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« Section notes
— Slides 3-7 — Converter applications
— Slides 8-18 — Improving waveforms
— Slides 19-21 — Commercial apps and
— Slides 22-32 — Resonant converters

— Slides 34-53 —Ripple characteristics and
calculations

— Slides 54-61- Circuit topology and losses



LECTURE 4

Introduction to Power Electronics Circuit
Topologies: The Big Three

I. POWER ELECTRONICS CIRCUIT
TOPOLOGIES .
A. OVERVIEW [as.-\' Fime
B. BUCK TOPOLOGY
C. BOOST CIRCUIT AW 2:)

D. BUCK - BOOST TOPOLOGY —
E. COMPARISION OF THE BIG THREE
Il. TOPOLOGY OF L-C OUTPUT FILTERS
A, C ALWAYS Located ACROSS Ve
B. L LOCATED BETWEEN CRUDE
UNFILTERED Wy AND STABILIZED Ve
1. BUCK
2. BOOST
3. BUCK-BOOST
4. LOW RIPPLE APPROXIMATION
FOR QUTPUT SIGNALS AT fy,
a) INDUCTOR RIPPLE:

Al - gdt{mitdﬁ
b} CAPACITOR RIPPLE:
av= é-r.‘lt{swi.cl'i}
dt{switch)=(Duty cycle)*Ty{period of fyy)
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TWO MAJOR APPLICATIONS OF C 5 'U
POWER ELECTRONICS: INDUSTRIAL ELECTRONICS

A QOverview

POWER ELECTRONICE USES NEW SWITCHING
CIRCUIT TOPOLOGIES TO MAKE SMALLER, LOWER
WEIGHT AND HIGHER EFFICIENCY POWER SUPPLIES.
These supplies for the first time are available at variable
frequencies need for applications in motor drive and in
highting which together constitute over 75% of electncily use.
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Clearly, we have different applicatons that place specific
requirements on the scolid state ~witches. Only as advances
n solid state switches occurred could these new
epplications become cost effective. Switch technology is an
enabling one for new applications. Two issues are anabling:
electrical peformance and cost.
B. Improved Motor Control
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Obijectives of this chapter

» Develop techniques for easily determining output
voltage of an arbitrary converter circuit

« Derive the principles of inductor volt-second balance
and capacitor charge (amp-second) balance

« Introduce the key small ripple approximation

» Develop simple metheds for selecting filter element
values

o lllustrate via examples
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HW#: Thinking guestion #2

Give sore general frends for tha gmall rppla
anproximation i a simple L-C outpul filfer for Increasing
switch Trequency 1. (ie. smaller t,). Show that a emaliar *C°
iz altowed for fivad 1 drawn al the ioad and choscn Av lovels,
Do a elmbar argument for the inductor sizo mguired

Mow wa can batter appraciate the following cher which
frys to deplct all the aspects of 0e that power clestronics
brings tagather ta work on one lepic cnemgy conversion;
controls, power, parasitic slements, and clecironic devices
1o name & few
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Inductor volt-second balance:
Buck converter example

————

v i)
: t l"'r,,- all 4 Tontal area A
Inductor voltage waveform, ,/ p———
previously derived. — R .
|e— pr, —> b !
-V

Integral of voltage waveform is area of rectangles:
A:j D dr=(V, - VDT ) + (= VID'T)
L]

Average voltage is
(v)=4=Dv,-v)+ D(- V)

Equate to zero and solve for V:
0=DV,-(D+DW =DV, -V =+ V=DV

Frndamentals of Power Llectronics 16 Chapler 2: Principles of stendy-slate comverter amalysis



Insertion of low-pass filter to remove switching
harmonics and pass only dc component
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Furndamentals of Power Clectronics 4 Cheapter 2: Principles of steady-shate converter analysis



The principle of inductor volt-second balance:
Derivation

Fundamerials of Power Electronics 13

Inductor defining relation:

v =L :—hf;i”

Integrate over one complete swilching period:

o7,
i(T)—i,(0)= % vi(1) i
]

In periodic steady state, the nel change in inductor current is zero:
T

Om l “vlt) di
]

Hence, the total area (or volt-seconds) under the inductor voltage Vp
waveform is zero whenever the converter operales in steady slate. A =
An equivalent form: ' Py g
—am— s 2D
0= T.[:. Vi) dt = {v,) 1t Vit

The average inductor voltage is zero in steady s:afe.\ i . '=£) ~Phs

Chapter 2: Principles of steady-Stale converter analysis



The small ripple approximation

T T, S Y S e B 3 chbarule, o g i ol A o i |

Vi) - Actual waveform
; i.*' =Vaw

vifi=V + vﬂwr(rj

do component ¥

i ———— .

