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What is the Subject?

O There has been numerous seminars on Flyback converters

O Seminars are usually highly theoretical — link to the market?

O Industrial requirements usually not covered

O This 3-hour seminar will shed lights on less covered topics:

s Why the converter delivers more power than expected? Solutions?
¢ Books talk about compensation with op amps, | have a TL431!

“ The origin of the Right-Half Plane Zero, how do | deal with it?

* Quasi-resonant converters presence increases, how do they work?

» In a 3-hour course, we are just scratching the surface...!
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The Flyback, a Popular Structure

0 The flyback converter is widely used in consumer products
v'  Ease of design, low-cost, well-known structure
= Poor EMI signature, bulky transformer, practical up to 150 W

DVD player _
Setiop bor flyback=10-35w Ty

charger | flyback=3-5W %

Notebook
Netbook

- flyback=40 - 180 W ¢
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An Isolated Buck -Boost

O The flyback converter is derived from the buck-boost cell

2 7
11
Vout +
+drv/% SW1 . L % C — \L ou . — Tvout
Vin Vin Vin
Ove K Ove [y 7 \
1 gnd nd
L C T i/Vout dr/——= D drnf——= ’
a b SW1 c SW1
buck-boost buck-boost flyback
input referenced isolated ground referenced

ground referenced

O The addition of a transformer brings:
~  *Upordown scale V,

I/ [ K] e Isolation
— — | s -
T + ﬂﬁ e Polarity change

- _J  *More than 1 output
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The Turn -on Event

- - o

> ‘,,_, NV‘” VOU;\,‘ | p (t) _
I N : o | | peak =1 vaIIey+ ft or
P peak D
Al
\/in Lp 3'2 p— I:l Ivalley
CCM
) = 4 ton i
P =0 v,
| peak — L_ on
N = Ns/ Np \V4 peak o
oV
y DCM
SW A
PIV=V,_ N+V,, vILS
Reverse voltage on the diode Son = L_
p— 0

U The current increases in the inductor in relationship to V;, and L,
U The output capacitor supplies the load on its own

Simplified, no leakage
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Applying Volt-Second Balance, CCM

d The power switch turns off: D conducts, V,_ "flies" back
V,

out Vip(t)
,L | p/N | V Y Vi, Apply volt-second balance
Vout/ N I— %Ig 1 ‘
- | ,
O Vi = Vou/N
AV t,,= DTy, tq = (1-D)T,,
j Reflected
V voltage
VDS,off :Vin+ﬁm = \/in+ \/r

Vout — Nton = NDTSW = ND dc transfer function in CCM
\/in toff (1_ D) Tsw 1-D
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Applying Volt-Second Balance, DCM

4 In DCM, when L is fully depleted D opens: V, reflection is lost

. VLp(t)

,L _ | ,L A Apply volt-second balance
Isec =0 C Y |
Vin '

OV L, %Ig L H . DOT
‘ |
O Vi V., IN
N |
ton = DTsw toff = (1'D)Tsw
Vos.oft = Vin
) Vout — D I:ioad
\/in 2 I—p st
N no longer plays a role
dc transfer function in DCM Roaa Lp @and Fg,, do
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Flyback, Typical Waveforms

O Below is a simple flyback converter, without parasitics

X2
XFMR
RATIO = -0.1 D1

/\ — T {>I ’ <Vout
3
e Cout Rload
2o Ls T 470u 12

. IC = 10
( " Vin Vds>
100 b N
4+ 2 Xl
PSW1
+
O ve — \ RON = 10m
ROFF = 1Meg
S

— V24 0PULSEO05010n 10n 3u 10u

4 It will run open loop for simplicity, V=8 V

No parasitics
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Flyback, Typical Waveforms, CCM

‘ B £\
, 160 | L. (1)
8 120 heak I
- 3 peak 1 tH
Z £ soom L etteyt——— Input current
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£ ‘ ')
E_—
) 1.15 AN | peak 1 [+\
g 1.05 J="L I all)
yE P E Lp\*/
§ & os0m viiey — Inductor current
o 850m ~—1—— \p
= 750m —|
Diode block ]
" 2501+ I NI 1 \/ Sloge-Jioeks \/ / NI |
g 100 Vo /P — =V, — 5
we ¥ You in 114 / )
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L e r——r————— ——r ————— P ——_ = e ——————— Drain voltage
= 700 \/_ (1)
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8.89 |
2 A
£ 887
% z 8.85 // \\-L
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I 4.00
=
T o
3.002m 3.006m 3.010m 3.014m 3.018m

time in seconds
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DCM

| Waveforms,

Ica

Typ

Flyback
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Energy Transfer in CCM and DCM

4 The primary inductance, L, stores and releases energy

E -1 — L
L, valley ~ o P Va”ey Initially stored energy
1 2
ELp,peak =—L pl peak Stored energy at t,,
1 , 1 ,
ELp trans — E Lpl peak _E L Fl Va”ey L F(| peak Va"e) Transmitted energy at T,

O Power (W) is energy (J) averaged over time (s):

Eta, the efficiency
_1g ., e o
Pout _E(Ipeak =1 vaIIey)L !J: (7 CCM

out — peak L ;J: sﬁ DCM, Ivalley= 0
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Considering Parasitic Elements

O The transformer and the MOSFET include parasitics

- - == NP —————
I D1
I rLf XFMR
+ I 250m  RATIO=-0.1 : 1n5819
Go—— N
g I
! ; ® Cout
' : —=470u
" | : IC=10 Rload
: | 7 >
’ : : Resr
Vi : I 150m
C Vin X1 |
100 PSWL1 _ _ _ _ | I
RON = 10m
ROFF = 1Meg Vds %
4 3 |
’ :_ I parameters
<>+ V2 — ZS Dbody —= f(')%mp: Lp=2.2m
! P k=0.02
‘- —-—"  Leak=Lp*k

— V24 0PULSEO05010n 10n 3u 10u

With parasitics
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Considering Parasitic Elements, CCM

goom [ | p (1)
8 400m | Ubdk | - AU |
[ - —A'_ -~ ~ nrx7
28 o 2" I ANA A A ANA A A -0 npUt current
28 7 | ViR | "Il
£ -400m [ S [
-800m ‘; -~
/ 1 74\
) 950m / ! : ,\[I‘
@ 850m Lp
/ ~
3 € 750m / Inductor current
S - | / e — | e —
~650m[~ / —r —9
= 550m /
/
770 / ===~ \7/ AN/ N \/ \/ 70\
Leakage L e~ |V at T VI)/ INT - T \{e K \vI t\
£ 570 inductance / W\ / 4 DS ,’\ , .
22 40 coRtHbution ! i \ Drain voltage
2< SoRtifbution L W— A vin
W === H
9.60
£ 9.00 \ \
< > N — N —
R VAVAVIOR FAsas —» Output voltage
g 780\ \ | 7 (t)
7.20|- et Yout\*/
£ e \ \ [ (1)
g 120 d ;
1 \ u\ 7
g 2 \Anan \Anan Diode current
g = bt ——— ht —0
S 4.00
s
T o e R R N | e S R
3.002m 3.006m 3.010m 3.014m 3.018m

time in seconds

CCM mode — with parasitics
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Who Are the Stray Elements?

O The study of the drain node reveals a LC network

V,
Vbulk bulk

||

I T+
r
©
===

| |

[T+

- ok To.

L, primary inductor simplified view
ek l€KkageE mduqtor —
C.ssOuUtput capacitance
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The MOSFET Cqs IS a Non -Linear Device

O The capacitor value changes with its bias voltage

CAPACITANCE — VDg
3000 TT]

. . 1
'-\"‘-._,____ CISS

1600 s
T~ ™
o |

500 B h

300

CAPACITANCE € (pB)
7
II
’/,-
| — |
H
9]
(0]
—
<
O
L
I
O
O
o

100 Coss i V
1+ DS
50 coMMON SOURCE —V
30| Vgg=0V L 0
f=1MHz ] Crss {1
10 Te=25°C .
01 03 05 1 3 5 10 30 50 100 Cp is the cap. for V=V,

DRAIN-SOURCE VOLTAGE Vpg (W)

Q Since bias affects the capacitor value: W = s e
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As the Voltage Decreases, C,qq Value Changes

O The brutal discharge generates switching losses

d\. (t
. IC(t):C ;t() W:j; Ic(t)vc(t)mt
>
6D t _dVg(t s
V. | = Coss [ W:joc ZS:[( )VDS(t) Ek:lt:j;/ Q 6s) VosLI 0V
MOSFET | °
1 CoovVo 2
—  Cuo(Vod= W ==V GV
- oss( DS) \/\Zs 3 ?S \/7
At turn-off

O The lost energy is smaller than with the non-linear variation!

N Semicon T ﬂ"
19 « Chris Basso — APEC 2011 ON Semiconducty _.



Using the Raw C o IS an ... Overkill

L Re-compute the capacitor from the MOSFET data-sheet

Input Capacitance Ciss — | 1300 —
Reverse Transfer ||1,_r — 10Vl V=0V, f=1MHz F
Capacitance Crss DS =10V} Vgg=0V, 130 p
Output Capacitance Coss VDO — 400 | —

CDO

O The classical equation gives:

W = % CossVpe =0.5x 400px 106= 2 or 200 MW @ 100 kHz

O The updated equation gives:

W =§v[,~,ﬂ2c:[,o\/v0 =§x1003“2x 400p<+/ 10= 843n

or 84 mW @ 100 kHz = 58% reduction

Overkill

N Semicon pe m
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The Leakage Inductance

O The coupling in a transformer is not perfect

Closed path lm
in the air Leakage flux
/:;:’;; \s\::\ /
, AN
I/ I,/,/ I _|_I \\\\:\\
I/ , ’I \\ \ \\
! ] v \
1y v
L L
v \ 1! 1
\ \‘ \ 1 ’l '
\\ \ \\ I’ / II
AT \ 1 !,
AON A ’ ,/ ’
\::;;\-s..;;-; //:/:://
S, g
Closed path
Leakage flux (0 in the air

O Some induction lines couple in the air: leakage flux

N Semicon T ﬂ"
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An Equivalent Transformer Model

O For a two-winding transformer, the model is simple:
v" Two leakage inductors
v" One magnetizing inductor

I leakl I leak?
| Y Y Y

primary L ‘ ‘ secondary

O This is commonly known as the "PI" model

N Semicon T ﬂ"
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The Transformer Scales the Primary Current

Q In a perfect transformer, we have:
1:N

>
|

Ip : : ISeC=_p
N

Primary Secondary

Y

O The turns ratio is usually normalized to the primary

Divide by N, N o N,

Np Np

szlOO 1:025 I
Ns:25 - U. 1 250m

» 1:N

N Semicon T ﬁ"
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The Leakage Term also Stores Energy

4 At turn-on, the primary current flows in both | ., and L,

L, =
AL () 1, (t)
1
\/in C)+ Ileak II]I::> Vvleak = E IIeakI p2
_ Vi
> Lp +|Ieak N - 1

d During the on-time, both L, and |, store energy

N Semicon re | ﬂ"
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Where does the Current Flow?

