
equal to the high-resolution input
d[n]

The averaging is performed by
the switching converter itself (LC
filter)

O Can be implemented with very

simple hardware
175
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din e[}~ XIn] w1 ) | Gln] et _
8-[b:t @ S 8-:)it : 31bit Dg'\t/)\{:v' L — X (Z) — Z '
$ T (MsB) 5 H(z)= = o
(1| [X[-11 | g Dflip-flops fore = T E q (Z) 1—7
8-bit ) An s-pole in zero, I.e. integrator 1/s
Periodic output sequence for a constant input
3-bit (MSB)
Duty Rati Average Dut
n d[n] ed[n] x[n] x[n-1] dtr[n] ) yc(t§1 i e ag;at;:)y
1 0.2 0.2 0.2 0 0 0 / 0
2 0.2 0.0125 0.2125 0.2 0.1875 0.1875 / 0.0937
3 0.2 0.0125 0.225 0.2125 0.1875 0.1875 / 0.0125
4 0.2 0.0125 0.2375 0.225 0.1875 0.1875 / 0.1406
5 0.2 0.0125 0.25 0.2375 0.1875 0.1875 _[ 0.15
6 0.2 -0.05 0.2 0.25 0.25 025 0.1666
7 0.2 0.0125 0.2125 0.2 0.1875 0.1875 0.1696
8 0.2 0.0125 0.225 0.2125 0.1875 0.1875 0.1719
9 0.2 0.0125 0.2375 0.225 0.1875 0.1875 0.1736
0.2 0.0125 0.25 0.2375 0.1875 0.1875 0.175
0.2 -0.05 0.2 0.25 0.25 0.25 0.1818
0.2 0.0125 0.2125 0.2 0.1875 0.1875 0.1822
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15t Order 2-A Based DPWM - Tone Problems

swil L V() Agilent Technologies
T+ 1Yl J-j
C load
o > W e
l HE sw2
O ®
A A 0
c,(t) c,(t) )
(deagtime] | "™ |[aD o 0 N S RN O
c(t) Im() Hy, [n] ‘ i ) l 1 I

Z-A f[“] dual-sampling
DPWM |clk., e[n

L »| compensator |e[n] 1V, ]
Digital Controller

O For some inputs the low frequency periodic sequences (tones)
can coincide with the corner frequency of the LC filter causing large
output voltage variations
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2"d order T—A Based DPWM

. By changing the output
10-kit 24l Delay A [ ded] [ Core | e®
dr] ; = Yuncatar - . .
B S0k e e =L T duty ratio more aggressively
T | S creates tones at higher
Pt o frequencies.

/.r

-5 Agilent Technologies

1 Elimination of tone
related problems with a
minor increase of hardware
complexity. o—

Yal) — |
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Design/Selection of Power & Area Efficient Basic Functional
Blocks

Analog-to-Digital Converter (ADC) Architectures

=0 University of Toronto, Rogers ECE Department 179
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ADC Requirements

M L 1 The ADC does not need to
) = ' Vout * measure the voltage over a large
Vin O D CT $R range, just around reference voltage

— [ Resolution of the ADC needs to
/\driver be just sufficient to satisfy voltage
regulation requirement Vi apc just a

@i [o——

DPWM little bit smaller than the maximum
d[n]{ T allowable v, variation
Compensator 4 Important for limit cycling, not to

push the resolution of the ADC too

much since it can cause the LCO or
require very high resolution for the

DPWM

d[n]=f{d[n-1], d[n-2],..,e[n].e[n-1]..}

Digital Controller

V4 aoc>V, -AM (D)
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Windowed Flash ADC

e[n] is large
Vref"'AVBB ‘: e[n]:2 =
= « s
Vref"'AVl e[n]:]_ :
Vip © S V. .St .
in Vo HAVo2 A /L‘. O 0 in °_‘—H + <
N elnl= > B °
) i O ST +
VierAVo2 L] Vyero— b1 i
e[n]=-1 S
Output
\l\ ° l o3 Latch stage buffer
Vier AV, 1T e[n]=-2 - preamplifier
VeAVgg - ° A comparator with offset calibration
elnlislarge  and latch stage

O O
cnty  cnt,

(fsw)

J Lower power consumption than the full-range flash ADC, still could be larger

than a complete analog

controller

181



Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Design Guidelines (Steps) for Selecting Resolution of the
ADC and DPWM

a Determine resolution of the ADC based on the voltage
regulation, i.e. allowable variation of the output voltage in steady
state => just marginally smaller than the voltage regulation
requirement

1 In this case lower ADC resolution of the ADC is better (smaller
requirements for DPWM)

J Based on V. aoc>V, -AM(D)

ﬁ-» ect the resolution of the DPWM
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More Stringent Requirements

J What do we do if the regulation requirement is so tight that the
resolution of the DPWM and the ADC are so high that we cannot
realistically make it (cannot find/build components)

University of Toronto, Rogers ECE Department 183
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Non-Zero Error Coding Method for Improving Voltage
Regulation of Low-Resolution Digital Controllers

B,

B3 IE3)
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Causing d[n] Oscillations

M A
+ JL ' VOUEI-
Vin CD D C L §R
/\driver )
LOWI;)rIS\SISII\l/IJtlon HVou(t)
d[n]] T 5-bit !
Low-resolution compensator | e[n] A/D with a
d[n]=f{d[n-1], d[n-2]....e[n],e[n-1].} }—— NON-ZEr0
X | encoder
Digital ControlleN Tvref

\

If we eliminate the zero error bin, the compensator will always be
excited and => oscillations will always happen
University of Toronto, Rogers ECE Department 185
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Controlling the Oscillations: Gain Characteristic of the

Non-Zero ADC
10 T
Non-zero - Gain of ADC
quan“zer L T 0 000 S
3 5 s
2 AN g or
<L
5 28
e(t) S .
AV, 24V, s
& R , 1
w Conventional ADC
-2 ol / .
-3 L e —
00 Alco 0.§5 av, ']‘A\/q 1.5 AV,
/ Output voltage oscillation amplitude ALCO
% « ois avariable that we define in our
controller, for example (can be set
m between 0 and 2)
University of Toronto, Rogers ECE Department 186
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Controlling the Amplitude and Frequency of the Oscillations

7
Y\

Gain of ADC at the _
point of oscillations Loop gain

J Adjust the compensator such that the phase shift of the
loop gain is 180 “at the desired oscillations frequency
(larger than the crossover frequency of the power stage)

1 Select the value ¢'such that the gain of the ADC, I.e.
amplitude of oscillations, automatically adjusts to a pre-
defined limited amplitude
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Experimental Results

Controller with non-zero error
coding scheme

-, Agilent Technoiogies

_ , zoom
Conventional low-resolution

controller

70 mV

e U UL

ent 188
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Conclusions

J Hardware-efficient low-power implementation of a high-frequency
digital controller for SMPS is possible

1 The same architecture can be implemented using FPGA systems or
any other hardware and higher power levels

J Some of these architectures are today used in several commercial
products (Tl and Exar, can be used as a good foundation for building
Integrated solutions)
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Design/Selection of Power & Area Efficient Basic Functional
Blocks

Compensator
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Look-up Table Based PID compensator

Discrete-time control law:  d[n]=o,d[n -1+ c,d[n—2]+...+ Bee[n] + B[N —1] +...

— d[n] —~(F)—] Look-up-table e[n] —
DPWM T aefn] 4-bit error
== from A/D
d[n-1]
n Look-up-table § e[n-1]
p be[n-1]
d[n] =d[n—-1]+ae[n]+be[n—-1]+ce[n—2]
(___| Look-up-table f e[n-2]
N ce[n-2]

3 Zero steady-state error,

O No multipliers, which can be hard to implement at high frequencies,
almost no resources spent on d[n-1]

" O Inherent soft start-up
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Look-up Table Based PID compensator
Discrete-time control law:  d[n]=a,d[n—1]+ o, d[n— 2] +...+ Be[n] + B[N — 1] +..

—— d[n] ((F)—] Look-up-table e[n]
DPWM T ae(n] 4-bit error

from A/D

d[n-1] 4
N\ : X Look-up-table f e[n-1]
p be[n-1]

4
d[n] = d[n—1]+ ae[n]+be[n—1]+ce[n—2]

\ Look-up-table [§ e[n-2]
N ce[n-2]

O A tradeoff between the speed stability and power consumption of the

compensator
P'[Ot (a|Q Vdd fsW + Ileakageivdd)
i=1

m Faster compensator implies a larger probability of logic state changes
J) and, likely, lower stability margin.
University of Toronto, Rogers ECE Department 192
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Y

Mode control logic <

ek (fy)

clk, mode
I—
s Delay
-1
Dyn_mode LUT ()
AN »|Slow_mode LUT d[n-1]
+> +) /
ae[n] X 7/
' %
| f Pty :
() Dyn_mode LUT
y/
/ L, [Slow_mode LUT
e[n-1] L | be[n-1] 7@
4 B
Delay
>
) Dyn_mode LUT
/ 5 [Slow_mode LUT y;
e[n-2] ce[n-2] 4

Dual-mode LUT compensator

University of Toronto, Rogers ECE Department

Nov. 25t -26th. 2014, Moscow

Dual mode look-up table based PID compensator

1n steady state the
compensator operates
with only 3 error values -
1, 0, and 1 and reacts
slowly, i.e. « reduced

3 During transients a
fast compensator starts
working
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Dual mode look-up table based PID compensator

clk, _h ‘L le[n]>1

steady-state
mode
(m=0)

le[n]|>1 or
le[n]|I<1 for less
than Tszwait

dynamic mode
(m=1)

le[n]|<1 for more Tow
than Ty Nyait —

Operation of mode switching logic
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Ultra-High Frequency 2"d Order -A Based DPWM

il = band
a0 — s (0 H . Ao 0.0 od oo mm.
+: da w

1.8
&8
1.8
6.3
1.8
B2
12
dln] 1.8 F..: db
B.a 1 - L L - T:I'u 'ﬁ' 7 ns
1.8 o g4 e
6.4 } L A A il P Laaia
L
1.8 #! d3
LR 28
g2 W
18 92 ™
B.a } — il P | — il — 1 — s Illl' = - h:..! . P —y ==!_
a
1.3 -5 d1
g8 WMWM
1.8 o O -
B3 t . N . ) . : . ; ;
260.02068n 2549 44444n 27HA.BREEOn 288 33333n Z097.7777Bn 3B7.22322n 316.BEGBETA 3ZE.11111n  33555556m 345 .52883n
time

150 MHz post-layout simulation results
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Dual-mode

PID compensator

\

\

University of Toronto, Rogers ECE Departme .

Nov. 25t -26th 2014, Moscow

IC Implementation and Experimental Results

DPWM switching frequency

Programmable, 400 kHz to
18 (400) MHz

DPWM effective resolution

10-bit

>-A DPWM chip area

0.028 mm?

Core DPWM current
consumption

43 (8) pAIMHz

>-A Modulator current

2Z-ADPW

™M consumption

2 uWA/IMHz

Bequizition iz stopped

P0.0 BSars 328 kpts | eecsus IR njig -

I]Fﬂsc:nm ij z):Eﬂzsnw ﬂ 3)F£' -

F el@ezidl  nlFons o]+ E 280400

<|| r| Ty i]ﬁ
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More Stringent Requirements

1 What do we do if the regulation requirement is so tight that the
resolution of the DPWM and the ADC are so high that we cannot
realistically make it (cannot find components)
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Modeling of Digitally Controlled SMPS and Compensator
Design (Selection of Discrete Control Law)

B,

B3 IE3)

University of Toronto, Rogers ECE Department 198
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Goal of This Section

G q4(S
vd( ) M L
+ = ! VOUt
vV, O cl ir
/\driver
Kewm(S) H
opwm | | Kapc(S)_[MVou®
S Y
dini AD
Compensator e[n] Hv_[n]
d[n]=f{d[n-1], d[n-2]....e[n].e[n-1]..}
G(9) : %
Digital Controller VieflN]

University of Toronto, Rogers ECE Department

To find a modified transfer
function of this controller
utilizing the large body of
knowledge from analog
modeling

In other words, to modify the
transfer functions such that
the DPWM and ADC are
included (we know their
resolution and properties now)

To select digital PID
compensator control law, I.e.
coefficients in difference
equations
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Modeling of the ADC and DPWM

@.,,' =0 University of Toronto, Rogers ECE Department 200
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Analog pulse-width modulator and DPWM

comparator v (t)
C

c(t) N-bit ramping waveform
generator
c(t) V(D s[n]
AR Y ——
L din] _ | Comparator B Comparator A
Vsaw(t) ﬂ v s[n]=c[n] s[n]=0
V,(0), Vo (0 Reset Jatch Set
v, (t
v, ;(t) /saw( ) DPWM
cH) 4
. s[n] d[n]
| t 2 / A : - ff
LT, ;r.f'fr# -
() | t
TS
c(t)
t
t
TS
TS

X Analog PWM Digital Pulse Width Modulator
oy (DPWM)
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Modeling of DPWM

N-bit ramping waveform
generator
s[n]
. v L. Phase Characteristic
> Comparator B Comparator A
s[n]=c[n] s[n]=0
Reset latch Set T, =DT,
DPWM
w02 LG o (j@) = £877%PT = 24 DT
ppwm (@) = = s ls
| s[n] d[n]
2N-1 ';rr'frr.- N / IHJ_,JH ] ] JI,I'IHJ

University of Toronto, Rogers ECE Department 202



Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Modeling of DPWM

The DPWM's gain Kppy\ 1S the ratio of the change of the duty cycle D in the
pulse-width modulated signal c(t) and the increment of the control variable

d[n],

% _dD _ ADI[n]
DPWM "4 ~ Ad[n]
1 Duty ratio changes
AD|n|= ‘ i di
[n] 2NDPWM N dISCrete Steps

The minimal increment of the control variable depends on the selected
representation of numbers. The numbers’ representation defines the
% value of the least significant bit LSBp,,,, Of the input control signal.
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Modeling of A/D converter

Sample and hold

X(t) *(t - x[n]
o—-/x( ZOH » Quantization [ A/D conversion —»| Coder —oO
T delay (T,,p)
nT - .
. digital
0, (K0 m discrete
0 X0, %, () Xin]
‘)AVq <3
8AV el
i pd N
TAV
A v, | N
X() 5V, 1 N
a, ] N
3V, a N
2Avq%él—‘&
AVq ¢
t ol

0 T, 2T, 3T, 4T, ST, 6T, 7T, 8T

L Amplitude discretization
%cretlzatlon In time: Sample and hold

University of Toronto, Rogers ECE Department 204




Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

A/D: Sample and Hold

Sample and hold

delay (T,,p)

X(t) X(t - x[n]
o—c ZOH > Qﬁtization —> A/D conversion —»| Coder —oO

nTS

x(t) X'(t)
>
T X"(t)=>x(t)-8(t—nT,)
Z&t nT,) _

RN o
0 Ts TS 3TS X (S)_ T_n:_oo

[
. )
. L
..,- Q
2

Sampling of a continuous-time signal
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A/D (S &H): sampled signal spectrum

X(w)

T O _\
A (@) f= 10T, 2f.

£ 0 f=1T, 2f

Spectrums of a continues time signal (top) and its sampled
equivalent (bottom)
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A/D modeling: Zero order hold (ZOH)

X(t), %, (t) % (0

o — X*(t)

/ u(t) =h(t)—h(t-T,)
X(t)
. 1— g o
S{u, (O} =V, (jo) = ——
t [

0 T, 2T, 3T, 4T, ST, 6T, 7T, 8T,

S

Transfer function of the zero-order hold circuit:

T T, ) (o
T T jo—= —jo—= Sin oT
: 1—e™s  —jor |e 2 —e 2| 2T, 2 Sy
Uh(J(’O): - =e 2. - > :TS .

jo 2] oT ol
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A/D modeling: Zero-Order Hold (ZOH)

o -
(o] - N
T T

Magnitude
o
(o2}

Phase

200

150 -
100 -

50+

-100 .. SR S S

-150 -

-200
-4
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A/D modeling: Quantization and Coding

K0 %0 0 %0 _

o P The voltage difference between two
) - N successive quantization levels, V.

: _—1 N : ..
) T N and V__,, is the quantization step
| N
223“ mé N\ AVq,n =V, V4

’ t

ol
Continuous signal x(t) and its

quantized value xq(t) for the case
where the quantization step is AVq.

around the n-th quantization level.

