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What is a regulated power supply?

4V, is permanently compared to a reference voltage &ref.
U The reference voltage V,; is precise and stable over temperature.
O The errorje =V, —aV,,, is amplified and sent to the control input.

O The power|stage reacts to reduce £as much as it can.
Power stage - H

Vout

Control
variable

ON Semiconductor® ﬁN
4« Chris Basso — APEC 2010




How to build an oscillator?

U How to keep self-sustained oscillations?

The plant

V,, (s) () H(s) Vou ()

V(9. (9
Vin (S) 1+ H(S) G( 9—» Open-loop gain T(s)

. H{(s T in self-oscillations, as Vi,
O Ferer eI ] gtk

_»{ ‘G(S) H($‘ :1=0 dE Nyquist

0G(9) H(9=-18C  -1jo
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Where is the point -1,j0?

U In a Bode plot, we deal with both magnitude and argument:
» when |T(s) crosses the 0-dB axis, this is the "1" point
= when arg T(s)crosses the -180°axis, this is the "-" sign

° dB

180 40.0 |T ( S)| 4.00
90.0 20.0 2.00 —
j/T(S)ZOdB 1,&_
0o o 0 _\
OT(s) %
OmT(9
-90.0-20.0 -2.00 o ®
-180-40.0 (9=-180 \ -4.00 0eT(9
10 100 1k 10k 100k 1Meg  10Meg -4.00 -2.00 0 2.00 4.00

U In a Nyquist plot, we deal with the argument and real part of T(s)
= the point -1,j0 represents the 0-dB gain and the sign reversal

ON Semiconductor® ﬁN
6 « Chris Basso ~ APEC 2010




If you fear oscillations, build phase margin!

U The frequency at which |T(s) = 0 dB is the crossover frequency, f,
U The distance between arg T(f,) and the -180°limit is called:

» the phase margin, noted ¢,

()

f, = 6.5 kHz

0° -0dB //

Gain margin
67 dB

10 100 1k 10k 100k 1Meg
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In the literature, V,, must follow V,,

U Text books cover loop control theory assuming V,,, follows V,:
> If V,,imposes a ramp, V,,, must follow with the least error
U The loop is then open to check V,, over V,,

y Vi () —*ﬁ)— H(s) Vou (5)
V() error -
w o 50

U In our converters, V,, is V,;/a and is fixed!

Q If the loop gain is high enough, we should have: V, , = ref/a'
Q The perturbations are V;, and |,

» The model must be updated
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How does this translate to our converter?

U The loop gain T(s)includes H(s), G(s)and Gpyy,

T(9= G H(9 4 3

U In the literature, T(s)is considered without the phase reversal
brought by the negative feedback:

— OT(s) 5-180| brings instability
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How does this translate to our converter?

4 In real life, we include the phase reversal!

A B
V,

T(8)=-Guw H(9 4 § 200y,

Q In the real life, T(s)includes the phase reversal brought by
the negative feedback:

— OT(s) 5-360| brings instability
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These plots are identical
U all these plots read the same phase margin!
80.0 180 | _gain 02 modulo 360°(or modulo 2 ) reading
400 90.0 ?\ e — SPICE
o o i o *— O Network
-40.0 -90.0 analyzer
-80.0 -180
80.0 360 -180° power|stage H(s), comp. G(s)
] s —— Literature
0o o
-40.0 -90
h /\
-80.0 -180 phase &:1— ¢m P
80.0 360 -360° power stage H(s),comp. G(3) and op amp inversion -360° isa
400 180 | gain complete
o o turn!
-40.0 -180
-80.0 -360 | phase ﬁ——ﬂfﬂn—_\F
1 10 100 1k 10k 100k
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Hey, where is the divider network?

U In some text books, the divider network enters the picture

load current

Lioad(5) | f0ad c
variation

70
ac line
variation

pulse-width

Vrer(5) ZON P ) 1 d(s)
s, G ol
reference error | ¢ Yar Lty cycle

Input signal variation

i(s)

output voltage
variation

H(s) i(s) ,T\
S,

Ve (3) R —
=- e G(s v, (s) «—
Vout ( S) |:gower + FSpper ( ) I]I G(S)

R. Erickson, D. Masksimovic, “Fundamentals of Power Electronics”, Kluwers, 2001
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The virtual ground excludes R,

U In reality, the feedback is often made with an op amp
Z, Vom(s)

- — =0inac
VC(S) -— . N
. o role
V., Ma in ac!
V,(s) Z,

Vout (S) ) Iijper ___

U Because of the local feedback via Z;, we have a virtual ground
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Looks like the divider in back...
U Inatype 1, 2 or 3, the local feedback is lost for s=0
Vou (9)

B] ijper

— #0indc

v R

ref

Vout (O) ) |%ower + |%Jpper AI _T_

U The 0-Hz gain is indeed changed but not f/!