In & well-designed converter, the output voltage ripple is small. Hence,
the waveforms can be easily determined by ignoring the ripple:

|<=~r v

H ViRl

Vi) =V

Fumadumentale of Power Licctronics & Chapter 20 Principies of steady-state conerter amelysis



Buck converter analysis:
inductor current waveform

i J:_I,_“I L
bl o 1
or-‘gfna-* ¥ ) - E < i)
converter T "
switch in position 1 ‘/ \swﬂch in position 2
Wn L i

+ ]
HC i (1) * ni -tm
v, C) fa T R 2 v v i e _|_ R g WO

Ny =Vo T!"Tsu -*M/ p‘(m — M\

Fundamentals of Pewer L‘E rortics .3_ 2 Chapeter 2: anm n:rfz 8:15 sigte converter analysis
£ aw / £5u




Fig.1. A simplified schematic of a single-phase buck regulator (a) llustrates its two states of
operation. In state one, 51H is closed and S1L is open, so that the input sources energy to the

output and L1 stores energy (b). In state two, S1L is closed and S1H is open, so that L1 sources

energy to the | cl.




Inductor voltage and current waveforms )
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Fundamentals of Power Electronics 12 Chapter 2: Principles of steady-state converter analysis



Determination of inductor current ripple magnitude

i (1)
!
i (0
0
(rhange in i) = (slopellength of subinterval)
v (V=¥
N e
[24i,] = [T (o)
V1 VooV
[ = —E. . [¥ fo= 2
= A, = 3r L¥r, 24, !
Futdnnaeitois of Proeor Dlestranies ix Chapier 2: Priiciples of steady-siale converier anaiysiz



5?iz.c ww
Inductor current waveform
during turn-on transient

iy () “d~- WNox an ¢h2

V, - W)
i ; " -
WD) r,_(an}é ;r,ﬁn-r )
Ty L
i (0) = 0 ~ ; a -
0 DT T, 2T nf, (na )T,

When the converler operates in equilibrium:
ifin+ DT)=iinT)

Fundamentals of Power Elecirvomics 14 Chapler 2: Principles of steady-state converter analysis






tant 10A

Power Supply

N
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N[Ol How acsomgliched.

Complete, Quick & Ready.



V¥ Features ) |

o 15mm X 15mm x 2.8mm LGA wﬂ:h

* Pb-Free (e*), RoHS Compliant |
* Only Cp Requir
* Standard and High Voltage: |

LTM4600EV: 4.5V<Vjy<20V |
LTM4600HVEV: 4.5V < Vpy < 28V

* 0.6V<Vpour<5V
* loyt: 10A DC, 14A Peak

* Parallel Two pModules for
20A Output
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From the above approach we need to pick a
starting point. We will focus next of the output filker
design in the remainder of this lecture and in lectures 5
and 6.

E. BASIC TOPOLOGIES OF PASSIVE L-C
FILTERS
We will use L-C filters both to remove v, signals lost to
conversion and to avoid kvl and kil law violatlons from the
switching.

1. DC QUTPUT REACTIVE FILTER (L-C). This places

a series L between two voltages SOUnces vie and Ve It

alea remioves or redueces the switch signal at fy and
passas only de if designed properly. lets lock gt the two



Part V. Resonant converters
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Fundamentals of Power Electronics H Chapter 1: Introduction



NaXions) Semizerdugh<d
WEBENCH? Online Design Environment

Our design and prototyping environment simplifies anc
expedites the entire design process.