Low-frequency gain:

o B

A/D
AVA/D
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A/D modeling: DC Gain

For example, if the integer binary arithmetic is used, LSB,,, = 1, and the
gain of the analog to digital converter is

Kup=—
M AVA/D

University of Toronto, Rogers ECE Department 210
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A/D Modeling: Processing Delay

Each of the conversion steps discussed so far introduces a certain delay. The
total delay, known as the conversion time t,, of the analog-to-digital
converter, introduces a phase shift:

A
s
VIS

University of Toronto, Rogers ECE Department 211
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Complete Model of the A/D converter

Using the results from the previous analysis the spectrum of an analog
signal x(t), after the analog-to-digital conversion becomes:

For the input signal frequencies lower than the sampling frequency the
expression can be simplified to include only the image of the original signal
spectrum around zero (the “base band”)
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Model of A/D converter

Hence, the transfer function of the analog to digital converter G, ,(j )
Inside the base band is

sin(wTsj
XA/D(j(D) K . 2 . _jw;—S ,e—j(ﬂ'tA/D
X(jw) "

GA/D(j(D):

For 1:<<1:sampling

] X I LT o
Guolie)= )Q/EJ(CS)) Kap € "2 gietuo
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Practical Model of Digitally Controlled SMPS

M L
+A A Vout
Vln P D C éR
— 9, ppwm |f SWitching | b |l 8,
. converter
/\driver ;
o Hv () || Controlled object (plant) of a digitally
e A;' controlled switching regulator
HL D
: el jo
Compensator < L Hy I G (jO)) = M
e[n] out ed
d[n]=F{d[n-1], d[n-2]....e[n].e[n-1]..} d(jom)
Digital Controller Vil

Ged (JCO) = KDPWM ‘e_ijTs ) KA/D ‘e_ijA/D ’Gvd (J(D) H(j@)

Analog model of digitally controlled SMP
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Selection of Compensator Coefficients

@.,,' =0 University of Toronto, Rogers ECE Department 215
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Discrete-time PID compensator
O Discrete-time PID difference equation

d[n]=d[n—-1]+K_(e[n]+ae[n—1]+a,e[n—2])

From previously described design...

 We would like to find coefficients for the equivalent representation in the
s domain

» 3
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Digitalization

Euler’s Method %ty = PO dX(t) - lim i)t( - = (x(k +1) - x(k))

S

dx(t) |
L{T} =5X ()

This method can be used to obtain equivalent difference equation from a
transformed form of a control law (s-domain)

d[n]=d[n—-1]+K_(e[n] +ae[n—1]+a,e[n—2])

Gct(s)—a;k(l‘FQl > +( > j J
emp @, @,
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Discrete-Time Z-Transform

The z-transform is a discrete-time, sampled-data dual of the Laplace transform,
which contains duals of all the well known characteristics

Note that for z = esT the z-transform

oo _ Y hasthe form of a sampled version of
Z-Transform: V,(z) = _Z,Vc[n]z the Laplace

The Laplace “ g o o .
Transform:  V.(S)= _[Vc (t)e "dt V()= D v (nT)e
—oo S N=—o0

» 3
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Discrete-time PID compensator

O Discrete-time PID difference equation
d[n]=d[n—-1]+K_(e[n]+ae[n—1]+a,e[n—2])

Discrete-time and continuous time equivalent PID transfer functions

-1 -2
1+az2 +a,z

d
G.(2) = s

_c
€

Gct(s)zwk[lJr 1 s J{ > j ]
S Qcmp Q, @,

The discrete-time pole at 1 corresponds to the continuous-time pole at
zero. As a result, the compensator has infinite dc gain, I.e. the steady-state
error e is zero

=K,

% The compensator has two zeros to provide the necessary phase lead
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Discrete-time PID compensator design
based on analog template

2
_ _ 1 s S
l1+azt+a,z? . Go(s)=2 |14+ +
GC(Z) = Kc % ] : « Ct( ) S Q.. .

1—7 cmp Yz

L Given Gct(s), i.e. by knowing how we would like our compensator in s-domain,
Gc(z) can be obtained using one of a number of possible continuous-to-discrete
time mapping techniques

U For example, we can apply the pole-zero matching technique:
sT
Z=¢€
T is the sampling period (equal to the switching period T, = 1/f in our example)

UEquations: f 1
r — e_ﬂfz /(Qcmpfs) a‘l —2rCOS(2ﬂ-f J a2 - r2

4(gcmp

& K. Is selected so that the magnitude ||G.|| matches the magnitude ||G,]| at

7 a selected frequency (the cross-over frequency, for example)
University of Toronto, Rogers ECE Department 220
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Example

1+az ' +a,z”*
1-z7

2
G (s)=l1 L S, [S5 . G.(2)=K,
i S Qcmp @,

=

- G, (Jo) (cont)
G (Jw) (discrete)

rmaghituce [db]
M2
o

—
[

]

100

- G.(Jw) (cont)
G (Jw) (discrete)

phase [deg]
o

10 10* 10
frequency [HZ]
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Load transient responses 50% = 100%

&[n] e[n]
0.05 . . -

Coré\tinu(i)us

s} 5.5 7 7.5 g 3.5 9 5 6.5 7 7.5 =] 3.5 9

1 d[n] x 107 1 d[n] x 107
o T SO S W S S— 4 S S S ¥ S S —
a . : : : . 0 . : : : :
& 65 7 756 a a5 9 & 65 7 7.6 g a5 9
Yout -4 Yfout 4
1.85 x 10 1.86 x 10

i i i i i 175 i i i i i
5.5 7 7.5 g 2.5 e 5 6.5 7 7.8 g 2.5 e

x 10 x 10

»Near identical response!
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Day 2: Preview (Advanced Controllers)

85

With Gate Voltage Swing

1B
> PFM Operatio ?3‘5 With Segment \
70 | == Adjustment

N —_— q/ ,'
t100 mv s\
0, valley point > e / .
switch off 2 6o - N Vin=2.5V
& ! & ) \ Vout= 1V
! switch on 8 ss5 / NB5Ost 1 f, = 10MHz
) @ E " / o] plumizaton
50 - ,‘/
’
as 1,7
’,
40 / Light Load Medium Load Full Load
35 —t
5 50 500

Output Current (mA)

Panl1] | Penl2

Vin C—) Pgate

Nga(e | ! ! ! . . ! L = +
4?‘7 g S C | (8] vould)
Nal4] | l7] | Nen[8] h

Nen[1] [Nen[2] | Nea[3]

] ] | Sense

Pen[sg PolA] | Pol5] | Pol6] P PolE]
—

T
7Y —

=[S | FET

It

—{Coad }—

Calt)

Programmable ot cIk
Dlgltal controllers with the | i |7 T

Current
g T|me Sensing Circuit
fastest possible transient R ST 0
ate-Swing egment Digital  E[N] | Windowed clk
- Scaling Circuit Selector Compensator | J|
response and virtually flat T

] ton [5:0]

PC Interface |_ Ef_ﬁci_enc_y

Optimization  |PFM_en

University of Toronto, Rogers ECE Department 223

efficiency curve onchp | L = s
y L




Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

Day 2: Preview (Advanced Controllers)

...... 11138 1130

w\’()ut(f) v ___F\ -_;‘_‘—’_“-——u-'—"‘—"‘——\j- r\‘
Regain |« LCO .| Updated,, | sl - gain/z corrected
stability | c=3g,F PID
I.L’ﬂ] [n]
- 2
L.
[llllh-ﬂl | Control signal LCO
dC[n] 1 8y |
I ;7[_|____|_} wo phcm‘et’aiibraziou
[ ] __—I___:—I__—I___J_ ______J_L_____—L__J — D, I | | <«—— sink enable
S T S T . P L T

O n e
phase N -,
T O L load h 3 N
Ll ~YY Vilt) pnase ]\I i)
A X + (;) phase 2 ]\J_rv'vv-\_._‘
ve(1) C (I—DH) # O cL Vad) phase 1 i f(f) Vourl£)
sink
cul) [Pk 02 . s AT
- Gate load
T - oa
_ s L briver| I ¢ i TC
Switch select ADC H, - L
A1) _—
High/low de[n) Programmable en] o) o(f)
resolution PI/PID <
Viug[1] dn+1]
DPWM compensator ADC, Multi-Phase ::‘—’: . ADC,
$—‘ :T . check - DPWM 2 irepv[n]
[ peettet At il ittt it i d/[n+1] Ream Voul#]
! St. state i ! I . o
| Coefficients | d,.. Wn] Current |
N s , in{n] eln
: Tapen[11] s ) - look-up : h:{iia,b-:’m e[ Phase 1 Sharing ;l Co:len 2
] table 0 clecior lti-Phas Current Logic pen.
I D[n]| de_q[n] i Multi-Phase . . .
! T | start Vin[1] Current v - Violn)
! | Estimator a
i LCO measurement and mode selector i 1 [ feei[n] : =
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| System identifier and auto-tuner :
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Day 2. Preview (Emerging Topologles)

Pre¥u @ E E |

@ Digital Channel: AL
(3 Vertical Position: —4.44 div

PrevVu @ [
-

ansient Output Voltage : : : |
ARV AAAAAAAAANA I NN s AN AARAANARAAARA
QQQ_SLAMW"_W ! AqtranSIent MMMWW\NW\
| Inductor Cunen;t. . /\/\N\N\ AAM}\N\MNV\/\NN\%%A Inductor Current Aqtrans ~ O
_ SRR C

Output Voltage

®

H.LLHHLH.H\LH.!LALMH.

onventional Buck N \)\W\j\/\/\)\f NWWVWWWWW ARRARL
Hﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ TULT NN ER AT N Switch 1 ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ HﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂHHHHSWltchl
ST MM T T T T Switeh 2 9ﬂﬂﬂﬂﬂﬂl_ll_lﬂﬂﬂﬂﬂﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂfﬁrﬁcﬁii
WS oo Switch 3
i o voytop i witc
. . Lf DC-DC Converter i Load mteractlve B.B. e
| i ZS § Pre-load Command
_ swl Yy swo v,,:,(t) I : Load Step
@ toonv o €@ riom f o f * e ) ?fj;é(.)%mms JSe s J[ s
Ivg(!) t) [ W2 E l__.swj’ 4L load ['_FTiming Resolution: 10.0ns J
y L h A A Load- H
i) (o) Information i
Dead- 40(3) Mode Control JP re-Logd
Time Logic
C(t)dpme Vftff

d[n] e[n]
DPWM PID ADC
Compen.

Digital Controller

s
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Day 2: Preview (Emerging Topologies)

MoSC Stage Downstream Buck Stages e P

v Fe————= —-i B ittt | ! First Stage S | SW; Second Stage
batt : ' 6.6 : ISW7U . L! : Voul‘ i | .l ., : 11
| | 1C | | o AAAR!
| . L
: | Cmuﬂ'== : SW.‘} Cout.' : 5V s Input : SW, . 45 : 14 S, I 1F
+ SW, | ! i Gt 1 ’_D_| C
| 2, | . | —_ bus o 1) load
3. g V= Cellj‘ | A_l: : 4.4V 1 butki 1 | P i : El it “
— | = | [ —
| : SW. L - ' i~ I T
LG oy | ! v i L Vows ‘ . T
1Tl i o] o
| | mid2| | SWJG Com 2% 3.3V13 l DPWM, L
| Fast Transient
I SW. I | _
| flz : | buck; | ADC, % (7] Control ADC,
: Cz ; - : = : Vol é I 1in
+ 1% - el ” PID Vyerzln]
3.3V = Cell I SW;s : : iSW’ Iy Ls ! Vou 3 o Compen. Compen. D
el | ! X3~ 4 o
— | ZL_I; | C | i + Digital Controller
| id3 SW,
: | "r : .D_i:; Cour3 I Ve
| SWel | | :
: {F : : buck; 1 —
| =1
T | T
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Part Il

Advanced Controllers for Dc-Dc and Rectifiers with Power
Factor Correction
(Reaching the Physical Limits of Conventional Topologies)

__pa
3 ES)
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Digital (Mixed-Signal) Control as Enabling Technology

M LR M L
L * Vour * l_ * T Vour
Vin o AD CT 2R Vin ® iD Ct IR
/\ driver y /\driver H
HVOut(t) > DPVWM I_|vout(t)

M saw-tooth

waveform
generator

t
compara orv ] (t) e (t) >+§ d[n] po
VMT7\/I/I/‘ error amplifier
\V/ Compensator Hv_ [n]
t AVBICOMEAION i dInl=F{dn-11, d[-2],...elrl.eln-11.} <:|e[n] i? o

Vref [n]

Analog controller Digital Controller

= |n the past high-frequency digital controllers were not available

= Digital high-frequency IC control solutions are available today

= Replacing analog with digital without using advantages of the digital is
not sufficient

= Digital controllers that improve performance of SMPS (advanced
controllers) will be presented here
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Progress of Digital Control: Ultra High-Frequency Digital
Controller IC (Beyond 100 MHz)

DPWM switching frequency | Programmable, 400 kHz to
150 MHz
Ly A DPWM effective resolution 10-bit
Silicon area 0.14 mmZN
- e R e nlfE -
D) e D Dl
vodd | | |
B
Area, speed and

.| asanalog or
even better

. 126MHz |

: _
T elexzal H[500ns/ | 3|~ B [201 270 dafy| Tl A

Digital controllers today can operate at higher switching frequencies than
what the switching components can support (necessary condition).

[2] Z. Luki¢, N. Rahman, and A. Prodi¢, “Multi-Bit Sigma-Delta PWM Digital Controller IC for Dc-Dc Converters
Operating at Switching Frequencies Beyond 10 MHz,” IEEE Trans. on Power Electronics, Sep. 2007, Vol.22, Iss. 5
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Digital Control and Physical Limitations

« Operation at high switching frequencies v/

» Fast dynamic response of the controller €focus

-
13T

Load current

Pulse-width e ST
< Compensator a
modulator

LY
St

The size of the output capacitor strongly depends on the
speed of the controller response

University of Toronto, Rogers ECE Department 230
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Conventional Controller Design

\Frequency — time

Fast Controller Action

Time — charge —size /

Reduced C Volume with a
Small Output Deviation

Ide-bandwidth loop

= ultimate goal

% Design approach limitations: The modeling method includes bandwidth
% limitations (affects the speed of the controller)

[ES E
University of Toronto, Rogers ECE Department 231




Time-Optimal Controller

Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow
\Frequency — time

‘I‘l idth loop
Fast Controller Action

Time — charge—»size/

Reduced C Volume with a
Small Output Deviation

= Ultimate Goal

% The idea is to use computational features that digital control offers to

"~ sa | Improve dynamic performance, i.e. reduce the output capacitor size.
EZIER
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Limitations of Frequency Design Based Controllers

T

S

(i, (1)), le (tkdt  Time-to- frequency
0

—||H

S

(v())r,

—I|H

Tj v(t)dt

S

Tb Ts T Ts s

Mathematical tool used to approximately describe filtering effect of the
power stage reactive components, works relatively good for output
voltage, far from perfect for current and switches waveforms.
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Limitations of Frequency Design Based Controllers

J Valid for frequencies much smaller than the switching frequency,
approximately up to f,,/10. Still verv efficient in rinnle elimination.

T

(i, (), Ti-flL (tkdt  Time-to- frequency
15TO
(V(t)).. T g v(t)dt

The analysis is applicable for small variations around a steady state
% operating point

- 1 Also means that the controller by its nature has limited speed and
 the validity of modeling approach for large changes is questionable
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Limitations of Frequency Design Based Controllers

i(t)

/NN

Ts t

By averaging the current ripple, which in modern SMPS cannot be considered
negligible is eliminated (for some converters and full loads we throw away
about 40% of current from calculations)
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Time-Optimal Controller
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ide-baptiwidth loop :
\tlme
Fast Controller Action

Time — charge—»size/

Reduced C Volume with a
Small Output Deviation

= Ultimate Goal

% The idea is to use computational features that digital control offers to

"~ sa | Improve dynamic performance, i.e. reduce the output capacitor size.
EZIER
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Time-Optimal Control, i.e. Geometric Controll!

_Inductor current

Switching boundary_ |

] T L "‘iﬂ -
Capacitor voltage 1T e

Simultaneous analysis of instantaneous waveforms (rather than average) in
state-plane is performed to determine time-optimal switching sequence

[1] W. Burns, T. Wilson “A State-Trajectory Control Law for DC-to-DC Converters”, IEEE
Transactions on Aerospace and Electronic Systems, January, 1978.
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Time-Optimal Control, i.e. Geometric Controllll

.. Inductor current

4 T L I.liﬂ
Capacitor voltage

The method has been known for almost 40 years, however due to large
computational complexity, has not been adopted in high-frequency
applications. Calculation of the curves (trajectories) is very demanding.
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Charge Based (Mixed-Signal) Time-Optimal Response

MS :L m*{f"v‘n
121 + :
+ ¥ 1 I Valley point  time -
Ve C) TA c =" g l
- ||_I: SR _ E P i i Optimal sw. |
[:}c ! . ) | o //’/_Ir___\\\\\/sequence u(t) |
L :ton torf T] | | ’ | | |
+ —>: ]
~ t g *
R e
Pulse-width j!-' . €y ¥- — : T i i -
modulator Comp. + tr. X y !
- L recovery = — Vreg %\i i (D)
floaa(t) Bon Qo \ L /S AL/
i \ o VNV NV VN
Qios = Qo + Qoff |
AN AN AN AN
f vV V |
Q - CAV time

Simpler computational logic, based on charge replacement and calculations
of t,, and t 4 times. Transient suppression logic active during transients only.