VC (O) —_ ROWGI’
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Looks like the divider in back...

U With an op amp, only the dc gain is affected

- I%ower A/
I%ower 1 I%Jpper

Un-changed!

“9 A =600dB

1 10 100 1k 10k 100k
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You don’t have a virtual ground in an OTA!

U Rwer €Nters the picture in all equations

Vou (9)

— Ripper * Rower gm

gm=200pA/V R pper Reau

ower

| ,
Ve (s) -
@ . fpozzncjl- J

C = . &qu
Vref ower
-

U Unless an OTA is used, the divider plays no role in ac!
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How much phase margin to chose?

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

10| Q=5 Q < 0.5 over damping 10
’ T Q = 0.5 critical damping
a

Q > 0.5 under damping 75

1.40

Q=1
Q=0.70y \
1.00 \//\ Asymptotically stable

5 \ " ¢rn
600m
_ Fast response 25 ~ 76
Q=05 .
and no overshoot!
200m Q=05 \ ’/
Q=0.1 0 |
5.00u 15.0u 25.0u 35.0u 45.0u 0 25 50 75 100

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

O crossover frequency selection depends on several factors:

= switching frequency: theoretical limitis F_, /2

> in practice, stay below 1/5 of F, for noise concerns

= output ripple: if ripple pollutes feedback, «tail chasing» can occur.
» crossover frequency rolloff is mandatory, e.g. in PFC circuits

= presence of a Right-Half Plane Zero (RHPZ):

» you cannot cross over beyond 30% of the lowest RHPZ position
= output undershoot specification:

» select crossover frequency based on undershoot specs —

_~ Al out

V. =
Don't push the crossover °2rfC,,
frequency too far!!
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How to force crossover and phase margin?

U The converter we want to compensate exhibits a transfer function

» This is the power stage open-loop transfer function noted H(s)

U On this plot, a crossover frequency is identified, f,

U The designer reads the gain deficiency and the phase rotation at f_

» it can sometimes be a gain excess, in PFC stages for instance

U A compensator transfer function G(s)is inserted so that it:

> provides gain/attenuation at the crossover frequency: [H (f,)G( f,) =1
> boosts the phase at the crossover: argH ( f,)+ argG( f,) = - 360+¢,,

T(s)
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What do we mean by “phase boost’?

O Control theory instructs to keep T(s)away from the point -1,j0

O At the frequency where |T(s) = 1, arg T(s)should be less than -360°
O To generate phase margin, we need to improve arg T(s)at crossover
U The compensator G is tailored to provide phase correction at f,

O The amount of needed phase correction is called the phase boost

o G(s)| | e G(9)
0o 7
20/G(f.)|=20dB o [G(f,)|=20dB

10 100 1k 10k 100k 10 100 Ik 10k 100k
170 Type 1| 1 153 Type 2
130 130 /
oo - oo
g boOSt=0° DG(S)| w0 boost=153- 90= 63 0G(s)

10 100 1k 10k 100k 10 100 1k 10k 100k
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How to force crossover and phase margin?

O Here, we want a 4-kHz crossover point and a 60°phase m argin
U Build G(s)so that |G(4kHz} = +21 dB and arg G(4kHz)=-125°

argH (f,)+ argG( f,) =- 360+4,,
argG( f,)=-360+¢,— ardH( f,)

argG( f,)=-1258
Pu_sh the %
Gain W

gainup. .- 0 dB@f,
_____ Y ‘ argT (f,) =-175- 125~ 30T
b 0dB, 0°
Tailor G(s) to -
Phase exhibit a gain ¢m =60°
|H(s)=-21 dB of +21 dB@ f,.

