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Seminar Agenda

Part | Part |l
* Energy Storage * Review Of Feedback
* Switch Mode Conversion * Buck Converter
Principle Controller Design Example
* The Buck Converter * Overview Of
* Selected Other Topologies Current Mode Control
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Seminar Goal

* Goal: Teach You The Operating And Control Principles Of
Switch Mode Converters

* Not A Goal: Teach Detailed Design

* Teaching Approach: “Follow The Energy”

* Understand In Each Switching State Where Energy Is
Flowing, Being Stored, And Being Released
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Seminar Mechanics

e Part I: 90 Minutes (9:30 — 11:00)
* Break: 30 Minutes (11:00 — 11:30)
* Part Il: 90 Minutes (11:30 — 13:00)

* Ask Questions At Any Time

[ Survey Forms! }
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Supplementary Material

This Presentation /( On The USB Flash Drive J
Plus Appendices

a I
. _ Available For Download At: A
Lab Videos And www.embeddedpowerlabs.com/
Simulation Files Only A "IAPbEICZl?Z?fI'gtOmAI‘ il 2023
nly Available Unti ri
N Y y P )

Simulation Files Can Be Run With Either Of Two Free Simulators:
SIMPLIS Elements or Microchip’s MPLAB® Mindi™
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Switch Mode Regulator
Building Blocks



Switch Mode Converter

IIN IOUT

—>—> >
+ +
Input Power Processing
V
Voltage N Circuitry out ek
_ —
N
Switch Drive Signals Voltage, Current
\ 4
Modulator < Error Amplifier/
Compensator | Reference
0 Voltage
comm Protection, Status Monitorin
Bus/ otectlion, al.JS.O oring, p
: Communication
Signals
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Switch Mode Converter

Input

Voltage

Power Processing
Circuitry

Switch Drive Signals Voltage, Current

\ 4

Modulator < Error Amplifier/
Compensator Reference
A Voltage

Comm
Bus/ €«——>

Signals

Protection, Status Monitoring,

N

Communication
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' N P 5N
Sasitab BAod N&erter
e Overcurrent, Overvoltage,

Overtemperature, Etc.

Load

* Status Reporting + >
* OK/Not OK Signals lower Processing
* Voltage, Current, Temperature, Circuitry Vour

Power, etc. —

e Command Input
* e.g. Remote On/Off Voltage, Current

* Configuration X

\- e.g. Startup Sequencing /for . |Error Amplifier/|
Compensator | Reference
\ / A Voltage

Comm
Bus/ «<——

Signals

Y

Protection, Status Monitoring,
Communication

N
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Switch Mode Conve

IIN

KCompares Output To Reference
* Generates An Error Signal

* Processes Error Signal To Create
Control Signal

* Shapes Frequency Response To

KDesired Dynamic Response

Achieve Stable Control Loop And /

Load

. IOUT
\ " 5
ocessing V
uitry ot
Voltage, Current
\ 4
Error Amplifier/
Compensator | Reference
Voltage

/o{atus Monitoring,

DuUS/ S

Signals

Communication
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Switch Mode Converter

IIN

—>—>

Input
Voltage

+

—>

Switch Drive Signals

Power Proc
Circuit

\

Converts The Control Signal
From The
Error Amplifier/Compensator
To Driving Signals For The
Power Switching Devices

~

v

N
e

Modulator (€

Error Amplifier/
Compensator

<——
Reference

N

Voltage

Comm
Bus/ «<——

Signals

Protection, Status Monitoring,
Communication

N
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Switch Mode Converter- ~

IIN

Collectively Commonly Known As

—>—>

Input
Voltage

—>

The Controller
Power Focus Of Part Il Of This Semianr

Cir /

Switch Dri

Error Amplifier/
Compensator

N

Modulator
R@ference

ltage

Comm
Bus/ €«——>

Signals

Protection, Status Monitoring,
Communication

N
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Switch Mode Concepts
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Switch Mode Concept

~

Delivering
Voltage And Power
From Input To Output

~

\V4 With 100% Efficiency
|
Vs 4 \_ (No Loss!) )
Vin
() >
< I Time
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Switch Mode Concept

+| Var N\
Vive No Voltage Or Power
From Input To Output
But Also No Loss
\Y% \_ J
Vew 4
Vin
0 >
) e J Time
J_l EMBEDDED POWER LABS T )i T 2 !
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Switch Mode Concept

V
VS W A
VIN
0 >
< >l >i< >l Time
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Switch Mode Concept

V
VS W A
VIN
0 >
< >I< i€ >¢ >} Time
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Switch Mode Concept

\V4
VSW A
VIN
0 >
< & € > > >| Time
J_l EMBEDDED POWER LABS T] T2 T] T2 TJ
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erminology

Switching Period: T, =T, +T,,.

o |
Vsw Switching Frequency:  F, =
A
’ TSW < TSW W
Vv N
0 >
< > D€ D€ > Tlme
T T T T
X ON )\ OFF / ON OFF
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erminology

1 1
Duty Cycle: D=9 D'="0F _1_D
A TSW TSW
VSW TSW
0 >
<€ Sl >l >l >i€ Sl¢ Time
I, ON T, OFF I, ON T, OFF I, ON

DTy, (1-D)-Ty,
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Example

| 1
T, =T, +1 s =2us+4 us=06us FSW—T :6 =166.7kHz
SW S
V A
SwW TSW
0 >
< > >l > 1€ >le Time
TON TOFF TON TOFF TON
2pus  4ps
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I 2 1 T 4 2
D=ov _ZH __ _ 333 —Zomr T _ 2 667
Iy Ous 3 T, 6us 3
V A
Sw TSW
0 >
< > >l > i€ i€ Time
Ton Lorr Ton Torr Loy
2us  4ups
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Switch Mode Concept

Vew ,
Averaging sy
¥ Circuit out
Viv (L T
V
Vsw 4
Vin
0 >
< > >1€ >1€ >1¢ >{ Time
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Switch Mode ("nnrth

VIN

IN

V OFF
"
V .

Vour = Avemge(VSW)
_ VIN 'TON +0V-

T

OFF

TON +1 OFF

— TON .V
T, +T1

> Vour
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VOUT

Vour =DV, =025-12V =3V J

TOFF
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=
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Energy Storage Requirement

"l

Must Be Able To Store

/
This Averaging Circuit \\Km\

~

|
-

And Release Energy J |

During The Off Time
The Averaging Circuit

s Delivering Energy To
The Load

< Averaging
Circuit
O )
But No Energy Is
Available At The
Averaging Circuit Input!J

/Energy Going To\
The Load During
The Off Time
Must Have Been
Stored In The
Averaging
Circuit During

0

_[ '] EMeeDDED POWER LAgs 1 MUS

A4
N
v
/

TON TOFF

V
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Power Conversion
Components
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Building Blocks

* Switches To Control The Flow Of Energy

[ R A

|_I
* Containers To Store Energy

!

1
—
* Transformers

\AAN,
SYYn:
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Energy Storage: Capacitor

| IEMBEDDED POWER LABS

ICAP
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Energy Storage: Capacitor

IgAP
- +
C VCAP

N\
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v

o

VCAP

Electric Field
Develops From
Positive Charge To
Negative Charge

~

)

__________
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Energy Storage: Capacitor
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Energy Storage: Capacitor

IQAP
"
? ++ [++ +
IQ C .. .. Ve
v |
Q=C-V E=—.C-
2
]:dQ:d(CV):C.d_V
dt dt dt
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EneriStorage: Capacitor

ICAP
o >

e ++ |++ +

@ | i

V
0=CV E:%.C.Vz

0-§-450-c4
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Energy Storage
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Energy Storage: Inductor

@

-

o

Magnetic Field
Develops In
The Core

)
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<,

Flux Equals
pplied Voltage
X Time

A =V xt




Energy Storage
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- Inductor

______
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Energy Storage: Inductor

dt
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EneriStorage: Inductor

_______
_______
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Energy Storage: Inductor

I
I'|

I||

I||

I||

h 1

\\\\ ______ 2

______________

‘ D
A=L{ What Happens
y If The Switch
_a/ 2
_E\ IjLOpened;“ Y

| IEMBEDDED POWER LABS

________________________

____________________________________

o e e e e e i e e e e e e e e e e e




Energy Storage: Inductor

IIND

___________________________________

___________________________________

__________________________________
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Inductor Ripple Current

7 ﬁ TON >€ TOFF S
+
VON .
Vi R
- VOFF
A A
I, 4
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Inductor Ripple Current

V 2
. L T )
> A_ON Volt-Seconds:
+
Von 2/ VONXTON
v, B
- VOFF

4 Energy Stored

In The Inductor

lL12

|
A
Adoy = L-Al,, / Has Increased

VON 1, ON = A;LON
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Inductor R

VOFF -1, OFF — A/IOFF

A/101?17 = L-Al OFF
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'/pple Current

Volt-Seconds:

VorexTorr

VOFF

~

TOFF

€ >
\il[\
I
1 _.L.]z
/\ 2
Z\Has Decreased/

4 Energy Stored A

In The Inductor
1
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Inductor Ripple Current

7 ﬁ TON >€ TOFF S
+
VON I
Vi R
- VOFF
A A
I, 4
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Inductor Ripple Current

> . ﬁ Ton < Torr X
Von I
VL
>

- VOFF
/ In \ 7‘“L A

Steady State:

Starting Value

L Finalz\/alue jN:/\/\/
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Inductor Ripple Current
VL

TON TOF F
F > >

+ Von I
Vi R
- VOFF T
[ VON.TON_I_VOFF.TOFF =0 }
/ ! \
Inductor Volt-Second Balance
\_ /\/

- ~
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Video Lab 1:
Inductor Voltage And Current

\' 4

_— 41 INDUCTOR //

(@ 2.50

& High 7.05V . 7.05 7.15 00us (5.00GS/s ‘ @ 5 :
Low -950mV -950m —850m 1+¥16.00000ps J|1M points J| )

&P +width 999.2ns : 997.4n  1.001p

@ —Wwidth 9.000ps 3 8.999u 9.002u

Value Min Max

‘ 1 Mar 2018
17:14:09 !
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Video Lab 1:
Inductor Voltage And Current

Verus =9.00V
T, s =2.5s
Viee =—3.00V
Type =7.508

VPLUS -1, pLus T VNEG -1, NEG

9.00V-2.5ps+(-3.00V)-7.5us
22.5V-pus—22.5V-ps
0V-us

(@ 5.00v % @ 107mv &

value Mean Min Max Std Dev ] e n

& High 9.00V  9.00 4.80 10.2 2.03m |[2.00ps '|"'500f\-'15f8 H @ - 3-10\3""

& Low -3.00¥ -3.00 -7.00 —1.80  2.09m J 10K points

&P +width 2.492us  2.493u  1.494u  5.989u 1.964n

& —width 7.508us  7.5074 4.0114  8.507u  2.037n (21 May 2017)
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Video Lab 1:
Inductor Voltage And Current

opd
dt

V-dt

di

- 9.00V-2.5us

L

512mA
= 43.9uH

(@ 5.00v % @ 107mvV_ &
value Mean Min Max Syllbicamme: - = - - . - . e e
&P High 9.00 ¥ 9.00 4.80 10.2 2.03m 2.00ps ||500MS{S H & 5 310 V‘
&P Low -3.00v -3.00 —7.00 —1.80 2.09m J 110k points |

&P +width 2.492us  2.493u  1.4944  5.989u 1.964n

& —Wwidth 7.508us  7.507u4 4.0114  8.507u  2.037n (21 May 2017)
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Capacitor Ripple Voltage

Ic

N
7

D v.-

| IEMBEDDED POWER LABS

I
ﬁ TON TOF F
>

>
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Capacitor Ripple Voltage

Ic

N
7

D v.-

]ON 'TON — AQON

AQ,, = C-AV,,

| IEMBEDDED POWER LABS

Ic

ION

IOF F

QCI f

-

T
ﬁ e

24

Amp-Seconds:

lon*Ton

/§

Energy Stored A

In The Capacitor

Loy,

Has Increased /




Capacitor Ripple Voltage

TOFF

Ie Amp-Seconds: !
re >€
+ lorr* Torr
- /
(1) Ve==
—_— IOFF
Qc
Logr Topr = AQppr

5.C.VC?
A = C- AV
Qorr OFF N\Has Decreased/
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4 Energy Stored A

In The Capacitor
|
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Capacitor Ripple Voltage

Ic

N
7

D v.-

| IEMBEDDED POWER LABS

I
¢ ﬁ TON TOFF
> € >
ION
IOFF
Qc 4
Ve A
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Capacitor Ripple Voltage

g ‘ IR
+ ION B
<> Ve =
—_— IOFF
T ) ]
Steady State:

\_ Final Value

Starting Value v
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Capacitor Ripple Voltage

Ic

I
¢ FTON' rTOFF
F > >

4_
D ve=

ION

IOFF
Ve

]ON 'TON +]0FF .TOFF =0
N\

J

e

(&

Capacitor Charge Balance

~
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ransformer
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N
VS . SEC . V
E NPRI PRI
‘ J
V.
Lgpe = ;g:c
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Transformer
Magnetizing Current

Ipri Np:Ng  Isec
Veri g + | 44|+
I— Lyac
J Vsec
Ngpe .
N Pi, Tsec L6

| o+
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Buck Converter
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Switch Mode Concept

Vew ,
Averaging sy
¥ Circuit out
Viv (L T
V
Vsw 4
Vin
0 >
< > >1€ >1€ >1¢ >{ Time
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Buck Converter

Q1

| IEMBEDDED POWER LABS

60



Buck Converter

i (O

Q

J “Top Switch” ]
—=_

“Control Switch”

Q

DUT

4
X
“Bottom Switch”
“Synchronous Switch”
“Synchronous Rectifier” )

V
Switches
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=

61



Buck Converter

i (O

Gate1 J

~

Em L
(Y'Y YN
L
'FQZ C—

N
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(_/

D

Low Pass Filter =

Averaging Circuit
-

v

VOUT
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Buck Converter

]IN
L
Jgon
Gate1 PR I
- Q )
L VL \ 4 IC
< Q2| Vg C_— RI|| V
GateZJ'_ out
V -/
“Switch Node”
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Buck Converter On Time

Gate?2

\Y%4
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Buck Converter On Time

Ly Power Flowing From
12V N 4\ Input Source To Output Load
5V
1A
12 W Q1 L LA
, ael A
" 12W|nputJ + o+ +
5 W Output
Q2 Vg Vour
Gate2

I
[Where Is The Other 7 W Going?T
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Buck Converter On Time

Ly ( Power Flowing From
12V N < Input Source To Output Load
1A v
12 W Q1 L LA
/ 1 (Gate1 ~ YN [L> S5SW
The Other 7WilIs | + » - |, | *
Being Stored | C—= RI|| Vour
In The Inductor! A _
" - i\

[ Vi="Vi- VOUT]
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Buck Converter Off Time

Gate?2

\Y4

| IEMBEDDED POWER LABS
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Buck Converter Off Time

1
" No Energy
| From The Input Source

Q1 L
+> Gate1 Y I
V]N - + + V _ - | ]C +
L
Q2 Vy C_— RI|| Vour

Gate?2

Inductor Delivering
Stored Energy To the Output
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Buck Converter Energy Flow

On Time Off Time

o] ) (G
/

Storage } [ Storage }

YYYL
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Buck Converter
Inductor Voltage And Current

A

VSW

| IEMBEDDED POWER LABS
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Inductor Volt-Second Balance

[ Vi (TON)'TON}"[VL (TOFF)'TOFF]:O
(VIN _VOUT)'TON "'(_VOUT)'TOFF =0

(VIN_VOUT).D.TSW +(_V0UT)'(1_D)°TSW =0
)-D+(Viy)(1-D) =0
D-Viy=D-Vour =Vour +D-Voyr =0

D'VIN_VOUT:O
[VOUT:D'VIN] _

| IEMBEDDED POWER LABS
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Open Loop Buck Converter Waveforms

Fow = 100 kHz D =25% Viy =12V Voi;=3.0V ligup = 1 A (Constant)

VSW
IL
21 INDUCTOR
VOUT

— PWM

TIPWM

Value Mean Min Max Std Devy | [4.00pus

“5 00GS/s HW‘
@& High 12.0V 12.0 12.0 12.0 0.00 W>v16.00000us J|IM points ||
@& Mean 2.42V 2.70 2.41 7.19 1.01

(1 Mar 2018]
21:25:24
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Video Lab 2

Buck Converter Waveforms

O

Gate1 J
Gate?2 J

L]
-
M

L
Ié
[

Q1

Q2

\Y4

“Switch Node”
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Buck Converter

Capacitor Current And Voltage

Q1

Q2

| IEMBEDDED POWER LABS
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Buck Converter
Capacitor Current And Voltage

VS /4

I

e

0
—

Ve

| IEMBEDDED POWER LABS

Vour'R
/\/ X
\/ \ / Vour
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Buck Converter

Capacitor Current And Voltage

By Desigh The Ripple Voltage
Should Be Very Small

Peak-To-Peak
Ripple Voltage = 1% V¢

| IEMBEDDED POWER LABS
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Buck Converter
Capacitor Current And Voltage

VS /4

By Desigh The Ripple Voltage

1

Should Be Very Small

Peak-To-Peak
Ripple Voltage = 1% V¢

\

-

\_

Very Small Change In

Means A Very Small Change
In Capacitor Energy

Capacitor Voltage

| IEMBEDDED POWER LABs |
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Capacitor Charge Balance
[ ]C(TON)'TON+IC(T0FF)'T0FF =0 ]

I, (TON) =1, - Your

R
v
[C(TOFF):]L_ %]T
(¥
[L_ 3;” TON+(]L_VOUTJ'TOFF:O
7, -Yeur | o
\ R )
-2 o
7 This Sets The Inductor
[1L= 3;” Current Rating

_| |EMBEDDED POWER LABS




Buck Converter With Feedback

IIN

NS >
+ +
Input 12V Power.Pro.cessmg 18V Load
Voltage Circuitry
— —
N
Duty Cycle Signal Voltage, Current
\ 4
Pulse Width < Error Amplifier/
Modulator Compensator Reference
Voltage
4 )
Vor =1.8V
Closed Loop Control:
V=12V Output Voltage Held Constant
_ o J
]OUT R 5 A

| IEMBEDDED POWER LABS
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Buck Converter With Feedback

— g // Controller \
Input Power Processii Must Set :
Voltage Circuitry
— Duty Cycle
[ | To 15%
Duty Cycle Signal ]<T'\/
Pulse Width\<\11-lz-ovc_(|? n\]/-egrtv
Modulator C o1.
VOTtdgE /
Vour =1.8V Vour =D -Viy
v, =12V n_Vour 18V _ e s,
Loyr =5A V, 12V
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Buck Converter With Feedback

N ,/ Controller \
+ o Must Change
Ilnniit owerl d
nput | Ci Duty Cycle B
Voltage P To 22.5%
Changes |gna | To Keep Output Voltage
T
SC\)/ Pulse Width ,K Atl1.8V /
Modulator | ator \Reference
A\/L Voltage
\/ Vour =1.8V - y ~
_ 1.
Viy=8V D= ?UT = 88;/ =0.225=22.5%
Lour = SA - v J
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Buck Converter With Feedback

IIN

Input

Load
Changes
To
1A

/

| IEMBEDDED POWER LABS

VIN
d Output A

ouT

/
> +>
Power |
Ci
N
Signal
Pulse Width ,k
Modulator

Vour =18V
v, =8V

=1A

No Change R
To Duty Cycle!

~

)

ator \Reference
Voltage

(&

‘[):: LCDUT —

1.8V

Vv

3V

=0.225=22.5%

~

J




Buck Converter With Feedback

L

\
.K Not Exactly True \

| IEMBEDDED POWER LABS

Duty Cycle Changes
To Compensate
For Changes In Losses

See Example

e

ad

el

|

rence
age

ouT

S\ In Appendix |
S &

/25 —22.5%

~

J

83



Video Lab 3

Buck Converter With Feedback

||
Jk‘ Q2
Gate2 -

L
Y'Y Y
+ +
VL
VS /4

“Switch Node”
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Discontinuous Conduction Mode (DCM)

A

VS /4

Vour'R

| IEMBEDDED POWER LABS
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Discontinuous Conduction Mode (DCM)

A

Ve /r When The Output Current Is Less A

Than Half The Peak-To-Peak
Inductor Ripple Current,

The Inductor Can Be Negative

I S For A Portion Of The Switching Cycle

Vour'R
0 >
[ Often Undesirable: Hurts Efficiency J
J_IEMBEDDED POWER LABS 86




Video Lab 4

Buck Converter: Negative Inductor Current

||
Jk‘ Q2
Gate2 -

L
I
YY) R
+ —
+ v, Vo1
Vew C _—

“Switch Node”
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Discontinuous Conduction Mode (DCM)

A VIN '

Turn Lower Switch Off
Vew When Inductor Current
Goes To Zero

\___ J
Veure: / s
VGA TE?2 ﬂ(

Vour'R
0
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DCM Buck Converter On Time

Gate?2

I

Q1 L
I
AYYY L,
+ oty - y I
Q2 Vg C _—

\Y4

| IEMBEDDED POWER LABS

89



DCM Buck Converter

Gate?2

Off Time

]L
Q1 L
I
AYYY L,
+ oty - y I
Q2 Vg C _—

\Y4

| IEMBEDDED POWER LABS
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Buck Converter Idle Time

4 )
]IN
N Vsw = Vour
J
L
i (O
o o e *
Q2 Vg CI— R H Vv
Gate2 out
| — D

| IEMBEDDED POWER LABS 91




Discontinuous Conduction Mode (DCM)

T [ VIN 1 17 [ 1
a I
Discontinuous Conduction Refers To:
Inductor Current Being Zero During Some Part Of

The Switching Cycle

Vo

_J
Veare: \ / o
0 >
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Buck DCM Waveforms

(@ s.00v % @

Min Max

@P High - 4 800m 13.4
&) Mean S S2y —-12.6m 8.24

| IEMBEDDED POWER LABS

Std Dev

(S00MS/s

J 110k points |

ra

3.20 v‘

(21 May 2017 May 2017)
115:36:23
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Buck DCM Waveforms

ek Run

| IEMBEDDED POWER LABS

Std Dev

(2.00p

TR

(500MS/s
10K points |

ra

3.20 v‘

(21 May 2017 May 2017)
115:36:23
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Video Lab 5

Buck Converter Waveforms: DCM

||
B
Gate2 -

L
Y'Y Y
+ 4+
VL
VSW

“Switch Node”
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Buck DCM Waveforms - I

Gate Drive IC
Detects
Ve Negative
Sync Switch
N Current And
) Turns Off The
Sync Switch
VOUT /
PWM e

TiPwM

' value  Mean  Min Max StdDev |(A00us - )(S.00GS/s
825m (W>~>16.00000ps J{1M points f{

@D High 12.0V 11.9 120m 12.3
@) Mean 5.70 v 7 .7 11

i 4.27m 11.4 1.75
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Conversion Characteristic

* For Buck Converter Operating In Discontinuous Conduction
Mode (DCM):

2
Vour = 4 9.7 Vi /D o :
I+ 14— erlvatlor.m
D R-T,, In Appendix
o )
p
Nonlinear Dependent On
With Duty Cycle Load Resistance
o
_—| EMBEDDED POWER LABS




Buck Converter w/Diode

[ “Classic Buck Converter” J
L
Jgon
Gate1
- Q AN )
AN c—— RI|| v,

| IEMBEDDED POWER LABS
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Buck Converter w/Diode: On

L
Jk— Q1 L
Gate1 =]

ime

[ On Time ]
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Buck Converter w/Diode: Off Time

L
Jgon
Gate1
- <> . YN )
ZX Vp C_— R|| Vour
T +
. _

<€
V /\
For Good Efficiency, Diode Forward Voltage
Must Be Much Less Than Output Voltage
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Buck Converter w/Diode

ot 70 L
i () e YN

1 -

e Simpler Gate Drive

* No Negative Inductor Current
\V4 e Better For Paralleled Outputs
* Less Expensive

UT

| IEMBEDDED POWER LABS 101




Buck Converter Input Current

el

o

T T
| ON OFF

(&

Input Current Is Pulsating

U e —
A~ 1 4 []

Input Current During T,y Equals Inductor Current

Input Current Is Zero During Off Time

\Y4
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Buck Converter Input Current

L

U
J Ton  Tore
L Gate’/ P, = POUTW \
i (O
Mg V .[IN_AVERAGEJ =Vour “Lour +
Viv iy averace =P Viy - Lour Vour
GateZz B
VJN ']IN_AVERAGE =D- VIN 'IOUT _

V \{ ]IN_AVERAGE =D-1,y; J /
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Buck Converter Input Current

~ |/ ‘//

/ As A Practical Matter, \
Viy - Must Have A

N | L (Relatively Large) g

<—> 1 Input Filter Capacitor .