1. Choose a part --;l-":l'k
2. Create a design
3. Analyze a power supply design&' ¢ '&z’
~ Perform electrical simulation Hw 1 'l
— Simulate thermal behavior
4. Build it
- Receive your custom prototype kit 24 hours later

webench.national.com
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s+HEMCE FOR A PULSED SWITCH SIGNAL THE
AVERAGE DG QUTPUT VOLTAGE MAGNITUDE
WILL BE VARIED BY THE CHOICE OF D {OR D)
show does an alectdeal anginesar aasily achleve both
arbifrany switching fraquancy f, and a variabie did"
ratiz? thal iz achisve contral fram 0 < d < 1%

FOR HWHE - COMFE UP WITH A SIMPLE CIRCUIT T
GET fou AND O CONTROL, THEN COMPARE YOURS 70
THE FOLLOWING CORMPARM OR CIHOUTT SOLUTION
the comparator fvoks at two mput signals, one do and one
a,

THE AC WAVE SETS f, BUT THE DC LEVEL SETS THE
ouUTY CYOLE
Vil 1) CHOSEN DC REF, VALUE SETS VD' RATIO
Wnl2): SAWTOOTH WAVE SET5 4,
ol = SWITCHING FREQUENDY










?‘v.c.\r-hb C ssued

PCMCIA

ESR Tantalum EDLC
comparison 2.2 mF, 6.3V 22mF, 45V

Operating -
s5c - | aron e

\faﬂlnn over |

Table 3. ESR performance.
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2.9  Estimating ripple in converters 2.0
containing two-pole low-pass filters 1AV TEd

S - *“—'ﬂ&-

Buck converter example: Determine oulput ripple Lincar
— .5-...111

iyt ﬁia;;]‘ 1_

VR : BL L tm
: o
Inductor current 'L”i N L,. ﬁb% s ‘
waveform, 1,(0) =¥ L
What is the ' o n‘/”‘"’
capacitor current?

: blonds
T 4T,

Fundamentals of Fower Electronics ' W Chapter 2. Principles of steady-state converter mu!_-,-xi-:
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Estimating ripple in converters
containing two-pole low-pass filters

for L7 b"’
Buck converter example: Determine output vollage ripple éy .
I ;
b i Se—— 1.1 ; 3'3
{ (1) ;'r.r_rif- iplt) ?-E ’ pﬂﬂ":
v ) c _|_ ving R !
#3 ﬂf,r-r E‘ﬁ
\,J\u. ‘f
il
Inductor current ] Cl "" o M
waveform, !. {_:{} Tm" M\l&
I
What is the | : | oms W
capacitor current? PR 5 -
0 DT, 3 p New)

DCV\ ﬁi 7 I%

Furdarentuls of Pewver Clechromics Cliapler 2: Principles of siewdy-stale converter analysis



§idb = 4ra A-LBH

Estimating capacitor voltage ripple 4v

- o R

Current i.{1) is positive for half
of the switching period. This

positive current cauges the

! capacitor vo Yl

* increas Mn-%}r-n%mum
maximum extrema.

During this time, the total l

charge g is depositad on the
veli) ! capacitor plates, where K‘Y

[ ¥)
change in charge) =
C(change in voltage)

{.‘!%J,E_’ i ﬁ"“L ‘?‘ Hau ;‘*ﬂfh;“‘

Fundamentals of Fower Electronics Sl Chaprer 2: Principles of sieady-stata converter anitlysis



A - —

ved1)

‘ fortad charge W &lw

Estimating capacitor voltage ripple 4dv

The total charge g is the .ga

A0

q=%A@’w‘

Eliminate ¢ and solve for av:

| iy sz DN florent
. B‘-’ YERC Lrowm \ineal
: Case
Note: in practice, capacitor
equivalent series resistance
! (esr) further increases Av.

Fundamentals of Power Flectronics 42 Chapter 2: Principles of steady-state converter analysis
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I (1) - logr
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Fig.4. Currents in the inductor and tank capocitor (Cin) of a step-down

Pl
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C. BUCK-BOOST TOPOLOGY:

Inductor is connactad in parahal with C whld'l acts as a
pnlarity revarser. Given +v. as i e gans

the Iinductor | again avelde kvl violations by acting as a
current source temporarily.