[1] F. Guang, E. Meyer, Y.-F. Liu, "A New Digital Control Algorithm to Achieve Optimal Dynamic
Performance in DC-to-DC Converters," Power Electronics, IEEE Transactions on , vol.22, no.4, pp.1489-1498,

: July 2007.
University of Toronto, Rogers ECE Department 239




Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Continues-time Digital Controller Reaching the Physical
Limitations of a Given Power Stage

Q1 L
1Yl 10 pH +
+ V()
Vg(t) C) C == Load
: Q, 47 pF
- —| >—||—
: PID e[| Mode
- c(t d[n <~
D:r?gr(gtrgf ) DPWM |« [n] Compensator control
T A r g I—___V___A_____"_I
- Delay cells and | _ Asynchronous |
m() u® | |digitallogic || flashADC ||
I I
Continuous-time digital ‘f |
. L L signalprocessor Vref
Continuous time digital controller

*In steady state the controller operates as a conventional voltage-mode
PWM system

« CT-DSP reacts during transients
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Mixed-signal Architecture Example: Continuous-Time
Digital Controller

THTHT|—ATHTHT ﬁ< +i
r I T I T V_ f +(k+0.5)V
<—| Asynchronous digital logic for b, | Vref +(k+0.5)Vy
u(t) A :
T T T|——T T T ﬁ |
Optimal tgn*(t)/toff *(t) <—| Asynchronous digital logic for by | 0By
- Optimal ref ~U.0Vq
sequence , ]
generator 4S(t)/5t (t) ton/toff time r T I T I T T I T T T ﬁﬁ;
L] <—| Asynchronous digital logic for by | :
: Vref '(k+0.5)Vq

LU LT A TR TR,
- - Asynchronous
4_| Asynchronous digital logic for by | flash ADC

Continuous-time digital processor (CT-DSP) used as a combined
windowed ADC and optimal sequence calculator.

lakes voltage “snapshot” during transients and calculates the sequence
iccordingly.
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Capturing a Snapshot ., /1
Vyer + 0.5Vq v
Vyer - 0.5V(q ﬁ
= Valley point and its amplitude v, 1svq /
are captured (to calculate Q) Vi - 250 /
= Valley pointis also used to get ~ vei-3svq
the time reference for Vi - 45V
calculation of t,, and t_times  v..-ssvq Vailey o t
(previous slide)
(y*(t) yi*(t)
= Post processing used to Wi o
improve accuracy, i.e.
minimize discretization effects 5| %] 1=
(both in time and amplitude) Syt 7o 70
a T
ys*(t) - L Yo+ (1)

~
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CT-DSP Algorithm and Experimental System Performance

v(t | ] ]
s , Optimal response experimental waveforms
N4 a ,
- EROPONL . time D1 ) L D | a0 - e
| ; - Optimal sw. |
o ,;r_,_\\\ > seqqence u(t)i
IH {/ |t H ’ //\
T /- NANVANAAAAAAANN
L ! M . unthwn
| CA iL(t)
f\ S I LJ uuu;u;uuuu VUL,
' on:Qoff ‘i//\ /\ /\ /\ ] ; gl
L \ vV V 3 " ole=al J|500m J_|r|193333muu M oy =fE
Q = Qon+ Qoff ] .
Transient response of an experimental
A_NNAN 0 0
AV | 2 A, 400 kHz system for a 10 % to 60 %
Sg e load change.
m Optimal response theoretical
waveforms
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Drawbacks of Time-Optimal Control Methods

< 4
-
| |

B : ' : ' CTAV

[ Large peak inductor current, i.e.
inductor might need to be over
designed

~ Valley point time

Optimal sw.
BN _—_sequence u(t) |

\

) N S O U

T
0
~\
~
~—

\
A
\

H,
=
I
]
\k— —\

| 1 W Insome cases, need to know LC
) |_| H H values or to have a very high

S resolution ADCL
y | _ [ Relatively complex calculations
oA | /) : iL(D e s
I - Z\ o - and sensitivity to delay
Ronl Qom\ L /\_A__/\
~. MR

FANEWA UVANEAN
/N NV VN

‘ time

[2] A. Costabeber, L. Corradini, P. Mattavelli, and S. Saggini, “Time optimal, parameters-insensitive digital
controller for DC-DC buck converters,” in Proc. IEEE Power Electronics Specialist Conf., 2008, pp. 1243-1249.
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Minimum Deviation Controller

ll idth loop

Time — deviation = size

Reduced C Volume with a — Ulti |
Small Output Deviation = Ultimate Goa

% Rather than focusing on speed, focusing on the ultimate goal, minimization

=2 | of the output voltage deviation, i.e. Aq,,,, reduction
2 ER)
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Minimum (Optimum) Deviation Controller

\
4 phase 1 L \
| SWy ° YY) . \\.V{mr(t)
T LS n
A
[
+> [
- |
|
|
|
L

Vin(1) |:| load
o—{>o—“: sW, =C
- . . —
e pei()
Vr)ut(r)
il e ) e[n] Track-and-Hold
DPWM [ ] Steady-State P]D < " ADC & Error
Compensator Decoder
-~ -~ d[n] -~ ¥ N
4
SW. on sw. off tr_mode d\md_\.[n] e[n] v"‘;’f(t)
Inductor Current Reconstruction Logic
peak point Valley Point
valley point |« Detector

Minimum Deviation Response Digital Controller IC

[1] A. Radi¢, Z. Luki¢, S.M. Ahsanuzzaman, A. Prodi¢, and R. de Nie, “Minimum Deviation Digital Controller IC
for Dc-Dc Switch-Mode Power Supplies,” IEEE Trans. on Power Electronics, Sept. 2013, Vol.28.
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Minimum (Optimum) Deviation Controller

Vou((t) A

VioH

valley point

iL(t) 1 P I peak_t i(t) P ] Charge-recovery phase
P .~ Charge-recovery P 1 o
§ phase § 1 ILpeak_d
Q
S L AN AN ANEN ) I N Q N
lioad2 F N N N lioad2 . ¥ N
Load/ : Load/

current | \ current

Ipductor current-ramping phase Incfuctor current-ramping phase

| P : AN
lioad1 NV : : : ~ lioad1 AV ~
N :<_ . . - t - -
 Time optlmal | aor,  OPtimum deviation
o(t) x BB o) T
DT;; A<— —> ton 1 <—tfft—> DTSWV <— : (D/2)T
Conventional Suppression Conventional Conventional Suppressnon Conventional
compensation logic ‘ compensation compensator i logic compensation

Transient recovery circuit recovers inductor current and ripple,
compensator voltage = > No current overshoot, no need to know

converter parameters, simple calculations
University of Toronto, Rogers ECE Department 247
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Minimum (Optimum) Deviation Controller

VOLIt(t) A

Light-to-heavy load transient Viot |

= The reconstruction of the inductor
current is performed only based on
the previously known duty ratio

value (D) and the detection of valley Q ------- /\/\ ............... N

pOint (ic = iload_new)-

HOR - Inductor current-ramping phase

. T B Liods
= Simple calculation (almost no o o - 1
1 - c(t) A S :
calculations needed), allowing > <1, DTsw

simple implementation

1§%n||nnnng

—> <—tﬂ—(1 D)T,,

Conventional Conventional
compensation compensation
Suppresion
logic
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Minimum (Optimum) Deviation Controller

vout(t) A

Heavy-to-light load transient

peak point

VHiLo

= The reconstruction of the inductor
current is performed only based on
the previously known duty ratio D)
value (D’) and the detection of

Va”ey pOint (ic = iIoad_new)-

= Simple calculation (almost no
calculations needed), allowing

c(t) A

simple implementation S« ,Dﬁ:%
Conventional Suppression Conventional
compensation : logic compensation
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Implementation for a 2-Phase System

Vout(l) 4

VLoHi

€LoHi \

ST T T T T T T T B | valley point

| phase 1 s \ L )
II'\ s . N \)_Vnur(f) L Inductor current-ramping phase

| + B o
i) C.) : load () + iLZ(t)‘
in od -
— : — >o—| SWa —[ C j /\/\ AVA‘ ous
| L :

Charge-recovery phase

et J Lioaar
~ ¢
Voult)
A
din e[n) Track-and-Hold ir(9)
DPWM <« L] Steady-State P{D < ADC & Error iA0)
Compensator Decoder L2
A~ ~ d[n] -~ A
Y
SW. on sw. off’ tr_mode d,q[y(lg,()v[n] < eln] Vr ‘if(t)
Inductor Current Reconstruction Logic X
peak point [«—{ Valley Point ci(d) 4
valley point |«—{  Detector

Minimum Deviation Response Digital Controller IC

<_ taﬂl :(I_D).T;w

- _(1-D)
_> - to:jfz = 2 “Lsw
Conventional Conventional
compensation compensation
Suppresion
logic

University of Toronto, Rogers ECE Department 250




Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

Correction for Duty Ratio Mismatch (Losses)

YPmm % Normal Edge Bit7 £
IntP 2.56S/s Normal
R [T L R Y
2nE! Main = 125 k Sus/div
SEdiitis — fast detectzon |
ol ke ‘J “”“*“ﬁ‘“**" b SRR TORg Ty vy
- e Y e Yy, s gt i Sy
TOmV o . i EEEELEe "
I -_____-_r:\\_g'v,...,\ -"“‘“\ ,__...,a-*‘"'ﬁ
} --.f-.l.(;(.)...v ' “*"\—"'\/""?WM : vOut(t)
m -
[ il Secondary transient
slow detection in-accurate Dyeaqy 30 A
g

[]

[}

.

.

L} L}

1 L
load step .
load_bl :

o = S Tow S Figh Adr] - diafrd]
Tr Up 423t OW 12 tofn] or tedn] | Dwation | in Lur UL @—/—*
Tr_Dn 1

tr_mode EEREEEL Hp&ﬁ:l'.&

Ad]
Ho
D] T Do

Losses of the converter cause D before and after the transient to have
different values, as a result a secondary transient can occur. To
2 ER) compensate for that extra logic is developed.
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Correction for Duty Ratio Mismatch (Losses)

lmaiﬂﬁ l Rl

Adr] _ defr]
ton] or tedn] ) Trwwation ——s i LUT oul — "'@ —
rF
updaie )
Ad#H|
—...f*T, p .
D e[ ] B D d #]

Based on previously noticed voltage deviations it memorizes
differences between duty ratio values and uses them later on as a

correction factors
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Minimum (Optimum) Deviation Controller IC

(phase2 k

ﬁ;ﬁ’hm‘c ﬂ_u:] /*v“{lf*v*\ \\ Vourt)
® »
: 1% +
|
Ll A
N |
"m(!) C_) : ';_DO_{ SWh I C
|
|

]

] load

c'(nt 4 c(1)

v(}h‘!(t)

d[n] Small-Sional e[n] Track-and-Hold
2 Compensator ADC & Error

d[n] ¥ Decoder
F N -~ r 1 A A,
Y dpwm restart point | start/stop A dsteaay[n]
R 4 M

J
switch on/off el Vref(t)

-+

DPWM <

A 4

Large-Signal Compensator . .
ge-ig ! Valley Point

Detector

A

valley point

Minimum Deviation Response Digital Controller IC

% Simple logic: Only needs to remember D before transient and, in a realistic
case, adjusts duty ratio to compensate for dc load-dependent duty ratio

variations.
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Self-Calibrating SAR Track & Hold ADC

Vyn h |
Differential Static error generator /4\ k Vl/ I Ve (t)
amplifier Kvsior \L
Vig+ kVy2

|
— st h Vayn 1 )Ny I | I
» | | |
g - |
Vi Kerror=k(VourVirep) % ”0;5";”(‘0{1, kV‘I‘T” TN\ I | |
error decoder
o> y il
Ve( ) St o u i |
I T (! (!l I
e[n]==0 TR |: |: I
I I | | | |
Ve(t)+vq S o |: i Il I
/ Y hold [ I Il |
5 rst
LT dy_h
Dynamic %""""' it ] Vdyn_h 5 — > e[n]=e[n-1]+1
- e[n] | Temperature to Celkd — 0 i 0 1 |
reference S Pl /—>| decimal encoder # I I | /! |
generator KVerror —kV1 S/H Vdyn_I 5 — > e[n]=e[n-1]-1 and latches Il Il | l: |
1271 dy oo ! '
— Shift register A - { : : :
hold OCL 1l 1
Dynamic errdr generator Error decoder :: :: :
I I |
dy_
- — I I |
Ve(1)-V, clk .
|
|

[

% A simple modification of a one-bit successive approximation ADC for
_22_| transient detection and steady-state voltage regulation.
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Practical Implementation (500 kHz VRM)

4 320mv

D, _ ] valley point | o, | valley point
0 Gate drive signal _ switch off | o, switch off
D, Y switch on | o, [ ] switch on
0, e(@)| o c(?)

30A 30A
zj B IS 21 M\/\N\I\N\\N\I\\/\N\/\/\/\r

I | @) @) @) @] &
D, < loadstei )

L ! {
------------

Fast PID (f,,/10) Optimurl Deviation

crcusmens

No current overshoot, about 3x smaller
output capacitor
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Digital Control and Physical Limitations

« Operation at high switching frequencies v/

- Fast dynamic response of the controller ¢/ - Pushed to physical limits

-
13T

—— Load current

. i e
Pulse-width e .

< Compensator a
modulator

LY
Eal L

__pa
B3 EQ

%, =0 University of Toronto, Rogers ECE Department 256
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High Frequency (10 MHZ) Mixed-Signal CPM Controller
IC with Instantaneous On-Line Efficiency Optimization
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Mixed-Signal HF CPM Controller

MS L _ Provides solutions:
I3[ 1 :
+ - -

O A ) oY o r m Pow_er eff|C|_ent curren_t
- SR - sensing at high switching
[Ho— : frequencies

| = [Instantaneous efficiency
S 'L ) optimization in the presence
THEW \—< T Compensator ) of highly dynamic loads
| »
0 T T. 3 Tr [Efﬂmency Optimizer }—% Mode control signals
for the power stage

[1]A. Parayandeh, B. Mahdavikkhah, S.M. Ahsanuzzaman, A. Radi¢, and A. Prodi¢, “A 10 MHz mixed-signal CPM controlled DC-
DC converter IC with novel gate swing circuit and instantaneous efficiency optimization,” in Proc. IEEE Energy Conversion
Congress and Exposition (ECCE), 2011, pp. 1229-1235.
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Principle of Operation (Mixed-Signal Loop)
o fg L

. 2 Y + Efficiency optimization
\ T o formed through:
Ve () / SR © o §R per gn-
[0 H ) -Power stage segmentation
~p “ - Gate swing variation
5 R ! .
- - - PEM/PWM mode switching
clk <[5 Compensator
: Voo
)[ L 11, : "
O T, 2T 3T, [EfficiencyOptimizer }—% Mode control signals
for the power stage

The current loop compensator contain information about the transistor current
over the next switching cycle. Based on that prediction parameters of the power

% stage are adjusted.

[1]A. Parayandeh, B. Mahdavikkhah, S.M. Ahsanuzzaman, A. Radi¢, and A. Prodi¢, “A 10 MHz mixed-signal CPM controlled DC-
DC converter IC with novel gate swing circuit and instantaneous efficiency optimization,” in Proc. IEEE Energy Conversion
Congress and Exposition (ECCE), 2011, pp. 1229-1235.
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Current Sensing Amplifier Problem

Very high frequency e [ e
ense sen |
omponents er |3 () Me V"
¥ R e S K
@ ﬂ_ﬂ L - M,
o 5 i\ T Vb Va Tr
o : * o2 I
v, s M
E CE&?‘?"E??’EI 2 N C ::V(I} 9 R Vb I: ||_
sensing UE {9 My j I_ Ca(t) ':
amplifier ) B Vsen(t) t Ms 1

The transistor current is pulsating and has very high frequency components that
need to be sensed, also the range of current varies a lot, need for a high GBW
amplifier (hard to make and consumes a lot of power)

[1]A. Parayandeh, B. Mahdavikkhah, S.M. Ahsanuzzaman, A. Radi¢, and A. Prodi¢, “A 10 MHz mixed-signal CPM controlled DC-
DC converter IC with novel gate swing circuit and instantaneous efficiency optimization,” in Proc. IEEE Energy Conversion
Congress and Exposition (ECCE), 2011, pp. 1229-1235.
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10 MHz Power Module IC Block Diagram

an JS]J J JP[GJ J J\ = Segmented power stage,
Vm@‘;ﬁiﬁﬁh(&* (ﬁ* &L%H%hﬁ% T i.e. transistors made of 8

\N ! :Fﬁtﬁﬁ%ﬁﬁ %ﬂtﬁﬂ%ﬂ | LCI Identical smaller ones.