4 At turn-off, the energy stored in L, is dumped in the output cap.

T Clump

O The leakage inductor current fills up the drain lump capacitor

N Semicon T ﬁ"
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Watch out for the Maximum Excursion!

4 As the diode conducts, V,, reflects over L,

Flyback Characteristic
voltage impedance
Vou T4 O | imped
N M V _ V + (VOUt + Vf ) + I Ileak
I t A DS ,max_ VYin N peal q
IIeak ( ) ump
+ IIeak
O Vi,
6
600 \/ "/ —
. /— \\
~ 400 / \\
I | (t ) —— 200 / N\
leak /
C ’ —
T “lum
P Vs (1)

O The voltage on the drain increases dangerously!

ON Semiconductor® | ﬁ"
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We Need to Clamp that Voltage

d MOSFETs have a voltage limit they can fly up to: BVpss
d A clamping circuit has been installed to respect a

margin
———>
oL V,, +V
Vclamp |:| -T- \i +<> ivclamp +C> tN f
K |
ZS <>+ i ZS i IIeak
D R - Dl \/in +Vclamp
\BVDSS =600V 1

N Semicon T ﬁ"
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Resetting the Leakage Inductance

 Because of the clamp action, a voltage appears across |,

Vi = Ve ~(Veu Vi) L 01,0
: =] \vout (t)
reset
<>+ Ileak J leax
S _ Vclamp - (Vout + Vf)
1 leak Ileak

 This voltage forces a reset of the leakage inductance

N Semicon T ﬂ"
28 « Chris Basso — APEC 2011 ON Semiconducty _.



Do we Need a Quick Reset?

d When current flows in I, it is diverted from the secondary

L) 1)1 1)

QO L, =]
I, (t)
o (6)

‘ I'ea"\— At the switch opening:
0 L 0)=1,,0)

O The leakage current delays the occurrence of the sec. current

N Semicon T ﬁ"
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| Delays the Secondary Current

A The leakage inductor reduces the peak secondary

current
|(t) IIO Isec
L
peak ;
A YA I, (t) Primary and
" secondary
| currents.
IvaIIey
[y
IIeak Isec(t) t
» > >

t At t —At

on

A The "stolen” energy is dissipated in heat in the clamping
network

N Semicon T “N
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A Reduced Secondary -Side Current

A We can calculate the leakage inductor reset time
At

Sleak — Vclamp - (Vout + Vf)

I IIeak
peak —] : | | l!
: " At = peak — leak peak
.\"-\I. p (t ) S|eak Vclamp - (Vout + Vf)
N ¢ 1 _ I peak __ NI IealJ peak
L (t) - — Al=g = N
Ileak sIeak N\/Clamp (VOUt + Vf)
N =0.25 - > 1 | = peak -S At — | peak 1- Ileak 1
... =4.8uH At > N > N I—p |\Ivclamp _
vV, =150V Vour ¥V
vV, =19V 0.25x( 4.81x 3
" > At= ( )
I = A

= =205ns
0.25x< 150-( 19 }

31 e« Chris Basso — APEC 2011
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Typical Example Simulation Results

260mf 7N I — 994 m I’ — 910 mA
8 18om| Lpp\l) lheak— &9V 1A 1 I eak— 21U TTA
Hg ; |_IJ\ 7 | SARASLAN / \\ PCCU\ .
g5 woom} /1’ —— Primary current
R e — \\*_/ ~_ _—9
-60.0m | — . .
At =480 ns
Y 260m§ = | 1)
%; 180m | // lealdt) .
25 ool =t \ Leakage inductor
&< // 0 \ A
§ 20.0m;/ ~—~— —~—y~ 7 - ’\l\vf\vln\"\!“\]‘ AV AT ~—~— ﬂ Current
-60.0m| B B B : — — 1 — —
trr
250| . —~ A A A [ (1)
2 ool =Y A A A Iq\l)
g g a,peak YA a
85 120f ARAS
'E 700m [ 17110/~ Aarraneanl f VA SeC' Current
T 1170 culicaotc.: | VV\VA\\
wmp——————— = —10
280§ ‘\. ll N M N
g 200f — DS\" (VAVAVAAVAYA A"
<2 N N\ / \ :
B2 120\ /AN N — —FA—\ Drain voltage
€ s00f \ / \ / \ /©
L N\_/ N/
-40.0 | — — e e e E— — : E— E— — —
3.011m 3.015m 3.019m 3.023m 3.027m

time in seconds
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A Ringing Appears as the Diode Blocks

d As the clamp diode blocks, the drain returns to_thl:l’vf

Vi
Dy D ¢jamp PlOCKS
V. I I ' — An oscillation
* ' takes place
1:N
Dc|amp lea At | cax IS reset
| ||I k(t):O \/in +Vc|amp+Vr /
\ )
Y
CIump ::‘ \/in Vclamp+Vr f = 1
oV 27T IIeak(:lump

N Semicon T ﬂ"
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The Clamp Circuit Overshoots

O The clamp diode forward transit time delays the clamping action

v [

————————————————————————— = Wﬁﬂ-ﬁ—?ﬂuﬂ— ———"

| AN
N

/ :: 1
o Vog(t)
aatn e sanes o N P

EET | Scales

H i E

H—I2] = 50.90 ns a01.4 Y
B---12] = 218.18 ns o]
&= 167.28 ns -14.1 Y

1k = 5.9782 MHz

O This spike can be lethal to the power MOSFET — include margin!

N Semicon r 'Wnl"
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The Primary Inductor also Rings in DCM

O When L, is reset, the capacitor voltage returns
to V. .
" \\/1'\ D D blocks
N — .
oy - . An oscillation
R I T takes place
1:N

N LIO IS reset

ON Semiconductor® |
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How these Parasitics Affect your Design?

O The leakage inductor induces a large spike at turn-off
O This voltage excursion must be kept under control

V

A

BVDSS

V

clamp y
' % Vin
, » 1

U The lump capacitor on the drain brings switching losses
4 Is there a way to switch on again when discharged?

Mang

\VDS > V

'” YAVAY

EEAWAWAWA
\V V V% v«y,

Voo (t)J

Asynchronous switching

Fixed frequency

37 « Chris Basso — APEC 2011

Synchronous switching
Variable frequency

ON Semiconductor® | ﬁN



Protecting the Power MOSFET

4 A vertical MOSFET features a buried parasitic NPN transistor

O The collector-base junction of this transistor forms the body-diode
U This « diode » can accept to avalanche in certain conditions

O Do NOT use this diode as a Transient Voltage Suppressor!

v" Adopt a safety coefficient k, when chosing the maximum V(1)
v 15% derating is usually selected

drain
ko= 0.85 1
BV...x k,=600x 0.85= 510\ aete 1
Vclamp = B\/DSS>< kD_ Vos_ Vin:@ IW]
Take V  around 15 -20 V
RCDclamp

design entry

N Semicon pe w
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Inclusion of a Safety Margin

U The voltage on the drain swings up to Vg ,mp

BV, = 600V

V,, =nominal
/ margin :

| . = Max

V., =max
ﬂvlamo_-Hw t bl leeeeeeeeleen
/" ARE I
100V/

!
k]
div

Test at start-up
L

=T

and in short-circuit

Y

¥
Vo)
O Capture this waveform in worst-case conditions

39 « Chris Basso — APEC 2011
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Do not Reflect too Much Voltage

O The reflected voltage affects the power dissipation in the clamp

. V
I:3/clam|o"""V9 = E FSV\J_ Iealj pea2k (kckc_ 1) kC — i';‘mp

6
50 |
4 \\

I:?:Iamp(W) 3 \
2
I\
°1 1.5 2 5 3

K,

4 If Vg jampiS too close to V,, dissipation occurs 2 k, = 1.3 10 2

40 e Chris Basso — APEC 2011
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Compute the Transformer Turns Ratio

O The turns ratio affects the reflected voltage...

V. +V C(V +Vf)

Vclampkc>( = ) ﬂl]l:> N2 \/OUt

clamp

U But also the Peak Inverse Voltage of the secondary diode

PIV=V_N+V,,
— Choose a 100% "hging
‘ | derating factor

If PIV=100V

Then BV =200V

O Always check the margins are not violated in any operating modes

N Semicon e w
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Select the Clamp Passive Elements
O The clamp resistor depends on the maximum peak current

N V _ (Vout + Vf )
clamp clamp 1
N V Cclp T I:\):Ip
— C — clamp
Rop F.J 2 * R_FAV
S IeakI peak Ip’' s
D
Control  Setup  Measure  Analyze Utilities  Help 13:34
600 V
| - Vsensemax + V inmay t
peakmax L prop
Fiense p
N J
Y

Worst-case value

T eelEsl T | CEEN o] i

O Watch for the peak current overshoot in fault!
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The Leakage Inductor Rings

O This ringing can be of high frequency and is radiated-EMI rich

—
Cop H %IL -
o | ! JWWMML_
Rdamp_’[] bt ===‘-.|_:-:§:_::’,:'::
DN |
I~ ») Vos(t)

JIE N Watch for
added cap.