SV (MINIMUM) 15 NOW ZERO

/., IS OPPOSITE POLARITY TO v, due to curmant
direction In the inductor that charges tha ¢

j"‘:‘“m sic = i, DOES NOT CHANGE

instantanacusly &0 the capacitor charges nagatively.
«FOR BUCK-BOOST EITHER V.. > Vi OR V. < Vi 'y
- POSSBLE D
(;'q,.w -Qf[_-_ﬂ})mn—imdemﬂmm“ r\
T

on d will be shown In leclures 5-7

On the following page we show schematically the ¢
wavaforms for the bucdkuboost circult for bath the switch 1-’
and the switch off. Again the ability to ganerate voltages
above the input voltage comes at tha price of expansive
solid state ewitches  With the swilch on we nead fo pass
nearly 6 timas the average curment. With the switch off we
need to stand off acrozs tha switch Viin) + Viout).
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CIRCUIT
CONFIGURATION

PEAK
DRAIN VOLTAGE

AVERAGHE
DIODE CURRENTS

Buch - Boos! (Step Downilp)

L

3
-
T

Vos=Vin+Vo+Vp

L

Ieay =gt

DIODE
VOLTAGES (VRM)

VOLTAGE
AND CURREMT
WAVEFORMS

) ifwufjﬁn’

ADVANTAGES

DISADVANTAGES

TYFICAL
APPLICATIONS

APPLICABLE
HARRIS PRODUCTS

".I'nu = Uﬂ + ‘Hrlu

Iiw
: ["'] L \ieo:l
A
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14
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TYPE OF
CONVERTER

- EoNTiGuRATiON

' IbEAL
| TRAMSFER
FUNCTION

! PEAK

DRAIN CURRENT
-\... "
 DRAIN vOLTAGE

AVERAGE .
 DIODE CURRENTS

Vos=Vin+ VotV

Iept =InL

VOLTAGE
WAVEFORMS

ADVANTAGES

APPLICABLE
HARRIS PRODUCTS

Vi =V +Vin

LHEL

Volags inveision wiihoul using 2 lranslri,
winnghe, high Wequescy ogeraton

o [sodarion “ m‘
lﬂlll'ldlu
s

mpal ipple crnl.

I SRR vl
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L7 L i8]
(g [ o Vawm Vot iV
+
feefrmb - Pa=0- 80w
v, Y
0 : 3 L -y O
L]
Ny =
|

b N N

Ve ecn ot et gy,

In preparation for your midterm exam, ok gl the
sitached schematic on pg. 8 of a fiyback converter skawly -
don't panic. try to find only the essenlial power electronics
porlions.

(1) identify the crude dc generation in the upper left driven
by 120 ac mainz. this CRUDE DC IS DRIVEN BY THE
SWITCH #1 INTO THE TRANSFORMER PRIMARY,

(2} On the right side of the schemalic notica the three
secondaries of the transformers with the three dc outputs:
5,12, and 20 v.

(3) Find the cmos transistor Q1 (middle) which is the
swilching transistor. From the gate of this cmos switch
the gale control circuitry may also be found.

We will zpand the rest of the semester detailing how such

clreulie waork



Bridge
Rectifier

O—
[ Opticaily
lsolated
| |Errm Amplifiar
|
I: Onlyﬁaiuhﬂdcﬁoucmphummmluﬂngnpﬁmﬂy

| isolated error amps, PFC controllers, SuperFET™ MOSFETs, bridge

| rectifiers, diodes, online tools—even Global Power Resource Design |
1 Centers to accelerate your AC/DC designs.

RPN e~ — AR ___"___...I_.




Part V. Resonant converters

ere— PR MDA PR B Bt 1T 1 D1 e e LN T R, T e Ty

14, Hesonant canversion
20. Soft switching

Fundasientals of Peiver Llecironics gty 12 heteadugtion
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. ’ LM3671 Typical application circuit 4L
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1-Call Li-fon,

Micropracessor
Core Supply
¥
»
» 97% efficient, 300-mA step-down converter in S0T-23
Applications Features
- All 1-call Li-lon, 3-cell - Efficiency; up to 97%

alkaline/NiMH operated products . Ougput current: 300 mA (max)

- Cellhans, PDA, pocket PC . Quigscent current: 15 A (typ)

- Portable media player - Input voltage: 25 V to 6.0 V
DY - Package: 5-lead SOT-23

- OMAP" processor and '

DSP power supply - Pricing starts at $1.50 in quantities of 1,000



The principle of capacitor charge balance:

Derivation

Capacitor defining refation:

dv dr)

i=C28

Integrate over one complete switching period:

Vol T) — v f0) = (L l " i1 edt
TRl

In periodic steady state, the nel change in capacitor voltage is zero:

O=F[ ik ar= (i)

Hence, the total area (or charge) under the capacitor current
waveform Is zaro whenever the converter operates in steady state.

