In de {rectified mains):
again nate that L is preventing kvl violations during switching
as well a& slofing enangy.

%

8 & l v,
V.« NEVER REACHES . Vadminimum) = v
and can exceed v,
LAt . bt can L

* VAV = 1/ (1-0). ugndipear dependence on d
weill bt shewen in laber lectures

-"gmmw

glectrically izolated Vi 3 common
Input ard the owtput. How to easily fix
thiz??. Finally, we conslder one spacial casa for the duty

- D=1z
Cuﬂdnrthummwafﬁlﬂmlduﬂu
for each switch position.
Pnfav) = v Pt 8VF=(Veus - Val2=plinductor)

if no Iosses ooour in switching, wires or in reactive

I
o i

On the next page we grve @ gqualtstive summary of the
boost topology for the conditions of the bipolar transistor
switch on and off. Mote the very different current paths for
the two circuit conditions. Of special note iz the inductive
kick fron tha serkes inductor which makes the switch voltage
excaed Viin) when the transistor is switched off. Why does
this occur??



The boost converter
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V=18- SSV(DQ

( (WW

AMMMWV

v
IN
+ 1.8V to 5.5V DC input -~

160V, AC output Micsaze \{,,,1- for
L ww AC output (MIC4827)

* Jnﬂtpcndently adjustable boost mrwertcr fn:qurnqn
# Independently adjustable EL lamp frequency

* <0.1uA shutdown current

® Small MSOP-8 package ==




Subinterval 1: switch in Ensltiug |

\ -

Inductor voltage and capacitor current / w ' by,

Vi = V_, - -L

ic=—v/R Lt dall [ m{ ‘

V‘ ol ] :; m
Small ripple approximation; _ T
w=V,
i.=-VIR

Fundamentals of Power Electronics 2 Chapror 2: Principles of steady-state comvertor asalysis



Subinterval 2: switch in U“‘.lﬂﬂﬂ

_— _—ﬁue’

Inductor voltage and capacitor current

= Vr =¥
fe=i, ~v/R

Small ripple approximation:

w=V-V

i =ft—w.-e Vo

do u)t-:;' »

curre

Fundamentals of Power Flectronics © 20 Chaptor 2 Principles of steady-state comoror analysis



The boost converter

" why m‘;:,
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Cwile 7Y
?5','_ )a R witeh Realizakion

_Boost converter example

: o mqlies. Vaewpxs Vv

L 2

el 1 LR
Boost converter W) - N fd’i +
wilh ideal switch RE F| ,
1.3

Realization using S
power MOSFET

and diede R<L v

Fundamentals of Power Elecimmies 18
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Fev ;
T of 0

Determination of inductor current ripple

T
T ———

Inductor current slope during

subinterval 1:
di(t) v u 5
o) i) ut h
Inductar currant SID{JG dunng
subinterval 2: & . 4 ' "
di(n) _ < Vil _ Ve V aowﬂ L &t cal = t‘ b L
dr L L ‘Lt ;C o5,

Change in inductor current during subinterval 1 is (slope) (length of subinterval):

24i,= 3 DT, / nl, Spe ‘fn,

Solve for peak ripple: e = . n"/‘t,
* Ch that
i, = ;E o, E%um at desired ripple magnitude
LD
Fundamentals of Power Eleciromnics B Chapter 2: Principles of steady-state converter analysis
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Determination of capacitor voltage ripple &

e

Capacitor voltage slope during v(t)
subinterval 1:

dv A1) _idt) -V

dt € T RC
Capacitor voltage slope during
subinterval 2:

dvdr) _idt) _ 1 v

d - C "C RC

Change in capacitor voltage during subinterval 1 is (stope) (length of subinterval):

_=V
-24v = Be DT, C """9
Solve for peak ripple: . %such that desired voltage ripple < "
_V magn is ubtannad . b,
=556 DT, * In practice squivalent series “r

0 3 ITELIE =]
Fundamentals of Power Electromics ! # o Chapler 2: Principles nf:utead_y stale cmvarter an}_}'sb
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Typical input voltage and current:

‘f\/ continuous conduction mode

ical input vol :
% l?ﬂﬁu m “:tn mt:ﬂ; ganz current;
% Lal37y s s

Typical input voltage and current:
Secontinuous conduction mode

Che

Fig. 1. Comparison of conduction modes for a boost converter.
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Continuous conduction mode PFC
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Typicd switch and diode currant

high:
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Fig.2. Typical MOSFET and diode current waveforms. i iil i
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e thning diagram of the BFC ifage revenls key voltage and current
perrETeters af the comtroller lreasitions between discantinaus
condustion mede and critfos! condurson modes,