4 It can also forward-bias the MOSFET body diode
O Damp it!

N Semicon re | ﬂ"
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Fighting Parasitic Ringing — part |

U The installed resistor reduces the ringing on the drain

0 @ =
i With Ry,mp
Similar )
ov,rshaol\*&w B
fﬁ\ A l\A PN

‘AR

Without Ry,

aL Vo) o, b Vis(t) "
= = 2.00 ps/dv [YEARENR -5 420000 02 (PIEAES il Tt cle=lE a]a [T o> i‘ *

Q %Ileak —

Rjamp IIeak @ f = %amp
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Fighting Parasitic Ringing — part Il

O If the series resistor is not enough, install a damper

Lh it

45 « Chris Basso — APEC 2011

. Make Ry,,=Z
1

. Tl’y Cdamp:

. Measure the ringing: f,

2. Evaluate leakage impedance at f,

leeak = 2771Ieak 1:O

I|eak

2if,R

. Tweak for power dissipation

Ray Ridley — Snubber design procedure
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What Diode to Select for the Clamp?

O A fast diode is a must: MUR160 is good fit

¢ - EEI
vy’ Vosit) o — )
| \ : A
J ( N . o mhaing L/
)\// La\Y
Recovery Iosse{ I

1 Can a simple 1N4007 be used in a RCD clamping network?
O The answer is yes for low power applications (below 20 W)

O The long recovery time naturally damps the leakage inductor

N Semicon re | ﬂ"
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Be Sure the Clamp Level does not Runaway

O Watch-out for clamp voltage variations, at start-up or in short-circuit
O The main problem comes from the propagation delay!

14
12 /
10
Vclamp (V)
80 /
o /

40

N Semicon re | ﬂ"
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Check the Clamp Voltage Variations

No design margin!

\
" 600 il i “nn HU Ty I T T Ve LLH :
S 400 H ; LLLLL ) H L .
s | | I I” Drain
S- 200 1
£ o | I It
-200 Vpd(t) VO age
150u 450u 750u 1.05m 1.35m
time in seconds
|
300
2 PP TP T PP Trv T e -~
] B T Clamp
8 100}45 ®
oz $
R voltage
=2 0
. -100 \'/C|am[{t) g
— ‘150u‘ — — ‘450u‘ — — ‘750u‘ — — ‘1.05m‘ — — ‘1.35m‘ —
- ove rShOOt time in seconds
V2 > \
0 130 f viaX sense
S 900m 1 inn —
B 111 | i ensl) | Sense
o', 500m ! TR PRI
an
& 100m I
[
~ -soom| I | HHHHON L SEECDURTTETRTR A0 R LLEE A L LA ki L i i VO tage
1 ‘ JILITIN TORY RNARTRRINEL (I LIRTDATTRDET LA LT A T T |
150u 450u 750u 1.05m 1.35m
time in seconds
14.0 ‘ I Wmimm
£ 100 O p
<3 utput
n_Cj.E 6.00 —
5 J00| g™ . — Voul®) voltage
-2.00 VVUI S casc

750u 1.05m 1.35m

time in seconds

150u 450u

N Semicon e w
49 « Chris Basso — APEC 2011 ON Semiconducto _.




A Zener or TVS to Hard Clamp the Voltage

O TVS do not suffer from voltage runaways in fault conditions

Vbulk l,> I Vout
TVS % ‘ ‘ %

\==\ h
Y I/ \/\ AV %
B — 10 U‘ﬁ,.\ﬂ N ¢
Dclp B F At =200ns
Vos(t) )
—1 P
1 OV
P.==F 2 Z
TVS 2 SV\! Ieal! peakv (Vout +Vf )
‘ N

U The TVS improves the efficiency in standby but degrades EMI
¢ It costs around 5 cents...

N Semicon T ﬁ"
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Course Agenda

d The Flyback Converter

d The Parasitic Elements

1 How These Parasitics Affect your Design?
d Current-Mode is the Most Popular Scheme
 Fixed or Variable Frequency?

 More Power than Needed

 The Frequency Response

d Compensating With the TL431
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What Control Scheme?

O Two control scheme coexist, current-mode and
voltage-mode

Voltage-mode? —
Operating
waveforms
are identical

Current-mode? _/

5555555555555555

voltage-mode? ~ = | "~ Ac -transfer
=TS W= functions
| differ

Current-mode? -~

N Semicon T ﬁ"
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Voltage -Mode Control

d Voltage mode uses a ramp to generate the duty-ratio
A The error voltage directly adjusts the duty-ratio

A A A A/

U

N Semicon T ﬂ"
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Voltage -Mode Control
PROs

A Does not need the inductor current information

» Can go to very small duty-ratio

d CCM operation without sub-harmonic instabilities
> No need for slope compensation, current limit
unaffected

CONs

A No inherent input line feedforward (weak audio
susceptibility)

» Cannot use small bulk capacitor, bad ripple rejection
Q 2nd-order system in CCM: mode transition can be a
problem

N Semicon e m
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Peak-Current-Mode Control

A Current mode uses the inductor current information as
aramp
A The error voltage adjusts the inductor peak current

d The duw_MMu@cEI trojled—v
Vbulk I

WL o T

S%le 3

ON Semiconductor® |
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Peak-Current-Mode Control
PROs

A Inherent pulse-by-pulse current limitation

A Natural input line rejection

A Mode transition DCM to CCM is easy

> Converter remains a 1st-order system at low frequency
A Widest offer on the market: a really popular technique!

CONs

d Leading Edge Blanking limits the minimum duty-ratio
d Requires slope compensation against sub-harmonic
oscillations

> Additionnal ramp affects the available maximum peak
current

ON Semiconductor” | w
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A Dirty Inductor Current Signal

O The inductor current is sensed with a resistor, a

transformer...
A This information is affected by parasitics: false tripping
possiblel
700m /T
/ \
Can potentially .
A ‘ | 1
coom false trip the — ||
controller | |
1
|
1 I
300m 4 “y ]
\ 1
\ /
\./
100m
-100m (
Vsense\t)
3.122m 3.126m 3.131m 3.135m 3.139m

N Semicon T ﬂ"
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The LEB Cleanses the Signal

O A circuit blinds the controller at turn-on for a small time
(=250 ns)
A It conveys the signal after\Q//ards: Leading Edge Blanking

bulk

g 1
DRV
D—Elg / Vsens;e( t) /
SAZO——CDS | / Clean /
_\Zi\ —Sil>% Rsense H edges T I

N Semicon T ﬂ"
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It Limits the Minimum Duty -Ratio

A During the LEB duration, the controller is completely

blind!
O In 9 T . its—fai : . y to
occur +80% | 0.8/R..
A
LEB
Vsense(t)
13.0 Vory (t)
9.00 /tLEB t e
5.00
1.00 \_ (\W -
-3.00
591u 594u 597u 600u 603u

O t g5 + tye Sets the minimum duty-ratio: cannot go lower, t,, .

N Semicon T ﬁN
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If the Primary Inductor Is too Low

A In short-circuit situations, you reflect the diode forward

dro Vi
P Vourk D ILP (t)
Vi L I N b Almost
N . no decrease
v Soff
] |; g
V on
Son =
Lp
S = Vi
Rsense off NLp ¢
ton,min

— T

sw

Q If you hit the minimum on-time, you cannot limit the

ON Semiconductor® |
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The Primary Current Runs out of Control

d The current current climbs cycle by cycle until smoke

appears!
o.00] Maximum theoretical
| peak value, 5 A w’\J\P\N .
700}/ -‘“JMN
g i J P, F\J\J
2 4 N~ X The current climbs-u
sy [ \ to 9 All
= -
= 7 A \
3.00| .
| [\)emag“ tization Chris Basso
1.00 I Gk too-weak !Lp(‘) first design. -
Minimum t,,
2o
S soomf
i 400m§
of P
7 ‘ 105u‘ — 140u — ‘ ‘ ‘175u‘ ‘

time in seconds
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Sub -

larmonic Oscillations

d Ac analysis shows a first-order system at f, << F_,/2

» No LC peaking anymore as in CCM voltage mode

» But a subharmonic peaking at F /2 now appears

25.0 |
15.0
5.00

H(s)

-5.00
-15.0

180
90.0

-90.0

-180

OH ()

Flyback power
stage in CCM
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10

100

1k

10k

100k
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Instability Depends on Duty -Ratio
O The condition for instability is: CCM operation + duty-ratio > 50%

Ipeak:a-l_slAt
b: Ipeak_SZAt

l Solving

1(0) 22~

d
Pt %:E

dT,, d'Tg,
< > v

Al (nTg,) =Al L(O)(-%jn

N Semicon T ﬂ"
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Instability Depends on Duty -Ratio

O With a duty-ratio below 50%, perturbation naturally dies out ...

I L
4 clock

il i il i |

NN AR
. 5 / ; ; 't

|
Asymptotically stable

Ipeak

Duty-ratio < 50%

7

Perturbation has gone...

Al (T,) = A L(O)[—gjn

—

4 clock
Ipeak L L _L i
! 7\ ! ! !
| uty cldmp "
ANIAXNS N
WO L : Mo : oY ; uty-ratio > 0
4,0 . | I | |
Y PN
_ : : .t
Asymptotically unstable
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The Cure Is In the Ramp

O Injecting a ramp on the feedback signal, damping is obtained

—n

| [ S

A 1- 2
_ S | _ n
Al (nT,,) =Al1,(0)] ——- =Al (0)(-
s (0)(-2)
oSl
Must stay
l below 1
1(0) 1_§
d = 100% 22 < 1
Sor >
< > > > t SZ
dT,, d'Tg,
< » l
0
S >50%S
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A Model to Simulate a Flyback Converter

O A SPICE model can predict subharmonic instabilities

3 2
=
O
o© S 2
DC 5 § § X2x
3 /O& 2 XFMR DIA
o 2 RATIO = -N mbr20200ctp vout
_|<} [-79.0V | [10.7V ] N ERY S vout
ol 6l o Y |
+Vin .
() 100 ‘ ‘
AC=0
Y R10
X9 - 4 § 14.4m
PWMCM Lp §4RIoad
= 8

L=Llp {Lp} B1

Fs = Fsw 1 Cc5

Ri = Ri 4 Voltage T 6600u

Se =Se V(err)/3>17?