The average capacitor currant is then zero.

Fumidemenials of Pewer Electronivs VP Chapler 20 Principles of steady-stais conperier praliysis



Inductor voltage and current
Subinterval 1: switch in position 1

i, I
Inductor voltage !: LN "
bl - ;
v =V~ wir) i‘r.':”
o ¥, ¢ RS
Small ripple approximation: ) -|-
v~V -V -

Knowing the inductor voltage, we can now find the inductor current via

_ o diyin
1"!.{:[) = L ‘H
Solve for the slope:
difty _wn V.-V == The inductor current changes with an
di L L essentially constant slope A

Eundamertals of Power Electronics W Chapter 2: Principles of steady-stale converter unalysis



Inductor voltage and current
Subinterval 2: switch in position 2

L
Inductor voltage g
+ w i - ‘t o *
vl =—vit) ‘
v 4l C R < Wt
Small ripple approximation: ' T ]

V() ==V

Knowing the inductor voltage, we can again find the inductor current via

=, di)
win=L 0t
Solve for the slope: -
difny v = The inductor current changes with an \
dt L assentially constant slope

Fumdamenials of Power Electronics 1 Chapter 2: Principles of steady-state comverter amulysis



WWe will cover gutput filters in lecture 4 and pulsa width
contrgl in kectures 5-7 for the three circult topologlas-buck,
boost and buck- boosl.

Before we venture info details wa can earn a ot by a
black box overview. Specifically, from tha cutput power
requirements we can work backwards to the input power
required. This input power will be drivan by the nominal
input voltege allowing us fo ascadtain:

+ Average input current regardiess of cirouil lopology
which hag 10- 25 possibilities

* After the circult topolegy is chosen we can then
determine the peak currents In tha inpul of the switch modea.
These peak currents will vary by factors of 1.5 to 6 as ehown
below on the next page.



Diode \es8 Jominakes

logy we have two general methods.
micdulated(PWM) converlers SR
portable aquipment or where high power flows
highest afficiency power conversion of abaut

1.
Employed
dema

n{‘ 2 Resonant switched converters =13
o acheve smallar size supplies and stil avold tha sﬂbq
nic noise genarated by PWM converters,

SWITCHES Driven batwasn cutoff and saturation losa only
1% af the transmitted power.. To better appreciate the
whale of power electronics design before we begin the
detailed study of each mdividual subtopic we show on the
next page a funclional block diagram Including:

[ ]
1& wmdnﬁﬁmmsmnnmm
n J f wwmmcnhmmw

» Specializen circuits for of & FWM supply
fior and the loads

6 * Note the use of an igplaticadmasiarmer operating al
the switch frequency and nat the mains frequency

fo
dominekes
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Inductor voltage and capacitor current waveforms

%ﬁ. - = T ——
15 vit) f v KG? %o
\V *

+— PT, ——=j— DT, —+ V"’#
4 Bf\nml
ie?
V-V
iclt) I- VAR “"7 ts L-%¢C8

— o —f o] balamesis?

L-——_- &
ViR

Buek V=DV

Fundamentals of Power Electronics ! 2 Chapror 2 Principles of siwady-stat mumbum{y:.ﬁ




2.2

2. Inductor volt-second balance, capacitor charge

balance, and the small ripple approximation

Buck converter
comtaiming practical
low-pass filter

Actual output voltage
waveaform

Vir) =V, ()

Fundamertals of Poiecr Elecroics

Actual output voltage waveform, buck converte

B R TR A 0 P R

i I

v(r)

e Actual waveform

;’“ v e Vv o)

i coweprorent V

hy

Chupfer 2 Prizciples of steady-siale coperier gnuaiyss
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0. DUTY CYCLE CONTROL ON SWITCHING
SIGMNAL TO VARY V{OUT)
Althcugh wa fix £, and hencs the cycls duration T, the
aniolf duratans of the switch within the cycla ars fully
comtrobabla form zano an fimea to a madmom of T, Vanation
of O wil very \lout)

assuming that only the condrdl Girguflny coniins e switch
we dhvide 1 o 2 penods dhat vary moa complenentary
TEshinn
1@ DT, 7= D7, and (D + )T, = T,
That & D+ 1Y = 1 when e g2 o dead penods