Cin To Smooth Out The Current Pulses Y
N R P

C _ R
Gate2 - I-‘-‘

AQ

\Y%4
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Buck Converter Output Current

< A _

Output Current Is

Not Pulsating ]
Small Ripple On DC
Vo Average Output | /Y'Y Y)
N Current

\ /

bl C__—_ R V
Gate?2 J'_ out

\Y%4
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Buck Converter

Advantages

* Low Cost
* Low Parts Count
* Good Efficiency

e Simple To Control
* Many Controller ICs Available

* Available As Fully Integrated
Converters

| IEMBEDDED POWER LABS

Disadvantages

* Non-Isolated
* Only Voltage Step Down

* Floating Gate Drive For
Control MOSFET

* Protecting Against Control
Switch Short Failure
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Transformer Isolated
Buck Converters



Transformer Isolated Buck Converters
Forward Converters

Single Transistor Forward Converter Two Transistor Forward Converter

Pijg S N _ JE ZS -~
. d_) %%% %S — H _Vow Vi Ci> %% Z% p— H Vour
i 5k
[ Described In The Appendices }
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Transformer Isolated Buck Converters
Half And Full Bridge Converters

Half Bridge Converter Half Bridge Converter
With Full Wave Rectifier Output With Center Tapped Rectifier Output
ly = )g m 7 > ~
N ‘%] . % + ¢ Vour
Vin <_> || __ [] Vour Viv <-_> o
J,'f T JE p—
Full Bridge Converter Full Bridge Converter
With Full Wave Rectifier Output With Center Tapped Rectifier Output
gyl I e Ik o
% - J_ ¢ V()(?’I
O i L O %Hé T
Bk [
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Boost Converter



Boost Converter
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Boost Converter

I = , +'o— .
Y@ 1 >
+ — TI/I +
V
L AR ]Q D V% [C
m L |
Viv _ '<|: Q | Vs C— R Vour
Gate
— —
\V4 ‘
“Switch Node”
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Boost Converter: On Time

L
4 )f\f[\/i\f\_ N I )+
Vi <> J:Z Q C I RH Vour

[
-~
-

‘E Vi ="V
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Boost Converter: On Time

Capacitor Delivering
Energy To The Load

L
4 )f\f[\/i\f\_ N I )+
V1N< JE Q C I RH Vour

VL B VIN Storing Energy
In The Inductor
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Boost Converter: Off Time

L
o . +
Vin () - Q CI- R H Vour
Y
! Vi=Vin-Vour
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Boost Converter: Off Time D E
From Input To The Output Load

And To The Output Capacitor

[VL =Viv-Vour

Also Releasing Stored Energy
In The Inductor
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Boost Converter Energy Flow

On Time Off Time

{ Input } Output} { Input H Output}
,_/WY\_

Storage [ Storage }

J

LYYYL

| IEMBEDDED POWER LABS 117




Boost Converter Waveforms

| IEMBEDDED POWER 25 118




Video Lab 6
Open Loop Boost Converter Waveforms

L

v
1 Ji + "D — I
" (Y'Y Y ® 0 > o,
+ 5, - n +
L ¥ ] D v [C
0
m L] N
Viv _ Jk" Q | Vs C— R Vour
Gate —'
\V4 ‘
“Switch Node”
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Open Loop Boost Converter Waveforms

| INDUCTOR),

[TV SWITCH==

Std Dev | |4-00us

‘5.0005/5 H & 5 272V

Value Mean Min Max >
20.66 % 28.98 20.65 81.19 15.99 (1M points ]|
3.63V 4.47 3.20 14.2 1.92 _ _

1 Mar 2018

21:57:59

T »¥16.00000S .
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Conversion Ratio

[VL (TON)'TON +V (TOFF)'TOFF :O]
Viv 'T0N+(V1N_V0UT)°T0FF =0
VIN'D'TSW+(VIN_VOUT)'(I_D)'TSW =0
Vi D+ (Viy =Vour ) (1-D) =0
DV +Viy=D-Viy =Vour +DVoyr =0
Viv =Vour + D Vour =0
Vour =D Vour =V
(I_D).VOUT =Viy

[VOUT= Ly, —@] j> D1=V,,, —>©

1-p ™ p
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Conversion Ratio Plot

Boost Converter Conversion Ratio

N
o

-
oo

IS
J
\\‘

Conversion Ratio
IS N
N g‘
= ~N
[N
|
I
O | —

—
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Example

N lour
—> >
+ +
Input 5\ Power.Pro.cessmg gV Load
Voltage Circuitry
— —
N
Duty Cycle Signal Voltage, Current
\ 4
Pulse Width < Error Amplifier/
Modulator Compensator | Reference
Voltage
oy = — Ly
our — VN T VN
D™ 1-D Dot
V
1-D=—2%X Vour
VOUT

| IEMBEDDED POWER LABS
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Example
P /Controller\

| N
T 7 Must Set
Input 5\ Power Proce Duty Cyde Lond
Voltage Circuitry (y
= T To44.4%
[Duty Cycle Signal JV To Convert
Pulse Width | té}\ 5 V TO 9 V J
Modulator | Compensator | Reference
Voltage
_ 4 ™\
VOUT — 9V VOUT 9V
Loyr =5A L =0444=444% )
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Example

IIN

ﬁ?
/Now Wa nt\

Input
Voltage
Changes To
4V

V=4V
Vour =12V
IOUT =5A

| IEMBEDDED POWER LABS

Power |
Ci

rnal

Pulse Width ,\

~

Modulator

Controller
Must Change
Duty Cycle
To 66.7%
To Generate
12V
At The Output

~

lad

/

ator Reference

Voltage
g ) V 4V\
D=1-—& —1-—_
Vour 12V

_ _ 0
9 =0.667 =66.7% y
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Video Lab 7
Boost Converter With Feedback

I, = , +'o— .
, (Y'Y Y o—— X
L \/ IQ D Y ]C
n L |
Viv \_ < Q[ Ve C— R Vour
Gate —'
\V4 ‘
“Switch Node”
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Inductor Current

[ I (Toy) Ty + 1o (Topp ) Ty = <{Capamtor Charge Balance J
Tour Toy +(1, — Loy )T, 1

our L OUT) OFF O IOUT - VOUT

IOUT'D'TSW""([L_IOUT)'(I_D)'TSW:O Four
Ioyr - D+(1, =1, )-(1-D)=0

Doy +1oyr =D-doyp =1, +D-1, =0
Ioyr =1, +D-1, =0

I, -D-1, =1

our

(1-D)-1, =1,

1 1
[ILZS.]OUT:F.[OUT1 fl> D—>1=1, 5o
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Boost C?nvertg Current ‘ ‘
I, = I

[D ouT
< N
i L1 - +
D

Vi <J_r> Gt JE Q C — RH Vour
atle

Y

Y4
_____ | INDUCTOR biopE
IOUT_AVE
0 >
0 D=0 [VOUT =2:Viy ] Tsw
128
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Boost Converter Current

[ Vour =4V ]

[ IDIODE_ON = linouctor = #lout ]

IINDUCTOR IDIODE

IOUTEAVE

0 >
0 D=0.75 Tow
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Boost Converter Current

[VOUT =10-Vy ]

[IDIODE_ON = linpuctor = 10-loy7

[: lo_on
J

J

IOUT_AVE

0 D=09 Ty,
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Conversion Ratio Plot

N
o

-
(o]

—_—
~

N
»
!

- -
N

AsD —> 1 And D' —> 0,

The Input Current Increases

Rapidly Causing I°R Losses
To Increase Exponentially,

Reducing The Output To Zero

\

o

\\\

Conversion Ratio

/

.

o N A » o

),-/

o
o

0.1

0.2 0.3 04 0.5 0.6
Duty Cycle
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Video Lab 8
Boost Converter At High Duty Cycle

“Switch Node”
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Boost Converter Output Current

L

L
Jk o -
Gate =

Y'Y YN

D

-

| IEMBEDDED POWER LABS

(&

Output Current Is Pulsating

Large Output Capacitor
Is Needed
To Smooth To DC

LN

)
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Boost Converter Input Current

Input Current Is Not Pulsating
Small Ripple On DC Average Output Current
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Boost Converter

Advantages

* Low Cost
* Low Parts Count

| IEMBEDDED POWER LABS

Disadvantages

* Non-Isolated
* Only Voltage Step Up
* High Efficiency Is Difficult

e Continuous Conduction
Mode Harder To Control
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Buck-Boost Converter




Buck-Boost Converter

Gate
£ @
< '
D
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Buck-Boost Converter

| IEMBEDDED POWER LABS

“Switch Node”

Gate
L Q
HEYE IQ
N
+ D
i L C —
_____
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Buck-Boost Converter On Time

f

Capacitor Delivering
Energy To The Load

Gate
L Q
> 1A \I |§ ¢ N
+
Vi () v, L C1I- R H Vour

V. =V J Storing Energy
- N In The Inductor
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Buck-Boost Converter Off Time

Gate
L
HEYE Q
+
+
Viv \_ Vi
_ Inductor Deliverin A
4 VL - VOUT =
Stored Energy To

The Load And
% Output Capacitor y
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Inductor Volt-Second Balance

-

W
VIN 'TON ™ VOUT 'TOFF =0

PN

If Vo Must Be Negative

| IEMBEDDED POWER LABS

If V,\ Is Positive

~

J

\_

|




Buck-Boost Converter Energy Flow

On Time Off Time

Coo | [owt| [ww| [ owen
| /[

Storage [ Storage }

J

LYYYL
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Buck-Boost Converter Waveforms

A VIN

VOUT
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Buck-Boost Conversion Ratio

[VOUT —

D

=V

1-D

D
D!

|

ion Ratio

Buck_Boost Conversion Ratio

A N //
{ +12V=>-5V A\/
-10 } \

» 4 \\
+5V=-12V |

::: 1] :Il\(lj::-lldeal B \\

|

| IEMBEDDED POWER LABS
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Buck-Boost Converter

Advantages

* Negative Voltage From

Positive Voltage

* Low Cost

* Low Parts Count

~

&

No Direct Flow
Of Energy From
Input To Output

~

Disadvantages

J

| IEMBEDDED POWER LABS

* Non-Isolated

* High Voltage Stress On
Transistor And Diode

e Continuous Conduction
Mode Harder To Control

* High Efficiency Is Difficult
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Flyback Converter
(Transformer Isolated
Buck-Boost Converter)



Flyback Converter

NPZNS

‘ ‘ Vour

i (D) - ]
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Flyback Converter

‘ ‘ Vour

ORI _
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Flyback Converter

Vour

-------------
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Flyback Converter On

| IEMBEDDED POWER LABS

(&

ime

Magnetizing
Inductance
Storing

Energy y

o

Vour

Capacitor
Supplies
Load
Current

)
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Flyback Converter Reset

ime

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

| IEMBEDDED POWER LABS

o

Magnetizing
Inductance
Releases

Energy y
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Flyback Converter Reset

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

| IEMBEDDED POWER LABS

o

Magnetizing
Inductance
Releases

Energy )

Drain Voltage

Equals

Input Voltage

Plus

Lyag Voltage!
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Flyback Converter Idle Time

. Lwmac % H Vour

O L :

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

- Transistor Off
JI& No Current In Ly,

| IEMBEDDED POWER LABS 153




Flyback Converter Energy Flow

On Time Off Time

Coo | [owt| [ww| [ owen
| /[

Storage [ Storage }

J

LYYYL
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Flyback Energy Flow

On Time:
Store Energy In Flyback
Inductor Core
“Fill The Bucket”

Reset Time:
Deliver Stored Energy
To The Output
“Empty The Bucket”

ldle Time:
“Take A Break”
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Discontinuous Conduction Mode

Ip

| IEMBEDDED POWER LABS

>

N
VIN +FP'(VOUT

S

+V,)

VIN

N

N

-~

AN

AN
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Discontinu

VDS

/ LMAG

A

Peak Energy Stored

1

]2

PK

.

n Mode

-

o MAG
N |

Control Output
By Controlling

Ip

| IEMBEDDED POWER LABS

1
E'LMAG 'IJ%K

Power In = Power Out

i

2
— VOUT

Swo— R

~

>

S

Control I, By
Controlling The On Time

i v v
PK_ =Ty =—"—"T D
Lo Lo -/
| AN >
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Discontinuous Conduction Mode

2 1 Start With
[ %fT :5 L. .I;K -Fo, Power In = Power Out
2
1 V. T
:—-LMAG'E - ONJ Ly
2 LMAG / \
o _Relyg VT 1Ty, Get A
ouUT ” L?\/IAG TSW TSW “Buck Like”
Conversion
R-T. V>.T> R-.T
_ sw_ . Yiv ton _ SW_. % . D? Ratio

2- LMAG T52W 2- LMAG W/ )
/

R-T
VOUT:\/Z.LSW 'Vlzzv'D2 R'TSW
e Vour =DV - 2.1
" MMaG
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Discontinuous Conduction Mode

Ip

| IEMBEDDED POWER LABS

N
I/IN+FP'(VOUT+VD)

/ Discontinuous Mode \\_

\

Is Most Popular Way
To Design A Flyback

Easy To Design

Does Not Have The
Control Issues Of

k Continuous Mode /
|

AN | \
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380

Discontinuous Conduction Mode
|deal Flyback Simulation

TX1

o a Vout=12V
Transformer 1 Pout =50 W
Lmag=2mH P1 S1 —
Np:Ns =17:1
1om DIODE VouT
V-SEC o5 |-SECDIODE l-ouT
V1 e C 1 R3
I-DRAIN —1m Dz.aa
X1 L
PWM!1 p |- V-DRAIN =
= = This simulation is on an ideal flyback converter operating open loop.
o Ideal means there is no leakage inductance in the flyback inductor
10 ‘ e (and thus no clamp circuit) and the switch is a basic MOSFET
PWM2 C 3 - VGATE o MOSFET with no capacitance. Open loop means that there is no feedback
R4

V2

| IEMBEDDED POWER LABS

to keep the output voltage constant as the input votlage, duty
cycle, and load change. However, this simulation does illustrate
the basic operation of the flyback storing energy in the
magentizing inductance during the on-time and discharging that
energy into the secondary (output) during the reset time.
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Discontinuous Conduction Mode
|deal Flyback Simulation -
—— Drain Voltage

l ———  Drain Current
1
& |
et
~

I
.

.

Diode Current

EEEEEEEEEE

time/uSecs

161
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Discontinuous Conduction Mode
|deal Flyback Simulation

Drain Voltage Secondary Voltage —— Output Current
—— Diode Current
—— Qutput Voltage
| |
1 1
"-.._\ ""-.._\
T — T —
S — \\‘-—
[ — \""'"--.._
—— e
111111 — — ——
55555 Pl e P
e P i ~
B prad T i
11111 T d B pdl
T Tl

timefuSecs  BuSecs/div
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Discontinuous Conduction Mode
|deal Flyback Simulation

Drain Voltage

Secondary Voltage — Output Current
—— Diode Current

—— Qutput Voltage

111111

111111

111111

time/uSecs

| IEMBEDD:u | UYVER LADD

EEEEEEEEEE
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Discontinuous Conduction Mode
|deal Flyback Simulation

Drain Voltage Secondary Voltage —— Output Current
—— Diode Current
—— Qutput Voltage
| | |
(I N\
Output Mean Value:
12.05 'V —
Peak-To-Peak Ripple Voltage:
S 34 mV
— , £
i  — o
‘‘‘‘‘ e e ] e e e e e = e = e = e =
11111 \4// \\\J//

timefuSecs  BuSecs/div
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Discontinuous Conduction Mode

More Realistic Flyback Simulation

Leakage Inductance
= 2% Of Magnetizing Inductance

V2
380

40y 1G=0
N
L_LKG
Clamp Voltage
0 Constant 440 V .
——  =2x Primary Reset Voltage Transformer
"] More Practical Is Lmag=2mH P1
RCD Clamp Circuit Np:Ns = 17:1
1 Dclamp
E — I-PRI
Icl N
clamp R4 0
I-DRAIN}
POP Trigger
PW Ny
I
T H—V—DR}-\IN
10 MY_FET
) MOSFET
T v Coss =100 pF
G

| IEMBEDDI:L) FUVVEK LABY

This is a more realistic simulation of

a flyback converter operating in

DCM. The transformer has a typical
amount (2%) of leakage inductance.
The clamp diode has a reverse biased
capacitance (10pF) and the MOSFET
has a finite output capacitance (Coss)

of 100 pF.
TX1
81 p—
Diode
10m vouT
= I-SECDIODE
R2 "3
15m
R5
Dz_ss
+_C1

2 Ohms On Resistance

a I
Simulation Results

And Discussion In

the Appendices
- P J
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Multiple Output Flyback

NPZN31 :NSZ

-

() S




Flyback Converter

Advantages

* |solated
* Good Up To 150 W

* Multiple Isolated Outputs
Possible

* Easy To Control
(Discontinuous Mode)

| IEMBEDDED POWER LABS

Disadvantages

* Transformer Needed

* Single Transistor: High
Voltage Stress On Transistor
And Diode

* Large Output Capacitor
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SEPIC Topology



SEPIC

Single-Ended, Primary Inductor Converter

| | N
| | 1

I_
Vin J K [] Vour
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SEPIC

Single-Ended, Primary Inductor Converter

CSM ol | i
-

{ “Switch Node” }
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SEPIC On

| IEMBEDDED POWER LABS

ime

Single-Ended, Primary Inductor Converter

Input
Inductor
Stores

\VA

/

/

\_ Energy

(&

Output Capacitor
Delivers Energy To
The Output

J

Vour

171



SEPIC Off Time

Vi

Single-Ended, Primary Inductor Converter

-

L

Input Inductor
Deliver Energy
To The Output

)

| IEMBEDDED POWER LABS

(&

—

Also Delivers Energy To The

Vour

~
Second Inductor

Output

)
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SEPIC Conversion Ratio

| | EMBEDDED POWE

10

Conversion Ratio

R LABS

D D
N /G
1-D " D

SEPIC Converter Conversion Ratio

VOUT —

'VIN

| [VOUT >VIN]

(Vour <V |

L

.

S/

0.0

0.1 0.2 0.3 0.4 05 06
Duty Cycle

0.7 0.8 0.9

1.0
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SEPIC With Coupled Inductor

\V

It




SEPIC

Single-Ended, Primary Inductor Converter

| | N
| | 1
+ -
Ve Jle “ —— Vour
- -
Advantages Disadvantages
e Qutput Voltage Higher Or * All Power Passes Through
Lower Than Input Voltage The “Flying” Capacitor
* Single Grounded Switch * Very Difficult Controller
e (Capacitor Blocks Output Design

Short From Input Source

| IEMBEDDED POWER LABS
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Resonant Converters

* More Complex, Typically Specialized Application
* Very Common: CFL Ballast

* LLC Resonant Converter
Is An Important Topology Today
 Complex Operation
* Complex To Design
* Offers High Efficiency
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Summary
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In Part 1 We Covered

* Switch Mode Conversion Principle
* Lossless Switches Plus Energy Storage

* Inductors And Capacitors As Energy Storage Devices

* Common Switching Converter Topologies
* Buck Converter
* Boost Converter
* Buck-Boost Converter
* Flyback Converter
* SEPIC Converter
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Questions?
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Fundamentals of
Switch-Mode Power Conversion
Part 2: Control

MBEDDED POWER LABS




Switch Mode Converter

N lour

+
ety Controller -

—{ T 7

Error Amplifier/
Compensator

N

Modulator

Neference

/oltage
Comm Protection, Status Monitori
Bus/ otection, a l.lS . onitoring, <
i Communication
Signals
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Switch Mode Converter

IIN

/Compares Output To Reference\ _
ocessing

* Generates An Error Signal

Control Signal

* Processes Error Signal To Create

Achieve Stable Control Loop
And Desired Dynamic Response/{étus Monitoring,

litry

Load

oltage, Current

\

y

Error Amplifier/
* Shapes Frequency Response To Compensator

b
Reference

/

Voltage

DuUS/ S

Signals

Communication

N

| IEMBEDDED POWER LABS
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Switch Mode Converter

IIN

%ﬁ
+

Input
Voltage

—>

Switch Drive Signals

/
' Converts The Control Signal
Power P From The
Circ . -
Error Amplifier/Compensator
A / To Driving Signals For The
/ Power Switching Devices
Modulator < T e——
Compensator | Reference
A Voltage

Comm
Bus/ «<——

Signals

Protection, Status Monitoring,
Communication

N
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Control

Load

IIN
%ﬁ
+
Input Power Processing
Voltage N Circuitry
-
Switch Drive Signals Voltage, Current

Important:
We Will Be VERY Concerned
With The Frequency Response

~

Of Signals Flowing Through This Loop y

| | EMBEDDED Po%u«m
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Transfer Functions
And Bode Plots



ransfer Function

System
X)) —> h(t) —> (1)

Find output y(t) by convolution

y(t)=h(t)*x(t) = j:h(r)-x(t—r)dr

| IEMBEDDED POWER LABS 186
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ransfer Function

System

h(t)

—> (1)

t—r)dr

187



ransfer Function

Use LaPlace transform to convert to frequency domain

System

X)) —> H(¥) —> Y%

(i) Y(s)=H(s) X(s)
Is The Describes The )
“Transfer H(S) _ Y(S) Frequency Response
\Function” X(S) Of The System:
Gain
\_ Phase -

| IEMBEDDED POWER LABS 188




ransfer Function

~

If There Is Some
Frequency s,
Which Makes

Y(s,) =0
Then
H(s,) =0
And
s, Is A “Zero”
Of The
Transfer
Function

| IEMBEDDED POWER LABS

orm to convert to frequency domain

-

System
H(s)

—>Y(s)

189



ransfer Function

Use LaPlace transform to convert to frequenc
G Y If There Is Some

Frequency s;
Which Makes
X(sp) =0
Then
H(sp) = o

Y(S):H(S)-X(S) ;nd
S, Is A “Pole”
Y(s Of The
H(S) - Q Transfer
O Function

System
X(s) —> His) [

/

| IEMBEDDED POWER LABS 190




Simple Op-Amp Pole

(R ,
- Z (s)
c H.. o) = \ZFEEDBACK

\ H . AMP( ) L ZSOURCE(S) )

ouT

W o o <

VRer O

\
As Frequency T

Capacitor Impedance

Zeeppacky = Gain ¥
)
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Simple Op-Amp Pole

s
Vin O—1 -
Vrer O—¢
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Simple Op-Amp Pole

Negative Frequency
Valid In s-Domain R

1
H,(s)=-2£.
\ /@; (5) R. 1+s5-R,-C
C
)

| N
G[ |-,

1+
R.-C o,
1 1
-G -G R,
’ 1+ —Wp ’ 1+(—1) GO - RS
o D - N 1
(lj enominator Is Zero e
=G| 5 . S0 -op IS A P
0 P
- % Pole Of This |
Transfer Function  J
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Simple Pole Bode Plot

) N o
ffffffffffffffffff Magnitude, Gain *
T Frequency Response o

Phase (deg)
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Simple Pole Bode Plot

fp=1kHz

w B
[$)] o

Magnitude (dB)

45— -

Phase (deg)
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B S S

196

Frequency (Hz)

Simple Pole Bode Plot

f, =1kHz

| |
| |

[ | I | I [ I I I I
| | | | | | | | | |
| | | | | | | | | |
- - -+ --—1-—-—F+-—-——"--—t+-—-—d-——-F - H- - === = - — = - ——— = H
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
-t -—-—1--——tt-——=--"=—"="#t-"=—A4-"=—"="F~-"="7/ f§~-"—"—"—"—-— === — = t—-————== == == +H
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | I | |
| | | | | | | I | |

B T N S N N 7 o

o wn o 0 o w0 o 1o} (o] w0 o
© 1) 1) < < ™ ™ N N < nﬁ

(gp) epnyubep

(Bep) eseyd
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Simple Zero

As Frequency T
Capacitor Impedance I

4 )
C R
| | —
| | | IS |
Rs

V|N D
&
VREF
\

| IEMBEDDED POWER LABS

Zeourcey = Gain T

o
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Simple Zero

Viy D—L——] >
- ol
__ke
0 RS
i 1
a)Z=2-7Z'-fZ=R C
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Simple Zero Bode Plot

f, =1kHz

=}
o
N N ~
(gp) spnuubepy (Bap) aseyd

Frequency (Hz)

199
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Simple Zero Bode Plot

f, =1kHz

+20 dB/Decade

5 [ I
[

I Lo
0 ! ! ! Lo ;
OF———— i1 r- 1 rrirr-- - 17 i
| | [ B | |
|

[ Phase Shift: +45 °

200
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Example: Simple Transfer Function

R1
(D —1 D
o + +
H — out
{ (s) —vm(s)} Rzﬁ
Vin Vout
_ o>

4 ) ]
A W, =—""—
H(s)—vO“’(S)— l1+s-R2-C H( )_l+a)_z / R2-C
", (s) 1+s(RI+R2)-C T s
N\ a)P/ 3 1
" (R1+R2)-C
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Simple Transfer Function Bode Plot

——/

FroLe .
/( -20 dB/Decade

: T i gt

| iniatnietuletelnt elubeiets ek Suiul ks Aol bttt '\/?// --------------------------------------------
- -20 + (+20) = 0 dB/Decade

11 TN /

u N/

e —— s e S ST RTINS a ) N/ e

v T 4

: /ﬁ

30 //
| =-45° — (.90°+90°=0° |

eeeeeeeeeeeeee -900 -

| IEMBEDDED POWER LABS

FZERO
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What If System Has

Pole And Zero At Same Frequency?

They Cancel
Each Other!

| IEMBEDDED POWER LABS
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Basic Feedback Loop
Review



Basic Feedback Review

p=

Note
Next 16 Slides Not In Your USB PDF
Or Printed Workbook
They Are In The Version You Can
Download From

N

\ Embedded Power Labs Website /

MBEDDED Pow

ER LABS




Basic Feedback Review

a8

[ In Response To Input X FX—> P —Y

/Output Can Be Anything:\
Voltage, Current, [ Produces Output Y

Temperature, Flow Rate,
\Speed, RPM, Position... )

| IEMBEDDED POWER LABS




Basic Feedback Review

So How Do We Set
Input X To Get The
Desired Output Y?