1:V(err)/3
parameters X3 § R1
AMPSIMP 66k
Vout=19 Lol 250v | Lo
Soff=(Vout/(N*Lp))*Ri e{[ A, 1kH
13 12
2.50V
N=250m Lca [250v ]
1kF
Fsw=65k .
Lp=350u § ?gk
) + N

Ri=250m AC=1 V2
A=0.5 Vstim 25
Se=A*Soff

66 ¢ Chris Basso — APEC 2011
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Simulation Results of the CCM Flyback

O As ramp is injected, the double-pole Q is damped
O Injecting more ramp turns the converter into voltage-mode

24.0

12.0 T

0

\\\\\‘\ \ A
120 \/ \\
H (s)

-24.0

Ss
~~§ TN
~~~~~~
-~
~ - ~
- - -
55555
_____________

180

90.0

-90.0
150 OH () S, =50%S

1 10 100 1k 10k 100k
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Modern Circuits Include Slope Compensation

A simple resistor in series with current sense resistor does the job

Vbulk
—25V T
e WA -
Rramp
Jooe © k Q
Rs
Ve /4.2 % 4] —

0.8V IR\ —>k C = IT” Ros

S | ° Q

PWM i

i = 300 ns

Q X delay Adjust the resistor to set
the ramp to any level
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Course Agenda

d The Flyback Converter

d The Parasitic Elements

1 How These Parasitics Affect your Design?
d Current-Mode is the Most Popular Scheme
 Fixed or Variable Frequency?

 More Power than Needed

 The Frequency Response

d Compensating With the TL431
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Modulation Strategies

d The most popular modulation strategy is trailing-edge

VGS(t) 1 feedback
on

Trailing edge
off /V < B / modulation
\// L >

Clock

A Leading-edge modulation often appears in post-

"e9y lators

feedback

on

Leading edge

off :
C . Mmodulation

Clock

ON Semiconductor® |
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Fixed Freqguency Operation

A The vast majority of converters use fixed-frequency operation
> Switching losses depend on frequency: high frequency, high
losses!

> Capacitive losses are a brake to efficiency improvement

» CCM operation induces high losses on the secondary diode

> Potential shoot-trough hampers synchronous rectification

> 1l he RiAh HAlT—_Plane Zearn spaveare an Ne Avallahle

ON Semiconductor” |
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The Right-Half-Plane Zero
4 In a CCM flyback, I, Is delivered during the off-time:
Ig(t) Ig(t)

ILO

l

| (t
g
>t > 1
] DoT.w R J D; Ty, R
T, Tow
Q If D brutally increases, D' reduces and |, drops! d<V >(t)
- L

1 What matters is the inductor current slew-rate

N Semicon T “N
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Processing the Output Power Demand

Q If I (t) can rapidly change, | increases when D goes up

/

d = 59%

200 ps 2
d(t) VAR()

d = 58.3%

]

lou(®)

=

/

100u 300u 500u
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700u

900u
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Falling to Increase the Current in Time

4 1f 1, (t) is limited because of a big L, |, drops when D increases

/

10 ps

d = 59%

d(t) Amt(t)

Vv, drops!

d = 58.3%

1.(1)

_—

—%!

100u
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300u

500u 700u 900u
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The RHPZ Is a Positive Root

O Small-signal equations can help us to formalize it

The negative sign

indicates a positive root!
S S
i 1+ || ==
Voltage Vout ( S) G wzl wzz

mode d(s 0 2
() 1+ S +( Sj \ & :Roalez
Wy

Qe %~ N°DL,
O G A
Current out (S) -G wzl wzz w%
mode  4,(s) D( 9

O Voltage mode or current mode, the RHPZ remains the same

N Semicon T ﬂ"
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Simulating the RHPZ

d To limit the effects of the RHPZ, limit the duty ratio slew-rate

O Choose a crossover frequency equal to 20-30% of RHPZ position
» A simple RHPZ can be easily simulated:

AYAVAY
K1
C1
10n Sum2 4 out(s)
||
Vin(S) 3 | 2 - 1 K2 *
X1
+ SUM2
_ Kil=1
- B - K2=1
10k

_ R _ S

V. =V, (9- ——= 1-—

MCEAACERIE = M(){ ]
sCG

N Semicon T ﬂ"
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A Zero Producing a Phase Lag

O With a RHPZ we have a boost in gain but a lag in phase!

40.0
20.0 |V0Ut(S)| +1
. LHPZ
-20.0
G(9 =1+
-40.0 wo
180 RHPZ
MECAC
’ — G(9 =15
-90.0 -90° 2
-180
1 10 100 1k 10k 100k 1Meg

frequency in hertz
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Is There a RHPZ in DCM?

1 A RHPZ also exists in DCM boost, buck-boost converters...

14 (1)

| L,peal(t)

B
DZTSW

D,T

SW

A

[
»

T

SW

d When D, increases, [D,, D,] stays constant but D5 shrinks

N Semicon T ﬂ"
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Is There a RHPZ in DCM?

Q The triangle is simply shifted to the right by &1

14 (1)
| L,peal(t) |
t 1
J DlTsw DZTSW j
Tsw |

O The refueling time of the capacitor is delayed and a drop occurs

N Semicon T ﬂ"
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Is There a RHPZ in DCM?

4 If D increases, the diode current is delayed by &1

TN N . P
e IAAWAE | W ) N u\\
= r’

lllllllllllll

HHHHHHMMHHHHHHHHHH1

V,,,()

time in seconds

Voul®)

N ANVANVANY A \WANWANWA|
NGNS NNV VNV
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A Large -Signal Model is Available
O Averaged models can predict the DCM RHPZ

L1

T
11

[ out Oout(s) (1+ S/ %1)(1_ $ %)
) = W\ Vout - - Hd
L+ d(s) “(1rs5)(2r s 5)
3 \n(— g §R10
. @ 150m
O Tov §  oZ o], shu s, = 1 s = Ro;d
P = " CouResr © ML
s |
2
= - 1-1UM
M _1 C:out RESR
358
= Merci
[278mv | ﬁgﬁ\ - ' H. = 2vout M -1 Vatché!
] N ° D 2mM-1
o Verr + R3
:fk'lz_ AMPSIVE i §10k
O % =

N Semicon T ﬂ"
« Chris Basso — APEC 2011 ON Semiconducty \



The Model Predicts it!
O Averaged models can predict the DCM RHPZ

H, =28.75dE
180 40.0
28.6 dB f, =1.06 kHz
90.0 20.0 T f, =141kHz
for f,=4.2Hz
0 0 f, =47.1kHz

-90.0-20.0

-180-40.0

1
PR 100 1kHz 1% 47 k71 khz Ve
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Going to Variable Frequency

A More converters are using variable-frequency operation

A This is known as Quasi-Square Wave Resonant mode: QR
> Valley switching ensures extremely low capacitive losses

» DCM operation saves losses on the secondary diode

> Easier synchronous rectification

> The Right Half-Plane Zero is pushed to high frequencies

I' Smooth signals

4 |I.,,.-',,,,,.___,___________._.,._____ ..

| D (t) Less noise

N Semicon e w
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What Is the Principle of Operation?

A The drain-source signal is made of peaks and valleys

A A valley presence means:

> The drain is at a minimum level, capacitors are naturally
discharged

> The converter is operating in the discontinuous conduction
nYode

480 ”\A”ﬂn. \NMN"
360
\ Vin \

240 \ \ \7llev

120 \1
\“ ton R tOff | DT |

0 VDS (t)
2.061m 2.064m 2.066m 2.069m 2.071m
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A QR Circuit Does not Need a Clock

O The system is a self-oscillating current-mode converter
Voulk Np:Ng g

=V

out

Demag L ]
detector * _ ° l Cout
. |65 mV I %Ig H} [ RIoad
P
QL—

| S
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A Winding Is Used to Detect Core Reset

O When the flux returns to zero, the aux. voltage drops
O Discontinuous Mode is always maintained

\
— 800

_ /\M <eset /\A/\VDS (t)
o [ LN

delay

Core is
- ST T N L4

V A
20 800m
10 400m \ | S (t/)/m/aux( )
0 0

-20 -800m ¢ =0
— 2.251m 2.255m 2.260m 2.264m 2.269m

o | __

—
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The Frequency Linearly Changes

4 As the peak current and the on-slope vary, T, changes

I, (t)

I peak max
t
I peakmax [ =~ =TT T T T e e T T T T T T s s e e e
S = Vi / NL, -
low rms currents in the MOSFET (weak stress) t
TSW

L Excellent behavior in short-circuit conditions!
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SW

(kHz)

The Excursion Can be Quite Large

4 In heavy load low-line conditions, F, decreases
4 In light-load and high-line operations, F, can go very high

80

70

60

50

40

30

O EMI and switching losses are at stake as F,goes up
O Standby power obviously suffers from this condition

88 e« Chris Basso — APEC 2011

3.4
_ \
- 3.2
/ | peak 3 \\
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e (A) . \
/ 2.6 \\
2.4 \
200 300 400 100 200 300 400
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In a Bounded System Discrete Jumps

O As the load gets lighter, the frequency goes to the sky
O Modern controllers fold the frequency back with a VCO
O Problem, the only places to re-start are valleys: discrete jumps

Output | f kb bk bk R B bR R R

current IWUUUUUUVUUUYUTTUTUUVU
= NARLNNWARRRRRAY
AN n bR
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New Controllers Lock in the Valleys

O To prevent the noise, the NCP1380 locks the valley