IR £ E



e it

Fig.1. When meusurfngrbattemcha
supply, the charge control circuitry, and the battery should all be
counted as parts of the battery-charger system.
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TYPE OF _.l-r:num
CONFIGURATION V‘I" ’]]f‘
LTI
IDEAL Vo Ta-_. 1.
FUNCTION Vin ™ Torlan " (1-0)
LIS, om0
DRAIN VOLTAGE Vos =Vo + Vo
AVERAGE Icrt =1L

Voitaous (vam)

VOLTAGE
AND
Wa

APPLICATIONS

HARRIS PRODUCTS

Vam=Vo

Fomer-lachn coneclion. Ballesy up cmwvales

HIFSGN, GLYGET, vl



W il vl (wpaiage

For now realize that the boost circuit whike delivering an
output voltage above VW(in) does have to ask the solid state
wunkch 1o handle a peak current & times the nominal
gverage curment when the swilch i on. VWhen the switch =
off the solid state switch must withstand across itself a
veltage up to the full cutput value,












LM2731/33: S0T-23 Switchers
Establish New Standards In Power
Density, Efficiency, And Performance

* 1.6 MHz-(X), 0.6 MHz-(Y) .
Swinching Froqucncy Optiont.  SESME

* Up 1o 90% Conversion Efficiency .’h’

* Low tpgiosy DMOS Power Switch

* 1A, 40 V Switch (LM2733)

*1.8A, 22 V Switch (LM2731)

* Wide Input Volrage Range (2.7 V ro 14 V)

* Low Shutdown Current (<1 pA) |

*» Current-Mode Control for Superior Performance
Over Wide Input Voltage Range

Ideal for Use in USB/xDSL Modems,
Digital Cameras, and Cellular Handsets
(esp. White-LED Backlights and Flash)



LDO for l-t:ﬂlﬂ-ull alkaline/NiMH applications

Applicstions
- Al 1-cll or 2-call
alkafne Ml hattery-

operated products e

- Digita! st gt
- Imtarme! audic player
-,

- Portable metar

Features
- Symctwancus 5% efficient boost with 200+

et currendt from 0.9V
-ﬁ'ﬂ.ﬁ?miﬂ gpin 85
120.mA LD0 for voliage

- dyd mm OFN/MLP package
- B~ aesceEnt current
- Pricing starts at $1.75 in quantities of 1,000
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Boost @ 1.3MHz ~ tiny external components
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W Features

* High Efficiency: Up to 95%
* 4-Phase, 8MHz Operation
* 5A Rated Switch Current

e Ultralow Output Ripple

* Qutput Disconnect and Inrush
Current Limiting

* Only 12pA Quiescent Current
* 5mm x 5mm QFN Package

* Footprint < 3cm2, < 2mm Profile




Fig. 2. Photograph of sample boost converter.

rfﬁaency is greater than 85%. For an
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Chapter 2
Principles of Steady-State Converter Analysis

—_—_—

2.1. Introduction

2.2. Inductor volt-second balance, capacitor charge
balance, and the small ripple approximation

2.3. Boost converter example s la3 ).r
2.4. Cuk converter example ? 5 L

2.5. Estimating the ripple in converters containing two-
pole low-pass filters

2.6. Summary of key points

Fundasnenials of Power Elecironics ! Chapter 2; Principles of steady-state conperier analysis
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for Single Cell Li-lon USB Applications

USB Circuil
aLipEly

LCD Bias

bqTINY ™Il
(bg24022)
Charger

1 8, 33V hxed
Qr adjust 1Dle output

QAoWn 1o

BGJUNIOR™
(bg270x0) Adjustable autpul
Battery Boos! up 1o 5.5V, 1 A
Fuel Gauge




2.6 Summary of Key Points

TP ——
-

ok

1. The dc component of a converter waveform is given by ils average '\I‘L‘Zh )
value, or the integral over one switching perlad, divided by the - ?
switching period. Solution of & dc-de converter to find its dg, or steady .

state, voltages and currents therefore involves Aaveraging the
waveforms.

. 2. The linsar ripple aparoximation greatly simplifies the analysis. In a well-
ﬂ,h L‘E designed converter, the switching ripples in the inductor currents and

itor voltages are small compared to the respective dc
components, and can be neglected.
3. The principle of inductor volt-second balance allows determination of the
dc voitage components in any switching converter. In Sleady-state, the
average voltage applied to an inductor must be zero. L

I“v:' C.-‘#ﬂﬂ

w

Fundamentals of Fower Elwtronics W Chapter 2: Principles of steady state convermr analysis
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4. The principle of capacitor charge balance allows determination of the do

components of the inductor currents in a switching converter. In steady- w‘,i
State, the average current applied to a capacitor must be zero. - _ ﬂ.