&

What We Want Is To Have Y
Be Some Desired Value

| IEMBEDDED POWER LABS




Basic Feedback Review

(&

4 )
Use Feedback To Get Desired Output Y
In Response To Command U

)

| IEMBEDDED POWER LABS

E X

-

— Y




Basic Feedback Review

N

| IEMBEDDED POWER LABS

f Subtract Actual Output Y From Command U

To Generate Difference (Error) Signal E
E=U-Y




Basic Feedback Review

| IEMBEDDED POWER LABS

-

"

Process Error Signal E In
Controller/Compensator C

To Generate Plant Input Signal X

%

X

> (C > P

—> Y




Basic Feedback Review

| IEMBEDDED POWER LABS

€ For This Discussion Let An A
Increase In X Cause An Increase InY
_ (And Vice V
E X
> C > P —TY




Basic Feedback Review

To Start The Description Of How The Feedback Works
Suppose Y Is Greater Than The Desired Value

| IEMBEDDED POWER LABS




Basic Feedback Review

Then The Error, E, Is

Negative
\_ E=U Y\j_/
+ E X
U 4 > C > P =Y

_ =

| IEMBEDDED POWER LABS




Basic Feedback

[ E=U-Y<O

| IEMBEDDED POWER LABS

+

Review

4 Negative Error
Causes The Output
Of The Controller To

>

N Decreasew/

E

X

> C

oy




Basic Feedback Review

4 Negative Error
Causes The Output

[ E=U- K Of The Controller To
- Decreasew/

C

>

X

/

-

\
Decreasing X

Causes Y To
Decrease

E
U;? >

—> Y

oy

| IEMBEDDED POWER LABS




Basic Feedback Review

{ Step By Step Starting With Output Too High }

| IEMBEDDED POWER LABS




Basic Feedback Review

[ Step By Step Starting With Output Too Low }
+ E X
U 4 > C > P =Y

| IEMBEDDED POWER LABS




Basic Feedback: The Math

Y=P-X Y=P-C-E
X=CE -pP-C-(U-Y)
E=U-Y
-P.C-U-P-C-Y
Y+P.C-Y=P-C-U
P-C
1+P-C

Y = U

| IEMBEDDED POWER LABS




Basic Feedback: The Math
Y=—D.Y —P.C.E
Small Signal \(U—Y)
P(s)-C(s) _p.C.
Y(S)_1+P( o) ) g prex
H (S):Y(S) P(s)-C(s) v
CLOSED _LOOP U(S) l—I—P( ) C( ) /EU
+ E X
U + > C > P —1>Y




Basic Feedback: The Math

Y=P. X

Y_P.C.E
Small Signal \(U—Y)

_X(s)

HCLOSED_LOOP (S) = U(S)

Y(s)= P(S).(.j(s) U(s) U-P-C-Y

' This Is The “Closed Loop Gain”

)

MBEDDED POWER LABS




Basic Feedback: Open Loop Gain

, N
; .- Y(s) o p $)-C(s) ThIf Der}:ommator s ZeroI
CLOSED _LOOP U(s) T+ P(5)-C(s) en The Loop Is Unstable
P(s) - C(s) =-1 g
Hoppy_1o0r(5)=T(s)=C(s)-P(s) ‘ When Designing The Feedback )
. (5)- Y(s)  T(s) L Loop We Wil Focus.On The
CLOSED _LOOP U(s) 1+T(s) Open Loop Gain y

X

| IEMBEDDED POWER LABS




Buck Converter

Buck

Converter

1.8V

D=0.15

I

-

What Happens If:

Input Voltage Changes?

Load Changes?

~

| IEMBEDDED POWER LABS

» Load

VOUT =D- V]N

=0.15-12V

=1.8V

-

Output
Voltage
Changes

~

222



Buck Converter With Feedback

Error Ve, D Power Vour
2 Amp/ > PWM > S >
— Compensator

K- VOUT K

N

Voltage
Divider

| IEMBEDDED POWER LABS 223




Buck Converter With Feedback

$ L)
Virror = Veer =K VOUT‘ ‘ J ‘

Error V., D Power Vour
Vopr— 2 Amp/ > PWM > Stage >
— Compensator

K

\

Voltage
Divider

4 Output Voltage Too High = R
Error Voltage Is Negative =

yd
T~

Duty Cycle Is Decreased =

224

| IEMBEDDED POWER LABS

\_ Output Voltage Is Reduced )




Buck Converter With Feedback

$
Virror = Vieer =K Vour f f J f

*

\

Error V., D Power Vour
Vopr— 2 Amp/ > PWM > Stage >
— Compensator

K

Voltage
Divider

Output Voltage Too Low =

yd
T~

~

Error Voltage Is Positive =
Duty Cycle Is Increased =
_['|Ereooen Powe Lass \_ Output Voltage Is Increased ) 22




Feedback Concerns

[ Tracking }
Disturbance
Rejection

[ Stability J

| IEMBEDDED POWER LABS 226




Feedback Concerns

Tracking }

| IEMBEDDED POWER LABS

\_

\Distu rbance

W

How Close Is The
Output

To The
Commanded Value?

~

bility ]
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Feedback Concerns

[ Tracking ]

Disturbance
Rejection
\

If The Input Voltage Changes, \]

-~

Or The Load Changes,
Or There Is Noise, How Well Does
The Output Return To The Proper Value? Y

| IEMBEDDED PoweR LABS 228




Feedback Concerns

| IEMBEDDED POWER LABS

\

\
‘ Output Does Not “Run Away”

“Bounded Input, Bounded Output”

“Lyapunov”

N

v
{ Stability

229



Loop Gain

VERROR =V — K- VOUT

VEA

VREF _ﬁ@_) Heals)

~
7

Gpwm(S)

VOUT

| IEMBEDDED POWER LABS

K(s)

\4
()]
<
o
—_—
n
N
\

Each Block Of The Control Loop
Has Its Own Transfer Function




Loop Gain

Virror =Vaer =K Vour

Vea D VOUT
VREF _;Q —> Hia(s) > Gpym(S) > Gypl(s) >

\

What Happens To A Signal As It Goes
Around The Control Loop?

| IEMBEDDED POWER LABS 231




Loop Gain T(s)

Virror =Vaer =K Vour

Vea D VOUT
VREF _;Q —> Hia(s) > Gpym(S) > Gypl(s) >

IOpen Loop Gain
T(S)ZK(S)°HEA (S)-GPWM (S)-GVD (S)

\_

J
232



How To Get Good Tracking?

Veyp —> System —> V1

Good Tracking Means

Vout = Vemp

That Is, We Get The Output We Want
Based On The Input Command

| IEMBEDDED POWER LABS 233




Op-Amp Buffer/Follower

VCMD

| IEMBEDDED POWER LABS 234




Op-Amp Buffer/Follower Example

e
What Is
This Voltage,
{ Vin= VooV Vour
Vemp Vour =1V
a 4, =40dB =100

| IEMBEDDED POWER LABS 235




Op-Amp Buffer/Follower Example

/

(&

What Is

This Voltage,
V|N — V+ = V_f)

=100-V,,

:100-(

1y
100 j

Vi =10mV

| IEMBEDDED POWER LABS

-

VOUT
Vour =1V
\
Voo =Vour TV dB =100
=1V+10mV
=1.01VzVOUT

236



Op-Amp Buffer/Follower Example

/
What Is
This Voltage,
Viy=V,-V_7"?
N Vour
Vemp Vour =1V

A, =80dB =10,000

| IEMBEDDED POWER LABS 237




Op-Amp Buffer/Follower Example

/
What Is
This Voltage,
Viy=V,-V.7?
o Vour
V=4,V Vemp V()UTZIV
=10,000-V,

A, =80dB =10,000

=10,000- 1 -V
10,000

V,, =100 uV

| IEMBEDDED POWER LABS 238




Op-Amp Buffer/Follower Example

- Veww =Vour +Vi
What Is =1V +100 4V
This Voltage, =1.0001V =V,
Viy=V,-V.7?
" \_ /
=10,000-V,,

A4, =80dB =10,000

=10,000- : -V
10,000

v, =100 uV

| IEMBEDDED POWER LABS 239




Op-Amp Buffer/Follower

e

VCMD

The Larger The Gain,
The More Closely
The Output Equals

The Input

/

7



How To Get Good Tracking?

l Viy

VERROR =V — K- VOUT

VREF T

~

—
2]

S—
N

| IEMBEDDED POWER LABS 241




How To Get Good

\ 4

VERROR =V — K- VOUT

VREF T

racking?

| IEMBEDDED POWER LABS

K(s)

The Larger Gain G,

The More Closely The Output
Follows The Reference Input

242



How To Get Good
Virror = Vier =K - Vour
Vrer
Vour (S)

racking?

| IEMBEDDED POWER LABS
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Loop Gain T(s)

| T(s)| T(s)> 0=V = — Vi e )

[ Full Math In Appendices J

Frequency

| IEMBEDDED POWER LABS 244




Assuring Steady State

:> VERRORA: Vier =K Vour

V rir _:éf Integrator

A
N — /

VEA

racking

Viy

Power
Stage

\ 4

PWM

VOUT

K

No Matter How Small,

Is Integrated Over Time
To Make An Error Amp Output
That Corrects The Duty Cycle

[ EMBEDDED PoweR Lass \ To Drive The Error To Zero /

/_AgSteady State (DC) Error, \

v
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Analog Integrator

R
VinC— 1
VRer [
Vour (t) =Vier = Ve (t)

|
=V err —E-IO i.(7)dz

| IEMBEDDED POWER LABS
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Analog Integrator

+|V|C— . As B

s—>0
R Gain > ©

Vin o] >_ DC Error — O/
VRrer &> t 4\\/
1
bt -

L
R-C
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Crossover Frequency, k.

[ T(s)]
A

Frequency At Which The Loop Gain
Becomes Less Than 1 (0 dB)

N

/

0 ¢

o

Generally Speaking,

The Higher The Crossover Frequency,
The Faster The Transient Response

~

J

| IEMBEDDED POWER LABS

Frequency
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Response Time Vs. Bandwidth

Step Response

1000 Hz

500 Hz

200 Hz

Amplitude

100 Hz

e

0 0.05

| IEMBEDDED POWER LABS

0.1
Time (seconds)

0.15
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Loop Phase

| T(s)|

)

™\

-

o

There Is Also A
Phase Shift That Varies With
Frequency To Signals Going Around
The Loop

~

ZT(s) I

J

-

Generally Speaking,
The Phase At The

Crossover Frequency

Indicates Stability Margin Y,

| IEMBEDDED POWER LABS

Frequency
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Stability

VAVA

Controller
Gain: 1.6
Phase: -60°

Plant
Gain: 1.

Phase: -120°

AVAV

| IEMBEDDED POWER LABS
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Stability

N\

4 To Be Stable,

\/\/ At Frequency When Loop
Gain=1

Total Phase Shift Must Be

R I’?*\ Less Than —360°

AVAV

| IEMBEDDED POWER LABS 252
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Stability

-

Note: Inverting Error Amplifier
Phase Shift Equals —180°

B\

J

R G
A Ph

CO/*‘AJ_IAK DIlan+

| IEMBEDDED POWER LABS

o

So Phase Shift
In The Rest Of The Loop
Must Be Less Than —180°

/

S
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Step Response vs. Phase Margin

Step Response

14

1.2

0.8

Amplitude

0.6

0.4

0.2

Phase Margin
' 20°

45°
— 70°
— 90°

| IEMBEDDED POWER LABS

|
0.05 0.1
Time (seconds)

0.15

254



Stability vs. Phase Margin

eeeeeeeeeeee

Preferred Maximum Phase Shift:
| —135° For Fast Response
(45° Phase Margin),
—110° For No Overshoot

k (70° Phase Margin)

y

— 90° |

| IEMBEDDED POWER LABS 255




Buck Converter
With Feedback Control




Buck Converter With Feedback

VIN_

Vv

74N N )—>§rror e PWM P Buck our
REE | 4 Y g | Converter

\— Compensator

VERROR =Vipr — K- VOUT

\

~

K

Voltage
Divider

N

| IEMBEDDED POWER LABS 257




Loop Gain T(s)

Gives Desired
Performance
And Stability

\l

/
So That T(s) \K'V/

2

We
Design
Hea(s)

~

D

Viy

-

-

)

[

~

Power Stage

Design Sets
Gyp(S)

|
-V

\_

Lo\/gp Gain

T(s)=K-H(s) Gy -Gy (5)

/H\ /
K(S) /I |

v

)

| IEMBEDDED POWER LABS
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Compensator Design: Plan Of Attack

* Solve For Hg,(s)

T(s)=K-H () Goys - Gyp(5)

VOUT

VREF ]

Choose T(s)

| IEMBEDDED POWER LABS 259




Loop Gain T(s)

VERROR = VREF -K- VOUT

VREF ]

VEA

| IEMBEDDED POWER LABS

Buck

VOUT

A\
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ldeal T(s): Simple Integrator?

| T(s)] ZT(s)
A B a)c

T(S)— ; T 0°

0dB

Frequency
J_l EMBEDDED POWER LABS 261




ldeal T(s): Simple Integrator?

| T(s)] ZT(s)
" | o N O +
Phase Shift Of 90 = — 10
Is Completely Stable S
But Not The Fastest Response )

N\

-90°

Less Phase Shift At Crossover
Would Be Better

Frequency
J_l EMBEDDED POWER LABS 262




Better T(s)

| T(s) |
A
0dB —=------mmmmme-
g |
Q,
T(S): SO . p
1+
\_ Dprp

-90°
-110°

-135°

-180°

| IEMBEDDED POWER LABS

Frequency
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Better T(s

| T(s)|

)

Adij

At Crorsover FrTquency

ZT(s)
ust ®, Such That A

Loop Gain =1 Fe

=1

T(j-o.)

| IEMBEDDED POWER LABS

"\ Y
O 0)0/1 N X7
T(S) = Phase Margin
S S
1+ =70°
)
e v\ — C 130°
>
Frequency
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Better T(s)

Ideal Loop Response Bode Diagram

F. = 10 kHz
Frep = 27.475 kHz

Magnitude (dB)

T T \

Frequency (Hz): 1e+04

40
System: Hbetter
20 —
0+ ]

Magnitude (dB): -0.0354

! e

S
Sl ——

a)HFP

S|

System: Hbetter
Frequency (Hz): 1.01e+04
Phase (deg): -110

[ Phase =-110° J

N L -

T0 10°

| IEMBEDDED POWER LABS

10*
Frequency (Hz)

10°

108
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Better T(s):
Practical Crossover Frequency

Ideal Loop Response Bode Diagram
T T T T |l T T

40~\\|_‘IIHH I | EEEEEE I EEEEEREY
ystem: Hbetter
20— requency (Hz): 1e+04 N
) H agnitude (dB): -0.0354
2o Fgy /10 Very Practical  [*
2 .20 —
g |
s
-60 —
a F. /5 Challenging .
N J
\.
g e IS 1
% Phase (deg):
Fsw /3 Academic Exercise -
s
-180 L L I I [T N Y N | I R N A ! ! [ ——
102 103 10* 10° 10°

Frequency (Hz)
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Small Signal Model
Of The Pulse Width Modulator

GPWI\/I




Small Signal Model Of
Pulse-Width Modulator

Error Power
Vref —-)@—)—) Amp/ —>» PWM —> > \out
+ Stage
—  Compensator
tage

/ ider <
-

We Need To Calculate The Gain Of

the Modulator: G,,,(S)
& v
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Pulse Width Modulator

Clock H ” ” |
Error Amp N
OUtpUt \
%mparator
Ramp

Generator /I/l/l

| IEMBEDDED POWER LABS

PWM
Output
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Analog Pulse Width M

Error

Amp
Output

odulator

yd

Ramp /

Signal

Clock

e

PWM

Signal

| IEMBEDDED POWER LABS
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Video Lab 9: Trailing Edge PWM

Error
oﬁglﬁ / / /
Ramp / / / /

Signal

Clock

PWM
Signal
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Small Signal Model Of
Pulse-Width Modulator

VRAM P_MIN

VraMP MAX 2 V = 100% Duty Cycle
|
|

Verror aup : / 1.25V = 25% Duty Cycle

|
: 1V = 0% Duty Cycle
:
|
|

D 1.25V -1V 05

2V-1V

| IEMBEDDED POWER LABS
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Small Signal Model Of
Pulse-Width Modulator
C

\
d —(D D VERROR amP — VRAMP_M]N
Vramp_wmax VERROR amp ) = ( max — Pur ) ' % %
RAMP MAX ¥ RAMP MIN
- /
|
: / d (d(vERROR_AMP)) \
V Gpppr =
ERROR_AMP | d (VERROR_AMP)
|
VRAMP_MIN : _ d D _D VErrOR _amp — VRAMP_MIN ]
: d (VERROR_AMP) ( o MIN) VRAMP_MAX - VRAMP_MIN
|
' — Dy = Doy
\ VRAMP_MAX - VRAMP_MIN /
_ _ Gpppy =
D,y =1 D,y =0 AVRAMP
NS J

| IEMBEDDED POWER LABS
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GVD



Buck Converter G, 5

VERROR — VREF -K- VOUT

()

VEA

Vieer + \J > Heals)

4

Vv

Gpwm(S)

K

* Derivation Of Control-To-Output
Transfer Functions Generally Not Trivial

e See Additional Resources To Learn More

| IEMBEDDED POWER LABS

K(s)

VOUT

\

pd
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Buck Converter

Vew (t = d l
1 L

Gate1 J'_

QS ® (Y'Y Y
L ESR
Jk— Q2 R

Gate2 -] C _—

\4
. d<D
{d(t):D+d(z‘)} =
0 < 0,
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Buck Converter
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Buck Converter

-

\l

V- d-sin(ew-1) ‘HCM

VAL 4

/Q2

Gate?2 r
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Buck Converter

-

\_

V- d-sin(ew-1)

VAV,

|
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Gate?2 r
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|L-C Filter Transfer Function

4 1
L RL RLOAD || (RC +ﬁj
o = | ) .,
e] S'L+RL+RL0AD||(RC+—j
RC \ S'C
Vin [] Rioap  Vout
C ——
_ _ [ RC < RLOAD R, < RLOAD J
(D D
[ ESR Zero W\R
/ l+s-R.-C
~ C
H,. (S) ~ 7
1+ s+L-C-s°
RLOAD
& 2N
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|L-C Filter Transfer Function

L RL
Oo———Ym — O
+ +
Rec
Vin [] Rioap  Vout
C ——
D =Y
f s ™
(0
H,. (S) ~ P = 2
\ RLOAD a)P COP /
4 1+ A
Q _ RLOAD 1 _ @,
w,-L f\HL [L){LT
0 \®,) o,

J_l EMBEDDED POWEQ\ /

V. (s)=

1
RLOAD ||(RC + j
s-C
7 j-vm (s)

S-L+R, +Rpp ||(RC+
s-C

RC < RLOAD RL < RLOAD
l+s-R.-C

[_ILC(S)z 7 <

1+ s+L-C-s*

RLOAD

]

* R.-C

1

2

W, =——

PL.C
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Buck Converter G, (s)

l+s-R.-C
Gy (5)=Viy Hyo(s) =V L —
1+ .s+L-C-s’
LOAD
g 1+ > A
V.. wZ_ESR
— "IN
1+ +
\_ O\ @ e Y,
1 2 _L :RLOAD
a)Z_ESR_RC—.C ch_L-C Q ch'L
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Buck Converter G, 5(s)
t40 dB/Decade ]
Q L Fie .
AN / L—ZO dB/Decade
| = —< NV |
|/ AVERN | |
*|:( Low Freq Gain | '\ S =
21.6 dB \/N
J | =20log(V/V) \\/ TS
| =2010g(12) S~
) s
Fesg
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Low Freq Phase

Buck Converter G,,(S)
0° 7 I:LC

S

eeeeeeeeeeeeee
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Buck Converter G, 5(s)

R=1 — R=5 —— R=25

Frequency / Hertz
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Buck Converter G, 5(s)

R=1 R=25

- Higher Load Resistance = b
Higher Q =
Larger Peak

il

g Higher Load Resistance =
Higher Q =

T\ Faster, Deeper Phase Shift y

™ .
—

———

AN
N T

eeeeeeeeeeee
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Solving For The
Compensator



Compensator Poles And Zeros

LC
GVD
XX

ESR
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Compensator Poles And Zeros

Integrator
HEA Pole LC  Double Zero
N Ats=0 xx 1o Cancel |
LC Poles Single Pole
To Cancel
00 « ESRZero
ESR HF Pole‘
X  For Desired
O Phase Margin

O

* |ntegrator Pole
* Two Zeros

e Two Poles

| IEMBEDDED POWER LABS 289




Compensator Poles And Zeros

Integrator LC
T Pole Double Zero

To Cancel

X Ats=0 .
LC Poles Single Pole
To Cancel
X SR Zero
£ HF Pole
X  For Desired
O Phase Margin

O

We Have Our
|deal Loop
9 Transfer Function!

| IEMBEDDED POWER LABS
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Solving For The Compensator

T(S):K(S)-HEA(S)-GPWM(S)-GVD(S) T(s)= ; '1+ .

a)HFP
( ) @, = \/1+( e T

T S 0o — %

HEA (S)_ Oyrp
K- Gpyyy -Gy (S) o = @c
" tan (90-PM)
1+wS
K=1 Gy :Vl Gip (S):VIN =
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Solving For The Compensator

@, 1
|deal ¢ ‘1 s
+
Compensator -
HEA(S)Z
Transfer L
Fu 1 @
'[ Two Zeros |V =
RAMP 1 ( ) J ( S j
+
@y ¢ @y ¢

l1+—-
\ 0
1 a

olaan

_ Wpy 0 \ o, %

1
= = Two
Integrator PoIeJ 1S .[H S j
\ a)Z_ESR a)HFP/ POleS

2
a) :VRAMP'(OOZVRAMP.CO. 1+ Oc
T T
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Practical Compensator
ransfer Function

"l

How Do We
Implement
This In A Circuit?

)

| IEMBEDDED POWER LABS

"l

How Do We
Choose The
Pole And Zero
Frequencies?

)
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vpe |l Compensator

VOUT =

") [T

Reference | VREF > > VEA
Votlage

R4 ||
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1

vpe |l Compensator

VOUT &

R1|]

O a—

R2 || L_A

Reference
Votlage

VREF

R4 |]
A\

:::>>———{:>VEA

.1+S'R3'C3 .1+S'(R1+R2)'Cl

S°R2°(C2+C3) l+s-R -C,

| IEMBEDDED POWER LABS

l+s-R,-

C, - C,
C, +C,

Note

No Voltage

Divider
Term!

~

/

-~

&

Note

R4 Does NOT

Appear!

~

J
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Integrator
Pole

\

(5) = sl

VOUT(S)

1

VOUT =

vpe |l Compensator

R1|]

C1

Reference

R2 |

—

C3
S0

C2
| |

VREF

L_llJ

Votlage

1+s5-R-C; 1+s(R+R)-C

R4 |]
A4

>

—{ > VEA

[5-R,-(C,+Cy)| 1+s-R-C

| IEMBEDDED POWER LABS

l+s-R,-

C,-C,

C, +C,
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First Zero
1

R.-C
_ A,

Wy =

H

(5) = sl

VOUT(S)

1

VOUT =

vpe |l Compensator

C1

Reference

R1|]

R2 ||

VREF

Votlage

R4 |]
A4

(l+s:R-CJ1+5(R+R,) -G

—{ > VEA

| IEMBEDDED POWER LABS

s-R,-(C,+C,) 1+s5-R-C

l+s-R,-

C,-C,

C, +C,
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(&

Second Zero
1

~

Wyy =

(R +R,)-C

J

H

(5) = sl

VOUT(S)

1

vpe |l Compensator

VOUT =
4 R3
— | |
Ri H RZH gcz | |
C1 i i
\
Reference | VREF >_D VEA
Votlage
R4 H
A4
1+5-R,-C, [14s-(R+R,)-C |

| IEMBEDDED POWER LABS

s-R,-(C,+C,) 1+s5-R-C

C, -G,
C, +C,

l+s-R,-
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(&

Second Pole
1

R1 'Cl

Wp) =

~

J

H

(5) = sl

Vour (S)

1

vpe |l Compensator

VOUT &
R3
— | |
[m H]Rzﬂ gcz | |
C1 1
Reference | VREF >
Votlage
R4 H
\

1+s5-R-C, 1+s(R+R)-C

—{ > VEA

| IEMBEDDED POWER LABS

SR, (G, +C) [I+5-R,-C)

l+s-R,-

C,-C,

C, +C,
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H

(5) = sl

VOUT(S)

4 Third Pole
1
Wp, _R | Cz'C3
3
g C2+C3/

1

VOUT =

vpe |l Compensator

R3 R
R1[] —] }}
R2 [] C2
C1 | |
| | )
Reference | VREF > > VEA
Votlage

R4 |]
A4

I+s-R-C; 1+s(R+R)-C

| IEMBEDDED POWER LABS

s-R,-(C,+C,) 1+s-R-C,

{1+S-R3-

C,-C,

C, +C,

|
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vpe |l Bode Plot

10kHz f,, =100kHz

Jpi =

f,, =1000Hz

100Hz

1000Hz 7,

Jpo=

(gp) spnyubep

Frequency (Hz)

301
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vpe |l Bode Plot

f», =1000Hz f,, =100Hz f,, =1000Hz

fp=10kHz f,, =100kHz

70 T T T T T 71T T T
| | | | \\\\‘ \\‘ \\‘
| | | [ N | | | | B O | | | | N B | | | | I I | | | | | I I | | | | | e A | | | [ I |
M NI N Ny
| | | [ N | | | | B O | | | | N B | | | | I I | | | | | I I | | | | | e A | | | [ I |
| | [ N | | | | B O | | | | N B | | | | I I | | | | | I I | | | | | e A | | | [ I |
501~ N
| | | [ | | | | B O | | | | N B | | | | I I | | | | | I I | | | | | e A | | | [ I |
—_ | [
m 40 T Ty H S B | L
T 1 [N
2 | O
5 30 T T e T L |
= o L NN o
()]
© 20 | | | [ | | | [ | | | \’74‘\7:7:7:4:7\
=
N
: Peak Phase | |
|
|
07 77777777777777777777777777777777777777777777777777777777777777 [
IR A N N R H N N | ead ~135° i
-10 ~
90*”’\”’\”\’T1ﬂTTF””\”’\”\’TT’HTT””\”’\"\’Tﬂ’\’\TT””F”\”\’T’H’\ T
| | | [ N | | | | B O | | | | N B | | | | I I | T T T r————— T | [ I |
| = L Lo O
| | | [ N | | | I I | [ | | | | [
| | | [ N | | | I I | [ | | | | [
45— | | IR R I 4 4 a4 T T S B U B T S R | | L e
| | | [
| | | | [
_ | | | | [
T o L A . i
2} [ | | | o
© | | | | [ |
i | (| [ | | [ | [ |
| | [ | |
| |
L L et e e e~ e T e o T L i\ G R S B Y -
90 = ey B B S S S S S
10° 10’ 10° 10° 10" 10° 10° 10
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Choosing Compensator
Poles And Zeroes

T(S) = K(S)-HEA (S)°GPWM (S)°GVD (S)

S S S
I+— || 1+ — 1+
T(S) _ W 1 | @Dpy Wy, Wy, 1 % @7 Esr
= = IN 2
S 14— N [ PR N Y ravee LI I I
Onrp i Wp, Wp; ) | ] 0 \ o, Opc ) |

{ To Design The Compensator We Need These Five Frequencies J
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Choosing Compensator
Poles And Zeroes
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Choosing Compensator
Poles And Zeroes