Arg H(sy -175°

10 100 1k 10k 100k
4 kHz
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Poles, zeros and RHPZ

O A loop gain can be put under the following form:

N (S) — % numerator

H(s)=

D(S) —— denominator

4 solving for N(s)= 0, the roots are called the zeros

O solving for D(s) = 0, the roots are called the poles

Numeiator roots fZ; =5_k =796Hz
(s+5K)(s+308 | %X o
H (S) — s, =—30k —— f, ==——=4.77kHz
s+1k 1 Lo
s =-
LY f :£ =159Hz
Denominator root P2
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The pole
QO A pole creates a phase lag of -45°at its cutoff frequency
Vin Vout
R2 20.0 Cut
1k 0 ~ -3d3
T ~—_
+ -20.0
V1 >
AC=1 folnF -40.0 =1 stops
0o 20dB decade
VOUI(S) —_ 1 0
- -20.0
/ +
V,(s) 1+ sRC oo G
We can write the equation -600
in different forms: -80.0
10 100 1k 10k 100k 1Meg 10Meg
Vout(s) - 1 - 1 h -5 = i
V(9 148 q,.S Where @S, Tpoe
wy Sp,
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The Pole

Q Its magnitude at the cutoff frequency is -3 dB
4 Its asymptotic phase, when in the LHP, at f = « is -90°
O The pole "lags" the phase

Voul(s) = 1 = 1
V(9 1+sRC ;. S
w,
Vou(Sy) ! 1 _
20l0g,, |25 = 20log,—1— = 20log,——==— 2B Atf=fy
Vi(s,) ey V2
spl
Vout(sﬂ) Sq T
arg—2*-=ard 1- arg +— |=- arctdn)x-— Atf=f
) ol o 22| o .
Vou () b T _
oul = - 3 —|=- t =—— Atf=
argvin (@) arq ) aré SJ arctdw) > o
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The Zero

O A zero boosts the phase by +45°at its cutoff frequency

40.0 20.0
30.0 e serae 0 o
20.0 -20.0 = "
10.0 -40.0 frequency
+1 slope i
0 —— T et 000 godedecate
10 100 1K 10k 100k 1Meg 10Meg
90.0 90.0
70.0 / 700
50.0 7w 50.0 N—5
cutc cutof
30.0 / 30.0 \\
10.0 10.0
10 100 1K 10k 100k 10 100 1K 10k 100k 1Meg 10Meg
The general form of a zero: Ninoo o, You s
s 10nF —
G(9 =1+ V(9 _ SRC _ [@}F—
+
@y vi V,(9 1+sRC ,, S
R2
AC=1 T m( ) 1+—
w, = 1
= RC

ON Semiconductor® ﬂN
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The zero
4 Its magnitude at the cuttoff frequency is +3 dB
4 Its asymptotic phase, when in LHP, at f = « is +90°
O The zero "boosts" the phase

Voul(s) =1+i

Vi (9) @

20log, \\/;”‘((;’l)) = 20log, }% = 20log 2=+ 8B Atf=f,
arg\\/;i:‘((::)) = arg{ ]:sz = arctaf )& +%T Atf=f,
arg\\/}’i:‘Ti? = arg{ &;:J = arctafw) = +7§T Atf=oo
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Poles and zeros at the origin

U Poles and zeros can sometimes appear "at the origin”

S
V.. (9 @ o . Asf increases the gain increases
LS = “ Zero for s = 0: zero at the origin ——> with a +1 slope (+20 dB/decade)
Va(  D(9
S
Vo (S T
argL() =ard 2 |= arctafeo) = +— For f>f,,
V(9 0 2
Vout(s) — N (S) - As f increases the gain decreases
Vi = ? Pole for s = 0: pole at the origin ——> with a -1 slope (-20 dB/decade)
in (S) =
“ S
Vou(9) S n
arg— > = arg }- arg— |=- arctgmw)=-— Forf>f
vi(y - dr)=-7 o

| A pole at the origin introduces a fixed phase lag of -90°

ON Semiconductor® ﬂN
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Poles and zeros at the origin

U The intregration time constant changes the 0-dB crossover frequency

S(s) S(s)

it w,, /"

dB

IOglo f |Og10 f
G(9)= 1 _ 1 s=0is the origin pole
SRC s, 1
po Wyo _R_C is the 0-dB crossover pole frequency

ON Semiconductor®
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The Right-Half-Plane Zero