Vau(t) Seven transistors have the
CZ(t) Programmable Q S<C—|k —T

‘ same gate voltage and
G| Dead-time [Btanking ; Vsense(t) en(s:ilrirrenitrcui
L 1ime ‘W S gate voltage.

k]
@
o

-

=

one of them has variable

_,Pgate
\ gate

Pen[7: 0] )( 4 Neo[7:0] ve(t) s (0
Seaing Gt || | Saecior pumpoac [ oord Eliljwidened |, w | this way very accurate
gsse_si<20> | [s009<20F Moo G |t tradeoff between
ONCHIP | L = | conler [ switching losses and
onerace [ o e conduction losses can be

made.
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10 MHz Power Module IC Block Diagram

Pen[] Pen[2 en[s] Pen[4 Pen[5] Pen[6] Pe [7] Pen[g]

o o T TR DR D D D O [
Ny (R S S I J 1 ]
%T%ﬁ%ﬁ%w% “ﬂtﬁﬂ%ﬂ CI e Digital voltage loop

—

Nen[1] Nen[5]

A rogammatie e 0 e > implements optimum
d T ¥ sense Current . .
B Sensing Cci deviation controller
5 8 f y.
D_‘f ? Pen[7:0]/?,? Nen[7: ( Ve(D) Vref(b\
Ga@e-Sw.ing. Segment Charge ic[n] Digital e[n Windowed clk
Scaling Circuit Selector Pump DAC [* Compensator ADC
gssc_sl<2:0> | | segsi<2:0f [ Scah chafy |
N CHIP 1t | PFM e
ONC I 1 | 1 Controller ﬁLton [5:0] J 1 ; L
PC Interface 4\ Efficency | —T MS L
Optimization |PFM_en 1] Y, +
\ + \l’ 1ln'.lr.l|'
3 e N —
ve O sk | o 2R
Conventional “analog” po—— ]
% current loop — 1 {

5 R a
clk | \—< i—| Compensator

> . v,
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10 MHz Power Module IC Block Diagram

T
o - ﬂéﬂ — FET o ]
QN = } ] Digital logic that based on the
ﬁ@ﬁ%b%ﬁ%éﬁr%ﬂ 1 c w(© info from the voltage loop, i.e.
e NEH%[G]-NW[”-NM[S]- I ~ known current value in the
Co(t) . .
programmable [{ g9 ok —r L next switching cycle changes
ci(f)| Dead-time [ Blanking sense urrent .
0 LA e << Sensing Sredt the mode of operation
O Pul7:01} } NalY0] ch(t) Vres (1)
Sealng et || | Seecir runginc |47 oot b [windones gl
| gssc sl<2:0> 1 seg_sl<2:0> I/ Scan Chain | i) &\‘
ON CHIP 1 1 RM e
I | 1 Contrsller «Lton [5:0]
A\

PC Interface [ Efficiency
Optimization |PFM . -
: - \ Digital control variable from
the voltage loop (transistor

current of the next switching
cycle)
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Principle of Operation

Pen[8]
Sense

>—J FET

Tt tedoaid | [
en n Nen[4i Nen[Sﬂ Nen[Gﬂ Nen[7:ﬂ Neﬂwi I

0 ot 1

Programmable <0 s clk <,

Vour(t)

,_
M—I
+

c, ()| Dead-time Blanking Vsense(t) Current
e ; Rl Time @ Sensing Circuit
Rk Pen[7:01} } Neal7:0] Ve(t) Vet (O
Gate-Swing Segment Charge | j[n] Digital ~ E[n] | Windowed clk
Scaling Circuit Selector Pump DAC [* Compensator ADC
A A H i
<2:0> seg_sl<2:0> T e i.[n]
gssc_sl<2:0 Scan Chain |
ON CHIP 1 —>  PFM |
| | 1 Coniroller ﬁLton [5:0]
PC Interface [ Efficiency

Optimization PFM_en

At heavy and medium loads the number of power stage segments is

% dynamically adjusted. At lighter loads only one segment operates and the gate
drive voltage is changed. At even lighter loads the controller enters PFM

mode of operation.
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Low-Power High-Frequency SensFET

1
* — — = = — — =+ 1
Sense- __al' | — ,8_
FET }1 I >‘|Z D—LJ ¢ 'D“*,:

|

|

|
vin@pense(t)l y: V() oL [ ,
R [>—| o o o[>—||—|_< : C Vout(t)|:_|{|

|

|

0

Vense(t) Seg jSeg q Seg_8 —[ )

Segmented Power- i
|TranS|stors and Gate-Drivers

e - — e e— e— o— — — — ]

'II—'M

- GBW requirements for the amplifier reduced since the amplitude
IS always relatively large (but not the losses)

- Provides operation at 10 MHz switching frequency
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Experimental Results

Inductor current

)izl = D) o B D) - T D) | \E’JFvn/
IR AN AR N AR A RS :
'I;;e,.'_k, l..., :.;,z:,‘.!,;..l..,';é,l:'.;,l.;:\.;,.,_l_'I'.'I"“—CEEMTE!"(_““"_'"""—""‘ R TR L e 2 et e e e
E b + ! _hL i LI. hu
Saime;
Vout (1) e —a PR PSP PR PV S
PFM | | 3N
en 2
r\n_ 1 Zrih A | n:mrx
JUITIA | TTEIAX b=t N
gssc_en [ \
7 | 4 7 gssc_sl<2:0> |4
A 1 sie=z=a  Output voltage
- I
T oleza H|[200uss ofn| M 56052800 4|0fp| T|Digtale I

Heavy to light load transient and change from PWM mode of
operation to PFM, which is more efficient at light loads.
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10 MHz CPM IC Power Module (Implementation)

Specifications Value Units
0.13 um
CMOS Process
2.5 mm2
l’l Area
4
L1
o 2.5 v
. Input Voltage
Ca
X 0.8-1.3 v
Output Voltage
Power Stage Rt 500 mA
Input Cap a Rated Load
400, 0.9 nH,pF
Segmented Power Transistor Filter L,C
and Gate-Driver , GSSC block |}
10 MHz

Switching Frequency ,

0.26,0.234 Q
Ron Pmos , Nmos
1.2,2.5 \'%
Supply Analog , Digital
83 %

Peak Efficiency

&% 2 W/ 10 MHz On-chip CPM | o o -
controlled power module ; )

PFM Controller Current

200 pA

Dlgltal Core

University of Toronto, Rogers ECE Department
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Experimental Results

Nov. 25t -26th 2014, Moscow

85

80

75

Efficiency (%)

B
o

w
w

With Gate Voltage Swing

HUJUbLlllC”L |
\l/ L7 B0, \
PFM Operatlon t’iy With Segment \
| =< Adjustment
’f /N Vin=2.5V
/ / \ Vout= 1V

/
!"' / No Optimization

f = 10MH=
IS ATV 1

i

'f
/ Light Load Medium Load Full Load

50

Output Current (mA)

500

Comparison with a conventional single mode power stage. Improvement of
efficiency curve throughout the full range of operation.
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Digital Control and Physical Limitations

« Operation at high switching frequencies v/

- Fast dynamic response of the controller ¢/ - Pushed to physical limits

» Flat and high efficiency curve (efficiency close to the limit) ¢/

85
With Gate Voltage Swing
80 i I N S A
75 y 8%
PFM Operatiop” 9 With Segment
70 \L e Y iy 4 Adjustment
—_ s,
< s / L, /
=
Q i Vin=2.5V
60
3 \ Vout= 1\
2 55 £ fo=10MHz
= S / No Optimization B
1T} s
50 |t /
4
as 7
/!
10 Light Load Medium Load Full Load
35
5 50 500
Output Current (mA)

University of Toronto, Rogers ECE Department
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Limit-Cycling Based Auto-Tuning Controller for Digitally Controlled
LP HF SMPS (Plug & Play Controller)
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Compensator

Y

and auto-tuner

LCO-based system identificator

Auto-tuning system

Objective
+
DC-DC
converter Vou(t) | || load
Y
d
opwi | Programmable | elnl|

University of Toronto, Rogers ECE Department

Nov. 25t -26th. 2014, Moscow

 To design a controller
that will identify power
stage parameters and,
accordingly self-tune
compensator parameters,
such that stability and fast
dynamics are maintained in
all operating conditions.

(] Save the cost of the

development make an
universal solution
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Principle of Operation

0.08
—— LCO waveform
0.06- ]  During a short-lasting
Ll | identification period limit
............. : CyCIIng OSCi”atiOHS are

= / ] Intentionally introduced and
3 0 from their frequency and
| A | amplitude the parameters of

. the power stage are estimated.

-0.06 ‘ TLC b

2.98; 1 2 3

Time (s) x 10"

University of Toronto, Rogers ECE Department 272




Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Implementation — block diagram

Digital pulse-width modulator Switching converter A/D converter

Duty d[n] )

ratio | > Gua(s) > Kaoc(s)

] w
[
' d. i i .

i T ﬂ avear, (Oscillations occur at the point
DT where the loop gain is -1.

| Zero offset

"| calibration l
Integral compensator Vrer[N]
+
d. 5 o )
/ [ \
{ '_l_Ll Acc '_I_LL e[n]
iy I‘LLI i In D, ?
. miy [l —1 .
LC t :5
TLC
°_ K
LC
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Implementation — block diagram

Digital pulse-width modulator Switching converter A/D converter
Duty din] 5 TC/ 2
ratio
| > Gua(S) > Kapc(s)
| |

?q | &5

dc[’n] 40dB T : r
T o= < £ T
d[n]Ts ﬂﬂfﬁl]ﬁ - oa PN T ~86=187dB /\ QoI B
t o ¥
10 ¥
\ s 7

0dB
nTs (n+1)Ts

-20dB T

| Zero offset 4048 Lo

> . . T
calibration L
Integral compensator Vrel[] 180
+
de K 4—(-3@4-_ 1 Hz 10 ‘Hz umle 1 L‘Hz I()I;Hz 100 kHz
/ S \ J
3
W e :
piy 04— [
Tic 1 t
t TC/ 2 2
Tic

Oscillations occur at the corner frequency of the power stage, i.e.
where the phase shift is 7
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Implementation — Practical Realization

O u
T O L load
55 :
vé.’(t) C;) ﬂbo_” QZ_L C'= Vom(t) []
0 ﬁ,>°-“‘a Qo =
- s[n] A4
Switch select |[+——— ADC
EOK)
High/low d.[n] Programmable eln] }
resolution < PI/PID < Voo ln]
DPWM compensator & 1
4 4  check
e VEEE S8 I T
i St. state Coefficients : v
[ capture it ook I | Instability
I Ty 'm[n] 7% O P | X
I > iable i | detector
: D, [n]| d. a[n] ] :
: Y ‘: start
| T
: LCO measurement and mode selector :
|
| <
| |
| |
| |

System identifier and auto-tun

er

University of Toronto, Rogers ECE Department

] Based on the frequency of the
oscillations LC product, i.e.
corner frequency of the power
stage is calculated.

O From the amplitude of the

oscillation, a rough estimation of
the load is performed.
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Experimental Results

s 1tittiitithy
Vout
—»| Regain |« LCO .| Updated, |
. C=16uF stability | c=3g.F PID
1 T -
e | Tty Control signal LCO
¢ L LML B TV
IOV _ F L L L
11 il Sy By B Syl
LU LU ]
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Experimental Results

Without auto tuning

Vout

Auto tuned controller
R=25Q
L R=11Q
Vout
PRINT_O4 -
R=25Q
L e,

e R=11Q
L_
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Efficiency Optimization

ve(?)
c(t) H
! = 1L 2L
= / !

ant :

High/low d.[n] Programmable o] ¥ G ate d rive Ql Hs Q2 H

resolution PI/PID “«— Vo] - -

DPWM compensator "
F 7 toffiledl PRINT —oo I
= e R N
I St. state Coefficients : s
: Famnln]|, S C(l[)t%ll‘é | ‘:+ look-up : [Zs)tab'i/it:v
| table | etector
: Dc["] dc_m'[n] T :
: s . ) { start
| Bl
: LCO measurement and mode selector :
i d
I I
: System identifier and auto-tuner :
e e ey e il
LCO-based auto-tuning controller E C E D e p al‘t me nt 2 7 8
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Self-Tuning Averaged Current Programed Mode Controller
with Current and Temperature Estimator

IEEJEEI
TS
LARBOR |

RRRRR
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Basic Idea

To obtain information phase N
Vi hase 3 N
about the current ® el | SEDEHT
L} :
(and other converter phase | EirAne SR P
. 2 I " + Sin
parameters) without Gae [R5 [ L l M
1 h 4 1 Driver i C load
using current sensors. i =1 His o T
- - b}
+ .
Benefits: no wires, o C'“L[ ]
- R ] [n+1
reliability, less apc; || Mi-Phase f P ADC;
. d[n+1] “~ ol 1]
expenSlve o LN [H]Ll . «—~ Current |} Iy] Pl - e[Z] ¥
les[n] | ppase 1 1| | Sharing |« Compen <X
Multi-Phase Current h Logic . ) %
Vil[n]4 Current Compensator |4 V]
— Estimator ire[n] 4 -
Digital Current — et
'\ Winl 1] update currents |
L O O pS Voul ] sink enable
Sensorless Multi-Phase Digital Current-Mode Controller
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Current-Sensing Methods

1 Voltage drop based methods

= Utilize a sense resistor or the parasitic on-resistance of the power MOSFET
In the current path to measure the current

1 Observer based methods
» The inductor current is estimated from the inductor voltage
= Highly sensitive to parameter variations (large error)
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Digital Estimator: Principle of Operation

e T Drenseln]
i Self-Tunable 4—%— ¢, €
e (O=Re (D) '| Digital Filter [«— VR
Analog Filter 00 i fol
. & y , REPLACED BY ADC '
S || B PO e |
SWy L Ry SWH L R
o ._NYY\_W' o
A 14 —_— T + A 142 —_— + M
0 load o load
O v I:!II SW; FC ] vt O v Ir\!l._. SW; FC [ vt
\:: < s 2 \.‘ L o—
fs.w I | I 4 4 fSH I | I 4 ¢
et e gy koo ORE0 b)

L
1+S@ 1+s-
Vi) =1,(5)-R NN i

“"1+s-R,C, ©l+s-7

University of Toronto, Rogers ECE Department

_ Vsense
I sense(S) -

(s)
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Implementation with Reduced Number of ADCs

_______________________________________________ 1:?53_”;9?[’:’_]_______

The ADC of the Self-Tunable |« c.c

voltage loop is | Digital Filter [« /%,
shared and info  |dln] d[n]vin] ‘GibeJM §
§ % ) f

about d[n] used

Vo[h

ADC |

N N RS[TTTTT
A+ 14 o—fm—wv—gr + | To voltage
T o loadT loop
C_’) Ve(?) I; SW2 = C [] Voul ) T Vouln)
: L
Jow I | I

ci(t) ex?)
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Filter Calibration With a Current Sink

;_N\IFY\ K Voul(!)
t AN ¢
ARAR o S EAY
0 | éR :
sink
- load i : sink
|
B : ;g—:—o sink enable
e QY

% A known current step is introduced with a current sink and the
response of the filter is observed
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Filter Calibration: R,

Vour(t) 15 X llg |
o Ji : 20 7% IE - ;%;e 55 . L i i -
[ o
;iifttjttthgmww"ﬂNAAAAA ML Mk

? '”&w-VVUVVV VQVVVVVVVVVV VVVVVVVVV i

lL(t) 2
| T r
12? - -_--‘- -------------------------- ; ----------------------- ﬂ} """"""""". """"""""""""""""""""""""""""""""" -
]] lsense[n] 1 AIm 1 1 1 12 lsense[n]
0 2 2.01 2.02 2 03 2 04 2.05 2.06 2.07 2.08 2.09
lime 10
R Al R
L Al L _inital
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Filter Calibration: L/R

Vout(t) 15

145

| | l |
2.01 2.02 203 2.04 2.05 2.06 2.07 2.08 2.09

N f—--

time x10°
% When the time constants are matched , values at the valley point
are the same
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Experimental Results: Calibration

Output 5
voltage A | A
i(2) | B.SA
3A 3A
Inductor >
current
? ‘ 6A ‘
uncalibrated ; | | qalibration > M—T calibrated
TR 1 | 34
. I ) n
Estimated__ ** lawm LS ) e
2 |
current i ' | T~ —T<4—— [ilter cdlibrateq
D, [ < start calibration
D, sink enable — ||
D, | < load step —p> |
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Experimental Results: Calibrated Operation

R esor s

Estimated current
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Extension on Multi-Phase Case