T(S) = K(s)-HEA (S)°GPWM (S)°GVD (S)

I S s )] s
l+— || 1+— 1+
T(S) =_ 1 — = Wpy | W7 Wy, 1 v | @y gsp :
Y1+ N [ TR Y rave LI B N
Orirp i Wpy Wp, ) ] 0 \ o, W -

2

. Veir 2@y V, @
DC Gain Term/Integrator Pole Frequency: @p == — =—%* 'a)c'\/l‘i'( - ]
VIN I/IN a)HFP
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Calculating Component Values

* If V4,1 > Vger Choose Current E] =5
(Igas) Through R2 And R4 o I
* 100 pA — 1 mA Typical oo | veer | Lo
!
R — Vrir Y
" Lo * It Vour = Vi

* R4 Not Used

v * Choose Convenient
REF Value For R2 (10 kQ)

R = Vour = Vrer ‘R,

2
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Calculating Component Values

R1: fZZ R2
fPl _fzz

1

C =
2.7 fp R,

C — fZl
2
2’77'fP2'fP0'R2 C,

| IEMBEDDED POWER LABS

:::>>———{:>VEA

VOUT =
R1[] R2[
C1”_—
Reference | VREF
Votlage
R4[
B 1
— )
27 fpor R,
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Buck Converter Example

V,, =12Vdc
Vour =3.3Vdc
[, =1Adc
Verr =2.5Vdc

F,, =300kHz
Loyr =18uH
Cour =47pF

| IEMBEDDED POWER LABS

1
F, :EFSW =30kHz
PM =70°
1
F,.= =5.472kHz
2'77'\/L0UT -Cour
F.., = 1 =169.3kHz

ESR
27 Reour - Cour
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Buck Converter Example

Choose Compensator Zero Frequencies
And One Pole Frequency

Calculate Other Pole Frequency To Give
Desired Phase Margin At Crossover

Calculate Fg,

| IEMBEDDED POWER LABS

F,, =F,.=5472kHz
F,., =169.3kHz

FZI
FPI

PM =70°
Phase _Lag (F,)=PM —90° =-20°
Fe =82.4kHz

P2

" _tan (Phase _Lag)

2
FPO_VRAMP'FC‘\/1+( a)C j
Vv]N a)HFP

2
_ 1V 30kHz. 1+ 2-7-30kHz
12V

2-7-82.4kHz
=2661kHz

309



Calculating Component Values

* Vour > Virer Choose G
Current (l5,,c) Through ] ]
R2 And R4 s i
* lgias = 100 pA >_DVEA

R4
R, = Vs = 250 =25kQ) = 24.9kQ i
Lgys 10014

o Vour Ve 33V =25V

) ‘K, 249k =7.968kQ = 8.06 kQ)
V.. 2.5V
R +R
VOUT = 2;_ L VREF = 3-309V

4
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Calculate Component Values

R = 2z ‘R, =269.18Q0 = 267Q
FPI_FZ2

= 37 :[492.7 pF = SIOpF]
2-7-F,,-Fo R,

- 1

- 2-7-F, R,

- 1

- 2-7-F, R,

- 1

- 2-7-F,,-C,

C2

C, =3.521nF = 3.6 nkF

C, =6.912nF = 6.81nF

R, =4277kQ = 4.22kQ
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Check Actual Compensator
Pole And Zero Freguencies

| IEMBEDDED POWER LABS

Desired As Designed
- F,, =2.661kHz F,, =2.701kHz
" F, =5.472kHz F, =5.546kHz
" F,, =5.472kHz F,, =5.309kHz
| F,, =169.314kHz F, =165.6kHz
| F,, =82.424kHz F, =79.50kHz
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Simulation Schematic

Basic Synchronous Buck Regulator With Type IIl Compensator Ac_ow[l—ww
=0UT/AN

els the example from the presentation

deal" Type Ill compensator that does
ne expected phase margin. AC_OUT[ ——{ N [HJouT COMP
=0UT/IN
[pizv
comp[ }—{ M [out vouT
=0UT/IN
Gatet D—Af[]“
18u IC=0 _)—\fO

— uvsw Py 30m utT [Jvout
L - e 1-ouT
L I-Cout
12 + 52
—Lw Gate2 :| FW_DIODE
fp— 01
RCOUT RLO 2D
— 20m []3.3 AC 1
V4
a
sl.CouT ¥
47u1C=0
T ——{ ]ac_out
R1
6.801C=0 HZ&T
B0 IC= 422
comp [} 1 i Rz
c3 R3 []su&k
tci
§10p 160 ==36n IC=0
VRAMP L]
n c2
comp -]
ut |
catez[] _Gatez i o |

Gatel[ | * Gatei
+
"
1 L VRAMP "

+

1K
-
z
RS 25 R4
Lcs L VREF |:|24.9k

=000 IC=0
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Simulation Schematic

—
L ¥
e
=
(&}
b

COMP[ |—» Eﬂilﬁn %
o3 R3
510p 1C=0
- i
cz2
cumP—L_
.”—
2 | A
i . 'il
Ip +\ . RS 25
F“IE‘-.-‘D— HlC4 _—‘-.-‘ﬁE F
w1 (001 1C=0 —

| IEMBEDDED POWER LABS

R4

[] 24.9k

314



Example Bode Plot

——— Power Stage (G,p) Compensator Loop T(s)
80
_ ii\
% 30 [ —
‘E 2 \ \
=L [ — —_—
O
20 \‘\_ S~
30 \h—h \
40 \\
40
20 ;/_ __\‘\_
w»n o el TN~
o, B ™~
EQ 40 \
D 60
E’ -0
V0
o
)
o 40 __4-#""-———-—-_---"-‘-.__ —
160 \________ X \

10 20

freq / Hertz

| IEMBEDDED POWER LABS

50

200

Freq (Hz)

k 100k

200k
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Example: Bode Plot G,5(s)

Power Stage (Gp) Compensator — Loop T(s)
80
7)o
60\
50
— — -
*E 20 \ \\
‘T o —
O
~—
A0 \\\‘\
-20 o, '\
30 \"h.._ \
40 \\
;12 ,/_ __\\"‘"\
— // \
3 2 e \
;0 AQ) /\ \
Q -/ g
D 60
— —
g 100 \
© \
£ 20
o 140 \ - N _p——
ANyl >N
10 20 50 100 200 500 1k 2k fk 10k 20k A0k 100k 200k
freq/ Hertz
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Example: Compensator Bode Plot

Compensator

Power Stage (G,p) Loop T(s)

@ 1 T — e
‘E 20 \ e \
o [ ——— ———
O
10 \RK‘\
2 T~ S
. T~ T~
40 \\
40
" ‘/_ __\\
; izl ~

Phase (Degrees)

10 20 50 100 200 500 1k 2k 5 10k 20k 50k 100k 200k

freq / Hertz Freq (HZ)
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Example: Closed Loop Bode Plot

;Power Stage (G, )

Compensator Loop T(s)

\
60 ——
50\
— 0 ——
% . —*\\:‘ =
s ] — — \\
= 1 S ——— ——
)
0
. \ﬂ'*\*h\\‘\
20 [, ™ —
30 \--.._ \
40 \\
40
| / ‘/-_ _—"*"'-.\\
N 0
§ 20 N o \
ED AQ /\ \\
8 60 \l
- 80 ———
8 100 \
© \
£
140
160 \________ X \

freq / Hertz
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Example: Closed Loop Bode Plot

g

- Power Stage (G,) Compensator el K
) o Fc=31.7 kHz

[2) 40\ o —

A *‘\ 1 .

= ?Z — Ty

S v
o - N — ] ~—
30 . . — e
«—1 Gain Margin = 13 dB Jrﬂ’ ¢I\
. T~

- / \

e —< N

& ° //—\ SN

S x —

2 «— Phase Shift =-129° _,__7/1\/

L 20

~ | PM=51° \\ /—J“Xﬂ\
160 | -4 e —— \
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Where This Went Wrong

-

We Tried To Cancel
Two Complex Poles..

{ With Two Real Zeros

~

| IEMBEDDED POWER LABS

(VRAMP 'a)oj. Vin
V Ramp Vin Vranr

320



Example Bode Plot

s

- Power Stage (G,) Compensator el K
VD
) F.=31.7 kHz
I’D-\ @
60 ——]
50
—_ 40\ e b
% 30 e — P
E’ 20 \ \\
‘T S — —_—
O
A0 M\\‘\
20 e —
30 \'ﬁ._ \
40 \-\
40
o -
8 20 __-\/ \
Eo 40 /\ \
() _/_\ ™~
D 60
- -80 ——
g 100 \
© \
I )|
o 140 \ - -'-"'"h-.__ e
160 \_______ X \
10 20 50 00 700 200 Tk % Bk 10k 0k 50k 100k 00k

freq / Hertz

Freq (Hz)
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K-Factor Method

* A Popular Cookbook Method For Choosing Compensator Pole
And Zero Locations

* Published By Dean Venable In 1983

* "The K Factor: A New Mathematical Tool for Stability Analysis and
Synthesis”; Proceedings of Powercon 10, March 1983

* Reprints And App Notes Widely Available Through A Web Search
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K-Factor Method

FMAX_BOOST: F,Fp =1

F Phase Boost 2
FZ:\/% F,=F. K Kz{tan( halsezl 00s +450ﬂ
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K-Factor Method Summary

* Choose Desired F. And Phase Margin (PM)

* Examine G(s)
* Determine Phase Lag At F.
* Determine Gain At F_

* Calculate Required Phase Boost At F.
* Phase Boost = PM — Phase (Gp(¢c)) - 90°

 Calcu
e Calcu
* Calcu

ate K-Factor
ate F, And F;
ate Component Values As Function Of

F,, F, And Required Gain
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K-Factor Example

* F. = 30 kHz, PM = 70°

* G,p(Fc): Phase =-167°,
Gain =-7.7 dB (0.412)

* Phase Boost = 70° — (—167°) —90° = 147°

* Calculate K-Factor . 2
K:{tan(mj +45°ﬂ =47.6

* Calculate F, And F,

F 30kHz
F o=—C — = 4.350kHz F. =F. K =30kHz-+/47.6 = 206.9kHz
2 JK 476 Pooe
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K-Factor Example

* Component
Values Are:

R2 =8.04kQ
R4 =249kQ
R1=174Q
Cl1=4.3nF
C2=270pF
R3=3.09kQ
C3=12nF

| IEMBEDDED POWER LABS

e Desired And Actual

Frequencies

F,, =1.527kHz
F, =4.35kHz
F, =206.9kHz

F,, =1.609kHz
F, =4.292kHz
F,, =4.495kHz
F, =212.7kHz

F,, =195.1kHz
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K-Factor Example:
Simulated Compensator

L
R1
om0 []1?4
2n 1S .09
r |
q_.DMF'l:l » | '—-,HE', -
C3 []a.nf--c
70p 1C=0 s C 1
i ig— m— 2 3 |C=0
| |
c2
...DI'-.-1F‘J\i T
,”7
X2 _//,;
1K
+ I
AMP A RE 25 R4
™ n 2.5
P1zv] | sl C4 L vREF Hmm
w000 [S=0 p———
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K-Factor Example: Simulation Bode Plot

Power Stage (G,p) Compensator Loop T(s)
GGKX
(O —— \\K
Ez \ —
(e \
20 \\\
Q
/' \
K ,/ ~.
=)
8 20
@© \ | T I
£, \\ T~
k 1[]-I-c-__ 20k S0k 100k $\ l
Freq (Hz)
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K-Factor Example: Simulation Bode Plot

——— Power Stage (G,p)

50\\

Compensator

o {FC = 29.2 kHz W

—

10‘\ '\\_

A

\ K

'\

\

\

[ ———

Gain (dB)

l Gain Margin =23 dB | |

Phase Shift =-112°

Phase (Degrees)

R Nt e B

PM = 68°
~ 20 a0
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500

10k 20k 50k 100k 200k

Freq (Hz)
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K-Factor Example: Caveats

Power Stage (G,p) Compensator Loop T(s)
6[}\\
acxx.\\
£ \ﬁ-..___ )y
8 ~T> ﬁ
iR .
J Gain-Bandwidth Product
// 2 MHz
e - y,
87 v -
S Large Phase Boost = N
= Low Frequency Zeroes =
£ | Large Feedback Capacitors = ¥———"’ N N
. - N\
\_ Slew Rate Limiting Y,

| IEMBEDDED POWER LABS Freq (Hz)
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Loop Design Considerations

* Loop Characteristics Typically Vary A Lot!

* Variations In G5 With
Input Voltage And Load

* Tolerance Of Components In
Output Filter And Compensator

* Variation In Crossover Frequency Of
One Octave Common
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Loop Design Considerations

* Loop Characteristics Typically Vary A Lot!
* Variations In G, With Input Voltage And Load
* Tolerance Of Components In Output Filter And Compensator
* Variation In F. Of One Octave Common

/ You MUST Do \ / \
. You MUST
Some Kind Of
Measure
Worst Case
Analysis e Loy
\_ W \_ -
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Other Compensators
And Modulators



Other Standard Compensators

* How Much Phase Boost Needed?
* Type |I: No Phase Boost
* Integrator Pole Only
* Type Il: Up To 90° Phase Boost
* Integrator Pole
* One Zero And One Pole
* Type lll: Up To 180° Phase Boost
* Integrator Pole
* Two Zeros And Two Poles

* See Appendices For Details

| IEMBEDDED POWER LABS
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PID Compensator

-

&

Response Is Tuned By
Adjusting The
Gain Terms K,, K, K

~

>

| IEMBEDDED POWER LABS

Error

\ 4

Integrator

1

(S):KP+K1-;+KD-S

\ 4

Differentiator

Hpy,

[ Integral ] [ Derivative ]
> KP

) PID

) \ 4 Out
> K ><> >
. | Low
1 Ko | Pass

_—

[ High Frequency Noise Filter
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PID Compensator

* PID Loved By Academics
* Good Commercial Applications Are Limited

* Good For “One Of” Designs Where Plant Characteristics
Are Not Well Known

* Examples: Motor Drive, Industrial Processes

* Various Tuning Algorithms
e e.g. Ziegler-Nichols
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Analog Pulse Width Modulator

e 7N 7N\

Modulation

Leading
Edge
Modulation
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Video Lab 10: Leading Edge And
Double Edge PWM

dowle. /N N N
e NNV N

Modulation

Leading
Edge
Modulation
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Variable Frequency Modulators

Constant Duty Cycle, Variable Frequency

Error
Amp

A4

VCO

Constant On Time

VARV

] [ ]

| IEMBEDDED POWER LABS

-l -

DRSS -

Fsi Fs2 Fss

Constant Off Time
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Current Mode Control
Overview




Analog PWM Reminder

L]l

Clock

Error Amp N
OUtpUt \ |

Ramp
Generator /‘/‘/I
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Peak Current Mode Control

V|N D,

]

RN

DRIVER

TTT

> Vour

—

' 4

Error Amp/
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Compensator — Vrer
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Peak Current Mode Control

V|N D,

.

Current L, _
Sensing

1LT
DRIVER oJ 1 L‘J
Q R Error Amp/
Latch -
Compensator
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Peak Current Mode Control

V|N D,

3

RN

I_
N
DRIVER H

Sawtooth Ramp
Replaced By

Current Ramp

Q R
Latch -

Error Amp/
Compensator — Vrer
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Peak Current Mode Control

-

&

Error Amp Output

Commands Peak Inductor Current,

Not

Duty Cycle

DRIVER

/F[ﬁ/

~

Q R
Latch -

AN

> Vour
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Error Amp/
Compensator
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Peak Current Mode Control

Error Amp
Output

Current
Sense
Signal

Gate
Drive
Signal
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Feed Forward

Vin & 1T 20 > Vour
DRIVER OJIIi T H
//
y " Input Voltage\
Changes
Current Ramp Slope ‘| Automatically
Proportional To i Changes
Input Voltage Clock Duty Cycle!
N il \_ /
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Control Characteristic G,

Ki-ve o
> >

Vc /> [] Ro Vo
N —

4 )
Programmabl
Current Source Filter Capacitor Loao
=K. And ESR Resistance
N PR
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Control Characteristic G,

v, (S)=K1 Ve (S)-ZO (S) KI)'VC

S
GVC(S)—"Zg‘;;:K, Zy(s) v <> ik
GVC(S):KI R, 1+S1+S ‘R, C —

S
wpﬁ )-C Ry-C
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1+— 1+—

Control Characteristic G, G (5)= Gy — = K, Ry
1+ — 1+ —
X P P
GVC(RMAX)
X
GVC(RMIN)

FolRupn) FolRun) F,(ESR)
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Compensator Hg,

X
GVC(RMAX) '
:
)
:
: X
GuclRunn) i .
" )
o X | i
! 0
0 i .
s = 0
| : ]
| |
I:P(RMAX) I:P(RMIN) FZ(ESR)
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Loop Gain T(s)

T(s)

GVC(RMAX)

GVC(RMIN)

Hea X

I:P(RMAX) I:P(RMIN) FZ(ESR)
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Loop Gain T(s)

GVC(RMAX)

GVC(RMIN)

Hea X

I:P(RMAX) I:P(RMIN) FZ(ESR)
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Loop Gain

Loop Characteristics
Depend On Output Load

GVC(RMAX)

: In This Region y
: i
' | |
| | |
' | |
GyclRun) ! : :
: l
. : : :
Loop Characteristics :
Converge Above Fp(Ryn) : :
Crossover Frequency :
_ Always About The Same E i
Fo(Rmax) Fo(Ruin) F,(ESR)
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vpe || Compensator

4 N

VRrer = /
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vpe || Compensator

i
|
Z Vour O—— c,
H =__F )
2(S) L R, H H R
1 1+S.R1.C1 \ > VEa
5 (C1+C2) 1_|_S,R_C1'C2 Vrer & /
= _ I  +C, R, []
R
Zero
_ 1 . [1+S.R1.Cl];[ ] V
S.Rz.(C1+C2)] . C-C,
1  +C,

[ Integrator Pole

Second Pole ]
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Compensator Frequencies

T(s)= “; —H,,(s) -Gy (s)
I 1+
o | 0, 1
T — ¢ _ P . ZC G Z
) > Soqe2 TR
a)PC COP
14+-° 1+
o | 1, ®
T(s)=—-=| L. 2C K -R.. Z
) N S P s
wPC a)P
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Compensator Frequencies

1+
'/PL
S
1+
0, 0 0,
_ c __ P 7C
T(s)— ; = ; .
1+
Wpe

| IEMBEDDED POWER LABS

1+
G, -—*
R
1+
)
Ry SZ
1+—
COP

1
@D, =0, ~
7C P
R,-C
Wpr = W,
@
_ C
“rT KR
I O
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Sub-Harmonic Oscillation

CLOCK T

VeTRL

(&

This Oscillation Happens For
Duty Cycles Greater Than 50%

| IEMBEDDED POWER LABS
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Slope Compensation

CLOCK T

Ramp (aka

RAMP
SIGNAL /

VeTRL

I

GATE
DRIVE

| IEMBEDDED POWER LABS

Added To

Signal

/Compensating\
Artificial Ramp)

Current Sense

/
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Slope Compensation

/Compensating\
CLOCK T Ramp

- Subtracted
SIGNAL /// rac

/ Control SignaI/

VeTRL

I
GATE
DRIVE
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Slope Compensation

K Too Much \

CLOCK T 0 0 Slope
CAMP // Compensation
SIGNAL p Makes Loop
Act Like
Vet Voltage Mode

Control /

Y
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Why Peak Current Mode Control?

Advantages

 Faster Control Loop
* Feed Forward

e Simpler Compensator As
Inductor Essentially Removed
From Loop

* Build In Current Limiting

| IEMBEDDED POWER LABS

Disadvantages

* Must Sense The Current
* Noise Sensitivity

* “Slope Compensation”

* Must Add Additional Ramp
Signal To Current Sense Signal
To Avoid Subharmonic
Oscillations
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Why Peak Current Mode Control?

Advantages

 Faster Control Loop
* Feed Forward

e Simpler Compensator As
Inductor Essentially Removed
From Loop

* Build In Current Limiting

Disadvantages

Are Generally Heavily Outweighed
By These Advantages!

| IEMBEDDED POWER LABS

* Must Sense The Current
* Noise Sensitivity

* “Slope Compensation”

* Must Add Additional Ramp
Signal To Current Sense Signal
To Avoid Subharmonic

Oscillations
[ These Disadv/m
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Average Current Mode Control

Y'Y\

Q

VND— T > Vour
|_
N = ]
DRIVER H
VN
T
V Current | Voltage
|—r |—r |—r - EA Error Amp/ e Error Amp/ ——<3 Vger
R Compensator Compensator
Latch +
= — 11
Sawtooth/Ramp
| -
Clock
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Average Current I\/Iode Control

Sense The
— V
Inductor o
T (OrOutput) — ]
Current e
N
VA
- V Current | Voltage
U U Lr z LEA Error Amp/ REF Error Amp/ ——<3 Vger
Q R Compensator Compensator
Latch +
S I
\
LT Voltage Error Amp
Clock Creates

Current Reference Signal
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Average Current Mode Control

Current Error Amplifier
Generates A
Current Command Signal
Based On Average Current

v\

LU .
Q R{
Latch +

LYYV > Vour
ST
Vi == Current |er Voltage
Error Amp/ Error Amp/ ——<3 Vger
Compensator Compensator
Sawtooth/Ramp
\
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Current Command
Signal Drives

Pulse Width Modulator y
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Average Current Mode Control

[T L]

V%\

DRIVER

.|

|

PWM Output

Drives The
Switches

~T1

\

T

| IEMBEDDED POWER LABS

Irer

U U U VI EA Current
- — Error Amp/
Q R Compensator
Latch *
o 11
Sawtooth/Ramp
| -
Clock

\
> Vour
/
Voltage
Error Amp/ ——<3 Vger
Compensator
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Why Average Current Mode Control?

Advantages Disadvantages
 Direct Control Of Average Output * More Components
Current

* No Slope Compensation
* Excellent Noise Immunity
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Applications Of Average Current Mode Control

O N N
| LA
AN ~
i 3
4 3
+ a - 3 H
VIN LYY Y % ||IS J
— i N 2
| —= 2
H -1 E— S
O
/\ /\
Battery Charge
Average Current Mode Controller «—— Current Reference IVac| = Current Reference Signal
Signal

Average Current Mode Controller
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Summary
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In Part Il We Covered

e Basics Of Feedback Control

* Buck Converter Design Example
* Determining The Transfer Function Of Each Block In The Control Loop
* Solving For The Compensator
* Designing The Compensator
* K-Factor Method

e Overview Of Current Mode Control
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Additional Resources

* Great Book For The Basics * For References Of Control To
“Fundamentals Of Power Supply Output Transfer Functions
Design” “Switch-Mode Power Supplies — SPICE
Robert A. Mammano Simulations And Practical Designs”

e My Favorite Textbook 2nd Edition, 2014, Christophe P. Basso

“Fundamentals Of Power Electronics”

2nd Edition, Erickson & Maksimovic e Best Paper On Modeling Current
Mode Control
R. B. Ridley, "A new, continuous-time
model for current-mode control," IEEE

Transactions on Power Electronics, vol.
6, pp. 271-280, 1991
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Additional Resources: Selected Tools

Commercial Free

SIMPLIS/SIMetrix SIMPLIS/SIMetrix Elements
Microchip Technology

PSIM MPLAB® MINDI™
MATLAB/Simulink/ Scilab/Xcos
Control Toolboxes GNU Octave
Mathcad Smath Studio
Pspice® L Tspice
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Questions?
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About The Speaker

Bob White has over 40 years experience in power electronics. He has held managerial and
individual contributor positions in product development, technology development,
applications and systems engineering, and technical marketing. His areas of expertise
include power systems for computing and telecommunications systems, digital power, and
applications of wide bandgap power semiconductor devices. Bob is currently the president
and chief engineer of Embedded Power Labs, a power electronics consulting company.

Bob has been very active in the IEEE Power Electronics Society and the APEC committees,
including twice serving as the APEC General Chair.

He is a Fellow of the IEEE, has a BSEE from MIT, a MSEE from Worcester Polytechnic Institute
and is currently pursuing a Ph.D. in power electronics at the University of Colorado-Boulder.