O In a CCM boost, I, is delivered during the off time: 1., =1,=I (1-D)
4(t) 4(t)

4 If D brutally increases, D' reduces and |, drops!
U What matters is the inductor current slew-rate ——

sw

ON Semiconductor® ﬁN
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The Right-Half-Plane Zero

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

/

200 ps 59%
d(t) Vv, (t

I DLI[(t)

100u 300u 500u 700u 900u

58.3%
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The Right-Half-Plane Zero
Q If 1, (t) is limited because of a big L, |,,, drops when D increases

7

10 ps / 59%

d(t) Voul®
58.3% V,, drops!
1Lt %
o
«— lg drops!
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The Right-Half-Plane Zero

U To limit the effects of the RHPZ, limit the duty ratio slew-rate
O Chose a crossover frequency equal to 20-30% of RHPZ position
= A simple RHPZ can be easily simulated:

R1
10k

c1 K1
10n | 4 out(s)
Vin(s) 3 ” 2 |~ 1 k2
X1
. SUM2
— — Kl1=1
K2=1

=
10k

— R _ s
Vout - Vin B I 15—
(9=V(9 V($QL Y({ QJ

sGQ The neg. sign confirms for
the RHPZ presence

ON Semiconductor® ﬂN
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The Right-Half-Plane Zero

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

40,0
200 IGE) +1

D LHPZ
-20.0 s
-40.0 G(S) :1+a
180 RHPZ

argG(s)

9.0

’ G(9=15>
-90.0 -90° a
-180

1 10 100 1k 10k 100k 1Meg
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Combining poles and zeros

O We know that a pole lags the signal phase by -90°

O A zero boosts the signal phase by +90°

» if we combine both in G(s), we can control the phase from:

» 0°if the pole and the zero are coincident

>if the pole and the zero are split far away from e ach other

up to 180° with S*A
double pole/zero T o 2 Vout
pair!
+
Vi X2 parameters
PoleZero
E(P) :_ ';2 « kis swept from
— - 1to 10
- Fz=1000
Fp=1000*k

ON Semiconductor® ﬁN
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Combining poles and zeros

O When the pole and zero are coincident (k = 1), no boost
Q4 The farther they are, the greater the boost

O As the pole/zero split appart, f at which the boost peaks, changes

40.0

20.0 boost

-20.0

-40.0

10 100 1k 10k 100k
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Combining poles and zeros

U The equation where a pole and a zero are combined is:

1+>
S,)_N

S D
Spl

U The argument of a quotient is: arg N —arg D

argG( f) = arctal |- arctant
fz1 fF&

U Where does the phase peak (the boost) occur?

o oo |- rp || e
: 2z0 > |f=RT

df

ON Semiconductor®
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Do not forget the op amp

4 In reality, poles and zeros are combined with an op amp

U To reduce the static error, we need a high dc gain

» A pole at the origin is almost always part of G(s) — integrator
» An origin pole permanently lags the phase by -90°

» With the op amp, the minimum phase lag is: -90-180 = -270°

o

160 SPICE shows a +90°
140 phase rotation rather than
120 a-270° value. Why?
100
[90° | P Because of the modulo 21t
80.0 Similar .
representation:
o 4 Bangles
-190 3
isgl\: 210 argG( fc) g=——=+k2ir
230 2 — k=1
50 Boost =3rr+k4mr 1
g=—— ="
-270 2 2
10 100 1k 10k 100k
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How to calculate the necessary boost?

O We know that arg G(s)lags by -270°for s=0
U The arguments sum of G(f,) and H(f,) must stay away from -360°
> @, is the distance between [arg G(f) + arg H(f.)] and -360°

argH ( f.) - 270+ BOOST-¢,, =~ 360
BOOST=¢,, —arg H {)-90

O Assume a 4-kHz crossover frequency is wanted

O arg H(4k) = -68¢ how much boost for a 70°phase margin?
BOOST=70+ 68- 90= 48 —> argG(4k)=-270r 48 - 222

U Combining the previous equations, we have:

fp=[tan(boost)+,/tar?(boos)+ f= 2.6 4k 10.4kH

f2 16k

ON Semiconductor® m
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How to calculate the necessary boost?
O The pole has been placed at 10.4 kHz and the zero at 1.5 kHz

-5.00

-25.0 argH ( fC) =-68
450 I argH (s
-65.0 l g ( )
. s ArgH (s)
argG(f)=-222 +

] arge(s) /\
200 argG(s)
250 boost=48°
-2601270° 4
80.0
40.0\—’—"’-'-’--‘__1 g =T0°

0
gty toakez” BN

100 200 500 1k 2k 5k 10k 20k 50k 100k
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How to crossover at f_then?