5. By knowledge of tho slopes of the inductor current and capacitor voltage '
waveforms, the ac switching ripple magnitudes may be computad.
Inductance and capacilance values can Ihen be choaen to oblain
desired ripple magnitudes.

6. In gonvaners containing mulliple-pale filters, continuous (nenpulsating) D mﬁub
voltages and currents are appliad to one or mere of the inductors er : '
capacitors. Computation of the ac switching ripple in these slements ‘?ﬂli‘n
can be done using capacitor charge and/or inductor flux-linkage Casc
arguments, without use of the am,aif-_riﬂpie approximation.

7. Converters capable of increasing (booest), decreasing (buck), and
inverting the voltage polarity (buck-boost and Cuk) have been
described. Converler circuits are explored more fully in a later chapter.

Fundmmentats of Power Electronics # " Chapter & Principles of steady slfte converter anakysis



Entry Level Engineer Expectations

Proficiency
v Switching power supply technology 4

v Analog circuit design and analysis
techniques 3

v Understanding of magnetics 3
v Simulation skills 5%1tE

* Basic understanding Nfﬂawzl’

v Communication skills
o Written sl 10)0+3, Wﬂnr.ﬂ ?‘P‘ﬁ

e Oral am— fﬁﬁdﬂ(hﬁ

v Teamwork experience and skills S




Experienced Engineer Expectations

Proficiency
v Power supply design experience 5
v Analog circuit design and analysis S

v Magnetic component design and
implementation

9
v Analog simulation 5
v Digital design 4
v Digital simulation 3
v ¥arbal communication 2
v Written communication 2

5

v Teamwork experience and skills

e e — e



Figure 2. Isolated power converter with
output synchronous rectification
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Figure 3. Self-driven synchronous rectification output stage



H. " "

Contraller

Figure 4. Control-driven synchronous rectification
output stage






LM2731/33: SOT-23 Switchers
Establish New Standards In Power
Density, Efficiency, And Performance

* 16 MHz-(X), 0.6 MHz(Y)
Switching Frequency Opeions

* L to 90% Conversion Efficiency

* Low tppyg DMOS Power Switch

* 1A, 40V Switch (I.M2733)

* 1.8A, 72V Swiech (LM2731)

= Wide Input Voleage Range (2.7 V w0 14 V)

* Low Shutdewn Camrene (<1 pA)

* Current - Mode Control for Superior Merfbrmmnes
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(Actual Size)



2.6 Summary of Key Points
e ——— e e R L L T L L e e R S R e

1. The dc compenent of a converter waveform is given by its average
value, or the integral over one switching period, divided by the
switching periad. Solution of a de-de converter to find its de, or steady-
state. voltages and curranis thereforg involves averaging the
waveforms. '

2. The linear ripple approximation greatly simplifies the analysis. In a well-
designed converter, the switching rippies in the inductor currents and
capacitor voltages are small compared to the respective de
components, and can be neglectod.

3. The principle of inductor valt-second balance allows determination of the
dc voltage compenents in any swilehing converter. In steady-state, the
average voltage applied to an inductor must be zer.

Fundamacialy of Power Eloctrardes A Ciagater 2: Pringiples of steady-state converier anglvsle
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Inductor volt-second balance

RS A A e e o e i
Net volt-seconds applied to inductor vift) o 4

over one switching period: e — T—

ja— py, —=|s  pT —» .

f w0 dt=(V,) DT, +(V,~ V) DT,

L
¥
Equate to zero and collect terms: N— __,./
V,(D+D)-VD =0 50’«5 V
o

Solve for V:
Viw

V:L

b
The voltage conversion ratio is therefore
MD)=Y = L._] vl Dl V, ="
D=y =p=i.p ©OWK, b

Fundamentals of Power Electronics 2 Chapter 2; Principles of steady-state converter analysis



Conversion ratio M(D) of the boost converter

S M R S g T

e bt £ e R A R P .
TRERILEGAR A Wik % 8 imans w1 st Y e S £ | M, .,.-,,,_,m:‘;}i ,}ﬁxﬁ:&ﬁ i -

/"
Fi4 2-1b
5
N
) M{D) = 75 = T—J—_D ?5 q_“
37
= a1
1
1 —————— . S S
0 02 0.4 (.f {14 1
n
Fundummenrals of Powar Elactronios M

Clepive #: Prineiples af steady-state corverrer analysis



Determination of inductor current dc component

o i

(o)

i
Capacitor charge balance: 1)y I- ViR
P, i I —
Collect terms and equate to : '\f, A
: | q | zero — fl *!:;‘1 $|5‘z.ﬂ‘
~ g D+DY+1D'=0 Tl wp 4W Jns
Solve for I : ?‘,
-V |
i 'R '

Eliminate V to express in terms of Ve 0

V' . 1] 0.2 [hd (L1 LEN]
I=57% E{Mwﬁ dc P

valve

—_— -
1

Fundamentals of Power Electronics 25 Chapter 2, Principles of steady state converter analysis



Capacitor current and voltage, buck example

Must not
neglect
inductor
current rippie!