He can be reached by email at bob.white@embeddedpowerlabs.com
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Appendices

. Non-ldeal Buck Converter VII. More Realistic Flyback

. Buck Converter Discontinuous Converter Simulation
Conduction Mode VIII. Flyback Converter

I1l. Isolated Buck Converters: Continuous Conduction Mode

Forward, Half-Bridge, IX. Four Switch Noninverting
Full-Bridge Buck-Boost
V. Boost Converter Discontinuous X. Simple Pole And Zero
Conduction And Critical Transfer Functions
Conduction Modes Xl. Loop Gain And Tracking
V. Non-ldeal Boost Converter XIl. Ideal Loop Calculations
VI. Buck-Boost Converter Analysis XIll. Analog Compensators
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APPENDIX I.
Non-ldeal Buck Converter




Non-ldeal Buck Converter

Add Transistor On-Resistance And

L Inductor DC Resistance
Jk— Q1 L
L Gatet A R,
- Q Y )
Ja a2
Gate2 —'] T R Four

Q1 On Resistance: Qg,
Q2 On Resistance: Qg,
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Conversion Ratio Derivation

VL(TON):V]N_RQI A =R, -1 —Vour
V (T ):_ OUT_RQz A, —R, -1

L OFF

Ve (TON)'TON +V (TOFF)'TOFF =0
(V’N ~Ro L =R, _VOUT)'TON

H(Vour =Roz 1, =Ry 1,) - Tppe =0
(Viy =Ry 1, =R, -1, =V )- DTy,

+(—VOUT ~Ry,-1,-R,-1,)-(1-D) Ty, =0
(Vi =Ry, =R 1, Vi )-D

+(~Vour —Rpy I, =R, -1,)-(1-D)=0
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Conversion Ratio Derivation

D'VIN_D'Rgl'IL_M_%

_VOUT_Rgz‘]L_RL’]L

+ DV +D Ry, -1, + D-R~T, =0
DV, ~D-Ry -1, ~Vyyy =Ry I, ~R, -1, +D-R,,-1, =0
D-Vy=D-Ry-I,—Ry,-1,+D-Ry, -1, =R, -1, =V, =0
D-(Vyy =Ry -1,)~(1=D)-Ryy -1, =R, -1, ~Vpyy =0

Ve
Vour :D'(VIN_Rgl'[L)_(I_D)'Rgz'IL_RL 1,

o

~

Vour =DV =D-Ry, -1, —(I—D)-RQZ-IL -R, -1,

)
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Conversion Ratio Derivation

KI'hese Terms Show The Effect Of The Non—\

2 Output N\ 1, - Ideal Factors.
Voltage I, - The Losses Subtract From The
Of An D- R ldeal Output Voltage.
:luecall jL: To Keep The Output Voltage Constant,
- The Controller Must Add Some Duty Cycle
N\ oYty 1) To Make Up For The Losses /

D)-R,,-I,-R,-I,

v AV 4
[VOUT=D-V,NI—D-RQ1-IL—(I—D)-RQZ-IL—RL-IL ]
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Duty Cycle As Function Of Load

DV ~D-Ry -1, +D-Ryy-I,~Ryy-I,—R, -1,V =0
DV =D-Ry -1, +D-Ryy -1, =Vyys + Ry -1, + R, -1,

L our

D-(Vyy =Ry -1, +Ryy -1, )=V + Ry - I, + R, -1,

D= VOUT+RQ2 I, +R, -1,
VIN_RQI ']L +RQ2 'IL

\
Remember That The

Average Inductor Current
Equals The Load Current

)
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Example

O

Gate1 J
Gate?2 J

L RQ1l =5 mQ

<1 Q1 L

! /VW\_RELRngm

|

g Q2 C—= R
RQ2 =2 mQ

\Y%4
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Duty Cycle Variation

Duty Cycle

Duty Cycle Variation With Input Voltage And Load

0.25
——————————————

0.20

0.15 A

0.10
—38 V Input, Non-Ideal
—8 V Input, Ideal

0.05 —12 V Input, Non-Ideal

12 V Input, Ideal
0.00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Output Load (A)

10.0

| IEMBEDDED POWER LABS

386



Duty Cycle Variation

Duty Cycle

Duty Cycle Variation With Input Voltage And Load

0.25
——————————————

0.20

0.15 A

0.10
—38 V Input, Non-Ideal
—8 V Input, Ideal

0.05 —12 V Input, Non-Ideal

12 V Input, Ideal
0.00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Output Load (A)

10.0

/\23.2%]

22.5%

15.5%

15%
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Duty Cycle Variation

Duty Cycle

Duty Cycle Variation With Input Voltage And Load

0.25

l

l

l

0.20

0.15

0.10

\

0.05

Very Small

Variation In

Duty Cycle
With Load

Implies A

Very Efficient
Converter /

\N—

|

ad

L—

e

—38 V Input, Non-Ideal

—8 V Input, Ideal

—12 V Input, Non-Ideal
12V Input, Ideal

1

0.00
0.0

1.0

2.0 3.0

4.0

5.0
Output Load (A)

6.0 7.0 8.0

9.0

10.0
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Duty Cycle Variation

| IEMBEDDED POWER LABS

NOTE

This Is An Interesting And
Informative Exercise. However,

Note That Switching Losses

Are Not Included And
Make The Duty Cycle Needed

For A Specified Output Voltage

Is Larger Than Shown Here

/

Output Load (A)
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APPENDIX II.
Buck Converter
Discontinuous Conduction Mode
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Buck Converter

< Q1

| IEMBEDDED POWER LABS
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Border Of Continuous And
Discontinupus Conduction Mode

Vew
>
I;
]PK ______________ g - - - - '
Iy 4vE
0~ . >
0 DT, T,
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Border Of Continuous And
DiSCOﬂtiﬂuppC Condiictinn NMode

V.. | Important Relationships: 0
SW Average Inductor Current,
L Peak Inductor Current, Output Current P
| — =~ >
G ~ A
Iy I Lo _ I, .= Your
i L_AVE 7 ouUT R .
lpg [~ ~_ \ L/
]L_AVE
Odl : : >
0 D'TSW TSW
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DCM And Output Inductor

Avoiding Discontinuous Mode At Light Load Often Specifies
Minimum Value Of Output Inductor

J

]PK — 2']0UT
V=V Minimum Criteria To
Iy = 7 Ton Avoid Discontinuous
v M]NV Conduction Mode
Lyyy = IN] e Toy

PK

4
Ty =D-Ty =-%L.T,,

ON Sw %
IN
LM]N _ VIN B VOUT ) VOUT 'TSW
2-1 ouT VIN
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Inductor Calculation Example

12V

Sus

Circuit Inductance
Parameters Calculation
Viw =12V I :V[N_VOUT Four T
Vour =3.3V R SN 7 W
Iy =200mA 12V-33V 33V
F,, =200kHz T 2.200mA 12V
Tg =5 us =299 uH
T T~
-
Standard Value Of 30 pH Is Too Close.
Better To Choose 39 puH Or 47 pH
\_
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Inductor Calculation Example

How Small Can Output Current Be
Before Inductor Current
Becomes Discontinuous?

Circuit
Parameters
V=12V
Vour =33V
I, =200mA

33V
U 200mA

=16.5Q
F,, =200kHz
T, =5 us
L=47 uH

| IEMBEDDED POWER LABS

[D

1

CM

PK

Viv =Vour
— .D-T
I Sw
_ Viv =Vour . Vour A
SW

L Viy

_12V-33V 33V
47uH 12V

=254.5mA

I, 254.5mA

Sus

=127mA

2 2
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Discontinuous Conduction Mode

VSW

>

[, 5

lpg [~ N

I ave
| | Ty
0 5 a —

) D'TSW h Dl 'TSW T Dz 'TSW !
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Discontinuous Conduction Mode

VSW

&

a E

To Get Better Efficiency
At Small Output Currents

Buck Converter

Is Often Operated In
Discontinuous Mode

N

Y _q---

N

N

| IEMBEDDED POWER LABS
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SwW

Dl 'TSW
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Discontinuous Conduction Mode

Vw ' s '
: >
On Time Off Time 1 Off Time 2
[L | | |
Increasing Decreasing Equals O
Lpg [ < ; 5
17 ave T
: : s
0~ E s —
) D'TSW T Dl 'TSW T Dz 'TSW ,i
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Conversion Ratio In DCM

Start With Inductor Voltages And Capacitor Currents In Each Of The Three Intervals

| IEMBEDDED POWER LABS

On Time

Off Time 1

Off Time 2

Vi (t) =Viy =Vour

. . 1
I (t) =1, (t) _E Vour
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Inductor Volt-Second Balance

Vi (TON).TON_FV (TOFFI) Lopr TV, (TOFF2) Toprr =0

D Problem: We Do Not
VOUT - D+D1 .VIN Know D1!

| IEMBEDDED POWER LABS
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Capacitor Charge Balance

Time Consuming To Solve Analytically Because Inductor Current
Is Not Constant. Use A Circuit Argument Instead.

/ Average Current In \

Capacitor Must Equal L
Zero So

Average Inductor YY)
Current +

Must Equal The Output 1
Current C— R

k <I>=Vq,/R Voyr

~—

\Y4
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Average Inductor Current Equals:

VSW
N N
This Plus | o
E This (: I\
- ? By T
lpg [N\ [/ N g Y Tsw P
I ave i
| | Low
0— l ! —_—
< D'TSW T Dl 'TSW >E< Dz 'TSW "
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Average Inductor Current

1 1
5°[PK 'TON +5']P 'TOFFI
I, e = p. Calculating Average
| W By Geometry
:E-IPK (D+D,)
V. =V V. =V We Need The
] — IN OUT.T — IN 0UT'D'T
Pk L ON L SW [ Peak Current }
1 (V, =V
Iy e :§° = 7 o 'D'TSWj'(D+D1) f Substituting
D.T Peak Current
— 2.ZW -V —VOUT)°(D+D1) % Expression y
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DCM Conversion Ratio

~
1 Result From Capacitor Charge Balance
Iy gy = R Vour Analysis That the Average Inductor Current
L Must Equal The Output Current y
1 D-T
—Vour = 2 (V]N _VOUT)'(D+D1) [ Still Need D, J
R 2-L
4 . )
Voo D N Solve Expression for Output
" p+Dp " Voltage For D,
J
D - Vv =Vour D [ Substitute This Into The
: Vour Expression Above

| IEMBEDDED POWER LABS
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DCM Conversion Ratio

[ Now Solve This For V¢ ]

1 D-T, Vi =V,
—Vour 2.ZW°(TGN—V0UT)'[D+( B OUT.DD

D*-R-T V.-V
Vour = > (VIN VOUT)'[“‘ = OUTj
2-L Vour
D*-R-Ty, V
— (V. —V. .| v
ST ra)
D*-R-T
V02UT = 2. - (VIN VOUT) V]N

| IEMBEDDED POWER LABS 406




DCM Conversion Ratio

A gy To Make The Algebra Easier To
Follow, Define Alpha

V02UT = ngv —a-Vy Vour [ Substituting Alpha J

2 2
VOUT+0['VIN°VOUT_a.VIN_O

-Vt (@ V) =4-(-aV3)
2

VOUT —

| IEMBEDDED POWER LABS

/

\_

Applying The
Formula
For The Solution
To A Quadratic
Equation

\

)
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DCM Conversion Ratio

2 2
a -V,
_a.I/INi\/(a.I/]N)z_l_LI_,( ]N)
(04
VOUT: 5
4
_a.I/INia.I/]N. 1_|__
a

2
—1+,/1+i 1+,/1+i
VOUT_ a a
_a. .
Vv 2 1+,/1+i
o
—1—‘/1+i+ 1+i+\/1+i-\/l+i
_ & a \ «a a o
2 /
1+ 1+i
o
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DCM Conversion Ratio

.
Vour _ &

1+—
= — a
2
Vi 1+‘/1+i
a
B 2

—1+ 4
a

1+‘/1+i
a

z.
2

a DCM N\

B 4 Conversion Ratio
1+, /1+— .
o Is Nonlinear And
7 Depends On
- 4 Load Resistance,
b+ i D*-R-T,, Output Inductance,
2. ] And Switching

o Frequency /
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APPENDIX III.
More Isolated Buck Converters:
Forward Converters,
Half And Full Bridge Converters
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One

ransistor Forward Converter

NPZNR:NS




One Transistor Forward Converter

NPZNR NS VOUT :{%}E} 5 I/[]\%
P

/\ i

v (D) §H§‘. s T (]

H Input And Output Are h
Jl'f Not Electrically Connected

“Isolated”

J

Feedback From Output To Input
Must Also Be Isolated

412
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One Transistor Forward Converter

On Time

i

Vpg|

)

| IEMBEDDED POWER LABS

Np:NR:NS

+ l. ZS.

i

r

Power Flowing
From Input To Output

€

N

&

Also Storing Energy In The
Magnetizing Inductance
Output Filter Inductor

J
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One Transistor Forward Converter
Reset Time

Transformer Magnetizing
Inductance Discharging To Input

7 7& =
i (1)

J:; Output Inductor
H Discharging Into Output
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One Transistor Forward Converter

Reset Time
NPZNR:NS V V
RESET — V' IN
g e
— LA +
+

Vorain
N N
V = g . V — P (_V )
Jﬂ PRI N RESET N, N
| | N § —
VDRAIN:VIN_VPRI:V]N_(_N - °V}N]Z:I/IN.(1+N : ]
RESET X RESET /|

| IEMBEDDED POWER LABS 415




One Transistor Forward Converter
Idle Time

Output Inductor
Discharging Into Output

_|_

el

i ()

- No Flux In Transformer Core And
No Current In

Transformer Windings
- /
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One Transistor Forward Converter
Conversion Ratio

)

VL(TON)'TON+VL(TRESET)'TRESET+VL(TIDLE)'TIDLE =0 J/[L Inductor Volt-Second Balance ]
N
N_S'VIN - VOUT 'TON +(_V0UT)'TRESET +(_V0UT)'T[DLE =0
P
NS
Sy Vo | Tow +(=Vour ) (Tanser + Ty ) =0 _ ,
N, o)y (our) (Tasser + i) During On Time Voltage At

Input To Inductor Is the
Input Voltage Multiplied By

DTy, +(Vyy)-(1-D)-Tyy =0 S the Transformer Turns Ratio y

Vv _VOUT 'TON +(_V0UT)'T0FF =0

= ElE EE
<
I
g

Vv =Vour 'D+(_V0UT)'(1_D):O

N
D'N_S'VIN_D'VOUT_VOUT+D'V0UT:O S As Th \
? ame As The
N
D-N—S-V,N —V,, =0 Buck Converter
f v Except For The
Vour 3D Vi " Transformer Turns Ratio P
P
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Forward Converter
Simulation Schematic

DIODE 40

ST /‘"‘YH\ Vout
I-SEC I-L1 o
TX1 D2 L1
o
= P1 S DIODE et G 1 R1
DIODE D3 47U Dm
- V-Reset
DT
P2
POP Trigger _—V-Drain

380

|
l
<
1
I+
1 }%

MOSFET- | _.DRAIN

‘ H_
I_
Q
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Forward Converter Simulation
Primary Waveforms

Drain Voltage

————1 | —— | ——1

Primary and Drain Current

On-Time
Transistor On, Drain Voltage =0 V
Primary Current = Drain Current
= Inductor Current Reflected
Through The Transformer Turns Ratio

J

| IEMBEDDED POWER LABS
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Forward Converter Simulation
Primary Waveforms

Drain Voltage

Primary and Drain Current

\em

A

RN\

Reset-Time
Transistor Off,
Drain Voltage = 2 x Input Voltage
Primary Current = Drain Current =0

J

d pd i

time/uSecs

| IEMBEDDED POWER LABS

WWWWWWWWWWW

420



Forward Converter Simulation
Primary Waveforms

Drain Voltage Primary and Drain Current

|dle-Time
Transistor Off,
Drain Voltage = Input Voltage
Primary Current = Drain Current =0

pd pd e pd pd

timefuSecs W B 10uSecs/div
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Forward Converter Simulation

Secondary Waveforms

Secondary Current

Inductor Current
Output Voltage (Scaled To Show Ripple Voltage)

On-Time
Secondary Current = Inductor Current
l ] l ] l | l
A_\_/A_\/A\\/A_\
- ///_‘\ ///_\ ///_\ ///_“\ ///_\\

time/uSecs

| IEMBEDDED POWER LABS
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Forward Converter Simulation

Secondary Waveforms

Secondary Current

Inductor Current

Output Voltage (Scaled To Show Ripple Voltage)

4 . . R
Reset Time And Idle Time -
] Secondary Curren.t =0 -
« Inductor Current Ramping Down |-
- ///_‘\ //'_‘\ ///_\ ///_“\ ///_\\

time/uSecs

| IEMBEDDED POWER LABS
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Forward Converter Simulation

Secondary Waveforms

Secondary Current

Inductor Current
Output Voltage (Scaled To Show Ripple Voltage)

: ,// T Capacitor Ripple Voltage
- About 60 mV peak-peak
1;7%7%/ _~=ug /A‘\/A\\
7/
/
s

time/uSecs

| IEMBEDDED POWER LABS
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Forward Converter Simulation
Secondary Waveforms

Secondary Current

Inductor Current

Output Voltage (Scaled To Show Ripple Voltage)

P

] ]
o —
il e .
\-_-/
o <
e — \
Pl Pl
e /\\
AN
\

During Time When
Inductor Current Is More Than
The Output Current
The Difference Flows
Into The Capacitor

Since The Capacitor Current
Is Positive The Capacitor
Voltage Increases

1
0

time/uSecs

| IEMBEDDED POWER LABS
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Forward Converter Simulation
Secondary Waveforms

Secondary Current

Inductor Current

Output Voltage (Scaled To Show Ripple Voltage)

e ( During Time When \

Inductor Current Is Less Than
The Output Current
The Capacitor Must Supply
The Difference To The Output

)

Since The Capacitor Current
= SN — Is Negative The Capacitor
N Voltage Decreases

1
0

timefuSecs  10uSecs/div
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Multiple Output
Forward Converter

Vour :i'D'VIN
Np:NR:NS1:N32 ~ NP
Al *
/\ [] Vouri
— NS2 'D'VIN
T+ Vours _ Np _ N
i (1) - Vo Moy N
- N Y YN N,
1 +
|_
|¢ JAN | Vour
|_
N
Voura = ]\;2 D-Vy
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Forward Converter

Advantages Disadvantages

* [solated * Transformer Needed

* Good For * High Voltage Stress On
50 W To 500 W Transistor And Diode

* Multiple Isolated Outputs
Possible

e Easy To Control

| IEMBEDDED POWER LABS 428




wo Transistor Forward Converter

|2 A
Np:Ng g —
A +
Vi CD %H% A == ] Vo
AN
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Two Transistor Forward Converter

On-Time
>
[ JEV 7K Np:N
7 e
i (D) éHi A= ] e
< A~
I
7 JE« Vog = V ]
PRI IN
<€
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Two Transistor Forward Converter

Reset-Time
_ i /[ Vg = -Vin J
J'e /A
|_
Np:NS ~

B LA > +
i (D) | — ] oo

: A~

A H a To Assure Volt-Second Balance
JN J,'f On Transformer Primary,
| Ton = Treser

K=>Maximum Duty Cycle = 50% )
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Two Transistor Forward Converter

Reset-

iIme

i (D)

| IEMBEDDED POWER LABS

Np:NS

|

N
LA > +

A —_—

— || vewr

R

Transistor Voltage During Off
Time Equals Input Voltage!

|
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Two Transistor Forward Converter

ldle-Time

i (1)

5|

Np:NS

Output Inductor Delivers
Energy To The Load

|

> > +

A —_—

| IEMBEDDED POWER LABS

(&

— || vewr

. ¥ All Switches Are OFF

No Current In Primary
No Voltage On Transformer
Primary Winding

\

)
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Two Transistor Forward Converter
Conversion Ratio

[ Vy (TON)'TON"'VL (TRESET)'TRESET"'VL (Y}DLE)'ZDLE =0 J —L Inductor Volt-Second Balance ]
N\
N
N—S-V]N - VOUT ’TON +(_V0UT)'TRESET + (_VOUT)'TIDLE =0
.
N x
Sy v AT (Vo Y (Torerr + T, ) =0 _ _
N, M o)y (Four) (Tasser * e During On Time Voltage At
Ns g () Tops =0 Input To Inductor Is the
N, ) ren ok rennl e Input Voltage Multiplied By
N the Transformer Turns Ratio
N_S'VIN_VOUT ‘D'TSW"'(_VOUT)'(I_D)'TSW:O K /
P
N
N_S'VJN_VOUT 'D+(_V0UT)'(1_D):0
.
N
D'_S'VIN_D'VOUT_VOUT+D'V0UT:O \
Np Same At The
D-%-Vm v, =0 Buck Converter
2 N Except For The
Vour D-FS-V,N S Transformer Turns Ratio D
P
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Advantages
e [solated

e Good For
50 W To 500 W

* Multiple Isolated Outputs
Possible

* Easy To Control

* Low Voltage Stress On
Switching Transistors

| IEMBEDDED POWER LABS

wo Transistor Forward Converter

Disadvantages

* Transformer Needed

* Maximum Duty Cycle Limited
To 50%

e Gate Drive Transformer Or IC
Needed

* High Voltage Stress On
Output Diodes
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Half-Bridge Converter w/Full Wave Rectifier

J E — Y
NN VANEERVAN
=) j’? = [
JANEERWAN
J :IE _
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Half-Bridge Converter w/FW Rectifier On Time 1

>
T on JE p— OOOE.
Y Np:Nq ﬁ AN
o || IC Lo
0N N
OFF JE - =
B )
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Half-Bridge Converter w/FW Rectifier On Time 1

Non-Conducting Diode Blocks
(Nsec/Npri) x Vin/2

>
N H _
ON Jle — L0005y
Y A
Np:Ng ZS
Vin Ci) H — H Vour
ﬁ I Y
A AN
I_
oFF |q = <
I_
< Y Note That There Are Two Diodes

| IEMBEDDED POWER LABS

In Series In The Output
This Causes Additional Power Losses

438



Half-Bridge Converter w/FW Rectifier On Time 1

Non-Conducting Diode Blocks
(Nsec/Npri) x Vin/2

4

(&

Tradeoff:
Lower Diode Voltage Rating
For Losses Of Two Diodes In Series

/

| IEMBEDDED POWER LABS

(

I} vour

A3

Note That There Are Two Diodes

In Series In The Output
This Causes Additional Power Losses
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Half-Bridge Converter w/FW Rectifier Off Time 1

i
/

= || Vow

(O |

- T

( Transformer Primary And Secondary Voltage
Are 0 V During Off Time Because The
Secondary Winding Is Shorted By The Conducting Diodes
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Half-Bridge Converter w/FW Rectifier On Time 2

>

OFF JE o0,

» Y Np:N ?\S AN
O | | W -
4 g A

ON JE — 2

Vv
<€

| IEMBEDDED POWER LABS
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Half-Bridge Converter w/FW Rectifier Off Time 2

OFF JE p— N oo, ~
O j =
OFF JE —— ii( J

| IEMBEDDED POWER LABS 44?2




Half-Bridge Converter w/FW Rectifier Conversion Ratio

O

+

VIN

| IEMBEDDED POWER LABS

2

\

Capacitors Split The
Input Voltage

YYYN

/\

L

During The On Times

The Secondary Voltage Equals
_ Ny Vi

v
SEC NP 9

)
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Half-Bridge Converter w/FW Rectifier Conversion Ratio

ON

Q1
OFF
ON

Q2

OFF

+VIN/2

VPRI

+(NS/NP)-(VIN/2)

VIND
0

-VOouT

| IEMBEDDED POWER LABS

TSW
TON2 TOFF2
< ><€ >
TON1 TOFF1
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Half-Bridge Converter w/FW Rectifier Conversion Ratio

ON
Qi1 ‘
OFF
ON
Q2
OFF
TSW
WIN2 S— A —
TON2 TOFF2
VPRI . . -
O ~ 7 N 7 |
< > € >
TON1 TOFF1
N T =T. +T. +T. _+T Lon
+ sw — Loni OFF?2 ON2 OFF2 — T T
Vi ov TLopr
TONI — TON2 — TON
TONI +T0N2 2'T0N
T =71 =71 = =
OFF1 OFF?2 OFF T T
x SW SW /
J_l EMBEDDED P e
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Half-Bridge Converter w/FW Rectifier Conversion Ratio

)

VL(TONI) TON1+V (TOFFI) TOFF1+V (TONZ) TON2+V (TOFF2) TOFF2 :0

VL (TON) TON+V ( OFF) TOFF +V (TON) T0N+V (TOFF) TOFF _O

Vo (To )2+ Tow +V, (Topr ) 2 Torr = 0 Inductor Volt-

2-T T, —2-T

V. (TON) T o +V; (TOFF)' > T =0 Second
sw W Balance

Vi(Tpn ) D+V, (T )-(1-D)=0

N, V,

[ﬁ-%—VmJ'DH Vour)-(1-D)=0

N, V,

N—i.%oD_VOUT'D VOUT VOUT D=0

Ne Vi py
— "our )

Ny 2 Same As Buck Converter Except:

v _p.Ns Vi - Transformer Turns Ratio

o p 2 - Capacitor Split Input Voltage

| IEMBEDDED POWER LABS

446



Half-Bridge Converter w/Center Tapped Rectifier

I_
Jle ——
L A —
N A
. P
N, . é S ¢ Vour
+
‘V]N <> NP °
. %
N
P
I_
[
I_
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Half-Bridge Converter w/CT Rectifier
On Time 1

O
=
(I
T
| |
|

;
@
:
A
d
H

¢ Vour
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Half-Bridge Converter w/CT Rectifier

¢ Vour

On Time 1
- Note That Only One Diode
Conducting During On Time
N H
ON Jne —
Np:Ng:N¢ —_—
I-V f\f\f\f)
. Nsec —
V]N<+> Npri g . —€
% Nsec
AN
N
L~
OFF |
[
H v Non-Conducting Diode Blocks
< 2 x (Nsec/Npri) x Vin

| IEMBEDDED POWER LABS
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Half-Bridge Converter w/CT Rectifier
Off Time 1

®
M
L

| I
T
| |
| |

v
i

— $ Vour
(

( Transformer Primary And Secondary Voltage
Are 0 V During Off Time Because The
t Secondary Winding Is Shorted By The Conducting Diodes
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Half-Bridge Converter w/CT Rectifier
On Time 2

®
P
—_
7
|l
B

\VA
J

& K T ¢
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Half-Bridge Converter w/CT Rectifier

Off Time 2

|_
OFF J.e
|_

p:Ng:

| IEMBEDDED POWER LABS

i

$ Vour
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Half-Bridge Converter w/CT Rectifier

Conversion Ratio

Ql

ON ‘

OFF

ON
Q2

OFF

N

B 7~ =~

TOFF2 /

VPRI

4

N
7N Cd

+(NS/NP)-(VIN/2)
VIND

0

-VOouT

| IEMBEDDED POWER LABS

.