O We know how to create the boost by placing 1 pole and 1 zero
U How do we now create the right gain at crossover?
U The final formula for G(s) must include the 0-dB crossover pole:

o(9- = o= g (%)

FSESRS
SU0%) %0 % E

Q The ratio s, /S, can be expressed as Gy

1+i . .
s By adjusting the 0-dB crossover
G(s)=G——=< I pole frequency f,, you can tailor
{14, S] the gain at crossover.
s
P

ON Semiconductor® ﬂN
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Shift s, to adjust the crossover gain

O The zero is fixed to get the proper phase boost
U By adjusting the 0-dB crossover pole position, you adjust the gain at f,

(9 G(9)
Shift fpo
down
fC
: > (.
e, -
1 ] 6,
] Ing f \I N IOglo f
fz fpu fp fz an fp

U This so-called mid-band gain makes T(s)crossover at f,

Q Always write compensator transfer function with G,: G(s)= G A 9§
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What is a type 1 amplifier?

O In some cases, you do not need phase boost at all
» If arg H(s) is smaller than -45°within the band of interest:

argH (f,)- 270<-315 m—> ¢, 245
» A 45°phase margin is guaranteed
QO There is an origin pole at s= 0
o,
s

fpo

. LW
— G(jw)= i— e G(f)= f
II:> argG(s) = arg- }- arés/os"“j =-m7— arctgw) = —3—;
Q Select f,, depending on the wanted gain at crossover:
|G(1kHZ)| = 20 dE — |G (1kHZ) =10%*° =10 = 1(

1
G(S)z_?
s,

f,, =10f, = 10kHz

ON Semiconductor®
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What Bode plot for the type 1?

O The type 1 does not provide phase boost at all

60.0

G(1kHz)|=+20 dB
0

!
-30.0 fpo = 10 kHZ
00| |G(9)

©0 argG(s)

-90.0

-180

argG(s)=-270

-270

10 100 1k 10k 100k
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What is a type 2 amplifier?

Q In the vast majority of cases, phase boost is needed
4 If the needed phase boost is less than 90° a type 2 can do the job
» an origin pole plus a zero and a pole:

1) o)

(9=l agr L =%
NN
S S $

po
U The magnitude is derived as: O The argument is found to be:

2 fz f
f argG( f) = arctan-—= |- 77— arctgn—
1+ Tzl f fpl
G(f)=G-——= boost=arctar( f/ f,)- arctafr f/ f,)
1+(f] 4 The 0-dB crossover pole
o frequency is placed at: f,, =G, f,

ON Semiconductor® m
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Where to place the poles and zero?

Q First, place the pole and zero for the needed phase boost
U Then adjust the origin pole 0-dB frequency at the right value
» 5-kHz crossover gain deficiency is -18 dB, required boost is +68°

fpl:[tan(boosl)h/taﬁ( boost+ 1| f= 5.14 Sk 25.7kH

U A +18-dB gain is necessary at 5 kHz:

single

|G(5kHZ)|=18 dB — |G(5kHZ)|=10%*~g8 [°C)

0dB o
single 7.8 kHz

ON Semiconductor® m

f,, =8f, = 7.8kHz
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What Bode plot for a type 27?
O The type 2 provides phase boost up to +90°

500 |G (5kHzZ)| = +20 dB

34.0]

18.0

—

2.00]

-14.0 |G ( S)|

w| argG(s)  argG(s) =158 or- 202
150

130 /-\
m—_/ boost= 68°\

*%900r - 270 ]

10 100 1k 10k 100k

ON Semiconductor® ﬂN
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What is a type 3 amplifier?

O Sometimes, a phase boost greater than 90°is needed
U By doubling the pole and zero, we can boost up to 180°

I Gy Gy I ) 5
S NNt

U The magnitude is derived as: U The argument is found to be:

F OV ¢ Y argG( f)=argN- arg
1*(le 1*{} f f
fs, f - argN = arctan——= |-+ arctgn—
fz 2 2 f sz
N A R (L
f f _ f f
o o argD = arcta —|* arct n—
P2

e(f)=

P

ON Semiconductor® ﬂN
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Where to place the poles and zeros?