O The current is allowed to move within a certain limit

O When it exceeds this limit, the controller selects a new valley
4 As the load gets lighter, a VCO takes over and reduce F,

i i4thy 3rd . oond @ 1st
>10ryCco E<—>i<——>i<—>i: > ,
mode | ; /\ 9
=N
Vi N

8><1O4 V: j\

—
N
< I
\; 6x10] i i
T i gthy grd 1 ond | 1st N~
DU PEEEEN PRI
4x10] J |
VCO <+— P,_,decreases
mode —> P, increases
o1d { ' |
0 20 40 60
Pout (W)

NCP1379/1380
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d The Flyback Converter

d The Parasitic Elements

1 How These Parasitics Affect your Design?
d Current-Mode is the Most Popular Scheme
 Fixed or Variable Frequency?

1 More Power than Needed

 The Frequency Response

d Compensating With the TL431
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What is The Problem?

A A converter is designed to operate on wide mains - 85 to 265 V
rms

A It can deliver a maximum power before protection trips

» The maximum power delivered at high Ilne is larger than that at
low line

Increase load

85 V rms to 265 V rms until protection
trip.

N Semicon T ﬂ"
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What Does the Standard Say?

O There is a test called Limited Power Source, LPS

d The maximum power the converter can deliver must be

clamped

A If clamped, the manufacturer can use inferior fire proofing

materials Output Voltage

V.. (V) Output Current Apparent Power
* lax (A) S(VA)
Vims Ve
<20 <20 <8 < SV,
20<V, , <30 20<V, , <30 <8 <100
i 20<V, . < 60 <15QV,, <100

g IEC950 safety standard

93 ¢ Chris Basso — APEC 2011

19-V adapter, |

=5A

outmax —
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Why the Power Runs Away In a Flyback?

A The inductor
current slope
increases at high
line.

d The controller
takes time to react
to an overcurrent
situation.

A The inductor
current keeps

growing until the
MOSFET turns off.

O The overshoot is

04 - Chris 8asic— AFFC 291 L

1:del

peak LL

PWM is reset

[ )

A 4

— 4

prop

Depends on
drive capability

~ and MOSFET
Qs
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The Effect in a DCM Converter

d A flyback converter operated in DCM obeys the formula:
1 (L)

—_ 2
Izzaut - I—pI peakmax F S\ﬁ |
2 T T T T peak max
Primary Max. peak Switching Converter
inductor current in frequency efficiency
»{

fault

d As L, and F, are fixed, | q,max Changes with line input

| — Vsense +\/in,LL t | — Vsense +\/in,HL t
peak max,LL ~— L prop peak max, HL ~— L prop
_ Rsens p ) . Rsene p
Low line High line
Al pea _ Vinb = Vine ﬂI]I::> A 13.5% overshoot translates
| peakmax L pVsense ny L1y o1 NA 28% power Increase
t R in,LL ( . ) - (nis considered constant over the range)

prop’ ‘sense

ON Semiconductor® | “N
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The Power Increases at High Line

O L, =250 PHVeense= 1 Vit
0.33Q, F, = 65 kHz

65

60 //I A
63W
Pu (W) ss pd AP

/ h

prop =330 nS’Vin,LL: 120’ \'{n,HL =370 V’ I:\)sense:

=17W

| 46W
l/ -y
100 200 300 400
Vi (V)

A In this example, the converter stays DCM over the whole input
range.

N Semicon T ﬁ"
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How to Compensate the Runaway?

d How do we compensate this excess of power?
> we reduce the maximum peak current at high

line
> |thiks is called Over Power Protection - C|)PPk
pea pea
| | = f (V. ) | 1
I peak max in peak, LL_|
peak, max
[”:“ > Ipeak, HL \
— \4n i > \4n
LL HL LL HL

A How to calculate the compensated high-line current?
% Equate low-line power with high-line power and solve
for | peax

P ==L| “F /a0

out, max,HL 2 p  peak, max,H

» Solve for |

peak

N Semicon T “N
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Reducing the Peak Current

A The final inductor peak current must equal:

I —_ 2I:2)ut,max,LL
peak max, HL -
Lp FSV\”HL

A You must subtract the prop. delay to obtain the controller

setpoint
VLnse = | —\/'nit
peak max, HL prop
Rsense L p

A The amplitude of the sensed voltage must reduce by:

V.
AV =V, —£| — et proJ R

sense pealmax, HL L p sen
p

N Semicon T ﬂ"
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For What Final Result?

A Thanks to the OPP, the power stays under control

70

63W

99 ¢ Chris Basso — APEC 2011
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The CCM Case Is a Different Picture

A In DCM, the valley current is zero, the stored energy is:

EzlLI 2
2

p ' peakmax

> The peak current runaway, alone, affects the transmitted power

A In CCM, the valley current changes the formula:

2 I 2
peak max valley

E:%%U

N Semicon [ ﬂ"
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The Converter Changes its Operating Mode

A In fault mode, the converter operates in deep CCM at low line
d As the input voltage increases, the valley current decreases

e T Maximum current in fault
(Vout +Vf )
ELL <
vt VN
— pmaxHL | ________._________Z - ____WNMiaAllltiultl CUrrericIn fal
(Vout +Vf )
NL
p
= <
N~ I p,valley, HL __¥ __ _ __ _ | _ - __DX>

N Semicon [ ﬂ"
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Computing the Transmitted Power in CCM

A First, we write the t,, and t_; equations in
CCM

A 4
A

A A
—
—t

o
=
\ 4 \ 4

V. (Vout + Vf )

in — _
vaIIey+L_t or IvaIIey =1 peak NL L off

p p

(1) (2) (3)

peak = Tsw = 1:on + toff

102 e« Chris Basso — APEC 2011
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Solving for the Valley Current

d By combining the 3 equations, we have:

t _Lp(lpeak_lvalley) { =T —t =T _Lp(lpeak_lvalley)
on V. off — 'sw on ' sw V.

In In

0 Replace t in

(2):
| :| (V \/out)( IvaIIey p peal!— T y )

valley peak
LNV,
d Solve for |, T
I _ I TSW\/IFI (V +V0Ut) AI L = I peak _I valley AI _ TSW\/ln (V \/Out)
valley ~|' peak > L=
L (V +Vout N\/m) L (V +Vout N\/ln)
V.. V. Inductor ripple
Max fault | peakimax = R ¥ L € prop current
current anse P

N Semicon T ﬂ"
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ldentifying the Operating Mode

A Having the ripple on hand, we can confirm the

m‘zde_' Al oo NAL
n - off — P
’ \/in g (Vout +Vf) I|_p (t)
| .t
| L,
peak [~ =g -~ " ———————————
1:on-H:off :Tsw —> BCM —
| atiey = O ‘
alley ton .t
Ipeak— ———————————________JI
o *lot < T — pomM —— DT

N Semicon re | ﬂ"
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Evaluating the Power in CCM

[ L, =600 tHVense= 1V, torop = 350 NSV, 1 = 120, Viy . = 370 V,Rygnee= 0.33, Fg, = 65 kHz

1

Pmax,LL - E I_ID ( | |De<':1k,max,LL2 —1 valley, LI_2) F sﬁ L 6W
1

I:)max,HL = E I‘p ( I peak,max,HL2 - I vaIIey,HL2) F sﬁ HL: 104W
110
100 -

S

Pu (W) 90 // AP

0 out

=24 W

80 /

105 e« Chris Basso — APEC 2011
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Reducing the Peak Current at High Line

A If we lower the peak at high line, the ripple remains the
same
I (t)
‘ Al,

peak __|

peak CMP™ |~

valleyCMP ™|

valley — £ _

d We can re-write the flyback power formula to include the
ripple 1 )
IDmax,HL = E Lp ( I peak,max,HL2 - (I peak,max,HL_ AI L,HL) )F 567 HI

g J
Y
0in DCM

N Semicon [ ﬂ"
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We Want to Limit the High -Line Power

d We can force the high-line power to match that of low

line 1 2
I:)max,LL = E I‘p ( I peak,max,HL2 - (I peak,max,HL_ AI L,HL) )F 567 HI

d From there, we can extract the compensated peak current
value

| _ stLpﬂHLAI L HL2 + 2P

max, LL

peak max, HL —
2FSWLF/7HLAI L, HL

A As this is the new setpoint, prop. delay contribution must be
removed

— \/in,HL
AV _\/sense_ | peajmax, HL__t prop R sen

L

p
d After compensation, the peak current setpoint at high line

becomes VAV _I_\/in,HLt

| — Vsense
peak max, HL ~— L prop
Rsense p

N Semicon [ ﬁN
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What is the Final Result?

d The high line power now respects the LPS limit

110
100 ) 104W
90
P (W) )
75W
801 7 76 W
W AR, =6W
70W
60
100 200 300 400

ON Semiconductor® | nN
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What Practical Solutions?

A There are several possibilities to reduce the peak
FUBFLet the current sense signal in the CS pin:

A\ P Al Ly
| e easy to do
peakmax| 4 7y
« affects the no-load
/ stand-by power
b g 'figh line « affects light-load
> T efficiency
2. Reduce the peak limit as V,, increases
| (Lp) Al  implemented at IC level

4 L,LL

» does not affect the no-
load stand-by power

peak max,LL -] . ' I

“/ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, peak max, HL

« does not affect light-
load efficiency

N Semicon [ ﬂ"
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Build an Offset on the CS Pin