Due to The Way
The Transformer
Turns Ratio Was
Defined This Is
The Same As
The Half-Bridge
With A Full Wave
Rectifier

<

/
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Half-Bridge Converter w/CT Rectifier
Conversion Ratio

ON

Ql

OFF ‘

ON

Q2

OFF

N
v

HVIN/2 [ oo oo e e e e e e mmmmmmm—me—m -

VPRI

< ><€ >

TN LA xrorecAa

a T

" Ly = Tony + L oppy + Loyy + Loy D:T 0]\}

il T =T =T ov T 1orr
oNt — fon2 = Lon T 4T

_ Zon1 " fon

_2'T0N

TOFFI — TOFF2 — TOFF T

K N /4

TSW /

| IEMBEDDED POWER LABS
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Half-Bridge Converter w/CT Rectifier
Conversion Ratio

|

VL (TONI) TONI +V (TOFFl) TOFFI +V (TONZ) TONZ +V (TOFFZ) TOFFZ :O
VL TON TON +V TOFF TOFF +V TON TON +V TOFF TOFF _O
v (T ! )T +§/ T) 5T ( 0) (Torr ) Inductor Volt-
L( ON) ON ( OFF) OFF Second
V, (TON) 2 Loy +V; (TOFF)'TSW 2 1oy =0 Balance
TSW TSW
Vi(Ton)-D+V, (T )-(1-D)=0 - ~
N Due to The Way The Transformer
(FS%—VOWJ-M(—VM)-(I—D)=0 Turns Ratio Was Defined This Is
N " ’ The Same As The Half-Bridge With
—S.N.p_y D=V, +V,.  -D=0 i
N, 2 our our TVour S A Full Wave Rectifier )
&.Q.D —V
N, 2 - (Same As Buck Converter Except:
v o V| Transformer Turns Ratio
OUT N 2

_\ Capacitor Split Input Voltage

| IEMBEDDED POWER LABS
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Half Bridge Converter

Advantages
e |solated

e Good For
250 W To 1000 W

* Multiple Isolated Outputs
Possible

e Easy To Control
* Good Use Of Transformer Core

* Low Voltage Stress On
Switching Transistors

| IEMBEDDED POWER LABS

Disadvantages

* Transformer Needed

* Must Have Way TO Prevent
Transformer Saturation

* Center Tap Output: High
Voltage Stress On Output
Diodes

* Full Wave Output:
More Diodes And Diode Loss
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Full-Bridge Converter
w/Full Wave Rectifier

l_
Ql (jg_
|_

]

|_
Q2 (le—
|_

| Vour

| IEMBEDDED POWER LABS

457



Full-Bridge Converter w/FW Rectifier

On

4

£

ime 1
>
1 . H
ON Jle Ql OFF Jne Q3
I-V H
+
V,NC_)
A
s -
OFF Jle Q2 ON Jle Q4
- -
Y

| IEMBEDDED POWER LABS
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Full-Bridge Converter w/FW Rectifier
On Time 1

Non-Conducting Diode Blocks
(Nsec/Npri) x Vin

4

I_
ON Jle Ql OFF Jne Q3
I-V H
Np:N /

() 3\\f =
/

v K

Q4 €

Q2 ONJ

T 1T

<2 Y Note That There Are Two Diodes
In Series In The Output
This Causes Additional Power Losses
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Full-Bridge Converter w/FW Rectifier
Off Time 1

OFFJ'; Qi

§

K7 Q3

+ 1
Vin () H S Vour

OFFJE Q2 JE(%/\ﬁi—(

[ Transformer Primary And Secondary Voltage J

Are 0 V During Off Time Because The
Secondary Winding Is Shorted By The Conducting Diodes
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Full-Bridge Converter w/FW Rectifier
On Time 2

>
1 H H —
OFF Jle al QN Jne Q3 Taaaty
H K
T mwn K ﬁ
<€
A o
¥ e
() EHi ==
%
| > |
A y, AN
- s
ON Jle Q2 OFFJI& Q4 <
= =
v
(

| IEMBEDDED POWER LABS
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Full-Bridge Converter w/FW Rectifier
Off Time 2

OFFJ'; Qi J'; —=
Al

TN

Q3 ra’a'a A\
Np:Ng
" " ﬁi—( J
OFFJlli Q2 Jlli Q4
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Full-Bridge Converter w/FW Rectifier
Conversion Ratio

Ql, Q4

ON ‘

OFF
ON

Q2, Q3

OFF

N
v

FVIN o e e e e e e e e e e e e e

VPRI

+(NS/NP)-VIN

VIND
0

-VOouT
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Full-Bridge Converter w/FW Rectifier
Conversion Ratio

ON

Ql, Q4

OFF ‘
ON

Q2, Q3

OFF

N
v

FVIN o e e e e e e e e e e e e e
TON2 TOFF2

& 4
~ 7N

a T Y

VPRI

N
v
N
Vv

Tow = Top + Lopps + Loy + Toprs D:T _I(_)A}
on T Lorr
VI TONI :TONZ :TON
_ TONI +TON2 _ 2'TON
TOFFI — TOFF2 — TOFF - T - T

K SwW /4 /

| IEMBEDDED POWER LABS 464




Full-Bridge Converter w/FW Rectifier
Conversion Ratio

TONI) TONI "’V (TOFFI) TOFFI +V (T0N2) Tozvz +V (TOFFZ) TOFFZ =0
'TON""V (TOFF) TOFF +V (TON) TON+V (TOFF) TOFF =0

'2'TON+V (TOFF) 2- TOFF 0
T o Inductor Volt-
NtV (T )~ =0 Second

Balance

=
~
2

~ Your D - VOUT VOUT D=0

“02 ‘(42 wz ‘sz NOZ ‘MZ

~

W (Same As Buck Converter Except:
J\ Transformer Turns Ratio
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Full-Bridge Converter
w/Center Tapped Rectifier

H H
Ql jll& Jlé
- Np:Ng:Ng J -

ol L ==
o j.%
1

Q2

]

\V

TR
| I
TTT
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Full-Bridge Converter w/CT Rectifier

On

ime 1
>
N
N da i
o H
+
VIN<_>
I
OFF JEQZ JE,M
<€

| IEMBEDDED POWER LABS
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Full-Bridge Converter w/CT Rectifier

On

ime 1
>
N
N da i
o H
+
VIN<_>
AN
OFF JEQZ JE,M
<€

| IEMBEDDED POWER LABS

Conducting During On Time

[ Note That Only One Diode }

i

$ Vour

Non-Conducting Diode Blocks

2 x (Nsec/Npri) x Vin




Full-Bridge Converter w/CT Rectifier
Off Time 1

OFF |F "
o e
H H Np:Ng:Ng

- -
OFF J% Q2 ||e|Q4
A .

Transformer Primary And Secondary Voltage
Are 0 V During Off Time Because The
LSecondary Winding Is Shorted By The Conducting Diodes
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Full-Bridge Converter w/CT Rectifier

On Time 2
>
A
Nlga e
- |_v p-Ng:Ng m ﬁ)
N Y|
+ ° —_— ouTr
(0 Aﬁ a <
A |y |
= H b
OFF JEVQZ Jﬁm
<€
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Full-Bridge Converter w/CT Rectifier
Off Time 2

OF lqar |k
H H Np:Ng:Ng
. ? — &VOW
VIN <i> ° (
= - g
OFF JIG Q2 JIG Q4
H H
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Full-Bridge Converter w/CT Rectifier
Conversion Ratio

ON
Ql, Q4

OFF

ON

Q2, Q3

OFF

+VIN

VPRI

+(NS/NP)-VIN

VIND
0

-VOouT

| IEMBEDDED POWER LABS

N

Due to The Way

N
v
N
Vv

The Transformer
Turns Ratio Was
Defined This Is
The Same As
The Full-Bridge

With A Full Wave

Rectifier
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Full-Bridge Converter w/CT Rectifier
Conversion Ratio

ON

Ql, Q4

OFF ‘
ON

Q2, Q3

OFF

N
v

FVIN o e e e e e e e e e e e e e
TON2 TOFF2

& 4
~ 7N

a T Y

VPRI

N
v
N
Vv

Tow = Top + Lopps + Loy + Toprs D:T _I(_)A}
on T Lorr
VI TONI :TONZ :TON
_ TONI +TON2 _ 2'TON
TOFFI — TOFF2 — TOFF - T - T

K SwW /4 /
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Full-Bridge Converter w/CT Rectifier
Conversion Ratio

)

VL (TONl)'TONl + VL (TOFFl)'TOFFl + VL (TONz)'TONz + VL (TOFFZ).TOFFZ =0
VL (TON)'TON + VL (TOFF)'TOFF + VL (TON)'TON + VL (TOFF).TOFF =0
VL (TON) : 2'T0N + VL (TOFF)'z'TOFF =0 Inductor Volt-
VL(TON)‘2 TON +VL(TOFF).TSW_2.TON —0 Second
TSW TSW Balance

Vi(Ton ) D+V, (Tpp )-(1-D)=0

N
(FS'VW —VOUTJ°D+(—VOUT)'(1—D) =0 Due to The Way The Transformer
N i Turns Ratio Was Defined This Is
N—S-V,N D=V, D=V, + Vo D=0 The Same As The Full-Bridge With
NP A Full Wave Rectifier
FE'VIN D= VOUT
7 ik W (Same As Buck Converter Except:

O j N Transformer Turns Ratio

| IEMBEDDED POWER LABS
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Full Bridge Converter

Advantages
e |solated

 Good For
500 W And Up

* Multiple Isolated Outputs
Possible

e Easy To Control
* Good Use Of Transformer Core

* Low Voltage Stress On
Switching Transistors

| IEMBEDDED POWER LABS

Disadvantages

* Transformer Needed

* Four Switches And Associated
Drive Circuits

* Must Have Way To Prevent
Transformer Saturation

* Center Tap Output: High
Voltage Stress On Output
Diodes

 Full Wave Output:
More Diodes And Diode Loss
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APPENDIX IV.
Boost Converter

Discontinuous Conduction
And Critical Conduction Modes




Boost Converter
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Boost Converter Discontinuous Conduction Mode:
On Time

I~ o = ) I )+
v (D) o Jj Q ¢ R vour

‘E Vi =V
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Boost Converter Discontinuous Conduction Mode:
On Time [

Capacitor Delivering

L Energy To The Load

s (Y'Y YN

7 o= NG
o |

L
Ié.
Gate J
e M(—J _
{ VL B VIN Storing Energy
In The Inductor
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Boost Converter Discontinuous Conduction Mode:
Off Time 1

o . +
Vin () - Q CI- R H Vour
Y
! Vi=Vin-Vour
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Boost Converter Discontinuous Conduction Mode:

Off Time 1

i (D

| IEMBEDDED POWER LABS

4 , )
Power Flowing
From Input To The Output Load
L w Output Capacitor y
+ — +
Q C_1_- R H Vour
Gate

%(—;A_(_j o
VL

Also Releasing Stored Energy

Jﬁ In The Inductor
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Boost Converter Discontinuous Conduction Mode:

Off

ime 2
L
Y'Y YN
Ty - INGRE
+ L
Viy ( Jk— Q C I— RH Vour
Gate -] :,
v V=0V

| IEMBEDDED POWER LABS 482




Boost Converter Discontinuous Conduction Mode:

Off Time 2
Capacitor Delivering
L { Energy To The Load
(Y'Y YN
+ - [ Y+
¥ L 1
e 5o e R[]
Gate —'|
vV _
VL =0V Inductor
Is Idle

| IEMBEDDED POWER LABS
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Discontinuous Conductlon Mode

| IEMBEDDED POWER LABS

! VOUT i

Vi

/\>
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Discontinuous Conductlon Mode

. VOUT

:

N

~

On Time

Transistor On

Diode Blocking/Not Conducting

Inductor Charging

Capacitor Discharging

/

T

| IEMBEDDED POWER LABS
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Discontinuous Conductlon Mode

A . VOUTE / \

Viv Off Time 1
Transistor Off

Diode Conducting

Inductor Discharging
| Capacitor Charging /
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Discontinuous Conductlon Mode

| IEMBEDDED POWER LABS

! VOUT i

Vi

-

~

Off Time 2

Transistor Off
Diode Off
Inductor Idle/No Current

Capacitor Discharging j

~ >
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DCM Conversion Ratio

| IEMBEDDED POWER LABS

1+\/1+4.D2.R'TSW
Vour _ 2-L

Viv 2
Nonlinear

Depends On Load Resistance,
Inductor, Switching Frequency

Becomes Continuous Conduction Mode When:

2-L
R-T

Sw

>D-(1-DY
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Video Lab 11

Boost Converter In Discontinuous Mode

L

Y

Ve

Jl_
< Q Vi
Gate ]

1
(Y'Y YN ‘D>
+ —_—

+

Y ]Q

+

™~
L1
D

\

C —

| IEMBEDDED POWER LABS

“Switch Node”
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Video Lab 11
Boost Converter In Discontinuous Mode

Switch
Node

Output
Voltage

Input
Voltage

Inductor
Current

Iﬂ 500V &% @ 5.00V &

Value Mean Min Max Std Dev )

@& Mean 16.4 ¥ 14.2 9.31 215 3.16 2. 00ps (S00MS/s H 13.6 V‘
@ High 17.2 ¥ 15.0 10.0 22.2 3.16 \»~7.998000ps || 10k points
@ Duty 71.90% 65.22 7.740  95.24  10.21

(31 May 2017)
|11:54:35

| IEMBEDDED POWER LABS " ' 490




Video Lab 11
Boost Converter In Discontinuous Mode

/ We See Here\

The Switch
Node Voltage
Oscillating As
The Inductor

Rings With the
Output
Capacitance
Of The
\ MOSFET

-~

Can Also See
The Current In
The Inductor

(@ 5.00V &% @) 500V &

Oscillating/ — Vae  Men Wi Wmx s Dev |
Talel @ Vean 164V  14.2 9.31 21.5 3.16 2.00us  |[S00ms/s | @
Rlnglng @ High 17.2¥ 13.0 10.0 222 3.16 |+ +7.998000us ‘ ‘Jgk points | ‘
@ Duty 71.90% 65.22  7.740  95.24  10.21 -

(31 May 2017)
11:54:35 |

| IEMBEDDED POWER LABS
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Video Lab 11
Boost Converter In Discontinuous Mode

/In The Video,
Note That The
Output Voltage
*Increases® As

The Load
Current Is
*Decreased®.

Why Do You
Think that

Happens?
ety

Iﬂ 500V & @ S5.00V &

Value Mean Ai Max Std Dev )
@ Mean 16.4V  14.2 9.3 21.5 3.16 (2.00us ) [S00ms/s H 13.6 V‘
@D High 17.2V 15.0 22.2 3.16 \I+¥7.998000us ]| 10k points
@ Duty 71.90% 65.22 95.24 10.21 ) )
(31 May 2017]
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Boost Discontinuous Mode

Advantages Disadvantages

* Easy To Design The Controller * High Peak Currents In Transistor,
Diode, Inductor Means

* No Losses From Diode Reverse iy
Significant I°R Losses

Recovery
* Large Output Capacitor
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Critical Conduction Mode

A i VOUT
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Critical Conduction Mode

VOUT

-

Ip

Critical Or Boundary
Conduction Mode:

\

Transistor Is Turned On

As Soon As Inductor
Current Goes To Zero

)

pd

(&

On And Off Times Vary With

\ X

Input Voltage And Output Load S

—> Variable Switching Frequency

J

\ X

| IEMBEDDED POWER LABS
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Critical Conduction Mode

Ip

| IEMBEDDED POWER LABS

VOUT/
/ _ I
On Time
| Transistor On
Ton T Diode Blocking/Not Conducting

Inductor Charging
Capacitor Discharging

/

>

S~
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Critical Conduction Mode

A i VOUT

-

~

Off Time

Transistor Off
Diode Conducting

Inductor Discharging

Capacitor Charging

_/

Ip

>

S~

| IEMBEDDED POWER LABS
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Boost Critical Conduction Mode

Advantages Disadvantages

* No Losses From Diode Reverse  Specialized Controller
Recovery e Variable Frequency Operation

* Smaller Peak Currents Than + Large Output Capacitor

Discontinuous Mode

\

4 This Mode Of Operation Is Popular
When A Boost Converter Is Used To Make
An Active Rectifier (Power Factor Correction, PFC)
In An AC-DC Power Supply Because The
\_ Lack Of Diode Reverse Recovery Improves Efficiency y
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APPENDIX V.
Non-ldeal Boost Converter




Non-ldeal Boost Converter

Inductor Resistance, R,
Transistor On-Resistance, Ry
Diode Forward Voltage, V,
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Non-ldeal Boost Converter

L
I, R, ——— 1, +VD—

/ NOTE \\ ¥

This Is An Interesting And
Informative Exercise. However, Vour
Note That Switching Losses

Are Not Included And
Reduce The Ideal Conversion Ratio

K Even More Than Shown Here. /
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Boost Converter Input Current

[ ]C(TON)'TON +IC(T0FF)'T0FF =0 ]

= 1,-p-1, - Your _g
[ (T ):_ our R
c\town R
(1-D)-1 _Your
Vour "R
]C(TOFF):IL_ R
VOUT V _ _ 1 VOUT
_Zour |4 _ZoUr | T _) I, = — )
R ON [ L R j OFF [ L IN 1—D R
_V%]T .D_TSW_i_([L_%j.(I_D)-TSW:O ! !
(_MJ.D_F(IL_@)(]_D)ZO
R R D—>1=1, —>wo

Y,y poy Ve p Ve
R R R

| IEMBEDDED POWER LABS
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Inductor Voltages

VL(TON):V]N_RL 1 _RQ 1,

VL (TOFF): V]N _RL '[L _VD _VOUT

Both Expressions Use The Inductor Current. We Use The Expression
For The Inductor Current We Just Derived
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Inductor Volt-Second Balance

VL(TON):VIN_RL'L'VOUT_RQ'L‘VOUT OZVL(TON)°T0N"‘VL(TOFF)'TOFF
(R DR )R bR :VL(TON)'D'l'VL(TOFF)'D'
+ V.
=V — L 0 ._our R +R
IN D' R _ VJN_( L Q).VOUT D
D' R
VL(TOFF)ZVI _RL.L.@_VD_VOUT Jy oy Veour D"“R+R, D
D' R IN "D R D'
1 7V
=V.-V,-V, . —R, -— 91 R 4R
e A ™ :D'VIN—D°< L Q).VOUT
1 1 D' R
=V, -V,-V, _1+R, -— — '
W~ Vp " Vour L pr R) +D"V, —~ D"V, — D" VOUT. D“R+R,
1 R R D'
=V . -V.-V, | 1+——L
w ~Yp " Vour D Rj
V D"“"R+R
_y _y. _Lour, I
™ ( D j
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Inductor Volt-Second Balance

0=D-V, +D"V, —D"V,

(RL+RQ)'VOUT_Dv.(D"R+RLj.VOUT
D' R D' R

=(D+D"W,, —D"V,

(RL+RQ)'VOUT —(D"R‘i‘R ).VOUT
D' R YR

:VIN_D"VD

—BR VOUT_R.VOUT_
D' R LR D' 92 R

_D-

_D-

| IEMBEDDED POWER LABS

D g Your pig Your

0=V, —-D"V,

D V, D V. \
_(H—BJRL. ?T_D,'RQ'%_D'VOUT
=Viy =D"V)

1-D D V. D V. \
[ D' D'jRL' kR pRe T TP o
=V, =DV,

1V, D v |
_D'RL. (;;JT_D'.RQ.M_D.VOUT
:VIN_D"VD

1 1. D 1
[D'RLE ER R D]'VOUT
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Non-ldeal Conversion Ratio

" 1 R, D R '
(D QJ'VOUT:VIN_D'VD

D'R D R
/V _ Vin =DV} \
our

R
D'+ 1 R, D %o
D'R D' R
1_p. o
Viv Vin

D' 1 R, D R,

1+
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Non-ldeal Conversion Ratio

4 ) 4 )
|deal Effect Of The

Conversion 5 | Inductor
Ratio R EL‘Resistance

D"V,

Effect Of The
Diode Forward
Voltage

J

~
(Effect Of The

D R, .
D? P Transistor
J\\Resista nce
/
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Non-ldeal Conversion Ratio

| IEMBEDDED POWER LABS

[m

LR _D R

D' R D' RJ.VOUT:I/] _D'.VD

ouT —

VIN_D"VD
L R, D R
D'R D' R

D'+

-

In This Form, It Is

Vp;=0,R =0,
And R, =0,
We Get The Ideal
Conversion Ratio

\

Easy To See That If:
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Example Calculation

*Vy=33V
*Rour =12 Q

* Nominally12V@ 1 A
*R =20m Q
*Rq=20mQ
*V,=0.4V (Schottky)
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Conversion Ratio Plot

Boost Converter Conversion Ratio (Vout/Vin)

- N
[e] o
[ —

—Ideal /

-
»

—Non-ldeal /
14
]
whd
S 12
o
5
g
/
g 8
(&)

: A

7

4
5 4/

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Duty Cycle
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APPENDIX VI.
Buck-Boost Converter
Analysis



Buck-Boost Converter

Gate

I, L—a , + ' -

2 A7C L <
" = _

Vew + /1 D

Viy (O v, L C_— R|| Vy
— N ]C
+
AV
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Conversion Ratio

Buck_Boost Conversion Ratio

Vi (Tox) To + Vo (Tor ) Torr =0
Viv Ton *Vour " Topr =0

D'I/IN'TSW+V0UT'(1_D)'TSW:O
D-V,, +(1-D)-V,,; =0

‘\
\\

I~
N\ /
\

& & A N o

version Ratio

\

(I_D)'VOUT:_D°VJN 3 z \\
D D e :Ir\c:s:-lldeal
[Vow =—1_p /w =—F'Vm} \\
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Conversion Ratio

VL (TON)'TON + VL (TOFF

)'TOFF:

VIN 'TON +VOUT 'TOFF =0

D'I/IN'TSW+V0UT'(1_D)'TSW =0

D-V,, +(1-D)-V,,; =0

(I_D)'VOUT =-D-V)
D D
[VOUT = I_D'VIN__F'VIN}

| IEMBEDDED POWER LABS

0

/

(&

Buck-Boost Has The Same Loss Limiting
On The Maximum Boost Ratio As The
Boost Converter

Buck_Boost Co
Duty Cycle
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.9 1.0

‘_\
\\

—

& & A N o

\
~Q
AN
\

ion Ratio

-10

-12

14

—|deal

——Non-Ideal

-18

-20
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APPENDIX VII.
DCM Flyback Converter
Deeper Dive



DCM Flyback Deeper Dive

* If You Are Going To Use The Flyback Converter, Important To
Understand Effect Of:

* Leakage Inductance
* Stray Capacitances

* Leakage Inductance Effects:
* Loss Of Efficiency
* Needs A Clamp Circuit
* Higher Switch Transistor Voltage Rating
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Flyback Converter

Vour

-------------
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Leakage Inductance

+
+
+
+
+
+
+
+
+
+

2988222222
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Leakage Inductance

Core

Bobbin

Insulating
Tape

2 22222
2908222222

Primary [:Secondary
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Leakage Inductance

//’
Magnetic

Flux In
the Core
Coupling

Both

Windings
- /

++
4
+4
*
4
++
4
+4
*
4
++
4
+4
++
+4
++
4
+4
++
+4
++

B 0 e -
B B e L

$4++444444
+44444444
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e

C
| 3
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521

2 2222 2¢

This “Leakage Flux” Results In The “Leakage Inductance”




Transformer With Leakage Inductance Model

___________________________ mo Model Includes
PRI
NN | Leakage
. +y kG Inductance
VLKG 3 LLKG :
B INP  NP:NS ISEC
: i : S>> —
VPRI o+ . :
 VMAG %H LMAG H VSEC
| ™aG
D +
- >
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Flyback With Leakage Inductance

VBUS =

R[] =—=c2

éLMAG %H %Hg ——ct  []Rroso

AVAS

D2 /\
NP:NS
................................................. W
}_.
K Q1
}_
CONTROLLER
H RCS
\V4
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Flyback With Leakage Inductance

VBUS =

re[] o

/

/The Leakage Inductance Causes Many Problems In A\
Flyback Converter Including:

AVAS

— c1 H RLOAD

Significant Loss Of Power/Efficiency

Need For Clamping Circuit To Absorb The Energy Stored
In The Leakage Inductance

K Much Higher Peak Voltage On Switching Transistor /

| IEMBEDDED POWER LABS 524




Basic Flyback Circuit With RCD Clamp

T1
NP:NS

VBUS

AVAS

[ L

> V
e

RCD Clamp Circuit Captures

Energy Stored In The
[|res|  Leakage Inductance And
Limits The Peak Voltage On
V4 The MOSFET Drain

(U )
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Flyback With Leakage Inductance

| IEMBEDDED POWER LABS

VBUS
- LLKG %
—c
Veawe Rl ?
+ H
LMAG %H
D2 /\ ‘
CONTROLLER

AVAS

—_— C1

I 1

] RLOAD

H RCS

(¥

Note That The Peak Voltage
On The Switching Transistor
Is Now:

Input Voltage + Clamp Voltage

>

)
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Flyback With Leakage Inductance

/ Semiconductor Capacitances, \
Such As The Output Capacitance Of The Switching
Transistor (Cogg) And The Inter-Winding Capacitance
Of The Flyback Inductor, Allow Significant Ringing With
The Leakage And Magnetizing Inductance.

\ This Can Be A Major Source Of EMI. /

]

CONTROLLER

Q1

7T

H RCS
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Flyback With Leakage Inductance

| IEMBEDDED POWER LABS

VBUS =

R2 [

D2

The Clamp Diode
Generates Current
Spike Into The

Switching Transistor
When The Transistor

L . LLKG % y
wo] b e fec \
__________ — Reverse Recovery Of
\
_JE Qf
CONTROLLER
H RCS
K Turns On

)
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Basic Flyback Circuit With RCD Clamp

T

IBUS IPRI NP:NS Isec D1 IoUT
VBUS >—— > > ™ > +
TR A + = |ict
VD1 /
VCLAMP R2 [] —— 2 VPRI %Hg VSEC — ¢1 [] RLOAD VOUT
_ o] +
+ m < -
o, ICLAMP | IDRAIN

N

+

___JE Q1

CONTROLLER VDRAIN

H RCS

4
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Flyback With Leakage Inductance

IBUS IPRI T
VBUS —
+ IKG ¥, ke
. VPRI LLKG Vo1
VCLAMP  R2 H ——c2 - sgc DI OUT
IMAG — ™ — +
+ INP
VMAG + . ] | IC1
LMAG H Hg VSEC — c1 H RLOAD VOUT
D2 — o] +
ICLAMP NP:NS
- ;5;
0 IDRAIN
+
}_
& Q1 VDRAIN
}_
CONTROLLER

H RCS
P:

| IEMBEDDED POWER LABS
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Discontinuous Conduction Mode
" Four Operating\
States In Each

Vs _ Switching Cycle |
>

>
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Discontinuous Conduction Mode

/ On Time \

/  Main Switch On

* Energy Stored In
Magnetizing
Inductance

* Energy Stored In
Leakage Inductance
No Current In The

\ Secondary /
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Discontinuous Conduction Mode

A
Vorain = Vin + Veramp J

Clamp Time \

Main Switch Off
Energy Stored In

Leakage Inductance
1k Discharges Into The
Clamp Circuit
* CurrentIn The
I, " Secondary Ramps Up/
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Discontinuous Conduction Mode

Virain = Vin + (NP/NS)-(Vour + Viiope) ]

| IEMBEDDED POWER LABS

Reset Time
Main Switch Off
Energy Stored In
Magnetizing

N

Inductance Discharges

Into The Output
No Current In The
Primary

4
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Discontinuous Conduction Mode

VDS

1

<.