O Poles and zeros can be coincident (k factor) or split

U Place the double pole and the double zero to get the boost

U Then adjust the origin pole 0-dB frequency at the right value

» 5-kHz crossover gain deficiency is +10 dB, required boost is +158°
4 If we consider coincident poles and zeros:

f ' f
Boost=2| arctan —* |- arctan-¢ f,=5kHz=/f,f
{ { fcj fpﬂ "

2
f fe = 5K =52kHz f =f—°=@=480HZ
Boost) 96.3n '

P12 =
tan( 45—
4

U A +10-dB gain is necessary at 5 kHz:
|G(5kHZ)| =10 dB —|G(5kHz)|=10%* = 3.

fo= C?fc (f,.) =147Hz B

ON Semiconductor® ﬁN
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What Bode plot for a type 37?
O The type 3 provides phase boost up to +180°

%00 |G(5kHZ)|=+10 dB

20.0

10.0 \ \
0

-10.0 |G ( S)|

2o argG(s)  argG(s)= 248or- 112
220 /‘\
180
boost=158 \
140
90o0r - 270
100 -

10 100 1k 10k 100k
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When to use these compensators?

O Type 1 is used where no phase boost is necessary at crossover
U If a 45° ¢, is ok, a type 1 can be used where arg H(f,) < 45°

» Power Factor Correction circuits

» Current mode power supplies in CCM, DCM or CrM (BCM)

» Voltage-mode power supplies in DCM

¢ Pure integrator, brings output overshoot

U Type 2 is targetting applications where a phase boost is necessary
U In the above examples where a ¢, larger than 45°is requested
¢+ Most popular choice for current mode converters

O Type 3 is selected where a large phase boost is mandatory
O This is the case for CCM voltage-mode converters
Q Generally, 2" order and beyond types of transfer functions

ON Semiconductor® m
55 « Chris Basso — APEC 2010

How to implement these compensators?

O Operational Amplifier:  most documented architecture

» virtual ground arrangement excludes the resistive divider ratio
» high open-loop gain for reduced static error

» best flexibility for poles/zeros arrangement

O Transconductance Amplifier:  mainly used in PFC circuits

» offers a means to sense the output voltage on the feedback pin
¢ less flexibility for type 3 arrangement

¢ transconductance value appears in the poles/zeros equations

O TL431: the most popular architecture

» combines an op amp and a reference voltage: cheapest approach
» easy interface with an optocoupler

+ low open-loop gain

+ biasing requirements hamper its flexibility

ON Semiconductor® m
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Agenda

O Feedback generalities

O The divider and the virtual ground

O Phase margin and crossover

QO Poles and zeros

O Boosting the phase at crossover

0 Compensator types

U Practical implementations: the op amp
Q Practical implementations: the OTA
QO Practical implementations: the TL431
QO Design examples

QO A real case study

O Conclusion

ON Semiconductor® ﬁN
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Designing the divider network

O The design starts with the divider network ratio

U Make sure enough current circulates in the bridge:
» it improves noise immunity

» it shields you against offset current in the op amp
+¢ it degrades the no-load consumption...

R 2.5 VOUt d I bias) R lowe
ower
Ibridge (VOL"_V'ef)/ R £500 nA NCP1608
6.5 A for a TLA31
R = Ves=25 R :
pper Ibridge . Vout =Vref R +1i+ Fi Ibias
bridge ower t Watch out
. with PFC!
Verr — Ibridge -1 bias If lpjas << Ibridge
~ R
Rower Vout - Vref ( +1
Rower

= If lprigge = 250 PA DRy, = 2.5 25Qu= 10kQ

ON Semiconductor® ﬁN
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Type 1 with an op amp

O Type 1 is an inverting integrator providing one pole at the origin

c1 Z, 1
10n ~
z
T H 7 G(S):_fzﬁzi
4 - Z R SGR
R1 10k
10k

I | - Verr P qu
*v1 @ho
( AC=1 +

If you need a +21-dB gain to crossover at 4 kHz,
where to place the 0-dB crossover pole?