= Total current is given phaseN ..
Vi hase 3 N
by the voltage loop ® e | f; i)
and the digital logic phase 1 N
_ ) L, *r——9 Sin
defines currents in s | Al
ale 1
each of the phases ' T Driver — TG TEC [lead
H, L G LS —( .
= The currents are ” o R
divided such that equal ]
] ADC, | | Multi-Phase E;': . ADC;
temperature IS DPWM I3 irepl1]
. di[n+1] 4 Vouln]
achieved between dali]| drd Curent i [ pr e ¥
lesl?] | ppase 1 1| | Sharing |« C <X
p h ases Multi-Phase Current 117 Logic onj‘f)en. %
Vil Current Compensator |4 _ Vyeln]
Estimator L | frepi[n] t ’
EEm e Total clrrent
m update currents
Vouln] sink enable
Sensorless Multi-Phase Digital Current-Mode Controller
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Phase-by-Phase Calibration
response to the sink circuit

1.6

Viulf) I . 1.66
T 2 )
(_) phase 2 I\I—W_F Vout(t) 15
phase 1 i[cm:] (t) er!(t) 1.45
r——¢ sink
> i ws _/Z_Ah =Al * AT 1.4
L > Gate A ;ﬂM
Driver ii(1) C load
LS T sink enable
N «“ 10
| 4 . .
co(f) ci(f) in(H) s
din) — el —— - ’
) < urrent | Voltage e[n] Yol
Mﬁ;’;ﬁj‘ve do[n) Loop irep[n]| Loop Compen. ADC
< Compen. & Sharing
0
1+ 1 {5teay=CONSL. Vieln] ) 1
Current Mode Controller i2t)
feso[1]  desri[n] 0

Nov. 25t -26th 2014, Moscow

i P i i i i i i i i
3 3.01 3.02 303 304 305 3.06 3.07 308 308 31
time x 10°
T T T
| phase 1 ) | | A \ A
: |
i ; i i AL=06A
" [ | I R | R | B | | [
3 3.01 3.02 303 304 3.05 3.06 3.07 308 308 31
time x 10°
T ! ! & ! & ! ! ! !
eonstant phase current
! : ! ! p ! : ! : T,=0A

3

3.01

3.02

303

304

3.05

time

306 3.07 308 308 3.1

All current references but one are “frozen’ and the active phase
Is calibrated
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Experimental Results

Output . ol oD — AN N e — N
voltage

estimator gain/t corrected . 0

]
o> ft] |
u
phase 1 2 ‘ 20A sharing corrected > m
z (t 16A AI 2 A u 15A
Phase b # BRI e PRI s
currents % le(l‘) > Y
two phase calibration

D 1 <«—  sink enable
D0 . <«—— load step command ——»
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Advanced Digital Control for Rectifiers with Power Factor
Correction (PFC Rectifiers)
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Boost — Based PFC Rectifier

Voltage loop E_E
compensator Vo

irine(t) i
o * '
+ ¥ Vout(t) :
Vg (t) =V, sin(e.t) + - 27 uF i H Load
B ) : 75-500 W
(0] ==__ L > :
Powerstage ||
e __(_3___1;\?___} *Inner current loop
te :
e forces the input current
r-r-r—,———~—7T——"—>—"—>—"=—""~"|—~~~———— _=_ - 1 :
o N P to follow the input
| modulator 2 voltage waveform
N o 1|
‘g Current loop |-
i TS compensator i - Voltage loop controls
| X | the ratio of the input
| | | voltage and current
I
I I
I I
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Voltage Loop - Low Bandwidth Problem

o [ L
+ 750uH ) y Vau(®
Vg (1) =V, sin(w, t) + D Load <ipSL (t)>TS Voult)
. \_L IM uF 75 - 200 W > m
° | ig(t) B | J Re®ig /\ | »
Reenselg(t) { Power stage Vasin(@ F? [V] (Paclt)y, C=

Gate - |
drive _ 1

|
Pulse-width Voltage loop | eut)
modulator / compensator % Vi
f
8 Current loop erage mOdEI

compensator

1;
- 2 cin?2 2
VZsin®(at) V
T 1 Voltage loop 4 _ Vg Y Vg
compensator ®V <pac(t)>-|- (1 COS|
ref s R 2R
PFC controller e e

g?& The voltage loop must not attempt to eliminate the output
{ capacitor ripple through Re variations. Hence, it is usually
designed to be very slow. \We have a bulky high voltage cap.
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PFC and Low-Bandwidth Voltage Loop Problem

o [ L
+ 750uH ) y Vau(®
Vg (1) =V, sin(w, t) + D Load <ipi (t)>TS Voult)
. \_L IM uF 75 - 200 W > m
° | ig(t) B | J Re®ig /\ | »
Reenselg(t) { Power stage Vasin(@ F? [V] (Paclt)y, C=

Gate - |
drive _ 1

|
Pulse-width Voltage loop | eut)
modulator / compensator % Vi
f
G| Currentioop eraged model

compensator

1;
- 2 cin?2 2
VZsin®(at) V
T 1 Voltage loop 4 _ Vg Y Vg
compensator ®V <pac(t)>-|- (1 COS|
ref s R 2R
PFC controller e e

The voltage loop must not attempt to eliminate the output
capacitor ripple through Re variations. Hence, it is usually
designed to be very slow. Has a bulky high voltage cap.
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General Ripple Problem

< | pi(t )>TS Vour(t)

>

R=(R/o)L /N

F? [6](paclt), c= H Load

At) | Voltage | ev(t)
/ oo oo e
Averaged model VZsin?(at) V2 |
<pac(t)>-|-S - R - 2R (1_C
€ e

Vgsin(a)t)z

o/

Also causes flicker in LED applications and puts unreasonable
requirements for the output capacitor size in both LED supplies
and universal adapter applications
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Insensitive Zone Digital Controller

@) Vo)
! +
| R.=R./5L7 N Vour(t) ie(t)
D e R (- M e H Load I
— “Time: 200 ms; Ch-1: vout(t) 60
olnl L. Vidiv: Ch-2: iline(t) 1 A/div.
e[n] — Vouln] o Vg
G N “dead-zone” Vout)
Compensator v/ Vres v(t) |
Analog-to-digital converter ine(t)

By utilizing insensitive zone in ADC
we can drastically improve transient
response.

Time: 50 ms; Ch-1: vout(t) 10 V/div;
Ch-2: iline(t) 1 A/div.
University of Toronto, Rogers ECE Department 297




Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Digital Control and Physical Limitations

« Operation at high switching frequencies v/
- Fast dynamic response of the controller ¢/ - Pushed to physical limits
» Flat and high efficiency curve (efficiency close to the limit) ¢/

* Introduced new features improving reliability and simplifying
design v/

Digital control is not only feasible but has also pushed existing
converter topologies to their physical limits

'y
()
S
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Part IV

High Power Density Mixed-Signal Controlled Dc-Dc
Converters (Emerging Topologies)
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Moving Forward- Utilization of Digital (Mixed) Signal Control

1 Utilize flexibility of mixed-signal
control to develop higher power density
(most likely more complex) topologies.

1 Allow weight (cost) distribution where
the silicon will take a large percentage
(than today). Note, not necessarily

Volume Increased silicon area.

. Improved power
processing efficiency

J Natural evolution, seen
In other areas, i.e. higher

Overall volume (weight) contribution ~ POWer applications

Silicon

O T
N e A
D g

no
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Example 1: Load-Interactive Steered-Inductor DC-DC
Converter with Minimized Output Filter Capacitance

IEEJEEI
TS
LARBOR |

RRRRR
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Load Interactive SMPS with Current Steering

swi

DC-DC Converter

L’(}Hl’('{)
+
4L C load
A A Load
' Information H,
ai(d)] |e'()
Dead- | (1) | Mode Control ‘P re-Load
Time | Logic -
c(‘)dpme V§f
d[n] pip eln]
DPIWM < Compen. 4—,L®47¢ ADC
Digital Controller

= Uses improved interaction (bidirectional comm.) with the digital loads: uses info
about upcoming load change to either pre-charge inductor current or steer it away.

= At the expense of few transistors (two with low voltage) and more complex control,
eally, allows selection of the capacitor based on the ripple criteria only.

X ‘h&

[1] S.M. Ahsanuzzaman, A. Parayandeh, A. Prodi¢, D. Maksimovi¢, “Load-interactive steered-inductor dc-dc converter with
minimized output filter capacitance,” in Proc. IEEE (APEC), 2010, Pg. 980-985.
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Steered Inductor Buck-Boost: Heavy to Light load Transient
Operation (Comparison with Standard Buck)

/\
. < _ '
MS L L _ N sws/ Active switches
%\ ’ "WY\—o—T+— l'load . L %
"""" swi | — i
Y T _IE SR CT+ Vo [] load |
9 | 2, c é?ﬁ
* < T 2 0y ? -~
A dip v > -

/‘_‘ Aqtransient L __ “out

, dt L
load

* After a heavy-to-light transient is detected ,the current is steered away from the
capacitor to the source.

- Voltage overshoot Av=4q;,,,C Is eliminated

- Transient excess of energy (W=1/24q,,,,.C) Is recycled (rather than burnt on the load),
for highly dynamic loads this represents a significant savings

<
=)

* The current slew-rate is increased to —V,/L from -V,,/L in buck mode

.
/]
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Steered Inductor Buck-Boost: Light to Heavy Load
Operation (Comparison with Standard Buck)

n . Active switches
MS L _ reccccccmacem’ ccccncacann
11T a_b"""‘(\—o—r— llload : swh
Vo L | C L ;
' ;E SR Vclut [] load swi > i
]
* ® ' i}
Ny ®
Pre-load command from V9 = 9
the load _— — Load change '
. |
L di, V oK :
L_ "9
* di|_ _Vg _Vout
dt L

" Light-to heavy pre-transient condition current “pump-up”
= At the point when the inductor current is equal to the new load value

= |deally, capacitor has zero A4q;,,,s Since no extra current is taken from it.
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State-Machine Digital Logic

Power On Reset [ Steady State |

Operation (PID)

Load

Pre_Load Command

Determine

Required Steer
Operation Based
on Transient Type

Steering Time Steering Time

............ w® eecmmnnanan, - sedonVgandL Light-to-Heavy Heavy-to-Light Based on Vy and L
swb : ' Steering/Boost _ ey =<
b — ¥ out Thrashold -~ T
L : g ____““y‘{rul{v'lru',r'? — ~. e ‘“--H\(_____mf \\
] Ld “ —, \ / . . -‘
— il i /Maintain the Vo, & )teer the Inductor, \ / /Steer the Inductory ™ ﬁ:gltgﬂ L’:f;’;i‘ﬁ
| Sw | Through swiand | | Current || : C;gentSJ J| \ swd s
' \ swé [N (swl&sw3) \ (sw2&sw5) O Y.
N 2 ; LN N A
m .‘. U) C ..J e Ll Saturation ———t adlAral
"
' Steer Inductor
]

Done Signal

Operation Done Signal

Performed

Resume PID QOperation

The digital logic keeps voltage regulated during charge up and current
steering phase and also provides bump-less mode transitions.
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Load Transient Performance — Realistic System
Energy loss

1 Prevu a [ = = = 1

- (@ Digital Channel: a
() Vertical Position: —4.44 div

, anSIent . o - -. .. .1 . Output Voltage

WW@WWW ..... .;M . e ,,;,,,.H....i

NEARRARRARRA N ACItransient N |
~ Inductor Current M\W,\)\/\N\N\N\N\N\/\N MWM Inductor Current \ AQtrans ent % ......
VS

TN WU WO O T O W W T T

f\M\N\/\/\/\f N\NWW\/W\NWVWWWW

UULUUUUULULLUL 00 0 0 8 80 0 0 0 2 W - 1 1 0 0 1 5 o O A
T T TR I T TTL Switeh 2 gﬂﬂﬂﬂﬂﬂﬂl_lﬂﬂﬂﬂﬂﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂl_lﬂﬂl_lﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬁ?&cﬂf

S =

Switch 3 Switch 3
. Switch 4 | (] I - . Switch 4
Conventional Buck Switch 5 i Load-interactive B.B. s
Load Step : [ Pre-load Command
. — e e A L S _ [LoadStep
[P 100mv A% @B 200mV I (D15-D0 & -62.0mv [ 100mv o 200my ]L Mwomsr ] @ 44, ova
~= Timing Resolution: 10.0ns o vn Osiidms BRIk points Switch 5
T

Exp. System: About 4 x smaller deviation than that of an optimum response
system => allows for proportional reduction of the output filter capacitor.

Caution: system delays and mode transitions could cause significant

__ga |
l%% = overshoots and undershoots.
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Reducing Inductor

We haven t fully addressed the inductor volume reduction yet
and in numerous applications it is the largest contributor to the
overall volume.

University of Toronto, Rogers ECE Department 307



Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Inductor Volume Reduction — Basic Principles

|
f H o Vqume_szz(%lej

V C = V
D & o [] Load k,- depends on the type of
| | v inductor

|
| o

Three principles for the inductor volume reduction/elimination that will be
shown here:

- Current division (reduction of the inductor current)

- Elimination (switched capacitor based topologies)

- Inductor volt-second swing reduction (hybrid and multi-level
converter topologies)

Main focus
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Current Division: Interleaved/Parallel Structures
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Parallel (Interleaved) Structures|1]
Qu I1=load/N Ly l1oad
Qu Whoos L g 10T > -
i l ' i It L
Vo —,t Qe c v(t) §R —

= Q21 = |2:||oad/n L, _
— - e le_ >
| | =
I _,E Q22 I =
[ |
I |
Total _volume =k, (Llloadz) | = |
Qn1 In=li0ag/N
_ /. Total_volume =k, (Z Ll nz)

- Load (inductor) current is divided between n-phases
- Effectively => higher switching frequency is produced

% - Smaller output capacitor and smaller input filter (including input filter)
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Interleaved Structures

Qu l1=las/n L, lioag
> YN >
11T ” N
4 Q
e _ s Qe L 3R
= QZl = |2: | Ioad/n L2
o ” )
| - =
| _,"'_‘ Q22 : =
I
| |
| = I
I | -
] For the same Ls (not working great)
Qn li=lioag/n -1
o - 1. (1 ) Volume _conventional
_I”Q Total _volume ~ k,| n= L(@j = =
H <" 2 n n

-L-s of the phases are usually significantly larger than that of the single phase

-Unfortunately, the silicon area and switching losses do not scale that well

- Still, the benefits of loss distribution C and input filter minimization are very
significant

University of Toronto, Rogers ECE Department
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Interleaved Structures - Losses

NRon Qu |1=||oa\d/n L, loag
Ron Qu |L—||oad lioad Ji]l. z o
fv‘v‘v\ s
1Yl > 4
+ —
_l 2 _,",_‘ Q12 | §R
Y, _ |9 Qe 3 = ()
9 = v) 3R —» 1
c 3 = Q2 T 1=lhgad/n

L.

T > -
: _l _,E Q22 : = N
Iq | 1 |
— T
L io/N QInll In:lli\ad/n e
| T

To get N times smaller rms current through the switches the waveform needs

to be scaled version of the original current => inductance per phase needs
to be N times larger

2
1 |
Total _volume = k,| n= nL[ load | | = yolume _one_ phase
N

University of Toronto, Rogers ECE Department
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Elimination: Inductor-less structures

(Switched Capacitor Converters)
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Inductor Elimination: Switched Capacitor Converters

VQCP Cay foad(t) VgCP Cay oad(t)

AN
I 7

= + S +
Y 1
=C Vload(t) |::| =4 Cout Vload(t) |::|

I - [ -

Vy = |dea: perform all power processing with capacitors only,
2 since they have higher energy density than the inductors

[1] M.D. Seeman, and S. R. Sanders, “Analysis and optimization of switched-capacitor dc-dc converters,”
IEEE Trans. on Power Electron., vol. 23, pp. 841 — 851, Mar. 2008.

[2] D. Maksimovic, and S. Dhar, “Switched-capacitor dc-dc converters for low-power on-chip applications,”
in Proc. IEEE Power Electronics Specialists Conf., 1999, pp. 54-59. Aug. 1999.
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Principle of Operation

Sy I

N
>

B _ ) +
S, 11(t) t

- Cout Vload(t)

+
\ : itoaa(t

S1 lioad = lay Th

% Period 1: Flying capacitor Cg, Is charging with ig, ; and C
discharging with I,

out
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Principle of Operation

S; —

+
\Y : load(t

N
>

- +
B §2 JJ 2 (t) t

= Cout Vload(t)

_ Ty 2 =lout T 1o

Period 2: The flying capacitor transfers extra charge to the output
capacitor
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Inductor Elimination: Switched Capacitor Converters

v + S, / ) v + 32/ )
QCP Cﬂy L |Ioid(t) QCP Cﬂy L |Ioid(t)

_ §2 / + _ gz/ +

=C Vload(t) |::| =4 Cout Vload(t) |::|

S, / 5, /

I . | .