A This offset must be proportional to the input voltage

Voulko — Voulko
f]Ropm % e k
IL T rotated gl IE
Bmmb
Q

DRV 1|§ Q ¢
L DRV ' 1|§ |
H Ropps r] Roper
CS - CS 3
— Cl Ri H Rsense — Cl Ri H Rs,ense

d Both options degrade light-load operation because of the CS
offset

N Semicon [ ﬂ"
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OPP Implementation in the NCP1250
d The NCP1250 implement a non-dissipative OPP

clrcultry 800 mV
: 600 mv off PWM
reset
off

o= 300-ns

0
blank
-200 mV
on

—k
J OPP J —T cs

%PPU

A Rospt o.svﬁj \K\ 08V T H

0 The auxiliary swings to =NV, and reduces the setpoint >

N Semicon [ ﬂ"
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Checking the Results

A Let us check on a real 19-V adapter built with the

NCP1250
L, = 600 UHVyense= 1 V, t00 = 350 NSV, = 120, V, = 370 V

ense

Reenee= 0.33Q, F,,= 65 kHz,V,,,,n,=90 V,|, = 2.2 pyHN=0.25

lamp ™

A Without any OPP compensation, we have:

I =4.1A I =5.7TA

out,max,LL out,max,HL

d Once OPP has been implemented:

P, ~72Wsol,, , =3.8A P = 78Wsol , , = 4.1A

N Semicon [ ﬂ"
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Course Agenda

d The Flyback Converter

d The Parasitic Elements

1 How These Parasitics Affect your Design?
d Current-Mode is the Most Popular Scheme
 Fixed or Variable Frequency?

 More Power than Needed

 The Frequency Response

d Compensating With the TL431
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Small-Signal Analysis

A Loop instability is a common issue in production
A Due to time pressure, designers often use trial and
error

> no indication on design margins

» offenders are igno,r_gd,-mbystness is at stake

T(s)

OT(s)

| | .
RN R4
H(s) -
N, i 10 100 1K 10k 100k

N Semicon re | ﬁ"
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There are Two Options

A Analytical analysis of the power stage:

v best to see where the offenders are hidden (ESR, opto pole
etc.)

v’ equations are complex but litterature abounds

% transfer function are for DCM or CCM

% difficult to predict transient response

A SPICE models:

v easy-to-implement averaged models

v’ can work in ac or transient mode

v’ easily transition between CCM and DCM

% do not explictly disclose the position of poles and zeros

I > A measurement on the bench is
mandatory, whatever you choose!

N Semicon e m
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Analytical Analysis

3 You must first characterize the "plant” transfer function
» what are your power stage ac characteristics?

Plant Vin(9) G, (9
+ i +% E o (S) Zowe ()
Vet /@ | H(s) ¥ Vout ( S)
Compensator
H(S):Vout(s) H(S):Vout(s)
v, (s) d(s)
Current-mode Voltage-mode
control control

N Semicon re | ﬁ"
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ow do we Stabilize a Converter?

1 We need a high gain at dc for a low static error
O We want a sufficiently high crossover frequency for response speed
» Shape the compensator G(s) to build phase and gain margins!

117 e« Chris Basso

f.= 6.5 kHz

D° -0dB /

LHV\/
! 88° GM =67 dB

* |T(s)=-67dB

10 100 1k 10k 100k 1Meg

N Semicon re ﬂ"
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How much phase margin to chose?

4 a Q factor of 0.5 (critical response) implies a ¢, of 76°
d a 45° ¢, corresponds to a Q of 1.2: oscillatory response!

10

1 Q < 0.5 over damping
180l Q=5 Q = 0.5 critical damping
. Q=1 Q > 0.5 under damping 75 (':?
| Q=0.70f \

100 \//\ AN | Asymptotically stable 5 \ ¢m

o00m - 05 t response 2.5 N 76°
—!and no overshoot! \

00 Q=05 /

Q=0.1 0 [
5.00u 15.0u 25.0u 35.0u 45.0u 0 25 50 75 100

O phase margin depends on the needed response: fast, no overshoot...
 good practice is to shoot for 60°and make sure ¢, always > 45°

N Semicon [ ﬁN
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What Compensator Types do we Need?

O There are basically 3 compensator types:

» type 1, 1 pole at the origin, no phase boost

> type 2, 1 pole at the origin, 1 zero, 1 pole. Phase boost up to 90°

> type 3, 1 pole at the origin, 1 zero pair, 1 pole pair. Boost up to 180°

(9 G(s) G(
0G(s) = -27C° \ e 2 \
0G(s) T 0G(s) -
Type 1 Type 2 Type 3

Boost =0 Boost up to 90° Boost up to 180°

ON Semiconductor® |
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Fixed -Frequency Current-Mode

A First, check the operating mode, CCM or DCM?

2

V
L y=Rea | Yo | | 5| ?Yes, CCM else DCM
“t " 2F N A e
sw V. +-out
In N
Q Assume CCM, compute the duty- p=_ Vou
ratio: Vou ¥ NV,
2
d Compute M and, = Vour 7 = 2L,N
I\IVin |:goad-l;w

A Evaluate the dc gain and poles/zeros positions:

G — I%oad 1
’ RsenseG FBN (1_ D)2
r L

+2M +1

ON Semiconductor® |
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Fixed -Frequency Current-Mode

d Compute the poles/zeros positions:

3

(1-D)

1+D
fo= 1 f =(1_ D)2 I%oad £ o= I, T
* 2]TF\)ESRCout * ZﬂDLp N i 8 2n-Road Cout
Q Check the quality coefficient at F_,/2
1

Sn:\lii I%ens«s Sez(lvlc_l)s1
p v

1 = no compensation

O = n(M,(1-D)-0.5
A Apply to formula to plot the ac response:

Cr O :
I e e e e

S
S 1+ +
3d order — (14_&) J wQ, w?*

N Semicon re | ﬂ"
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Fixed -Frequency Current-Mode

A Extract the magnitude and the argument definitions

m \/[1—“)2} {fngpjz_
argH(f)=taﬁ1(fiJ— taﬁl{fizzj— ta‘rf{f—U— tan fnzgpl_(lf Jz

T
RHPZ

H(f)=20log,| G,

O Plot them with Mathcad® for instance.

N Semicon re | ﬂ"
122 « Chris Basso — APEC 2011 B niconducto b,



Fixed -Frequency Current-Mode

d Extract the information at the selected crossover frequency

2 - ]
H (s)
1 \‘ 100
\\ Sub-harmonic
N : ilati
dB N - -T"\"’O/ 0SCi atllons
“‘ Jet@rl A
L \ .. _\\]/-_\ e Damp pOIeS
GRS AN F A with S,
“YOH (S;J \\H | / \\;__ 100
-2 ol | B
10 100 10° 1d ¢ Hz
‘H (SkHZ)‘ =-16.3dB argH ( 3 k|‘k) = —23°

Low line, high power

ON Semiconductor® | ﬁ"
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Fixed -Frequency Current-Mode

A The compensation strategy is the following:

= compensate the gain loss at f, so tH@(S kHz)‘ =+16.3dE

= evaluate the boost in phase at f, to get phase 70° margin:

Boost= PM- argH f,)- 9G¢ 3.1%

Boost = 0 select type 1 - origin pole
Boost < 90° select type 2 - origin pole, 1 pole, 1 zero

—

A k-factor can be used to place the pole and the zero

K = tan( bOOSt+ 45) ~ » poles and zeros are coincident
f 3k
fq = kf, =1x3k = 3kHz f 4= kC: . =3 kHz

N Semicon e m
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Fixed -Frequency Current-Mode

d Plot the compensator transfer function

8 — 180
~ [ .
‘CJ \5:»)
6 — - 200
4 o 1
dB ~— -220
2
‘.n"-.q.‘\\“\ —-1- 240
\H“““%\
~ [ it
HG( S) - 260
10 100 103 104 10° Hz
) — )
1+[ . j
G()|=20log,| G ARA boost:[tan‘l[i}taﬁl[LB@
f f T
f 1+ f zk pKL
i fpko f9<1 |

ON Semiconductor® | nN
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Fixed -Frequency Current-Mode

A Plot the loop gain transfer function G(s)H(s) and check the margi

10 0
‘T’ (s)
RN
AN
: o - 100
h f =3 kHz
dB \\HC \ °
.,
Hﬂ_&\ - 200
0 @
\ TN
7 ~ Y
9 DT(:’/ """’,jb";mo‘ - 300
Rk T - 360 ‘
—_ 5 s H
10 100 103 104 105 4

Q Sweep ESR C,,, Ry,q and verify the results

Low line, high power

N Semicon re | ﬁ"
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Fixed -Frequency Current-Mode

A In case the converter transitions to DCM, update the equation

2
X ‘I—I 1[‘:)‘ <V s
1 \\ 50 (1+w 1- wj
9\ (9= G —
\\ 0 £1+ S 1+ S}
-1 \\\m.- W, )\ W,
P il . - 50

SN
N
\° X

N

10 100 10° 10° | 10°

> Yes, analytical analysis is long and tedious.
> But, it teaches where the threats are and how to deal with!

ON Semiconductor® | ﬂ"
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Variable -Frequency Current-Mode

A Observing the waveforms helps us to derive an average mode

(1)

peak

(1) ]

dT,

d It gives birth to a large-signal model

la
al—

di.lc |O

128 e« Chris Basso — APEC 2011

| TSW

2R Ry (Mt NV,)

Ic V =
C ’ \/inVout
[ vei*Ri) ;o Ve[ 1 N
y TRV
Sense d = ZF%utR
resistor 1 V.V

c'in
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Variable -Frequency Current-Mode

A Linearization is needed to get a small-signal model
d Implement this small-signal model in a flyback configuration

Elpy
| dox:(d*o)a

oew(o‘e)ﬁé ) el %l %

X5
XFMR
RATIO =N

'

; Resr

[d]

O~
S

Rload

NV

— Cout

Lp

L http://cbasso.pagesperso-orange.fr/Spice.htm

N Semicon [ ﬁ"
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Variable -Frequency Current-Mode

A Derive the transfer function and isolate poles and zeros

S S f o= 1 2M +1
0 el E . - " " 2mR _C. M+1
Vout (S) e SH S,, G = R..q DIV TTR a0 Cour
\7 (S) 0 S 0 N f — 1