Idle Time A
Main Switch Off
No Current In

The Secondary )

]LKG

)

>

™

Ip
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

~  lLeakagelInductance = . . .
. =2% Of Magletlzmg Inductance .

'1m""'40U|C0""""""""'
L Y X

"R1"""'L_L'KG"'

(- VOUT

Cyy | - - ClampVotage oo "R . . asEcDioDE. M. .. |

__“0___._Constant440V e o d [ R

~-~-—_--—2xanaryResetVoItage~---~--~-v-v-----~--------~-~---v---
. . 7T . More Practical Is - - - ....Lmag;ZmH_ O S
| ©  RCD Clamp Circuit - """"Np-NSZ”"T ¥ & o

3 IR 7N 3 I-PRI e R R I R
,__3304.4.........Iclamp,.,R4.4.AD.2,.,.....,é.,.,.,...4.,4,..........,.,......44.4.

]'a

. o MDRAING o
.. POPThgger T
. FWM:

L EREVDRAIN

. |H
|

B e S A

'r&"";)—'VGA'TEwk_:MYFET:::::::'.:::::::::::::::::::::::::::‘.:
LR MOSFET
v3 .. .. .. .| . 20nhmsOnResistance .

'ﬁfﬁ®lﬁﬁﬁ]ﬁﬁﬂ.....‘. S C0SS=A00PF - - - - o o e
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

B Leakage Inductance = . = | | |
B1=2%Of Magienzmg Inductance

m
L LKG
o > VOUT,

... ... | .. ClampVvottage . . . .. ... .. ... ... ... . |.[ . r I-SECDIODE NI ‘

. gl .. Constant4d0V. . . . MDA 1 111 . AR o DI T I

~-~;-—2xanaryResetVoItage~---Tr-a"5f0rmef-v- i s 3 s m 2553 5 6:msn s Ene e alilss 5s AR

o . More Practical Is - - - ... o lmag=2mH P14 [[Lostoo 0 P . .
o

- RCD Clamp Circuit © ~ ~ + + + -+~ NpiNs=17:1. .

SRR TSI I I A
3 IR Ve aa N 3 H -,
.__3304.4.........Iclamp,.,R4.4.AD.2,.,.....,'5.,.,...4.,4,.,.......
o o UVDRAING
C ..o POPTrigger
. PWM:

]'s

. |H
|

C 4O LviaTE
: BB oz s ow o o% F o
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DCM On Time



™

)

DCM: On Time
73 ™~
Vs /
* Main Switch: ON
7 ~ * Input Voltage Applied To Primary
LMAG / * Current In Leakage And Magnetizing
> Inductances Ramps Up
\ No Current In Secondary
[LKG \
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

Drain Voltage —— Clamp Current
Primary Current —— Secondary/Output Diode Current
% []G \nnnhl\l\vﬂvhvl\vnv AVAVAVAVA'A'A \nhnnnl\vﬂvl\vﬂvf\‘ AAVAVAVAVA'AVA
: VARA ~ yyvvvy N
S N\ -
>
nD Prd =
< 06 / /
g 04 W T
T4, o T Aas -
N T A A A A A A A A AR A A A A A A A A A A A A
02 ',UUUVUVVVVV V VoYV VVUUUVVVVV VAN
0.4
08
<
g 04
2
o — T LA A A A A s et L | A A s,

o oo

[y
=
=
-

-

I-SECDIODE /A

i \4
; VA
- 5 10 15 2 2 3
| | EMBEDD time/uSecs 5uSecs/div 540



Discontinuous Conduction Mode
More Realistic Flyback Simulation

Drain Voltage —— Clamp Current

Drain Current

Primarv Current

i T A A A A AAA AP YTy Y YV
% Nl VVVVVVVVVVVV \ VUVVVVVVVV\V \
* ] AL ‘
= 4 On-Time N
B E— Drain Voltage ~ 0 V
s — m Primary And Drain Current Ramping Up
== T No Current In The Clamp Circuit

08— \\
< 0.6—
g \\
S

A A A A A AR AA A~ ~ A A A A A AAA A I g
WUUVVWWV i IR ARAAAAAY

) 10 15 20 25 30
| | EMBEDD 1 5uSecs/div 541

c,
b

U L A

-

’#

3
H
=
@
&
s
i



DCM Clamping Interval




Just Before MOSFET Turns Off

Vori =|Vmac = Vin LMAG§ %Hg p— [] Vour /HOW Does Thls\
Ry L - Circuit Model
i () ‘1' T Change When
DRAIN PRI_PK MAG The MOSFET IS
dot ?
ok Vos o KTu rned Off: /

[Ignoring L, For The Moment...}
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Just After MOSFE

urned Off

___________________________________

| IEMBEDDED POWER LABS

MOSFET Becomes A
(Nonlinear) Capacitor

>

/

544



Just After MOSFET Turned Off

> . Lyviag RINGS

Vou sV wed P D | With Coge

)

___________________________________

¥
Vi looni = = |
— DRAIN — PRI_PK - "MAG

+

S —T— VDS_ON
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Just After MOSFE

.............

urned Off

| IEMBEDDED POWER LABS

Of Interest |,,,; Does
Not Change Much.

We Model It As A
Constant Current

\ Source /
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Just After MOSFET Turned Off

PRI
______________________________________ VIN T T T T T T T T T T T T T T
; Np:N ~
+ S +

Vori = Vvac g CL) §H§ — [] Vour oV >
w() L o o Ve b MAG |

: <_> Iorain = lpri_pk = lvia Vieser

Y o y Charges
+ DS

Foss 1= Vs Vin + Veeser (. j/COSS /—

Vy f----mpp-mmmmmmmmmm--
Vieser = (Np/Ng)-(Vour + Viiope)
ov >
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Just After MOSFET Turned Off

PRI

Vori = Vviac glMAG CL) %Hg — [] Vour

¥
Vi leonin = | = |
— DRAIN — PRI_PK -~ "MAG

+
Coss — Vs Vin + Veeser

VIN

Veeser = (Np/Ng)-(Vour + Vipiope)

oV
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Just After MOSFE

[ our

+
Coss —— VDS

¥
Vi Lo = = |
— DRAIN — PRI_PK -~ 'MAG

urned Off

PRI

oV

Vin + Veeser

Ve
Vieser = (Np/Ng)-(V

J_l EMBEDDED POWER LABS L

Now What
Happens?

VK/

549



Just After MOSFE

¥
" lpram = Yert o = |
T DRAIN — 'PRI_PK = 'MAG

+
Coss —— VDS

Vieser = (Np/Ns)(Vour + Viiope)

| IEMBEDDED POWER LABS

+

Np:N
Vo = Vreser EIMAG CL) §H§ Veeser  —— [] Vour

urned Off
Diode
Becomes
Forward >
Biased
\ VRESET I‘ ----- A _______
Vy + V| Primary Voltage Now
Clamped To Reflected
\Output Voltage, VRESEU

ovV >
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Just After MOSFE

| IEMBEDDED POWER LABS

urned Off

~ Mode ing Voltage A

Reflected From

Secondary As
Constant )

g But Wait!
There’s
. Morel
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Just After MOSFET Turned Off

: What Limits h

Vil j The Maximum
e =1 * |
LKG PRI_PKE MAG . ?
kDram Voltage: y

Vor( = VReser | fuo (D C—D Vasser |
4»‘ lreser & Imag — Ik =0

Vv CD ¢ Iprain = IPRI_PK = lvac Y

. Coss Continues

Coss \_,DS = V|N + VRESET TO C h a rge
/
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Voltage Clamp

Verawr (D | E

........................................................

<

Coss —— ps_max = Vin * Verame
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RCD Voltage Clamp

.................

| IEMBEDDED POWER LABS

/Shown Laterx

Ceiamp IS Large
Enough That

Ve amp Can Be
Considered

\ Constant /
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Clamp Interval

/
' S \/( N
ReLawp [] Cotave —— VCLAEMP % Liks Focus Just On

< .

o This Part Of
\ The Circuit To
= Analyze What

Dotave /N Dyac CJ,) <+> VRESET% Happens

During The

Viv Cﬁ)\ / Clam p Interva |
(& )
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DCM: Clamp Inte

VDS

/ LMAG

[LKG

Ip

| IEMBEDDED POWER LABS

val

-
1\

Short Interval (Should Tens Of ns) \

Main Switch: OFF

Primary Voltage = Clamp Voltage
I(Ly,5g) = Constant

I(L,«g) Ramps To Zero

Secondary Current Ramps Up

/
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Clamp Interval Circuit Model

lcamp = likg = lvac

I — [ Initial Conditions}

+

Like g VLKG Veeser — Veramp = _(VCLAMP - VRESET) <0

v ()
% ¢

RESET =0
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Clamp Interval Current

leamp = like
+ A
+ IMAG

LLKG g VLKG < 0 ILKG

RESET

VCLAMP <_> i
s i
]MAG (R VRESET E
s D
Clamp Interval Ends Teuawe

When Current In
Leakage Inductance
Goes To Zero

(& )
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DCM: Clamp Interval

/ LMAG

~ —

As Leakage Current Ramps Down,

/
kg /

\

l.ec Ramps Up To Equal
—(NP/NS) Iy ac

N

o

%
S

AN

Ip
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

This is a more realistic simulation of
a flyback converter operating in
DCM. The transformer has a typical

Leakage Inductance :
_ L amount (2%) of leakage inductance.
= 2% Of Magnetizing Inductance The clamp diode has a reverse biased
_ capacitance (10pF) and the MOSFET
£00m 40u1C=0 has a finite output capacitance (Coss)
R1 E_LKG of 100 pF
Clamp Voltage
0 Constant 440 VV 5 o X
—— = 2x Primary Reset Voltage Transformer L
T More Practical Is Lmag=2mH P1 St -
RCD Clamp Circuit Np:Ns = 17:1 10m Diode vouT
ey I-SECDIODE
1 Dclamp '353
S — H I-PRI m
V2 lclamp R4 et R5
—L 380 D2 Dz_ss
— . C1
I-DRAIN 1m IC=0
POP Trigger }
PWM N L
I
L V-DRAIN
1 - =
o uvrer
i _-VGATE ‘ b -
RE at MOSFET _
2 Ohms On Resistance
LV Coss = 100 pF
@
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

| |EMBEDD

Drain Voltage

Primary Current

—— Clamp Current

—— Secondary/Output Diode Current

e

VA Asnens

Aa

MAARAAAAAA

AAAAAAA

VVVVVVVV

f
YV YVVVvY

v

-
[

LW W NP .

o e e e e

/£

\
AN

Note That The \\
Secondary Current
Does Not Rise
Instantly. This Is An
Effect Of The Leakage
Inductance. The
Delayed Current Is
Going Into The Clamp
Instead Of The Output

— Wasted Energy And
Loss Of Efficiency

time/uSecs

A

SSSSSSSSSS
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Discontinuous Conduction Mode

Details Of The Clamp Time

| |EMBEDD

Drain Voltage

Primary Current
BN

—— Clamp Current

—— Secondary/Output Diode Current

Note That The
Secondary
Current Is Not
Fully
Established
Until The
Leakage
Inductance
/Clamp
Current Goes

To Zero
\

™ TN P
~NL ~Nee——
e
d ™.
N prat Nl
e | —r
.
yd ™
N, 7~
N, d
)4 AN
N \____'4/

QQQQQQQQQQQQQ
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

Drain Voltage —— Clamp Current
Primary Current Drain Current
0
% 06 ”\nnnl\l\ f\l\vl\vnv AvAvAvAvAvA'A \nhnnnﬂﬂl\vﬂvﬂ\ AAVAVAVAVA'A"A
: RUNRAAR ~ U NARAR ~
. N\ -
>
0 - T
< 0 / /
g 04 Pl P
E o, o~ TN P Aa -
= T A A A A A A A A AR AP nmnnnnnnnu““,\,,_ e
VLI ANAAAL A TR NARARARAA

0 'y

lclamp £ &

FDRAIMN £ A

e f———T | ;s A s e, LA AL,
-0 5 10 18 20 25 30

time/uSec SuSecs/div
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

Drain Voltage —— Clamp Current
Primary Current Drain Current o —
> \unvnvnvnv’\vﬂvnvn\f"""v ARARAAR ~ Spike In Drain
K ~ Current Due To
{ — = CIamp_Diode
E /// ‘l‘ ,ﬁ‘ A R AAAARAA A~~~ = . XapaCItance =
: 7 nd Reverse
; / Recovery

< //i
2 /

E Z = g
-10
12

time/uSecs SuSecs/div
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

| |EMBEDD

= S o o o o -
- = o - T Y

Drain Voltage

Primary Current

—— Clamp Current

Drain Current

= = = =
3 = > = —

Clamp-Time

Drain Voltage = V\ + Vo amp

~

= = e o
o = = o

= o = o
-

B Primary Current Ramping Down
1 Clamp Circuit Absorbing Current From
— :ﬁﬁﬂﬂ Leakage Inductance
Drain Current ~ 0 A /Z
£} e . — .
P A
el BN ~
~ e
/ ] A / A &
L~ L A A A A A A A A AA A AP vt T A A A A A A AAAAA A -
_iﬂlvvvvvv"v" b Y VVVVVVVVVYY
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DCM: Clamp Interval

A
Lepamp <

I1pa6 /\

(U

Clamp Current Equals
Difference Between

Also I ampe = like

Ivag @and Iy

™

/

]LKG

AN

| IEMBEDDED POWER LABS
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DCM: Clamp Interval
]CLAMP <
AN
]LMAG K

Clamp Current Equals
Difference Between

lvag and I

Also leampe = like

™

)

]LKG /\

/™

Ip

| IEMBEDDED POWER LABS

This Is *ALL*
Lost Energy
And
Lost Efficiency

\

A
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Leakage LosS

<{ Ideal Secondary Current ]
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Leakage LosS

<[ Ideal Secondary Current }
<[\ Actual Secondary Current ]
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Leakage LosS

| IEMBEDDED POWER LABS

<[ Ideal Secondary Current }

<[ Actual Secondary Current ]

-l

Energy That Went
To Clamp That Should
Have Gone To The Output

N

)
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Leakage LosS

<[ Ideal Secondary Current }
<[ Actual Secondary Current ]

~
Not Just (1/2)-L, sl s> Is Lost,
During Clamp Time Energy Is Diverted
\From Magnetizing Inductance To The Clamp!/
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Clamp Loss

I kG (t = O) =Lyyg (t = O) =1y

di; g (t) _ Verar = Vreser Viroor =

dt Lo

) (VOUT T VDIODE )

= ‘3

L

LKG

. Verur =V,
ZLKG (t.) — ]PK _ [ CLAMP RESET ] .1
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Clamp Loss

I T = () At End Of Clamp Interval,
LR ( LKG) ﬁ Leakage Inductance Current =0

Verie =V,
]pK _[ CLAMP RESET ] . TLKG — O

LLKG
T - oy _ Ligg {p¢
LKG — o
VCLAMP B VRESE T VCLAMP - VRESET
LLKG
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Clamp Loss

Leramp (t) =1l1xg (t)

Pcramp (t ) = Veramp (t ) ' iCLAMP (t ) ~ VCLAMP ' iCLAMP (t )

1 TSW 1 TLKG
B avp :T—. 0 pCLAMp(t)dt:T—'jO pCLAMP(t)dt
sw sw
1 TikG . V Tike
- T, .J.o (VCLAMP "Leramp (t))dt = % ' jo Lepamp (t)dt

| IEMBEDDED POWER LABS
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Clamp Loss

_ VCLAMP Tixa VCLAMP B VRESET
PCLAMP - TSW '_[0 IPK — I -t |dt

LKG

_ VCLAMP -]P 'TLKG _ VCLAMP _J‘TLKG ( VCLAMP _ VRESET j tdt
TSW TSW " L

LKG

_ Verawr *Lpx " ixg _ Verame .[VCLAMP — Veeser J . J' Tikg ¢ dt
Ly Ty Lixq ’

_ Verawr " Lpx *Likg _ Verawr .LVCLAMP — Vreser j . 1, L2KG
L gy Ty Lixg 2
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Clamp Loss

2
P . VCLAMP v PK -1, LKG l VCLAMP VCLAMP RESET LLKG v PK
CLAMP — T v v
SW LKG CLAMP ¥ RESET
2
_ VCLAMP v PK LKG PK 1 VCLAMP . LKG v PK
T SW VCLAMP VRESET 2 T SW VCLAMP VRESET
2 2
_ VCLAMP ) LLKG v PK 1 VCLAMP ) LLKG v PK
T SwW VCLAMP o VRESET 2 T VCLAMP o VRESET
2
_ l VCLAMP ] LLKG v PK
2 T SW VCLAMP o VRESET
V 1
_ CLAMP L 72
F, CLAMP — % % 7 LLKG 1 PK F, SW
CLAMP ~— 7 RESET
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Clamp Loss

V 1
_ CLAMP o 12
PCLAMP o V 2 LLKG ]P FSW
CLAMP 7 RESET
VCLAMP F F
o V _ LKG SW
CLAMP RESET /&
N
Energy
Stored In
L Leakage Inductance y
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Clamp Loss

F CLAMP — v

VCLAMP

1

CLAMP VRESET
\

r
VCLAMP

VCLAMP o VRESET
\____~ Y,

/

Loss
_Multiplier!

—

| IEMBEDDED POWER LABS

'2 'LLKG 'I; 'FSW
'ELKG 'FSW
/¥nergy A

Stored In The

_Leakage Inductance
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Clamp Loss

Clamp Loss Multiplier

[EnY
N

=
o
- e

)] 0o
//

N

o

Ratio Of Clamp Power To Leakage Power

[EEY

15 2 2.5 3 3.5 4 4.5 5

Ratio Of Clamp Voltage To Reset Voltage
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Clamp Loss

[EnY
N

Clamp Loss Multiplier

o

[y
o
- e

|

0o
1

]
1

Lesson

Trying To Make the Clamp Voltage Too Low
To Minimize The Peak Drain Voltage
Greatly Increases Loss

N

o

Ratio Of Clamp Power To Leakage Power

[EEY

15 2

2.5 3 3.5

Ratio Of Clamp Voltage To Reset Voltage

4

4.5
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Clamp Qiod@rward Recovery

- A\\\

\

fiuag Peak Drain Voltage Equals:
Bus Voltage +
Clamp Voltage +
I vc Clamp Diode Forward Recovery Voltage

(10-30V)

\

)

of—L

| IEMBEDDED POWER LABS
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DCM Reset Time



DCM ReAset |

/ MOSFET: OFF \

Vps / *
* Drain Voltage:
N,
Iivac / \ & +Vs Vour +75)
 Diode: ON
* Magnetizing/Secondary
Currents Ramp Down To
ke Zero /
\\q

Ip

/
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Discontinuous Conduction Mode
I\/Iore Real|st|c Fbeack Slmulatlon

" LeakagelInductance = & | L
. =2% OfMagnenzmglnductance 5 i

*100m v
- I

ot
R 1| I

..o = . =2x%Prima ResetVoIta R
. ge . Lmag=2mH P1

Yoo oL

: RE v e s o

Constant 440V. . . .

- More PracticalIs - - -

A N I}
-

. Dclamp . . . . . . .

.. Clamp Voltage . ﬂ:ﬁﬁl:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁ

Np:Ns = 17:1

"RCDCIampClrcun""""

- 40uIC=0 -

Transformer = . |

I-PRI

..Iclamp..,RJ,.A.‘DQ......

+
. B I \> .
o s I' @ %

. oo UWDRAING
.. .. POPTigger .
. . FWM:

FRITIE TS b gty

-
—J

: BB i s ow i % ¥ w8
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TN

L WREVDRAING

Reset Time: \

Leakage
Inductance
Rings With

MOSFET

Capacitance As
Well As Other
Parasitic

- \_ Capacitances /

- VOUT .
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

Drain Voltage —— Clamp Current

Drain Current

Primary Current

. / .
A AAAA A s 7 Reset-Time \
LLAAAR N .
;- AN Drain Voltage
= i ~ViN* Vreser
< — N Primary And Drain
T A AARAAR AR~ Current ~ 0 Adc
' No Current In The
Clamp Circuit
o e — Leakage Inductance Is
- Ringing With The
< o ~ :
g P ﬁf\flnﬂvnvnvnvnvnvn AAAAAAA TranS|StO.r OUtpUt
: \blad k. —\ Capacitance j
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DCM Idle Time



DCM Idle Time
A
r \
Vi / MOSFET: OFF N
X * Drain Voltage: V
™ « Diode: Off
I vac * Primary Current,
|~ Secondary Current:
Zero /
[LKG 5
Ip |\ y >
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DCM Idle Time

Actual Drain Voltage:
Vs U\ Magnetizing
Inductance

Rings With

I vac MOSFET Output
_~|  Capacitance And

Other Capacitances

[LKG \ /

ID /\ >
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Discontinuous Conduction Mode
I\/Iore Real|st|c Fbeack Slmulatlon

" LeakagelInductance = & | L
. =2% OfMagnenzmglnductance TEEEE

o 100m
e

ot
R 1| I

..o = . =2x%Prima ResetVoIta R
. ge . Lmag=2mH P1

Yoo oL

. R+ - - -

Constant 440V. . . .

- More PracticalIs - - -

_ . Clamp Voltage ::::l::::::::::::::
_ Transformer = °

Np:Ns = 17:1

. .Dcamp . . . . . . . .

"RCDCIampClrcun""""

I-PRI

..|c|amp..AE._..02......

+
. B I \> .
o s I 3 P

0 LVGATE

smfhl
" MY_FET ©~ T

s

-
—J

: BB i s ow i % ¥ w8
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TN

. oo UWDRAING
.. .. POPTigger .

. . FWM:

L WRVDRANG

- \_ Capacitances /

Idle Time: \

Magnetizing
Inductance
Rings With

MOSFET
Capacitance As
Well As Other

Parasitic

- VOUT .
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Discontinuous Conduction Mode
More Realistic Flyback Simulation

Drain Voltage —— Clamp Current
Primary Current Drain Current

M 4 X
: vvv"v"v"v"v"v"v"v"v"‘"‘""""""""""" ~ |ldle-Time

" ~ / Drain Voltage ~ V,\

K — Primary And Drain
i = X Current ~ 0 Adc
o TV LT T N =

’ YUV TV VVVVUVVAAAAE

; No Current In The

3 Clamp Circuit
L Magnetizing

0 AAAAAAA A 1 . .

— Indgctance s Rlpglng
/// . With The Transistor
i ',ﬁ Vn AR A rarf—~ \ Output Capacitance//
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DM Flyback Deeper Dive Summary

* Leakage Inductance Can Be Minimized But Not Eliminated

* Leakage Inductance Has A Profound Affect On DCM Flyback

* High Frequency Ringing Causing EMI Problems
* High Voltage On The Main Switch
* Increased Losses

* Clamp Circuits Generally Used To Limit Voltage
* Choice Of Clamp Voltage Has Large Affect On Clamp Losses

| IEMBEDDED POWER LABS
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APPENDIX VIII.
Flyback Converter
Continuous Conduction Mode




Flyback Converter

. Lmac % H — Vour

O L :

-----------------------------------
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Flyback Converter On

| IEMBEDDED POWER LABS

o

ime

Magnetizing
Inductance
Storing

Energy y

o

Vour

Capacitor
Supplies
Load
Current

)
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Flyback Converter Off

ime

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

| IEMBEDDED POWER LABS

o

Magnetizing
Inductance
Releases

Energy y
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Flyback Converter V}v/aveforms

A I/IN—I_F:'(VOUT—I_VD)

\ \
Iy >
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Flyback Conversion Ratio

[ VLMAG (TON) ; TON + VLMAG (TOFF)

'TOFF:O

S

V,N~D+[—%-(VOUT+VD))D':O

N N
DWE_D“Jmeflyxfw%:O

NS
N N

S

D"—= -V :D'I/IN_D"FpoVD

Ny

S

1 N N
VOUTZE'FTD'LD'I/IN_D'FZ'VD)
N, D
Vour = ' ,.L;N__V;
N, D

EMBEDDED POWER LABS

=

-

Not Quite
|deal,
Diode

Voltage

Included

)
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Flyback Conversion Ratio

e (TON) Loy + Vi (TOFF ) Topr =0

V,N-D+[—%-(VOUT+VD) .D'=0

S

N

D-V.-D"—L.V, —D"

Transformer S
Turns Ratio
_ N,

VOUT —

D\|N,

N Standard
H
Buck-Boost
D/D'
Conversion
Ratio

N.|D _
% S| .
e

Diode
Voltage

|

| IEMBEDDED POWER LABS
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Continuous Conduction Mode Flyback

Advantages

e Simpler Topology Than
Forward Converter

* Can Process More Power
Than DCM Flyback

 100-250 W Possible

| IEMBEDDED POWER LABS

Disadvantages

e Control Characteristics Make
It Hard To Stabilize And Get
Good Transient Response

* Load Dependent “Right Half
Plane” Zero In Control-To-
Output Transfer Function
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Appendix IX
Four Switch Noninverting
Buck Boost Converter




Noninverting Buck-Boost Converter

* The SEPIC Is A Noninverting Boost Converter
* Input And Output Voltage Both Positive

* The D/(1 — D) Conversion Ratio Allows A
Smooth And Continuous Variation Of The Output Voltage

From Less Than To Greater Than The Input Voltage-«cmem.