= \ery high efficiency at fixed conversion ratios V. - Vy

out — 4

2

= Significant drop at efficiency at other ratios

= Dynamic performance inferior to inductive solution, to make them
equally effective with variable conversion ratio variations need extra

X
elements => reduction of savings
V=
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Inductor Volt-Swing Reduction
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Inductor Voltage Swing and Current Ripple

1 L iL(t)
B
e o T 5 v b v
> - L on L off (1_D)
l_ l_ AIL ) 2|__fSW ) _2LfSW

= To reduce ripple (inductor) - high frequency of operation

= Reduction of voltage swing , i.e. DV, ,,and D’V  values

L on
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Buck Converter Reduction of Inductor Volume

1 L iL(t)
- " ; T " - (V _Vout)' DTsw
7 T 1 sy Aij =2 T
Vin O Vi) “T Ve N
l_ l_ | = (Vg _Vout)DTsw

Idea: to reduce the input voltage, 1.e. bring it closer to the output
voltage with a front-end capacitive stage

__pa

 €
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Volt Swing Reduction — Effect on Ripple (Value of L)

ripple

y v/ Vy —Vou)- DT
4 < VQ | Aj :( g ~ Vout SW

Z_s 7 L oL

0.3 /

0.2 /

il

L

Ripple changes of a 1 V converter for the input voltage variation from 10 V to
&?&% 1 V. By reducing the voltage swing we can reduce the inductor value.
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Conventional Approach: Serial Connection of a Switch Cap
Converter And a Converter with Inductor

+ +
v, <> Switch-Capacitor ¢ = Buck Converter
Front-End Statge Vy/n

Controller 1 Controller 2

Front stage reduces the input voltage of the buck.

% [1] R.C.N.Pilawa-Podgurski,D.M.Giuliano,andD.J.Perreault,“Merged two-Stage power converter
architecture with soft charging switched- capacitor energy transfer,” in Proc. IEEE PESC, 2008.

[2] J. Sun, M. Xu, Y. Ying, and F. C. Lee, “High power density, high efficiency system two-stage
power architecture for laptop computers,” in Proc. IEEE PESC, Jun. 2006, pp. 1-/.
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Common Approach: Serial Connection of a Switch Cap
Converter And a Converter with Inductor

+ +
v, <> Switch-Capacitor ¢ = Buck Converter
Front-End Statge Vy/n
Controller 1 Controller 2

1. Drastic reduction of the output filter 1. Relatively large intermediate cap (still
volume smaller favorable tradeoff)

2. Extra switches in conduction path (at
least 4) and at least 6 switches total
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Buck Converter with Merged Capacitive Attenuator

(Hybrid Architecture)
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Buck Converter with Merged Capacitive Attenuator

Charge-Controlled Attenuator 1 . L
sw; ! i(t) e ‘ ‘ Vour(t)
+ v L+ +
Vina (1) D D SW3}
v(t) Cin =975 V() Cout = Voul(®)| | load
|
Vina(t SWy!
I m_( ) W, —N% 4l _ _
. 30 ‘ '
|
A I
|
777777777777777 - ‘ e
‘ Vin2(t) } }
‘ 1234 |1 ! d[n] e[n ADC & }
c(t
} Tap voltage Switch selector |« ) - DPWM |« PID [n] Transient [
| comparator | I detector ]
! Vin(t) I I }
| A | | A |
| | |
} s[n] ! ! di[n] !
I I I ;
| | |
! I[n] i Itr_mode! ‘
} L/ Charge-sharing — Minimum-deviation logic }
‘ regulator ; ‘ I
| |
|
L Attenuator controller } } Dual-mode buck controller |
Combined controller

[1] A. Radi¢, A. Prodié, “Buck Converter With Merged Active
N Charge-Controlled Capacitive Attenuation,” IEEE Transactions
@“} on Power Electronics, March 2012,\ol.27, Issue. 3, pp. 1049-

e | 1054

University of Toronto, Rogers ECE Department

-All switches rated at Y2 V..,
of the conventional buck (no
extra conduction losses)

-Switches are shared
between the cap stage and
buck

-Lower switching losses
than of the conventional
buck

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

- Better transient response
than the time-optimal buck
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Modes of Operation, Ideal and Practical System

Vi) = 0.5v,(t)

/ —[ o
| — SW, —
O ® Ll 3
| T Vg(t)
mode a
S ic(t)
o . O
vl
* l T SW;4 *
Vet Cin Vi) =0
—[ SW4
- SW, —
O 8 L'_ O
T
mode b/d
SW, i(t) °
o o NG
1 [ >
* l T SW; ¥
Vg(t)  Ciy 5=+ " Vix(t) = 0.5vg(t)
]-VinZ(t) sw, —HtlS\N“
> - — +——O0
mode ¢

Charge-Controlled Attenuator

s[n]

I[n]

Charge-sharing

regulator

) sw; . w L | Vou(t)
+ vl + +
Vi) T —>G sws
Cin ==+ - vi(t) Cout = Voul(t)| | load
I Vin_Z(t) o, »}\‘{sw‘l B T B
‘ 3 [ ‘
A
Covie®] Ty
1234 d[n e[n ADC &
I:rzr\)lg:taigi Switch selector [n] [n]
Vin(t) detector

di[n]

Attenuator controller

,,,,,,,,,,,,,,,,,,,,,,,,,,

|
1
|
DPWM PID Transient 4‘*—
|
|
|
|
|
|
1
Minimum-deviation logic }
|
|
|
|

Combined controller
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Modes of Operation, Ideal and Practical System

SW; ic(t)

* j_v{l(t) Haw *

Ve(t) Gy, == vix(t) = 0.5v(t)

TR I

p— 1] O

mode a
T W, i) Mode a (
: J b = Q
3
V., <V
Vg  Cin Vix(t) = 0 in g Mode d
—[ SW, Vina >V,

o : 3 o

T

mode b/d

. 0 Centre-tap voltage controller
: l " e operation. Skips regular sequence and
WO Ci Tum T Vil = 0.5%(0) takes the charge from the cap with

Vin2 4 - -

s O 5 larger voltage until balance is

% e achieved.
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Transient Mode

VCZs_ac _

VCbuck_ac —

SW, iL(t)
O

A R
Vo)  C,, = Vix(t) = vg(t)
— -l- SW, _| %SW‘t —
. o
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Experimental Results: Comparison with Conv. Buck

1016 0 L o) 0 Dl Dl S5
9#\7!“““ k] e " Ml i L’Q Ut(“ )‘1 14+ mV ™Y e ¥ .IJML
5V | |' | z'gv L,._ T
1 [ Lt “l\ ﬁ_|‘ ¥ ! .._,1\ _______
| e oV L] L Vi
T e e P | N G L
ANENANEFIANEIANI AN AN A NI ANIDANE
NN NN N N/ N Ni NG

[+ ole=s ﬂ|500ns; M.IZDDS‘HDDHS <|u|>| ﬂ|5um i’ﬁ

[t

ooz

ﬂ||500 ns/

0| | [40 6225400 5

T

Conventional buck (L=1.0 uH, C=14 uF)

Buck with active charge attenuator (L=560 nH, C=9 uF)

For a5V to 1V buck 44% smaller inductor and 35% smaller output

% capacitor

[E3 B3
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Experimental Results: Comparison with Con. Buck

LIEm 1D ) -~

| -~ ) Dl O

4p t
Pt L,

3us i<

K|

0A
rﬁ.:.‘ ‘EJ\ i,
N Efficiency vs. Load Current (Vi, =5V, Vo = 1.5V, f,,= 1 MHz) .  olr5(a [Foow ﬂl' - Fraaerne ‘| “| ’| JI— i’ P
& A A "
80 45
75 40
—~
70 358
=
-~ S :
36 © < | Both transient response and
= 60 25§ . . .
3. » - | efficiency improved
§ g
50 155
=
45 10 %
40 4~ BCMCA (L=560nH, C=9uF) 5
—— buck (L=1000nH, C=14ulF)
33 & power loss reduction 0
30 -5
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
load Current (4)

ARBOK
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Power Management System for Portable Applications
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Typical Power Management System of a Portable Device

Battery cells Intermediate

—_— e e e b S 5V — — _ _ _

U T Sy 22
bus | @ — — — — —

: = : —_ SMPS. L
| | : Front-end dc-dc | iy
: : | converter : Cow— {H LDO =%
T | D0 =
| | |Ioad¢ _____
| |

= Multiple outputs for various loads
= Front end dc-dc stage is bulky

= All SMPS downstream stage operate at a full swing
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Conventional Power Management System (Goals)

Inductors consume a large portion of volume of modern portable devices
We would like to reduce the volume of the inductors

e : CH N i
I‘;_'I :. '} ' '

’.‘,- Jon e e A ¥
.

_,‘_l
‘.

i pmiIC |

.o

'--.~

https://www.ifixit.com/Teardown/iPad+Air+Teardown/18907

IPAD Air Tablet

http://https://www.ifixit.com/Teardown/Nexus+5+Teardown/19016

Nexus 5 Smartphone

[EXI EQ

¥

Doz =0 University of Toronto, Rogers ECE Department
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Revision of Voltage Swing Reduction Concept: General Case
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Voltage-Swing Reduction (Differential Buck)

+
ve O
- Vout"'AVl
_.1
+
% L V, .-D V, ,-(1-D
g Vi C) pip =t 2 Vi 1-D)
- + + 2-L-f,  2-L-f,
2
VoAV
+ RN (3] C=v,, R

Two values of the switch node voltage value can be set close to the output
voltage value.
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Hybrid SC Based Multi-Output Power Module

Battery Cells

(———— | T~ lr———= —————— 1y

| + | | _ outl
L Ve 1 PP
I TN S TR

e )

I : | Multi-Output JL—:—' ________
| | SC Stage | | : :
| ) 1

I L . |
| =L | +h_| _______ 1V t
| | | | Vinn== | Dc-Dc Iirl
| ] B — s T T~

=

= Front end dc-dc stage is open loop SC converter (operating at
high efficiency)

= All SMPS downstream stage operate at a swing equal to the
corresponding tap capacitor voltage
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Principle of Operation: Downstream Stage

Downstream Buck Stages

, ey 5 T
. Vpus SW, L |y
= Reduced voltage swings across ’ | o A Vout 1
inductors reduce the required inductor | "‘ L SW z |
sizes for same ripple T 7V bus | \ “T
— | buck; |
I
| -
. . | SWE& V2 LE : I/rm'.'r 2
= Differentially connected buck converters T "
have increased efficiency due to reduced ] L
. . += /5 bus | S W}f;\ C‘mr2= :
switching losses | |
) buck, I
: - I
. . L | SW L '
= Operating at a higher switching o vy B W ows
frequency further reduces inductor sizes 1 + | L]
T f’ l r)';u\ | SW.HI\ Cfm.!‘} T : E:
|
] buck; !
| .
I

—_— e o o e e m— —
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Practical Implementation

MoSC Stage
: ———=—=——=~- |
Multi-Output SC Front Stage Voar | |
| 1 |
: SWi \ i I(I)1 +
= Fixed-ratio switched capacitor | 4 Coiar T /Y ban
circuits show high efficiency : SW, :'i ¢, —
| S
= 2 flying capacitors (C, and C,,) are . | ;—: -----
used with 6 switches with 50% duty "=+~ | Cortd sw; \ | : 4
- | —
ratIO : = : : ______ JI : Cmi 12 %Vlmn‘
i . . | (reeeeem S -
= Each intermediate capacitor (C,4; = L SW, \i |
C.igor Crigs) holds 1/31 of the battery — 1_ || | i .
voltage B | i
B S | A T s
| '—::::::-. | Cmid3== I/3Vb(m‘
| SWs N1 | —
I 1|
I |
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Hybrid SC Based Multi-Output Power Module

SC Converter Stage Downstream Buck Stages
T S vttt |
Vbatt I I l |
| | ,—‘r -![— —_— : SW7 V1 L1 | Voutl
| swy I\ 11?2 | {
L ——— )1 | Cout14 |
| | —1 :Cmid1= : outl |
LT sw, | | buck; [
C FE+—— | |
' | | : | SWo Vx2 L. 'Voutz
'|'|____1 : CSl::SW3: | i YN :
— I
hppe——— | — —L — — l | = l ==
: l |1 ———1 1 Cmid | SWio Couz :
=00 w1 ! buckz 1 |
[ I
|_ e _! | C = I r .i | —— : |
TG i ey L vy,
L2 | :
I —— =T : Cmid3 : SWlZ C0ut3== :
I
| SWe 'L : ! bucks |
| M |
I
T ! S |

= Triple output front stage combined with differential buck converters

[1] S.M. Ahsanuzzaman, J. Blackman, T. Mcrea and A.Prodi¢, “A multi-output low-volume power
management module for portable battery-powered applications,” in Proc. IEEE Applied Power
Electronics Conference (APEC), 2013

University of Toronto, Rogers ECE Department 339




Mixed-Signal Controlled SMPS

SC Converter Stage

Downstream Buck Stages

Nov. 25t -26th. 2014, Moscow

5
S
S

. SC Converter Stag |
Implementation v | . Tsw, L
SWy | ! SW
B ol *1% el
| W, | T buck,
|
2-cell battery pack ew o I Iswo, L,
ol Vi | Wl
(54Vt066V)\:__1I : p | Cr ﬁlﬁ% C
| = | I T e out2 T
: L : : SVX—““: : ~ buck;
= | |
L __! : ==CSZ | I
Z | SW5': : nSWans N';sh Vous
' p | o
| | m|d3== SW12 C
: SWet : >k out3
: A_‘ : bucks
| B |
kSW7-SW12
H DPWM H
L t 1
Cross Regulation
ADC Suppr. ADC
[n] Ci eln] PTD e[n] :i
Vil == Compen. }
Digital Controller Vrer [N]
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Typical Application
O 1V output: Digital processors

O 3.3V output: analog components (i.e. power amplifiers)
O 5V output: USB ports and peripherals
LWES E itﬂgﬂ_ - Downstream Buck Stages
Vit | | 6.6V
| .
! SWy ||
: AL_I: : Coniar]
+ ' SW, | |
1 | 2
3.3V = Cell; | Ixl L
I Cs? :
0 sw.
Il
: | Coniaz|
[T ST |
+ e H1L o
3.3V = Cell, L Sws
- : ['; i Cmid.?ﬂ
: SWs | |
Yl
|
I
| |

| |
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Battery cells

Values in the table are
normalized with respect
to the conventional
architecture (left fig)

Nov. 25t -26th. 2014, Moscow

Comparison Table (Inductor Volumes and Losses)

MoSC Stage

Downstream Buck Stages

R T !
- — — _Jr_‘__l __________ | Vbaﬂ : : 6.()1 } iSW7‘}, Lf } VOH[J
nter mediate Fmsj Vo | sp?tl : I ‘ n
R =T SMPS 133V i A 7 )21 BRI B R
Fiais R ‘ ;
: —-—I:_'S."IiPE _|J|—-| V 3.31';+ Cell, : Sp?t i L4V : buck, 1 —

! _ LC” sw, || } ISWg vo L2 L Ve
le, =— |17 b0 H—p, | ) i T+
| Chus [ | suit 71 : ‘L_I: i Comiaz| } SWy Cous L } 3.3V
I ‘{DU H_‘Vr:ru n I SW4 ! | HCK? | —
| {'..'”udl == 1 i C.r {l: : 2.2V | i — L }

o] T eads : o L T sw ] I, L T Vs
____________________ B : £ | Conias | L SWs } +1
Power Management Module ! sw, || | Cous ¢ | g
: {t‘ i } buck; =_} —
T [ T
Lol o :
sz_norm L_norm I:)sw_norm 1:sw_norm
Diff-input buck 3.3 V 0.44 0.49 0.44 1
Diff-input buck 1 V 0.44 0.68 0.44 1
Diff-input buck 3.3 V 0.44 0.25 0.88 2
(incr. fg,)
Diff-input buck 1 V 0.44 0.34 0.88 2
University of Toronto, F (incr. fg)
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Volume Reduction

File Control Seiup Measure  Analyze  Utilites  Help

Bl 3 )P
800mA.