foo =G f, =10°"%x 4k = 44.8kHz

Type 1 —op amp

ON Semiconductor®
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Type 1 with an op amp — Bode plot
° dB
360 60.0
(s)
-1
180 30.0
Adjust f, to
21dB getG atf,
o o . ~<
TB f - fpo=44.8 kHz?
-180 -300 \_’ log f
270 b
-360 -60.0
argG(s)
10 100 !requen:cl)'/(in hertz 4 kHz 10k 19;);)6 1-opamp

ON Semiconductor® ﬁN
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Type 2 with an op amp (full analysis)

O Type 2 keeps the origin pole but adds one zero and one extra pole
Z, c2
62pF
1 zf_(sq Jsg/( sq: ] ' sC
C1l R2 - =
_2|nF 116k Z
z B 2 [+ ﬂ Re-arrange
R1 E&k
3 :10k | err G(S) = 1+S%q

<%xz_l 1. (e e 2
-
B +1 1+ :

=R geal Tee T Gire

el
C+

— APEC 2010

FactorSR G
1+$s

Type 2 —op amp

- O

ON Semiconductor

0

=R_G 1

RG

RG+C

z

w =

"R

nn:> R =

Type 2 with an op amp (full analysis)
A In the gain expression, we have

1

GG,
C +C,
Q As w, w, Gyand R, are given (boost, V,, etc.) how to get R,

(fCJ +1
G Rf,

— G
, =

2nf CR, -1

— APEC 2010

f,—f,
L +1
f.
U Other component values are then extracted
1
C =

Type 2 —op amp

- N

ON Semiconductor
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Type 2 with an op amp (simplified analysis)
U In most cases, C, is much smaller than C,. Therefore:

. _RYSBG+1___ 1+ g
G(s)= R (1+sR Q) C%1+;g~.§

Type 2 —op amp

63 « Chris Basso - APEC 2010
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Type 2 with an op amp — design example

O You need to provide a 15-dB gain at 5 kHz with a 50°boo st
O How to calculate the component values?

fp:[tan(boosl)ﬂ/taﬁ(boos)+ f= 2.74 5k 13.7kH

2 G Rf f
f =L=£=l.8kHz R, = R P =64.8kQ
*f 137K fp-fz\/f 2
P
—Z | +1
(fcj
1

-=13nF C &

.= =206 pF
] 2f CR,-1

U You can use the simplified formula in the general case
U For PFCs, C, is not small compared to C,, use full formulas

Type 2 —op amp

ON Semiconductor® ﬁN
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Type 2 with an op amp — Bode plot

-110

-150

-190

-230

-270

— APEC 2010

dB | G(S)|
60.0
300
d
Y f, / M
0 T~
—> log f
-220°
-30.0
-270° boost=50°
-60.0 ( ) 4
argG(s
1 100 equerfinhertz 5 khz | 10K 100k

Type 2 —op amp

ON Semiconductor® ﬂN

Type 2 with an op amp — start-up issue

O For low bandwidth systems, capacitor values can be large
O For a PFC circuit, crossover can be as low as 20 Hz
Q4 For a zero at 10 Hz and a pole at 40 Hz, we have:

c, R

7onF 56kQ Vau Q At power up, V,,=0and R >R .
I

av

66 « Chris Basso

- Should go to the op amp V,,

U Big caps are in the compensation path
U I, is limited by R, and R e

» op amp output slowly rises

» delays the full power delivery

| — | _I — Vref | — Vref _Vout
271 37 37
Rower Rl
— | (t) - \/ref + \/ref - Vout( t) ~ \/ref
' Rower R ster

Vout= 0, Rupper>> Rower

— APEC 2010

Type 2 —op amp

ON Semiconductor® ﬂN
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Type 2 with an op amp — start-up issue

U The capacitor charging acts as an inexpensive soft-start
4 If too small, V,, rises too quickly and an overshoot appears

\
14.0
Full power

10.0

6.00 //

2.00

1.2ms

-2.00 Vefl’ (t)
A

600u

500u 500 pA Il (t )
400u \

3004 \
200u

200u 600u 1.00m 1.40m 1.80m
Type 2 —op amp

ON Semiconductor® ﬂN
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Type 2 with op amp — a different arrangement

4 In the compensator, all the current flows in C,, the smallest value

Q Why not placing it differently then? 1

V,

out

N i(+R2]R/(+F5]+Fs

__(R*R)G S(F<+ B¢

G(s)
RG 1+sR G
-1 R = R,
(R1+R2) ' GORiw _wp_wz

Type 2 —op amp

ON Semiconductor® ﬂN
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Type 2 with op amp — automated calculation

[ parameters

R1=10k

fc=20
Gfc=-10
k=2

G=10(-Gfc/20)
pi=3.14159

A simple macro can be

. fp=fc*k
written to calculate all fz=folk
the elements around the <
compensator for both
options.