’ = 2NR | Sout 49 2
1st order — (:H Spl) ¥ NV, 2TReseCou
1
1 f — I:\|)oad
d Then plot the function « = 2N L M(1r M)
-.--\\\ 0 —
A [k ( S\ 00 =
15 ‘\ Bl
\) i LB 40
dB | /
| {'j - 60 .
5 \ f L4, Tallor G_(s) to get
H(s) \  / the desired f,
0 Wal - 100

N Semicon [ ﬂ"
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Use a SPICE Model to Stabilize the Converter

9 93
parameters pe © é g X2
X
g/u<— z XFMR D1A L R1
Vout=19 ] E RATIO = -250m rr,1\b;20200ctp vint 294 20m o0V ](Om
Vi | I <IIQ_ W, of * 1 To.0v VWV vout
Ibridge=250u C) 340 .
Rlower=2.5/Ibridge AC=0 R10 R15
Rupper=(Vout-2.5)/lbridge %9 15 15m 85m
Lp=600 (2lp sz (V(ern)-1.2)/3> 17 t 7 §2R(I)0ad
= u L=L 470mV err)-1. >17
Fz=70k Fa=Fs o s 1:(V(em)-12)3 = ==
Rsense=0.5 RI = Reense ) BL " e
Se=0 _' Se =Se (P Voltage
fc=1k = 6Vdd
pm=69 )
foC 8281 vint vout
pic=-
G=10"(-Gfc/20) gﬁ; o)
boost=pm-(pfc)-90
piz3.14159 - Cannot be
K=tan((boost/2+45)*pi/180) Ak [asov
AN
beaten for
Fzero=fc/k X3 Verr {Rupper}
Fpole=k*fc OP384X1 R3 LoL I 1CI
47k [239v 1EH 239V X7 S I m p | I C I ty
_ - AL Optocoupler
Rpulldown=4.7k 7 VWV 8 ° J Cpole = 1/(6.28*pole*pullup)
RLED=CTR*Rpulldown/G err /= Lo CTR=CTR an d S pee d |
Czero=1/(2*pi*Fzero*Rupper) N2 '
Cpole=1/(2*pi*Fpole*Rpulldown) §
17 6V
2.3V 11
(';,TIR=§.).59k 15 Cpole2 ; (Itlzerol
ole= L CoL L {Czero}
- {Cpole} — 2.49V
1kF
m
14
Vstim Tﬁgsl G Rlower2
Automate the Qe e

L

compensation! Routdoun
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Unvell the Transfer Function in a Second

dB °
40.0 180 H ( S)
20.0 90.0 — —— \
' IH)
-20.0 -90.0
-40.0 -180 | Power stage gain

dB °
60.0 180

30.0 90.0

0 0

-30.0-90.0

-60.0 -180 Loop gain
10 100 1k 10k 100k
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Course Agenda

d The Flyback Converter

d The Parasitic Elements

1 How These Parasitics Affect your Design?
d Current-Mode is the Most Popular Scheme
 Fixed or Variable Frequency?

 More Power than Needed

 The Frequency Response

1 Compensating With the TL431

ON Semiconductor® | n"

133 « Chris Basso — APEC 2011



How Is regulation performed?

O Text books only describe op amps in compensators...

Power i
Electronics

out

== PR

TL431 optocoupler

N Semicon pe | m
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The TL431 Programmable Zener

O The TL431 is the most popular choice in nowadays designs

O It associates an open-collector op amp and a reference voltage
O The internal circuitry is self-supplied from the cathode current

O When the R node exceeds 2.5V, it sinks current from its cathode

K

TL431A 7~ /\— R

()+ 2.5V

A

O The TL431 is a shunt regulator

N Semicon re ﬁ"
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A Rabbit and a (French) Snail...

O The TL431 lends itself very well to optocoupler control

Ygd Fasi lane SlOV\i lane Vout
' Vout
] R o f-l R Reo
I1
VFB “ ILED Ib' = -V
J \ - I:ebias
SZ I:leas \ ias
| V=1V | i
C,= ~ C Yl
TL431  [| R [ <
V. =25V | &
mn dc representation
N — N

R gpmust leave enough headroom over the TL431:|upper limit!

N Semicon [ ﬂ"
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Understanding the Fast Lane Drawback

O This LED resistor is a design limiting factor in low output voltages:

V

out

Vdd _Vc

- Vf - VTL431,min

+ I biag:TRmin R

I:\)LED,max < I%)ullupCTRmin

E, sat pullup

O When the capacitor C, is a short-circuit, R g fixes the fast lane gain

Vou (9)
Vi Reo H R Ves(9) =-CTR ERMJ”UIO o)
Il
S _ Vou(9)
Rpum;p B ir? ;/C Il B RLED
VFB (S) / . VFB(S) - —CTR Rpullup

R R

This resistor plays a role in dc too!
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The Static Gain Limit

U Let us assume the following design:
5-1-2.5

_ < x20kx 0.3
Vou =9V Rien max 4.8- 0.3+ lmx 0.% 2@
V. =1V
VTL431,min = 25 V U
V,=48V
Ve o0 =300 MV R ep,max £857Q
Ibias :1 mA
CTR.. =0.3 U
RpuIIup = 20 m
RpuIIup 20
G,>CTR >0.3——> 7o0r= 17 dE
R 0.857

4 In designs where R g fixes the gain, G, cannot be below 17 dB

——> You cannot “amplify” by less than 17 dB
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Forbidden Compensation Areas

4 You must identify the areas where compensation is possible

dB ° | 3

400 180 Notok --------------
55 ‘Requires f_>500 Hz
L, less |

N L
B o (o (21 A

0 or
17 dB ‘
-20.0 -90.0 N O A
77777 Sk ; Requires
-40.0 2180 [ ORI, 17dB
or more
10 100 500 1k 10k 100k
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Injecting Bias Current

O Make sure enough current always biases the TL431
4 If not, open-loop gain suffers — a 10-dB difference can be observed!

55.000 eL
> B difference
48.000 ﬁ'\\ differe

41.000

7

ey

f
v
Pl

34.000 L Easy |bias
27.000 N Jpias= 1.3 MA solution

20.000 o Sl R > {\SZ Roias

13.000 ibiaz; — ::I )O ii el

6.000 ./

\\ SN
-1.000 LA
-8.000

-15.000 1
1 10 100 1k 10 k 100 k Ryas = — =1kQ

Iy
/
T
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Small-Signal Analysis

O The TL431 is an open-collector op amp with a reference voltage
O Neglecting the LED dynamic resistance, we have:

Vi’,i“(s) |1(S)_Vout(s)_vop($

Reo 1
th Voo (8) == Vou 952 ==\ 3™

I:QI_ED [t
| . Cl ijper SI%Jpper q’
| L(s) _ 1 {1+ slgpperq:l
- =0 Vout (S) I:{ED SI3pper (;
4 \ We know that: Vg (s) = -CTRIR,,,, Ul
VOp ( S) <>+ |:| Rower VFB (S) _ RpullupCTR |: 1+ SFSpper (;:|

. VOUt (S) I%_ED SI3pper g:
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Creating a High -Frequency Pole

O In the previous equation we have:

v  a static gain G, = CTR—"%

ED
v a 0-dB origin pole frequency w, =

1 Cl I%Jpper
v azero w, =——
ijperq
O We are missing a pole for the type 2!
Vi
Type 2 transfer function
pullup Add a cap. from e A ~
Vg (S) —_— collector to ground
/ [”:”::> VFB (S) —_ Rpullup(:-rR 1+ SI:Spper (;
C2 T VOUt (S) I%-ED SI:%|pper q (1+ SI:Sullup 9)
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Understanding the Optocoupler Pole

O The optocoupler also features a parasitic capacitor
» it comes in parallel with C, and must be accounted for

VoulS)

Yoo I
o S
Veg(S) FB ___c_______i :’ _____ "JH
? N
C=L i l@ - Coptoi H
C, =Cl|Cpo -5 - Geioaumr

N Semicon r* | ﬂ"
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Extracting the Pole

O The optocoupler must be characterized to know where its pole is

Cdc Rled 50.000 225.000
Ic 10uF 20k
> I — 40.000 et 180.000
i ’ 30000 FO( s — 135.000
Rpullup (‘3 |
20K 20.000 —Hr 90.000
Rbias 10.000 45.000
VFB - 1
vag A > g S 0.000 it 0.000
5 > 1 <X \ A -10.000 B -45.000
SFHE15A-4 -/ + * -20.000 !O( )J‘ -90.000
C) Vbias @ Vac
-30.000 -135.000
IF -40.000 - -180.000
-50.000 -225.000
- 100 1k 4Kk 10k 100 k 1M

4 Adjust V,,,.to have Vg at 2-3 V to be in linear region, then ac-sweep
O The pole in this example is found at 4 kHz

_ 1 _ 1 _ Another design
Copto = TR - f  6.28< 20kx & 2Nk I]I]I::> constraint!

pullup " pole

N Semicon [ ﬁ"
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The TL431 in a Type 1 Compensator

1 To make a type 1 (origin pole only) neutralize the zero and the pole

VFB (S) —_ RpullupCTR 1+ SRpper (1:
VOUt(S) I%-ED SRJpperq 1+ SI%ullup QD

Rpullup substitute ~
SF%pperq = SI:gullup G ﬂﬂl::> C = C, IlI]I::> W, RJ R,_
Ripper pper ED 1
— CTR CTR RpullupCTR
@, =G m—> C, =
Reo 2t R gp

O Once neutralized, you are left with an integrator
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A Type 1 Design Example

O We want a 5-dB gain at 5 kHz to stabilize the 5-V converter

Vout =5V \
V, =1V
VTL431,min = 25 V AF;EIa)/r;?]%
Vi =4.8V <857Q —— =728Q
VCEysat - 300 mV > RLED,max I:\)LED
Ibias :1 mA
CTR, . =0.3
Rpullup = 20 m '/
S
G, =10% =1.77 C = CTR _ 0.3 7 AnE
f =5kHz ©2nG, f Ry, 6.28< 1.7k Kx 728
Copto = 2 NF

R
——> C=7.4n-2n=54nf C=—"2C,=147nF

pper
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Simulation of the Type 1

O SPICE can simulate the design — automate elements calculations...

_____________________________

parameters
Vout=5

Vi=1 -
Vref=2.5 —_
VCEsat=300m
Vdd=4.8

Ibias=1m ( vdd

L1
A=Vout-Vi-Vref {vdd}
B=Vdd-VCEsat+Ibias*CTR*Rpullup 4.99v Ak [a99v or

Rmax=(A/B)*Rpullup*CTR 6 5 7
Rup[lJ(erz(Vout-Z.S)/250u Rpullup RLED R2 R5

fc=5 {Rupper} 100m

‘ 2.50V ‘ ‘4.99v ‘

§ {Rpullup} > {RLED}
ole=s 250V |
G=10"(-Gfc/20) VFB — 3y 2 - -
Pi=3.14159 - ( Voltage |

1k +
= 5? V(ern<0 ?| C \2/%
/ SZ c1 N 0:V(err) ,

Cpole 296V | _ I

— {Cpole} 1 I

El
-1k

B il et bat]

w

Fpo=G*fc
Rpullup=20k
RLED=Rmax*0.85
C1=Cpolel*Rpullup/Rupper X/

Cpole1l=CTR/(2*pi*Fpo*RLED) . .
Cpole=Cpole1-Copto X1 % R3 Automatic bias

Fopto=4k ThasLe o oint selection
gggo_il)/gz*pi*Fopto*Rpullup) P

,,H
3
2
O
> <
O w

1

-