B R Elfalzzlwlm

as
na
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Measured Efficiency Comparison

»>1 V buck converter: 12% improvement at lighter loads

Efficiency vs. Load Current

100

[
Diff-input buck (1V)

95

90 -

85

. T//._-y“‘\\

75

Efficiency (%)

70

65

60

0 025 05 0.75 1 125 15 1.75 2 225 25 275 3 3.25

Load Current (A)
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Measured System Efficiency

»MoSC front-end stage shows above 90% operating efficiency

Efficiency vs. Load Current

100

©
oo

©
»

\

N

MoSC front-stage

©
I

©
N

Efficiency (%0)

86

84

82

80
0 025 05 0.75 1 125 15 175 2 225 25 275 3 3.25

Load Current (A)
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On-Chip Implementation Power Management IC
Module

__sa
B3 EX
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Test Chip (IC-SCB)

d Total Area: 1.5 mm X 2.5 mm

| Power Stage |
i Back

."Qc.lﬂi' o
AT
IR RN

o i b b b
AL Ar AT AT ATAT AT

- e oW NNy

Yy w

)

IC Layout 347
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Experimental Setups

O 2 stacked IC-SCBs are tested for the proper system operation

<+ i S
Specifications i
f 580 KHz Ik

:E
SW_SC
Ny
fsw_buck 10 MHz
V., 3 Y%
Voutl, Vout2 1’ 2.3 \

Buck L,C 100,10 nH, uF

R,n Pmos, Nmos 150,125 mQ Test Board #2

Test Board #1

(on-chip inductors)
(discrete inductors)
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|C Packaging with Inductors

O Bonding picture: 1-1C
» 60 QFN Package: 7mm X 7mm
» Inductor (0603) is placed on top of the IC

Lens Z220-X30 Lans 220:X100
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|C Packaging with Inductors

O Bonding picture: 2-1Cs
» 60 QFN Package: 7mm X 7mm
» Inductors (0603) are placed on top of the ICs 8

“\\'i\‘i"l&'(l’

\\
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\
J4840% \\\\\%‘

il d

N
\ ¥
5
&
»,
=
®m
]
©
-
-
"
v
"

- .

v

ol
77404900 RRRNAND . y
oome
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Design Example: Serial Input Parallel Output Flyback

(Current Division + Swing Reduction + Optimal Control)
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Serial Input Parallel Output Flyback

lin ‘,YL\%,\ - - iogrf Vout
iin] Lo 3 iuuf]
S 0 , le‘lé -
Howza 4 o -Load current is shared
- o] e |, between the phases
o )¢ .
Lin2 , Lout -
<]+ ’leg i -Voltage swing of the
Vin k_'\/ S in2 — C : =t RiadZ H :
BT g “T ° inductors reduces with
— MS2 _ K
= N number of phases
71 o~ ESR=
e ™ Lm%_j\g ok -Near optimum deviation
3 1:1
SRS R S N controller
= MSk SRk
N i) N
o] e | @O Vour£)
S IS * ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
d[n] e[n]
MDPWM PID ; 3 ADC <+
. d[n] | |
i , J( Ad[n] eln] vri(t) [1] A. Radic, A. Straka, A. Prodic, ”Low-volume
mode Transient | i polarity stackable flyback with near-optimum controller,” in
suppression logic |~ i) <09 Proc. IEEE APEC 2014.
E |ESR[n]
FPGA (o
 Near Minimum Deviation Response Controller t 352
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Serial Input Parallel Output Flyback: Equivalent Circuit

Vin 1 out, RC’CII Loaa Vous
i | | Thi ival ircui
-This equivalent circuit
Ve 2,0 2y, Rioa )
LD D" shows that both current and
- L 1 voltage are shared between
1. R, the phases
_|_
) ., - 1/(k?) reduction of power
L[] Vi 5l 2500, processing requirement per
_ phase
L
: ; R, . - Inherent current sharing
M S between phases (no need for
D 5 extra hardware)
VYmk FA Iy |:l:| [ﬂ D_I'iV;‘”.{- - =
: 'f - Voltage balancing might be
i - needed but that is less

complex to implement
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Volume Comparison vs. Interleaved Buck

Inpur-ro-
Quiput Voltage

Ratio 8 Number of Cells
10

m0-0.2 m02-04 m04-0.6 m(0.6-0.8 m(0.8-1 ml1-1.2

-For step down ratios larger than 8 2-module flyback is already

smaller than an equivalent interleaved buck. For large number of
modules the advantage increases.

- Advantages recognized but the control is challenge, indirect energy
transfer converter

University of Toronto, Rogers ECE Department
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Near Minimum Deviation Controller

_— Active transient suppression logic

Vout Y - \

i ‘
i |
Lml2 1 _rf':_:_._)‘_i,’_ _______________________ zf-’/( r-:_‘: ~~~~~~
] f : Tl
ﬁ-r{l-ﬁl‘/ Lecccccccmaalines ﬁr
i l g t
Lout QLon\\; o i e LL ILoad2
N - ;
=TT * 13 izoad:
\i\Li\Ll\ \ . iLoad \h
‘ Lout [T t
i (t) < 0 1 | t _/’
‘ 7 ity <0 i:i ‘ t
> e o @ ]
" cllel|e ) !
‘ t
Lnin ' 1 Lnin il
| d ,
d d d
) I

Keeps the constant on time, reduces off time (effectively increasing
frequency, until the positive current of the flyback is detected)
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Near Minimum Deviation Controller (Light to Heavy)

/ Active transient suppression logic

Vout
\ _ - - Lin (\fm iﬂw‘ Vour
i | ¥
Lml2 1 - F':'I"')"i‘?‘ _____________ ' = M.SI SRI ;
T ff ¢
'}{1 r{l r/l | | lm2 Lo
] i--- .......... axen O , = T *
out gQLoHi N Vin C) | Vi =& Cour == Rigaa
N BN _D_ld} )
\ : i ESR
: Lout - - g 3
lc(l') < 0 ‘ - ( ) OE - . Link B lomk
o U )< 8 . 1 A~
MS]’g Lon ‘C 11z S Vigk == Ciz _|>._“:{
7 ol - MSk SRk
SR min L 1
12 [ [ ci(?)
) d d d
% Keeps the constant on time, reduces off time (effectively increasing

frequency, until the positive current of the flyback is detected)
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Near Minimum Deviation Controller (Light to Heavy)

/ Active transient suppression logic

\
Vout ‘
. I . Avout
Lin AINA Lout Vout
g o 0 . — A
Lini - Lj Lout]
L]
"'»-SJ“: + 1:1
S| Vit = Cu 1
% oA < !
= MS1 SR1
= il ic __________ Zﬂ. Zodagas -,:::::: ~~~~~~~
- . P A 7 0
in2 g ‘2 ~ﬁ
Lm2 j CL r t
=~ + . NS
. v 3 O N AR IS ORI K P Y N :
Vin () S| Vinz = G + Con== R 5 tLoad?
Y T o/ N  On
_ M2 | _ | sro - QoG
= it ‘[:ﬁ: LLoadl
il ~ ESR ILoad
. rervagccccaene ~ P
. L] .
Link - j Loutk 3:4_ t
3+ - e | ¢
i mG —_ Cim’c | t
_D__Ié}l \__q_ t
_ MSk SRk Imin = =
= = d t
oo, a0 L
to l;

For heavy to light works almost as a conventional minimum
deviation system
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Experimental Implementation (board and IC)

Buck Converter Modules

T —

g LT

A

Low-Volume Flyback Cell M(.).dz;ls o A

[ e YRR . 1 N
LI oo
I
.

rrrrrrrrrrrrrrrrrrrrrrr
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Efficiency Comparison

1/2/3-Cell Flyback Converter (1.5V Output, 500kHz)

\O
o

O
—

6V/1C LVSF

m i
7

0 O
o O

. [I8V3CLVsF]

[ 12V2C LVSF[ T TN

%)
o0 o0
~] ©o

R

+

=

)

S

+

)

”

N

TN

-

0 o
O
—
/

— +7(;"0 /| 12V/2¢ Buck |
/ N ]
/

Efficiency (
®
~—
"<
=)

[}
o

(o]
(3]

o 0o
O

~1
O

B |
0

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Output Load Current (4)

= ]-Cell 6V =#=2-Cell 12V -w-3-Cell 18V ===2-Phase 12V Buck

-Power processing efficiency is improved as well
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Transient Performance

DI 2 0] o1 i )| - il 10 S0 =0 - - B I 0 =P
| ; i Vout |

-

R il . 41

() il s |

Load|O0 T 1 1 % Load| 0
U ) LI sR2|z ||[UT 0O U U Ui U Use?
mn rums2|s [l n_n o ninnrfaniandnninnn 2|5

o A A 2 L (L L A O L
n VE 7 || W T T 0N T A V14

T I e ) e D I L = T e ) et LI B

By utilizing voltage and current sharing we can reduce volume,
improve efficiency while maintaining fast transient response.

@.,,' =0 University of Toronto, Rogers ECE Department 360



Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

Part V

High Power Density Mixed-Signal Controlled Rectifiers with
Power Factor Correction (Emerging Topologies)
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Design Example: Application of Optimization Principles
In Rectifiers with Power Factor Correction Applications
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Programmable Output Adapter
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Requirements and Sizing For the Upcoming Adapters

 The idea Is to have one adapter
(charger) that can work with any
application

 Output voltage programmable
between 5 V an 20, through USB
communication with the device

*Problem with the capacitor
volume
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DCM Flyback and Problem with Capacitor Sizing

Rectified line voltage

] N +
\ ’_> %‘ % C ::\ Vout [j Rioad
[Viine(t)] C) L
_/ .
_=Q _
Averaged circuit behaves 100 Hz/120 Hz ripple

as a resistor

*In those applications Flyback converter operating in DCM is most
often used

% Has a ripple at 120Hz (100 Hz) at the output capacitor

s

fmm =8 University of Toronto, Rogers ECE Department 505
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DCM Flyback and Problem with Capacitor Sizing

[ ] M +
’—> C = Vout || Rioad

+
[Viine(t)] _C) Lm
_ = Q

To eliminate the ripple the capacitor size can be defined as:

V. .2 AVout

out

Czk Pout ( VOUt j

For 5V, 20W output, and 1% regulation the size of the output capacitor is
about 40 mF
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Merged Two-Stage Solution with Energy Buffering Capacitor
and On-Line Efficiency Optimization

T Fi r_sfs_tig_e"";[;:"_ 'sw,  SecondStage |
| — f -
1t
| J Lﬁr N Buck
| —[:>—| SW, nmpytd
| ] Crup | ..
AC | —[_ | SWy
O 5| Wl E
Input™" | | & SW, J_+ | W,
| Tp{” |
: CriT ™ : Ef I:l c -‘[1 A1) load
| L — 1 _
I ™~ N LT N [
¥ At ¥
H, +t+ ¢ DPWM, H.
DPWM, -
FlybaCk ¥ Fast Transient 4
Control 2
1 din]
PID % Freraln]
Compen.
Digital Controller
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Merged Two-Stage Solution with Energy Buffering Capacitor
and On-Line Efficiency Optimization

AC
A
Input )

's
K , L +
4 ! SWs
= | \C¥1”\rf!] foad
: — %

| .
-~ T ~,
H, t+ ¢ DPWM, H
1 DPWM, + T
Fast Transient
ADC, J:1';-[:-:] CU?;T J Ape:
nn

Veera[1] é Pl PID Vegr2ln]
o7 Compen. 0

Compen.
Digital Controller

% Top capacitor has much smaller value and handles larger voltage ripple (the

== | Inputvoltage of the buck is almost constant).
[ER ER
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Merged Two-Stage Solution with Energy Buffering Capacitor
and On-Line Efficiency Optimization

AC
Input

load

/ | 1
¥ 1+ ¥
// H, t + ¢ DPWM, H,
1 DPWM, 4 T
Fast Transient
ADC, . Control ADC,
1 din]
Vn;f'f[”]i . Pl PID Veee2[n]
= Compen. Compen. 40
Digital Controller

% The bottom capacitor voltage is regulated such that it is just slightly larger
thanv,,.(t), resulting in a small output inductor.
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Balancing Capacitor Voltage (regulation of bottom capacitor

voltage): Inductor Current Waveforms

o . | on
. /\l /\ = FisiSiage /gy | lgw,  SecondSiage |
| :
A /" / | ] —
] L | - Y A il
N : | SW,
—_— | o YT
_ — sw[l]° L AR
W2 : . (1) : ) c 4
I N : El vod Oy | [oad
| |
o | | | < “m : -
| N LI L
| | | v T 3
rm | | Y bttt DPWM H
| | |
04— i ] | I DPWM, 4
| Fast Transient
SW, J_ | el | ADC, I ] Control ADC;
i
| I | 4 din]
sw; | | L el é A PID ému]
| | | | | | Compen. Compen. [* Ve
s, | |‘| | | | Digital Controller

% Only once in many switching cycles, during a portion of one switching
~ae | INterval, changes operation from the regular mode (SW2-on ) to
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Balancing Capacitor Voltage (regulation of bottom capacitor
voltage): Inductor Current Waveforms

«5i7. SecondStage |

Lim | | | I FistStage /o \
N /| rlet
[ | | | A fuln
SW1 w i
— YT Y Y
L +
Sw2 -
El ¢ T 00, | Hoad
: | | A
e A
| 4 DPWM H
04 : | : I DPWM, A
o | Fast Transient
S, J_ | ety - | ADC, J:f 0 Control ADGC,
| | | : Fain]
SW; | | | |_ V’gﬂé Pl PID Veeg o]
1 11 | | | Compen. Compen, [ -0
s, [ | | | Digital Controller

% Only once in many switching cycles, during a portion of one switching
~ae | INterval, changes operation from the regular mode (SW2-on ) to
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Balancing of Capacitor Voltages

SW;

s

s,

In this mode only top capacitor voltage
Is practically changed

% Since the top cap is much smaller during the second portion of interval
practically only its voltage is changed and we are achieveing independent
L 8 regulation of two voltages
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Experimental Results

File Confral Setup Measure  Analyze  Utilities  Help 0:26 PM
Acquisition is stopped.

20.0 Miafs  1.00 Mpts

L 1 e

) P[soov: 2o, P

FI 1!?{:(.{ {Jm;mr J r;'ﬁ‘{f"(’

Buck Output Voltage

T !ﬁ@ﬂ ﬂIZDDmSHl jﬂ”s.aasaséuuanms .<|u|>| ﬂ| =7 i’ﬁ

5 I

@.ﬂ' =0 University of Toronto, Rogers ECE Department 373




Mixed-Signal Controlled SMPS Nov. 25" -26t, 2014, Moscow

Transient Response

File Control Setup Measure  Analyze  Utilities  Help 4:34 P
Acquizition iz stopped.

1.00 G3afz 1.00 Mpts

1),%”|1unmw ﬂ 2)|[1,-'1|1n.nw ﬂ 3)|[1,-'1|2.DDM ﬂ 4)|U-” xE’JID'"

Small Inductor
Ouiput Voltage

Large hm"m tor :
=
Output Foltaoe |

Inductor AU LA R AR
- Current LA
J Heavy Load

i B e

I ﬁ """ Light Load T
ke - v

e el
i Iw““ L L L LR LR L S L LA 1k

S R,

i !ﬁ@ﬂl JlEDDusf jﬂl|3m?94aunnnms 1|u|r| J'W:II_
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HB LED Supply Without Electrolytic Capacitor
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Merged Boost PFC & Resonant Converter

Vbus

Q
Cou o HB-LED

B Lboost D T L, (I:Ir n:1i module
Rectifier it
o % bl
Y
—=h R %E @
é N
| | Rectifier
y +
[ADC] PF-PWM Average
‘ 'Vbus [n] Frequency
: A (current) | | lver
Vrel % Duty ratio control < T°
> (voltage) Tew [N] I[N
control  |Don [N] ADCr » U
Digital controller

%’ The ripple components is distributed between a small boost capacitor and
~@a | resonant converter
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Merged Boost PFC & Resonant Converter

I—boost D

Rectifier

-

\

Digital controller

y
[ADC]  |PF-PWM

Vious [N] Frequency

Yy A (current)
Vet Duty ratio -
el e control

> (voltage) 5 Tew [N] I[N
n
control  |Don [N] ADC e

% The ripple components is distributed between a small boost capacitor and

University of Toronto, Rogers ECE Department

resonant converter, no input voltage measurements, and shared components

377



Mixed-Signal Controlled SMPS Nov. 25" -26t", 2014, Moscow

Integrated PFM and PWM Controller

Iref Current
|

e
CLK Signals

Absolute[ Don-Ton Ton » Ton_clk
D Conv.

!

Vre; Voltage

Comp.

% Controller maintains desired duty ratio (for boost) while varying frequency to
maintain ZVS of the converter (above resonance operation)
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Experimental Waveforms

File Control Setup  Measure  Analyze  Utilities  Help 8:17 PM File Control Setup  Measure  Analyze  Utilities  Help 7:14 PM

Acquizit iz stopped.
20.0 Hiafs 1.0 Hpts 6 l S
1),0— 2),07“|5n.nw | 3),07“|2n.uw 2 4),07“|5.nnm = o, 4)|D7nlwﬂ © .