If the capacitor
voltage ripple is
small, then
essentially alf of
the ac component
of inductor current
flows fthrough the
capacitor.

Fusdasteritals of Fower Elecironics

T Fy

Tonal charge

4

Chaptér 20 Priviciphe of stemdy-ginte converter analyzis



Estimating capacitor voltage ripple Av

o - e

- i 5 PP et bty 1A AR T B A el A S T A T T A

i)

Current 5 1) is positive for half

dotal :‘;&mg:r.' ol the switching period. This

positive current cauges the
- capacilor voltage v 42) to
increasa between ds minirmum
and maximum axtrema.
During this time, the total
charge g is deposited on the
¥l : capacitor plates, where

g = (1 (24v)

{change in charge) =
p o O {ohkange in voltage)

Fundamenials of Power Elsclgeios 41 Chagter 2: Principles of slendyestaly conuerivr analysis



Estimating capacitor voltage ripple Av

L X B LT

The total charge ¢ is the area

Fumdamenizlz of Powsr Eleclionics a2

idd)
Foteni charge
!j' W
N r Ay .
._—' s -
: m.m‘h.‘_w.r
- . ”.'r-.,-_'""_" R ;_}‘:.r-\_ ..... ,!

of the tnangle, as shown;
p= i
Eliminate ¢ and solve for Av:

Ai, T

¥

g

W =

Mole: in practice, capacitor
aquivalent series rosistance
{esr) further increases Ay,

Chaptrer 20 Principles of steady-slata cortor iy pnnhipsis



Inductor current ripple in two-pole filters

Example:
prablem 2.9
. v
el Tinterd

Jhaw linkege

rdil 4
e
1 J— — . -
_—
|
- - P
Fundamentals of Power Elocironizs L

can use similar arguments, with
b= L(2A6)

+ = inductor flux linkages

= inchuctor volt-saconds

Chgpter 22 I'magiples of skeadyestaty conmarier gaolysis



2.6 Summary of Key Points

1. The de component of a converter waveform is given by its average
value, or the integral over one switching period, divided by the
switching period. Solution of a de-de converter to find its de, or steady-
state, voltages and currents therefore involves averaging the
waveforms.

2. The linear ripple approximation greatly simplifies the analysis. In a well-
dasigned converter, the switching nipples in the induclor currents and
capacitor voltages are small compared to the respective de
companents, and can be neglectad.

3. The principle of inductor voit-sacond balance allows determination of the
dc voltage components in any switching converter. In steady-slate, the
average voltage applied to an inductor must be zera.

Frnifumentaiz of Power Llectvanivs ed Chispter 2: Principlis af steidiy-atale corverter analysis
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Summary of Chapter 2
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4. The principle of capacitor charge balance aliows determination of the de
components of the inducior currents in a switching converter. In steady-
state, the average current applied to a capacitor must be zero.

5. By knowledge of the slopes of the inductor current and capacitor vollage
waveforms, the ac swilching ripple magnitudes may be computed.
Inductance and capacitance values can then be chosen 1o oblain
desirad ripple magnitudes.

6. In convertars containing mulliple-pole filters, continuous {nonpulsating}
vollages and currents are applied to one or more of the inductors or
capacitors. Computation of the ac swilching ripple in these elements
can be done using capacitor charge and/or inductor flux-linkage
arguments, withoul use of the small-ripple approximation.

7. Converters capable of increasing (boost), decreasing (buck), and
inverting the voltage polarily (buck-boost and Cuk) have been
described. Converter circuits are explored more fully in a later chapter.

Fuwmndamentuls of Pewer Cleciroivs 45 Chapler 2: Principles of slvasty-state comsarter amalysis
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= 3.9-Wh NIMH battery

E.iq—— in handheld radio o i
= — 3.6-Wh Li-lon battery Total energy use during 24 hours - 63 Wh
g" in cell phana RS i T - Tl -

k . - i e
Qot+—+— ’ e —— 7

#nergy use during 24 hours = § Wh
1 —— Co el L S EE— e — . S = -
0-

R e T T T

Fig.2. Although the Li-ion cell phone charger initially draws more ac power than the NIMH-

powered radio when charging, the Li-ion charger completes the charging process more rapidly,
so its total energy consumption is less than the NiMH charger.