* Another Noninverting Buck-Boost
Converter Is The Four Switch
Buck-Boost
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Four-Switch Buck Boost

Consider The Cascade Of A Buck Converter And A Boost Converter

F Buck Boost
Vin C) [] Vour
— Converter Converter

Conversion Ratio Is The Desired Noninverting Buck-Boost: Vy,; =——=:D-V},
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Four-Switch Buck Boost

Cascade Of Buck And Boost Converters

| IEMBEDDED POWER LABS

Simplify By Eliminating Common Capacitor
And One Inductor
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Synchronous Four Switch Buck Boost
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Synchronous Four Switch Buck Boost

(&

Two Possible

Operating Modes |-

N\

/ H

l_
J'e 0s; 4 Tour
l_

C’L/
v (|

N\

Operate As A Buck OR
As A Boost (Two Active Switches) 5

~

i

|24

Y
T @

-

| IEMBEDDED POWER LABS

(&

Operate As A Buck-Boost
(Four Active Switches)

o

)
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Synchronous Four Switch Buck-Boost
[ Operate As Either Buck OR Boost With Only Two Switches Active J

{ Buck Mode } { Boost Mode }
[ Q1, Q2 Switching Q3 Always On ] Q1 Always On ] Q3, Q4 Switching ]
\
Viv <_> +T_ — c H % Viv <_> N +T_ = Cour H Vou
{ %Q\
Q4 Always Off r |
_—| EMBEDDED POWER LABS t ] L2 s O J 606




Four Active Switches Mode — On

|

Q1, Q4: On
Q2, Q3: Off

| IEMBEDDED POWER LABS

-

\

I,

Stores Energy

From Input
\___Supply

‘ 4 InductorN

)

ime

o

Capacitor
Supplies
Energy To

The Output

\

)
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Four Active Switches Mode — Off

|

Q1, Q4: Off
Q2, Q3: On

| IEMBEDDED POWER LABS

-

Inductor )
Releases

‘ Energy To The

NOutput J

ime
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Four Active Switches Mode — Off Time

|

" Inductor )

Q1, Q4: Off Releases
Q2, Q3: On ‘ Energy To The
Output
N 0;
/

L

Note That Like The

No Energy Is Transferred
Output During Either T

nverting Buck-Boost
Directly From The Input To

ne On-Time Or Off-Time

~

/
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Four Active Switches Mode Waveforms - CCM

On
Q,, Qg

Off >

R o e I e

On
0, Q. |
Off

J

 —

{ D=0.5 Voyr=Vin I_ave = 2-lour ]
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Four Active Switches Mode Conversion Ratio

Output Voltage Conversion Ratio Inductor
Volt-Second Balance

Viv Loy +(_V0UT)’TOFF =0 Average Inductor Current

V- D=Vour -(1-D) =0 oy D Ty +(1, =Tz )-(1-D) Ty, =0
Vour (1=D) =V, -D Capacitor Ly D+ (I, 1, )-(1-D)=0
- =L-VIN :B-VIN Charge Balance Ly -D+1,-(1-D)~1,,, -(1-D)=0
1-D D' ~Iyr +1,-(1-D)=0
IL :L']OUT
Noninverting Buck-Boost =D
Conversion Ratio }
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Operating Mode Comparison

Buck Or Boost Four Active Switches Mode

* Highest Efficiency As Only Two * Smooth And Easy Control As
Active Switches Output Voltage Increases Or

e Hard To Control Transition As Decreases Past The Input Voltage
Output Voltage Increases Or * Lower Efficiency With Four Active
Decreases Past The Input Voltage Switches

e Consider Cases When
Vour = 0.99-V,, Or
Vour = 1.01-V,
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Four Switch Buck-Boost Summary/SEPIC Comparison

Four Switch Buck Boost SEPIC
* Topology * Topology

* Four Switches * One Controlled Switch

* One Simple Inductor  Two Inductors Or One Coupled
* More Complex Switch Drive Inductor

* Two Or Four Controlled

Switches * Simple Single Switch Drive

* Input-To-Output Shoot-Through
Failure Mode

e Simpler Control Characteristic * Complex Control Characteristic

* No Input-To-Output Shoot-
Through Failure Mode
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Appendix X
Simple Pole And Zero
Transfer Functions



Simple Pole Transfer Function H,(s)

e 1
C S'l
| |
| RF'S.C s-C
Rs = ’
Vin D———3 > RF+L s-C
_DVQUT s-C
Vgrer 5 + B R,
l+s-R.-C
Z r
Hy(s)==—"
’ ZS:RS
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Simple Pole

| IEMBEDDED POWER LABS

ransfer Function

Standard Form
With DC Gain Term

~

)

=G °1 s And Frequency
+60—p Dependent Term
:_RF r
R L DC Gain J
1
:2’72" —
I R.-C
1 )
= TR C Pole
.72'. .
d Frequency
)
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Simple Pole Transfer Function: Magnitude

./ . 1
‘HP(j-a))‘z:HP(j~a))~HP(]'a)) ‘HP(]'Q))‘:GO' >
=H,(j-0) H,(-j o) \/1{5]
P
1
1 1 =G. -
=| G, -—— | Gy —— 0 >
1+].a) 1+ J @ 1+(f]
Wp Wp fp
:G§~ j-co. jr@ .
1+ 1- Consider The Case When f =1,
a)P a)P
=G : . H,(j-o,) =G, 1 2 :Go-x/li2
H[a)j (L 1+1
@p Jr
=G, izGo-—2=—3dB
2 2
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Simple Pole

ransfer Function: Phase

sz(j-w)=tanl[ImEHP(j )

Re<Hg(j-a0

~— [ ~—
N—

1_j-a) 1_j-a)
1 1 0] 1 1 0]
Im(H,(j-))=Im| G,-———— |=Im| G- —P Re(H,(j-®))=Re| G, — |=Re| G, ——— —2
1+ 1+2°9 -1 1+ 1+4°9 -1
Wp Wp Wp Wp Wp Wp
1—].0) 1_]0)
=Im GO. @p > =Re GO' ©r 2
1+£60j 1+£60j
_@ =G, 1
a)P

=G,

2
a)[)
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Simple Pole Transfer Function: Phase

ZH(j-w)=tan™ Im(#(;-) Consider The Case When f = f;
Re(H(j-a)))
_@ ZH(j-o,)=tan"' (—éj
G, - = 2 "
IJ{COJ =tan"' (—1)
=tan"' la)P __T _ 450
Go' 2 4
IJ{COJ
a)P
= tan”' —ﬁj = tan”' [—ij
wp, fr
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Simple Pole Bode Plot

f» =1kHz

(gp) spnyubep

(6op) aseyd

10°

Frequency (Hz)

620
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Simple Pole Bode Plot

fp=1kHz

[$)]

Magnitude (dB)
w b
o

45— -

Phase (deg)
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Simple Zero Transfer Function H,(s)

C RF 1
|| S SHS'C
R
T S e R, L
— > Vour — s-C 5-C
VRrer - y RS+ lc s-C
Sn
R
/ _ 5
HZ(S):_Z_F 1+s-R -C
> Z.=R
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Simple Zero Transfer Function

/
HZ(S):_Z_F HZ(S)ZGO [l+ij
S 7
R, R
R 0 R,
I+s-R -C i
w,=2-w-f,=
——&-(1+S'RS°C) z z R,-C
5 1
fZ_Z-ﬂ-RS-C
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Simple Zero Transfer Function: Magnitude

bl of <y ey oo 2
1, (j-0)-H,(~1-0) =
:GO.(HJ'Q')ZCO .GO.(H_;;)] =G H[fizj

Consider The Case When f =1,

H,(j-@,)=G,- 1+[Qj

VA

=G, V1+1°

=G, V2 = +3dB
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Simple Zero Transfer Function: Phase

| Im H(]a))) G .%
ZH t 0
(] CO) an [RG(H(JG)))J ZH(j'a))ztan_l GG)Z
Im(H (j- o)) Im[G0 (1+ o j
:Go.ﬁ :tan_l[wﬁzj:tan_l[fiz]
a)Z
RG(H(J'°0)))=R6£GO (HMD Consider The Case When f =1,
a)Z
=G, ZH(j-w,)=tan"" (%j =tan ' (1)
2 _ 450
4




Simple Zero Bode Plot

f, =1kHz

25— ------

(gp) ep

3

15—~

Hubepn

(69p)

|

|

|

|

|

|
19
<

9

seyd

10

Frequency (Hz)

626
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Simple Zero

Magnitude (dB)

(deg)

Phase

Bode Plot

f, =1kHz

+20 dB/Decade

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

| |
****************************************************************

I I + 1 | | [
" T -1 r- 1 rrirr-—- - -1 7 I~ - T " F T 17T
| | | [ I R R A | | | [ I I A

[ Phase Shift: +45° L =
T T o e R A
07{ 1 i)
10 10 1
Frequer
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Appendix Xl
Loop Gain And Tracking




Op-Amp Buffer/Follower

VO Ut

VCMD / = AO.(V+_ V_)
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Op-Amp Buffer/Follower

b (5)=A(5) (1. (). () ra 0)= gy e ( Op-amp Gair
VES;ZVM(S)) ‘A(s)‘ > 1 ~ Be Very Large
vom(s):A(S '(ch (S)—v (S))

(

The Output Tracks The
Command Voltage
J_l EMBEDDED POWER LABS 630

[ With Very Large Op-amp Gain




Loop Gain And Tracking

VERROR =Vir — K- VOUT

Ve D Vour
Vrer _;Q_) Hea(s) > Gpym(s) > Gypl(s) >

N —

\

N

K(s)
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Loop Gain And Tracking

—K(S)-GVD (S)-GPWM (S)-HEA (S)~VOUT (S)
VOUT (S)+K(S)'GVD (S)'GPWM (S)'HEA (S)'VOUT (S): GVD (S)'GPWM (S)'HEA (S)'VREF

_ GVD(S)'GPWM(S)'HEA(S) .V
+K(S -G, (S)-G (S)-HEA(S) K
. K(S)-GVD(S)-GPWM(S)-HEA(S) .
S)'GVD(S)'GPWM(S)'HEA(S) REF

[E—Y
)
3
<
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Loop Gain And Tracking

) 'VREF
K(s) 1+7(s) ' Let The Loop Gain
7(s)>1 — Be Large

N 1 ‘T(S).V
K(s) T(s) ™
f ) 7(5) ( Feedback Divider b
Vour (5) = k() Usually Constant
K(s)=K C (Just Resistors) y
1 _ , N
[Vm ()= = Veer With Large Loop Gain

Output Voltage Tracks
The Reference Voltage/Input
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Appendix Xl|
|[deal Loop Calculations




Better

| T(s)]

0dB ===

Phase Margin
=70°

Frequency

| IEMBEDDED POWER LABS

e | D\
T(S) %
S S
1+
0° \ a)HFP/
-45° To Have The
Desired Phase
-90° Margin, What
-110° Is The High
-135° Frequency
Pole (Fp)
-180° kFrequency?j
>
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Calculating F o

* Given Desired Phase Margin: PM

» Total Loop Phase Lag At Crossover Equals:
Phase Lag =-180°+ PM
e e.g. PM =70° Phase Lag=-180°+70°=-110°

* Integrator Pole Contributes -90° Phase Shift

* Phase Lag At Crossover Due To High Frequency Pole (FHFP):
 Phase Lag HFP =-180°-(-90°) + PM
=-90° + PM
 Example: PM =70°
Phase Lag HFP =-90° + 70° = -20°
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Calculating F 5

* Phase Shift As A Function Of * Solving For Fp
Frequency For a Simple Pole

(See Previous Example):
j _ L = tan(Phase_ Lag _ HFP(F))

F
Phase_Lag _ HFP(F,)=tan™ (— c j

HFP

ZH, (j-a)):tan_l [—2 Flpp
Wp F

C

- tan(Phase_Lag _HFP(F, ))

HFP ~—

. a0 f
ZH,(j-2-7 f)=t _J
(] T f) an ( f]

P

* Example

Phase _Lag _HFP(F,)=-20°
F,
Fopp =——————==275F
T tan(-20°) ¢
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Calculating o,

* |deal Loop Transfer Function — 7(s)=""——

* At Crossover We Want: T(j-w,)|=1
* Using Identity For Square Of 1 1
The Magnitude: 7(j-oc) = jfoﬁ)c'l o | _]-a.)(;)c'l a

wHF P wHF P
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Calculating o,

2 , 1 0 1
T(7- — 0 0
s e |
DOyrp Dyrp
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Appendix Xl
Analog Compensators




vpe | Compensator

VOUT D_

R1|]

Vrer [ y

R2 ||
\V

C
|
|

Simple Integrator
No Phase Boost
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| IEMBEDDED POWER LABS

vpe | Compensator

VOUT D_

R1|]

O

Vrer [

R2 ||
\V

Under Closed Loop Control.
The Steady State Value Of V¢,
Will Be Whatever Value Is Needed To Drive

>

Vo7 Such That The Op-Amp Differential Input

\

Voltage (V, - V) Is Essentially Zero

)

642



-~

True For All
Compensators
That Include
An Integrator

| IEMBEDDED POWER LABS

vpe | Compensator

VOUT D_

R1|]

O

Vrer [

R2 ||
\V

\

Under Closed Loop Control.
The Steady State Value Of V¢,
Will Be Whatever Value Is Needed To Drive

Voltage (V, - V) Is Essentially Zero

>

Vo7 Such That The Op-Amp Differential Input

)
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vpe | Compensator: DC

N
Vi =Ap -(V.=V") Op-Amp Output Voltage At DC
1 Is The Differential Input Voltage (V, - V)
V="V, —A—‘VEA Times The DC Open Loop Gain (Ay,)
OL
Ve =Vieer
1
V. o=Vier _A_.VEA
OL ™\
4, ~10* = L.VEA ~50uV Typical Op-Amp Open Loop Gain Is 40 dB (10,000)
Ay, L And Assuming Error Amp Output At 5V
V_=Vigr =504V = Vpgp 4
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](Rl):](Rz)+I(V—)zI(Rz)

vpe | Compensator:

DC

VOUT -V _ VOUT B VREF _ V. _ VREF
Rl Rl Rz Rz
Vour = Vrer _ Vrer
Rl Rz
VOUT _ VREF n VREF _ Rl + Rz V
REF
Rl Rz Rl Rl 'Rz
R +R
[VOUT — le : 'VREF]—:

| IEMBEDDED POWER LABS

—

This Relationship Is True For All
Compensators With An Integrator

\

J
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vpe | Compensator

ransfer Function H,(s)

Voutr Oo—
e Z 1
adl i Hl(S)Z—Z—F Hi(s)=-—
S -
S, s T
Vrer 2 ’ __s-C __%p
] ) L ;
V 1() ZS SRC a)P_zﬂ.fP_R.C
1
1 —
ZF:E fP 2-7-R-C
Z, =R
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ype | Compensator Transfer Function

0 _|__@p . o Im(H('-a)))
‘H1(J )‘ jro LHl(]-a))—tan Re(H(j'.a)))]
=\/Re(H(j-a)))2+Im(H(j.w))2 o,
NS I s I
o, 27 f, R
w 2-r-f >
_Jr
f

Constant -90°
Phase Shift Independent

Gain=1 (0 dB) J
Of Frequency

When f = f,
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vpe | Compensator Bode Plot

f»=10Hz Crossover
(Gain=1)

[4)]
o

N
o

Magnitude (dB)
- N w
o o o

o

| | | | | | | | | | | | | | | | | | | | | | | | | |
R e S R e e R R R R A R
| | | | | | | | | | | | | | | | | | | | | | | | | |

Phase (deg)
(e}
o

3 T : B | I |
Q05| bbb Constant .
-90° Phase |
0 " Frequency (Hz) S h ift "
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=]10Hz

vpe | Compensator Bode Plot
1

649

Frequency (Hz)

(gp) spnyube

(Bep) eseyd
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fp=1kHz

[4)]
o

vpe | Compensator Bode Plot

Crossover
(Gain=1)

Magnitude (dB)
o,o 8 8.3
\ >

L
o
|

Y
=)
\

|

|

|
30 |
-89 %/

7777777777777777777777777777777777777777777777777777777777777777777777777777777777

At1kHz

Higher f,

892 Hiochert+t+ == | b -
894~ —
896 Means More Gain At |+ —
898 ----——- bbb —
g Low Frequencies
£ 902 ———-———-| -
YIS 40dB @ 1 Hz .
-90.6—————————& @ /,, ‘ —
B T S e e e B R s T e
o T S Sy SO Sy S U S DU S S
9101 10° 10° 10"
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ype | For Debugging

* If Having Problems With Stability,
Change Compensator To Type |

* Set Compensator Pole Frequency To No More Than
1/10th Of The Output Filter Frequency
e 1/100th (2 Decades Lower) Is Better

* Loop Should Be Stable So You Can Debug

* Transient Response Will Be Poor
* Input Ripple Rejection May Also Be Poor
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vpe || Compensator

Vour E5— c,
R;
| =
\
Vrer 5 / = e
Rs (]
< Integrator, Zero, Pole

Up To 90° Phase Boost
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vpe || Compensator

* Type Il Compensator Used With Power Stages
That Have Only -90° Phase Shift

* Current Mode Control
* Converters Operating In Discontinuous Mode

| IEMBEDDED POWER LABS




vpe || Compensator

(> VEA

C,
- —
SNl
\
Vrer & /
- |
7 ()=

| IEMBEDDED POWER LABS

ransfter Function H,(s)

Z

F—

1
s-C,

1

1+s5-R -C

s-C,

s-C,

.C'2

s-C, s5-C,

s-C,

1

s-C,

+1+S-R1-C1.S.C1 s-C,

s-C,

I+s-R -C

:S°C1+S°C2°(1+S°R1°C1)

1 1 1+s-R-C
I[R R c]:s | —
1
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ype Il Compensator Transfer Function H,(s)

1 ~ 1+s-R-C
Cl'Cz
C, +C,

R, ]/[ Zero ]

B | [1+S-R1-C1

) %Rz'(C1+Cz)][1+S.RI. G -G,

l+s-R, -

C +C,

[ Integrator Pole

Second Pole ]
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vpe || Compensator

S

| 1+—

a)Z
Hz(s)—— - .
1+——

wPO a)Pl

A

1 +—
:_wpo Wy
S

N e
COPI

| IEMBEDDED POWER LABS

ransfer Functi?n H,(s)

— g f =
Wpy T fro Rz'(C1+C2)

1
- 2-7-R,-(C+C,)

1
Rl 'Cl

Jro

w,=2-7w-f,=

1
_2°7Z"R1°C1

/7

1
W, =277 [ =
Pl Pl R.C1°C2

' C+C,

1
fP1:
2-7-R, - ¢ -G
C +C,
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vpe || Compensator Bode Plot

fp =10kHz

f, =100Hz

fpo =100Hz

\\\,y\\ [ S E i A A A N B

Lo L L _L__ L1l __1__t__1__a4
| | | | | | | | |
e e ——————————_—_el

TV Y
e e,—, -
F——F——t——t+——f+——+——+|—

R
e —
e

Vv o |

e e i i e A e B B
F--r——r——r-—~—ft-~—ft-—f-—T-—1-—-°---
F- - r~ " r— "1 - T T[T 7" -7-~7
F--F-—t——t——ft—-—t-—f-—+—-—t-—4-—-
e I

(gp) spnyubepn

Frequency (Hz)

657
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vpe || Compensator Bode Plot

\\\,y\\ [ S A A A N

10kHz

e

100HzZ

by

100Hz

Jro

A0 - -~
30— - - -~

(gp) spnyubepn

658

10°* 10°

10°
Frequency (Hz)

10°
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vpe || Compensator Bode Plot

fp =10kHz

f, =100Hz

fpo =100Hz

——FkF-—ftrt-——t -+t -—-t - -

F--r——r——r-——t-—-1--
F-—r-——r——1--"T17--T°-
e e e A e
TV

(gp) spnyubepn

10* 10°

10°
Frequency (Hz)

659
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Calculating Component Values

—

* If Vo1 > Ve Choose Current

(Izas) Through R2 And R3 Tob e
* 100 pA — 1 mA Typical . >l o
R ||
"
R, = ]REF i
BIAS
* It Vour = Vi
R — Vour =Vrer P * R3 Not Used
2 Veer : * Choose Convenient

Value For R2 (10 kQ)
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Calculating Component Values

Knowing The Desired Pole And Zero Frequencies Of The Compensator
The Individual Component Values Can Easily Be Calculated

2 1
2.7 Ry fp1 " fpo 2.7 f,-C c
| |
| Vour Oo— !
C1:2 —C2 - C .&.
'ﬂ'Rz'fPO 2[ g
™ =V
/

] ( _Q] o
2.7 R, - fp I

p

| IEMBEDDED POWER LABS
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vpe |l Compensator

VOUT =

o Ry

O I—

>——|:> VEA
Vrer & +

R4 Integrator, Zero, Zero, Pole, Pole
Up To 180° Phase Boost
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vpe |l Compensator

* Type lll Compensator Used With Power Stages That Have More
Than -90° Phase Shift

* e.g. Buck Converter With Voltage Mode Control
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ype Il Compensator Transter Function Hy(s)

VOUT =
C3 1 1 1 I+s-R,-C
AT Zp(s)= I B+ = | 4
R1 1 || s-C, s-C, ) s-C, s-C,
| c2

R2 1 I I+5-R;-C
C1—_— | s-C, s-C, .S-CZOS-C3

1 +1+S-R3°C3 s-C, s-C,
) s-C, s-C,
— > VEA
Vrer > _ 1+S°R3'C3
s-C+5-Cy-(1+5-R,-C,)

1 l+s-R,-C
Z Zp(s)=—" L
H,(s)=- Fgg (5) s C+C,-(1+5-R,-C;)

R4
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ype Il Compensator Transter Function Hy(s)

1 l+s-R -C
| C3 Z.(s)=R, ||| R + =R L
" g H S() 2”( 1 S'Clj 2” S-Cl

VOUT =

R2
1 H C|:|2 l+s-R -C,
C1—— ] R, -
B s-C B I+s-R -C
> - —
>_DVEA PN AESI e l+s-R-C +s-R -C,
VRrer * S'C1
R4 l+s-R, -C,
Z;(s) ST (RAR)C
H3(S):_ZF(S) +S‘( 1+ 2). 1
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vpe |l Compensator

R3 C|31|’>
R1 | | —
| c2

VOUT =

R2
1 i
C1— ]

3

| IEMBEDDED POWER LABS

Vgrer &

>f—|:> VEA

ransfer Function Hs(s)

Z,. (s
S
1  1+5-R; -G,
s+(C,+C,) I+5-R, - G -G
_ C,+C,
-  1+s-R-C
“1+s(R+R,)C
H (S):_ 1 .1+S-R3-C3.1+S-(R1+R2)-C1
’ s R -(C+Cy) 1+s-R-C 5 GG
P C,+C,
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vpe |l Compensator
( \ [ 3
1_|_£ . 1+£
Wpy \ Wz )\ Wp
H. (s)=——2%.
; (5) o [ o) o)
l+— || 1+——
. Wp )\ Wp
o 1
"R (G +C)
1
fP0_2-7z-R2-(C2+C3)
1
W7 =
R3'C3
1
fZl_2-7z-R3-C3

| IEMBEDDED POWER LABS

ransfer Function

1
(R +R,)-C,
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vpe |l Bode Plot

10kHz f,, =100kHz

Jei =

f,, =1000Hz

100Hz

1000Hz f,,

Jpo=

(gp) spnyubep

Frequency (Hz)

668
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vpe |l Bode Plot

[fPO:IOOOHz] £,,=100Hz f,,=1000Hz f, =10kHz f,, =100kHz

70 T T T T 17717 T T T T 17T T T T T TTT T T T T 17717 T T T T 17T T T T T TTT
| \\\\\\\‘ | [ | \\\\\\\‘ | [ | [ | \\\\\\\‘

| | | [ | | | | [ N R | | | [ A | | | | [ A | | | [ N | | | [ A | | | [ B |
B0 b b
| | | [ | | | | [ N R | | | [ A | | | | [ A | | | [ N | | | [ A | | | [ B |

50—

EAN
o
|

Magnitude (dB)
w
o
\

N
o
|

N
o
\

- Integrator
| PoleSetslow |~ o

S

| | | [ | | | [ N R | | | [ | | | | [ A | | | [ N | | [ A | | | [ B |
| | | [ | | | [ N R | | | [ | | | | [ A | | | [ N | | L | | | [ B |
) e e =Y A S R S S Y s . YO Y S Sy R S T
10° 10’ 10° l 10’ l 10* 10° 10° 10’
requency (Hz)
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vpe |l Bode Plot

fp():lOOOHz[fZl:lOOHz}f22:1000Hz £, =10kHz f,, =100kHz

70 T T \\\\\\‘
| | [ N A

60

50

N
o

Magnitude (dB)
w
o

N
o

At f,,,
Slope Of

\

A

10—
07
| | | | I B | | | | [ | | | | | | | | [
| | | | [ | | | [ | | | | [ | | | | [ | | | | [ | | | | [ | | | | [
_10 | | | | \\\\‘ | | | | | | | | \\\H‘ | | | [ \\\‘ | | | | \\\\‘ | | | | \\\\‘ | | | | |
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ype |l Bode Plot
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About 123°
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vpe |l Bode Plot
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vpe |l Bode Plot
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vpe |l Bode Plot

f.,=1000Hz f, =100Hz f,,=1000Hz f, =10kHz [fPZ:IOOkHz]
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Choosing Compensator
Poles And Zeroes

Given Choose
* Fsw * Fc = F5/10
*Fic *Fz =Fc

*F,,=0.75x F

* Fesr *F; £sr = Fesr
* 70° Phase Margin *Fomp=2.7 X F,

This Will Give You A Good Starting Point
With Confidence Loop Will Be Stable
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Calculating Component Values

* If Vour > Vier Choose Current ] ot i
(Igas) Through R2 And R4 1= |
« 100 pA - 1 mA Typical e | e >ﬂVEA
R4 |]
R — Vrer Vv
4
s * It Vour = Ve

* R4 Not Used

* Choose Convenient
Value For R2 (10 kQ)

R, = Vour = Vrer ‘R,

VREF
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Calculating Component Values

Knowing The Desired Pole And Zero Frequencies Of The Compensator
The Individual Component Values Can Easily Be Calculated

= VEA

R = S22 -R2 C, = 1 - C, - L o
Jri =12 2.7 fro R, LU ——=—1
ot H
| |
Cl — R3 — Reference | VREF \
2'72"fP1'Rl 2-7Z'-fZI-C3 Toteee ra]
Cz fZl V

27 fpr Sro Ry
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