N 2 BN/ (Y —JLED L
1l il A T ,
U v I WL LED et 2
N T N | 1 o
KL \ EE Vaqz_ps
[ o)
1t 1t
More tare
[1af2) m
l gL~ i |
— 1T [@e=al  Hlsoms  a|a| B [ses7asionms «f0fp] T e — I olezlal  Hleoony a|oW[30usss000ms ofofr] T *

Large ripple allowed across boost ceramic capacitor
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Input Current Waveforms

:te:; .
2 B2 )P

1BEEEEE =S

&

eeeeee
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Harmonics

35

30-
&:‘i 25 - B |EC- Class - C limit
c ¥ 15W-90V
§ M 15W- 110V
2 ]
‘'
o
£
(1]
T

3 5 7 9 11 13 15
Line Current Harmonic Order
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Low-Volume PFC Based on a Boost With
Non-Symmetric Capacitive Divider
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Conventional Boost Based PFC Rectifier + Downstream

iin(t) L Vx(t) IR% /
—” L
+ + +
o—
+ Vbuss(t) } {
P Vline(t) f§ COUt
Ac line input ) Chuss =— L
90 Vrms to 260 Vrms Vm(t) v Isolated dc-dc VOUt(t) L0ad
50 or 60 Hz converter
_(>_| downstream stage
— | Full-wave diode G2 SWi ( )
O——— rectifier - _ _
Py 0
-
Boost-based front-end stage
Rsim(t)
PFC rectifier controller Dc((:)-r?tiosltigre

= Very large boost inductor due to a large voltage swing (400 V)

= Bulky heat sink to cool down the switch (and diode) due to high switching
losses
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Inductor Voltage Swing in a Boost-Derived

in() L SWs, in(® E SW;
tw®) ~ + L ) ~ + +
+
SW SW —
Vin(®) Vi(®) ' Vin(t) V(1) Y Vps C 5
+ + o
— +Vx_on Vx_off _
= ~ -
VL Vin(t)'Vx_on 77777 . v, Vin(t) 77777 .
Vg Valg
] l Vin(t)'Vx_off t | ,L Vin(t)-Vouss t
VX VX_Off Vx i i
] T ! Vhuss |
SWl -on szing SWZ -on N T
Vxﬁon L SW;-on szing SW5 - on
o - 0
0 d(t)Ts T, t 0 d(t)Ts T, 1
a) b)
A[ . — v L _ high (t) -V L _ low (t) >< 1 — waing _ L 1 — waing X 1
pp ) 8 L fSW 8 L fSW 8 L fSW'

Inductor voltage swing is equal to the switching node voltage swing.
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General Principle

To reduce L and, consequently, C operation at high switching frequency is
usually targeted, alternatively we can reduce the swing voltage.

VL_on(D) _ VL_off (1_ D)
2Lf 2Lf

Al ripple ~

SW SwW

Here, to minimize the L, we can reduce the inductor voltage swing , ideally
making it 0

__pa
B3 EQ

%, =0 University of Toronto, Rogers ECE Department 385
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Load-Source Inversion and Boost Based Architectures

(Original Architectures)
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3-Level Boost

i) L vx(f) 31 ()
4 1
Vin(1) + + l C +
I Voul2
a® —>G Q t —[
Vin(t) - Vct(t) Vout
©
t
& )_{>-I Q: Vou/2 C
_ o, _ T
o _
. ° K °

[1] T.A. Meynard, H. Foch, "Multi-level conversion: high voltage choppers and voltage-source inverters,"

in Proc. IEEE PESC '92, pp.397-403 vol.1.

[2] L. Balogh, R. Redl, "Power-factor correction with interleaved boost converters in continuous-inductorcurrent
mode," in Proc. IEEE APEC '93. pp.168-174.

[3] M.T. Zhang, Y. Jiang, F.C. Lee, M.M Jovanovic, "Single-phase three-level boost power factor

correction converter ," in Proc. IEEE APEC '95, pp.434-439 vol. 1.

[4] J. Salmon, A. Knight, J. Ewanchuk, N. Noor, "Multi-level single phase boost rectifiers using coupled

inductors,"” in Proc. IEEE PESC 2008, pp.3156-3163.
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3-Level Boost

Vin(t)

a® —>H5 Q. T
Vin(t) B VCt(t)AL Vout

= The switching sequence is changed depending on the input voltage level,
such that the voltage swing is reduced (+)

= The inductor volume is reduced by 50% compared to conventional(+)
= L_ower Switching losses (+)
&?&% = Direct extension to a larger number of levels results in exponent increase in
" ae | the switching components count (-)
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Non-symmetric Multi-Level Boost PFC + Downstream

__________________________

Active capacitive divider I

I
I
I I
. | | D I
iin(t) | L A 1 1
I > ‘ : N ’ i
o + : | + :I +
! Ci |
+ : | 2Vbuss/3 = |: Load
Hin : G1 TD‘”: SW]_ :I } {
— I
Viine(t) vin®) || | !
: i : ! + I Charge -balancing Vou(t)
: : :| isolated downstream
— | Full-wave diode ! G |[> GSW2 V3 | = 2C, :: dc-dc stage
O——— rectifier - | | D, — ! :
J. n ! I 11 :I
_l_ | L ™ |:
| Nonsymmetrlca_l multi-level boost | :
| frond-end stage I

J Vin,a;n____________________:/Sense E‘iﬂ

r

| |
| |
e — - l
S A N e I
| | | |
. G '\f"de < DPWM | |
: G2 selector 3 j dn] :
I I
: Viiref[n] ) - :
| Windowed Current loop |
: ADC, compensator :
| " |
[ N— : : |
L H Level shifter 1bit | | KiReln] Voltage loop  |&n]| Windowed !
LYW J < TA compensator 7 ADC; I
T L I
| - .. .

: Merged multiplier & DIA Digital Logic Tvref

I

|

[1] B. Mahdavikhah, R. DiCecco, and A.Prodi¢, “Low-volume PFC rectifier based on non-symmetric
multi-level boost converter,” in Proc. IEEE Applied Power Electronics Conference (APEC), 2013
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Non-symmetric Multi-Level Boost PFC + Downstream

I
| Sw. node
I
I
I
|
o— [ +
+ | Load
5| i
I
Viine(t) | | }
" | I + I Charge -balancing Vou(t)
: : :I isolated downstream
— | Full-wave diode [ G —:'{>—”‘_> SWo o Vif3 | == 2C, I dc-dc stage
O——— rectifier — | | D, — :: _
J ! ' 11 l
i ; | N T
__________________ 4
: Nonsymmetrical multi-level boost :
! frond-end stage I

[l oo [ A S

l Vin,attn Vsense @

= The output capacitor replaced with non-symmetric divider, the middle tap is
held at Vbus/3 (not VVbus/2)

= The structure of the circuit changes with the input voltage

= \We can produce four node voltages 0, VVbus, VVbus/3, and 2VVbuss/3

by Inductor reduced by 3 times

Switching losses reduced as well (lower switching losses)
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Modes of Operation: Mode 1 (V, <V, ,/3)

Mode of operation changes, depending on the input voltage level.

Charge Discharge

Mode 1 iin(®) L vw(h=0 p, . in(t) L Vx()=Vhus/3 D, ¢

Vin(t) r+ vy N D r+""‘ N

2Vbuss/3 T C 2V uss/3 T C
l 2Vbuss/3 //\\ _D-l Ql _ _D-lt Ql b_ (S)
Vin(t) » Vin(t)

Vouss/3 T4 A > * *
\/ \/ _ Q2 VbUSS/S T %€ _ Q2 Vbuss/3 T 2C
0 Tline/2 _ _ % i l m _ (5)

- D, - D,
a) b) C)
Vawing = Vous!3: Vi 0172Vous!3s Vi 02=Vius!3 Vi p2=Vous!3: Vo p1=2Vius/3

E%i E: swing
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Modes of Operation: Mode 2 (V,,./3<V, <2V, ,</3)

Vin(t)

D V3

Vbuss/3 Fh

Vv

swing

_ Charge
in(®) L v (0)=Vhe/3 D1
! +
+
_D_l% Q]_ 2VbUSS/3 TC
Vin(t) l + 5
QZ Vbuss/ 3T 2C
| — S

Discharge

Nov. 25t -26th 2014, Moscow

iin t = D,

:() L w(t) 2vaUSS/3 o - g
+ ——

] Ql 2Vbuss/?’_ C
Vin(t) E’ n %
_D-l QZ Vbuss/3 2C
- %

D>

c)
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Modes of Operation: Mode 3 (2V,./3<V,)

Nov. 25t -26th 2014, Moscow

Mode 3 _ Charge _ Discharge D,
ode Iin;(t) ~|Y—Y\ Vx(t)zz\/buss/3 Di S Iingt) ,WLY\ Vx(t)fvbuss u S
2V 3 C 2Vpus/ 3T C
2Vbuss/3"" /\ l Ql _ | Ql —
/ / \ V() P Vin(t) | PR G
Vpuss/3 777" e
b \/ v _D-I% QZ VbUSS/s T Q2 Vbuss/3 T2C
0 Tli‘ne/2 ¢ — S I l Vg _ (§
Dz < D2
a) b) c)
szing = Vbus/ 3’ VbI_Q1:2Vbus/ 3’ VbI_QZZVbus/ 3 VbI_D2:Vbus/ 3' VbI_D1:2Vbus/ 3
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Vin(t)
2Vbuss/3

Vbuss/ 3

Nov. 25t -26th 2014, Moscow

4-Level Converter (Looks like a 3 level)

Charge Discharge
Mode 1 iin(t) L Vy(1)=0 D, « iin(t) L Vi()=Vpuss/3 Dy %
+ > + +
_.>_||# o, 2Viuss/ 3T C >3 o, 2Vouss!/3 T C
+ % Vin(t) | + S
i Q: Viuss/3 T 2C Q2 Viuss/3 T 2C
_ l [ Vg I
% %
D, - '5‘2
a) b) c)
Ch Disch
Mode 2 |n(t) L Vx(t):(/?jissls D, m(t) L Vx(t)lzsé:V?uzsg/% 'D\]l
T - + E i = + ®
" — Q: 2Vpuss/3 C " 2Vpuso/ 3 C
Vin() [ ~ S Vin(t) S
QZ Vbuss/3 = 2C _M% QZ Vbuss/3 =T 2C
l 3 _ < i — )
) _ DA ) Q)
a Ch h
Mode 3 n® L vy (D)= 26\1;b /3 R} s iin() . \[Zl(i;,:\a/I:usS R} s
L=}
+ . * + | *
2Vbuss/3—— C Ql 2Vbuss/3== C
Vin(D) $ in() I — S
. P _M% Q2 Vbuss/3 2C Q2 Viuss/3 T 2C
O‘ | ‘-r‘linelz _ s - l m — o
Do
a) c)
== | The switching node can have 4 different voltage levels, therefore, the
converter behaves as a 4-level converter using 3-level hardware
394
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Practical Controller Implementation

HVin(t) Rsiline(t) HVct(t) HVtOp(t) Cl(t) Cz(t) HVtop(t)
A A
LOW'paSS | e T | Sell
fitter | | Mode o(t) |
| selector < DPWM |
Rqlji | !
slline,avg : d[n] :
v | reprogram c N !
i | > urrent loop |
Vi ref(t) Windowed | 1 &[n] - NG
( ADC, i »|  compensato i
l en.in.
Voltage loop rey[n] )
compensator [ Windowed
i ADC,
|
|
|
|

[V

Input current and buss voltage regulator
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Mode Selection Logic and Bump-less Mode
Transitions

Start-up

ci(t) = c(t)
C2(t) = c(t)

Start=1

Mode
selection

cmp; =0
cmp, =0

Mode 3
Cl(t) =0
Ca(t) = c(t)

cmp, =0

ci(t) = c(t)
Co(t) =c(t)

cmp, =1

Ca(t) = c(t)
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Sampling Logic

in(t) L w® D Vioo()
>—o— 7YY Y ° M °
+ + C +
cy(t) 2Vpuss/3 Load
——>5 T }E
in(t) Vai(®) > Vour(t)
0 + Dual-input isolated dc-dc
Cz downstream converter
_[>‘| Q: Viuss/3 2C
A A
j— D2 _ _
> > > y § m o n
lj_b \E_h l:l_h Hg
Hvin(®) _Jca® | C(® THva(t) | Hvig(t)  Ca®] ] cal®) HaVou(t)
ou
- T - T T T T T T T T T T T T - -_| _______ ______I Y
- \’H\ : Downstream stage
Signal comparators and | Hv(t) L | controller
mode selector D i H " Bul diroct | O |
ulse redirection~_| Cq(t
> Averaged current programmed mode HViop(t) :: | \
controller < > ' N ‘ '
) : : : ,: dTgw —> |
Il Centre-tap voltage | i — Tow i :
aut current and buss voltage regulator Il regulator | i » |
_________________________________ I_ e __ Smp; ‘; @Ianking %’3 @Ianking
NSMB Controller M top |

smp; ﬁ 1 thianking

Totankin R
M ngus, Vbottom M
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Centre Tap Voltage Balancing

i ! (t) i load (t)
S —— s
+
C — 2Vbuss/3
i) SWar
> !
* Vout(t) “ Load
2C — Vbuss/3
SWys
5 - 5 I S
To SWg and SWe2 Ve Dual-input isolated
dc-dc converter
T T Vout(t)
Centre-tap voltage | Viouss/ 3c (®) Y
regulator ) d Downstream stage
) M controller

B
X %

S e >
TEN i @

KN Balancing is performed with the two currents of the downstream stage.
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Practical Implementation

88 VIOp(t) il Dd2
N N YA
" 12n: n %
+ t e +
¢ DasZN Cout== [Vout [] S
— 2Vbuss/3 o
Qu
88 Va(t) _ iz
l + ny Ny
Y ZC
H H
T —_! Vbuss/3 2
QdZ [ v
- P o ]
syncy sync, HaVour(t)
Y Y Y Y
] S&H ‘ ] S&H ‘

Cmp, cau(t) Cax(t)

+ h

= Switch selection | _ | Cai() cq(t)

Cmp,

| logic

Centre tap voltage regulator

Optocoupler

Downstream stage
controller
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Cd

k— dTow a —

< dTgw g —

Ca1

Ca2

21,

Conventional two-input forward and flyback also possible
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Experimental Waveforms — Comparison with
Conventional PFC

1),%”|2_unw ﬂ 2}

1),%”|2.unw ﬂ 2),%‘|2.unw ﬂ 3)%‘|Euums ﬂ 4)%‘|2.unw ﬂ \EJID-”

HVbu

HVsbuéss(t)

mode 1

mode 2

ode 2

|97”|2_an ﬂ 3)%‘IEDDMI ﬂ 4)?7“|2.an ﬂ @IU-“

mod

el

10.375 A
/ DA A A A

200 VY“:Y\"] . =" |
1

|T

ole=a H|[1.00ms/ mf\,.|3_322518?DDDms 4|u|>| ﬂWiIW F

University of Toronto, Rogers ECE Department

ﬂ|1.uums; mm.|3.3244842530ms ‘|n|>| ﬂ|?2umv i’ﬁ

Only for this measurement the same inductors of 670 H were used — 3 times
smaller ripple of Non-Symmetric Boost PFC (allows for 3 x smaller inductor)
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Mode Transitions and Voltage Swing

ﬂ 3)F}"|500m; ﬁl 4)%9W ﬂ o

HVipuss(t) ; HVpuss(t)
e N b e e R Ve R e T T S e ST A I A Ty
Vy(t) = ‘ \L
Vin(t) — S Rt | v |
AN
d®)=1 'd(®)=0 |
4l
iL(t) W 2 5
i ” " «T -
mode 2 mode 3 e node-1 I node-2i. === 3
F W 1 ¥ i G § :b: z ::l: Z :_]: Z :l: 2 a.: 2 >.'_r de |1 Q l 0 l Q0 ,l. 0 .l, 0 . x .  ? . 1 . 1 -” efe1
_j]soons; Wl .|853B724000us 4||||>| _]|aso :jl_

s .|85985451000ms <|o|>| _]|sso 2t T olemal

i oesa  nfow

Smooth mode transitions and voltage swing reduced to 1/3 of previous value

]
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Harmonics

1 )
Q CC
NSMB
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Volume Comparison

0.01

B |nductor

B Qutput capacitor
M Semiconductor
B Heatsink

H Controller

Normalized volume

Interleaved Interleved with NSMB NSMB with

Conventional
boost optimized switches optimized siwtches
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Efficiency Comparisons with Conventional PFC

98

96

©
~

TSN
}

Efficiency (%)
&
.\

T~

®
X
~

== Boost
82 ~= NSMB
80 - : : T .
0 100 200 300 400 500

Output Power (W)

&% Up to 6% improvement in efficiency even though the same components were

== | used for both prototypes (Non-optimized design of the NSMB)
3 E8)
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Conclusions

By utilizing flexibility much smaller, more efficient, and more
reliable ac-dc (and dc-dc) converters can be designed.

« The improvements are results of tradeoff between complexity of
control scheme and in some cases larger silicon utilization
(favorable tradeoff)

« The mixed-signal controlled supplies can also offer some new
features such as remote temperature and current estimation, on-
line efficiency optimization, fault-tolerant operation, load and

power supply health monitoring....
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Thank You.
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