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Type 1 Simulation Results

O The pullup resistor is 1 kQ and the target now reaches 5 dB

dB

> (9] \

—~

-10.0

-20.0

ESS

270

180

90.0

-90.0

100 200 500 1k 2k
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The TL431 in a Type 2 Compensator

O Our first equation was already a type-2 definition, we are all set!

Ydd

¢ | Vv

out _ Rpu !
R[] [|Reo ha G =CTRL™"
Ves ' 0 = i
;I JSZ I:\)bias " RiCl
C2 — /::/ | H Cl , _ 1
TL43L  []Rouer Roun

N I

 Just make sure the optocoupler contribution is involved...
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Deriving Component Values for the Type 2

O You need to provide a 15-dB gain at 5 kHz with a 50°boost
f, :[tan(boosl)+\/taﬁ( boos)+ ]} f= 2.74 Sk 13.7kF

R uliu r
f,= 2/, =25/13. K= 1.8kH: G, =CTR=10%"= 56:

ED

O With a 250-pA bridge current, the divider resistor is made of:
Rower =2.525= 100 R =(12-2.5/25m= 38R

U The pole and zero respectively depend on R, ,, and R;:
C,=Y2mf R, =581pF C, =127f,R=2.3nF

U The LED resistor depends on the needed mid-band gain:
RLED — RpullupCTR

0

=1.06kQ -, R, <485k

ON Semiconductor® |
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Checking the Optocoupler Contribution

O The optocoupler is still at a 4-kHz frequency:
C..32nF

pole |

Already above!

O Type 2 pole capacitor calculation requires a/581-pF|cap.!

[I[II:> The bandwidth cannot be reached, reduce f_!

O For noise purposes, we want a minimum of 100 pF for C
O With a total capacitance of 2.1 nF, the highest pole can be:

1 1

e = = = 3.8 kHz
271R ,,,C  6.28¢ 20kx 2.h

O For a 50°phase boost and a 3.8-kHz pole, the crosso ver must be:

f
f = i =~1.4 kHz

° tan(boost) +\/ tarf ( boosg+ 1

N Semicon pe | m
151 « Chris Basso — APEC 2011 ON Semiconducto b



Placing the Zero in the Transfer Function

O The zero is then simply obtained:

.I:2

f =

z

=516 Hz

p
O We can re-derive the component values and check they are ok

C,=Y2rmf R,,=21nF C =127fR =8.1nF
O Given the 2-nF optocoupler capacitor, we just add 100 pF

A In this example, R gp maxiS 4.85 kQ

R
pullup 0_3& > 1.20r= 1.8dl
4.85

G, >CTR

ED

4 You cannot use this type 2 if an attenuation is required at f_!
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TL431 type 2 Designh Example

4 The 1-dB gain difference is linked to R, and the bias current

dB
30.0 |G ( S)|

20.0

10.0 \/\

0

14 dB @ 1.4 kHz
-10.0
140| argG( s) £
130
120
50°
110
100
L

10 100 1k 10k 100k
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Design Example 1 — a Single -Stage PFC

0 The single-stage PFC is often used in LED applications
O It combines isolation, current-regulation and power factor correction
O Here, a constant on-time BCM controler, the NCL30000, is used

«—1V=1ups
X2 Vout
XFMR
RATIO = -250
i
Vi
C) {Vims*1.414} H
R2 R7

X1 R1 X5 50m 65k
1N965

PWMBCMVM 3 -
9
=} e ]
Bl la cs
T 2.2mF 0.1uF

parameters ved
Ol
Vrms=100 R5
L=400u . {RLED}
1
' ct=15n i VEB g
: Icharge=270u : errac kEL — {Rpully p}
. Gpwm=(Ct/lcharge)*1Meg ! 217
: x4
-------------------------------- ;I J gpttlacouglert
On-time ca #p = B
c2
== |
selection 2 P A
AC 1
acin — "3
TLV431 ] .
T Average simulation
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Design Example 1 — a Single -Stage PFC

 Once the converter elements are known, ac-sweep the circuit
O Select a crossover low enough to reject the ripple, e.g. 20 Hz

dB o
8.00
voo |H (5)| -2.5dB
' 20 Hz
0 pd
g
-4.00 T
-8.00
80.0
40.0 arg H (S) _110
0 — I,/
-40.0 j\/
-80.0
1 2 5 10 20 50 100 200 500 1k
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Design Example 1 — a Single -Stage PFC

d Given the low phase lag, a type 1 can be chosen
» Use the type 2 with fast lane removal where f, and f, are coincident

dB
2 M 20.0
Block the
S fastlane s 100
¢ T / ! f;= 19 Hz
I NN 0
15V 0.5Q -10.0
T A
s S -20.0 |T ( S)|
SVQO o i
. s61kQ 10kQE 180
ton i E
generation 20 kQ 2 90-0\“
< ’ ’ ¢m =90 \/
: — 0 ®
A ¥ 586nF 136k
395nF + —— wW— -90.0
e # -------------------------------------------- L argT(s)
_;_ G(S) 1 2 5 10 20 50 100 200 500 1k
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Design Example 1 — a Single -Stage PFC

O A transient simulation helps to test the system stability

6.00

4.00

2.00 — 2.2A
0

-2.00 I LED (t)

5.00
Ve (1)
4.60
A\
4.20 \/
3.80
3.40
4.00

AT AN ANANA AN ANANANA
WM \J J V VUV U UV UV

o (t)

20.0m 60.0m 100m 140m 180m Vin =100V rms
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Design Example 2 —a DCM Flyback Converter

We want to stabilize a 20-W DCM adapter
Vi,=85t0265Vrms, V=12 V/1.7 A
Fsw= 65 kHz, R)p = 20 kQ

Optocoupler is SFH-615A, pole is at 6 kHz
Crossover target is 1 kHz

Selected controller: NCP1216

O OO0 0D

Obtain a power stage open-loop Bode plot, H(s)
Look for gain and phase values at crossover
Compensate gain and build phase at crossover, G(S)
Run a loop gain analysis to check for margins, T(s)
Test transient responses in various conditions

ok~ b ke
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Design Example 2 —a DCM Flyback Converter

O Capture a SPICE schematic with an averaged model

839mV
(g O
EEE
DC >——% 5
£ *g X2x
: ° R DJE)AZOZOO
= RATIO = -166m mbr ctp vout
o)
12.0V N
90.0V _ E ; ; M 4- - vout
2
+Vin i 2 76av | § % [126v
y K H
AC=0 § R10
o 1 20m
PWMCM Rload
L=Lp 3'{-L1p} V(enP)3 > 12 2 7.2
Fs = 65k 8 1:)/3 L CS
Ri=0.7 a 3mF
Se=Se (P Voltage

Coming from FB

d Look for the bias points values: V_ = 12 V, ok
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Design Example 2: a DCM Flyback Converter

d Observe the open-loop Bode plot and select f: 1 kHz

dB |H ( S)|
40.0 180
20.0 90.0
Phase at 1 kHz
\ _70 o

0 0

-20.0 -90.0 argH (S) / /
Magnitude at 1 kHz /
-40.0 -180 _23 dB
10 100 1k 10k 100k
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Design example 2: a DCM flyback converter

1 Apply k factor or other method, get f, and f,
» f,=3.5kHz f,=4.5kHz

VoulS)
Ydd 2kQ f] f] 38 kQ
H 20kQ
Ve (s) ANV
k factor kB FB 10nF
gave / H
l 2 5NE-= ;I/ /7:/ |
C =3.8nF \ H 10 kQY
l install [ C , =1.3nF
opto .
C,=3.8n-1.3h= 2.5nl — N
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Design example 2: a DCM Flyback Converter

d Check loop gain and watch phase margin at f,

° dB

180

90.0

-90.0

-180

162 e« Chris Bass

-40.0

-80.0

80.0

40.0

Crossover
1 kHz

10 100

0 — APEC 2011

1k 10k 100k
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Design Example 2: a DCM Flyback Converter

0 Sweep ESR values and check margins again

12.04

12.00

11.96

11.92

11.88

Voul® \
High
Iinle
\/\
\
100 LOW
m line
I

200 mAto2 Ain 1 Alus

3.00m

9.00m

15.0m

21.0m

27.0m
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No Time to Compute? Check EXCEL!

O An automated spreadsheet does the calculations for you
d Download a version from www.onsemi.com

1 by OM Semiconductor 5] Flyback Automation by ON Semiconductor ﬂ

Spacficatiors | Foyer & age I Remp/Canpensalion I Cptaceusler | [oop/Cantia] I FiralCampensation I 5eM I _oad]Save I Help l Specifications ~Power Stage IRamp Compensation | Optocouplar | Loop Control | Final Compensation | ECM | Load/Save | Help |
— SMPS Operational mode

Tout = 3 & == Yhulk, crit = 244 ¥
L o “
V. [120] v No [0 )\LM Ns | 17.7 pr 15 ¥ I £ buyore [ o7 % Yhulk = 120 =3 Tnut, crit = 1.7 4
bufc I~ :

= — Poles and Zeros

I J— 0 (dB) Fzt (Hz) F22 (Hz) Fa3 (Hz) Fpl (Hz) Fp2 (Hz) op
-
| C | 181 | ss | emmze | 4eearz | 140 I
at — Crossover Fre
quency
| 65 | kHz 750 wH |a:cn uF H Rﬁd The maximumm crossover frequency el e Eey (Bl e IH(ES)! i)
allowed by the system is : 7592.9 Hz I 1000 Hz Update == -11.5 dB I-SD.? °
F @? Tout
SW ;
| | 103 mm A ..Hide colars
s v 3
ON Semiconductor” t ? Magnitude
B G = = Fc
e 2.l Al T B Type 1 compensstion
Sor any qleskions, sleass ask 1 Gg— &
2 o O Mo compenzation
93 I Type 2 compensation
§ [ Mo compensation
= I Type 2 compensation
1 10 100 1000 10000 100000
R | a—————
! 50 R
=
I
D 160
[
g_
@ 260
=
4 ;e
- 360
==z 1 10 100 1000 10000 100000

= 5 Frequency - Hz
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Conclusion

U The flyback converter hides several parasitic elements

U Understanding where they hide and how they move is key!

U Despite CM presence, QR designs gain in popularity

d CM fixed-frequency is a 3"9-order type whereas QR is 15t order
U TL431 lends itself well for compensation, watch the optocoupler!
O SPICE eases and speed-up the design

O Always check theoretical assumptions with bench measurement

MerC| !
Thank youI
, Xie-xie!
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