Wp=fp*2*pi
Wz=fz*2*pi
R20=R1*Wz/(Wp-Wz)
C10=1/(Wz*(R1+R20))
C20=1/(G*R1*Wz)

a=sqrt((fc 2/fp~2)+1)
b=sqrt((fz"2/fc"2)+1)

4

R2=((a/b)*G*R1*p)/(fp-fz) -
K C2=C1/(C1*R2*2*pi*fp-1) Voltage
C1=1/(2*pi*R2*fz) Viou)

Type 2 —op amp

ON Semiconductor® ﬁN
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Type 2, Bode plot for both solutions
U Both curves perfectly superimpose on each other

° dB

130 50.0 |G(S)|

10 dB
100 -10.0 at 20 Hz
argG(s)
100m 1 10 100 1k  Type 2-—op amp

ON Semiconductor® ﬁN
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Type 2 in a PFC circuit

O An average model is used to test both structures
O Start-up and transient response is studied in each case

Vrect

parameters " R6 ”

Vout

R1=1.6Meg vout RON = Vour'2/Pout

[ cin ROFF = (Vout2/Pout)?2
Tiu

fc=20
Gfc=28

Rl x
plo=-84 Léleg PWMBCMCM?
pm=60 L=t

Lrvin I
R10 ),
b v . Ri=Ri som o
pi=3.14159 -

G=10"(-Gfc/20)
cs

1500 -
boost=pm-(pfc)-90 2 e IC= (vms+1.414)
pi=3.14159
K=tan((boost/2+45)*pil180)

fp=fc*k
fz=fclk
Wp=fp*2*pi B4 )
=ip21 BL30V=V(1)*V(2) * (K}>1.3?
Wz=fz*2*pi Q Votage 1.3:V(1) * V(2) * {K}
R20=RIW2/(Wp-W2) - V(er)-2.05<070: V(em)-2.05
C10=1/(Wz*(R1+R20)) Verr - :
C20=1/(G*R1*Wz) parameter \
Vims=100 N
assan(fe"2/pr2)+1) Pout-150 Votage :
b=sqrt(2°2/1c"2)+1) vour=400 Vopp64764
Ri=0.22 V(op3) <172 1.7 V(op3)
R2=((a/b)*G*R1*p)/(fp-fz) L=850u

C2=C1/(C1*R2*2*pi*fp-1)
C1=1/(2*pi*R2*fz)

Replaced by the second type (opt 2) Type 2—op amp

ON Semiconductor® ﬁN
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Type 2 in a PFC circuit — transient response

U The small-signal response is similar (f, = 20 Hz, ¢,,= 609
Q4 Overshoot is reduced by 5% in the second option

430 A 440V, optl

e

00 \ IV VIV VTV VYV

350 420 V, opt 2

310

270 Start-up sequence| Vout (t)
stom Toim 3im Tim

251m
time in seconds

420

Transient response

401m 601m 801m 1.00 1.20
Type 2 —op amp

ON Semiconductor® ﬁN
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Type 3 with an op amp (full analysis)
O Type 3 keeps the origin pole but add a zero/pole pair

C2 Z
T e
[FR3 — I 27 s/ e )T

{R3} {c1} {R2}

BB a2

T ?(333)

2

__<V

err

reff— +

Y Vi Rlower
factor SR, G

AC=1 10k

6(9=- ( RZJSQ/( s¢' ]s__ ne e so(R+ R

( ]Fi/(”ij”f Rl(q+cz)1+sgcfl% SR G+1

2

Type 3 —op amp

ON Semiconductor® ﬁN
is Basso ~ APEC 2010

Type 3 with an op amp (full analysis)

O Re-write the expression in a more familiar form:

) e PP e
S i 2
> G S I:‘)201+CZ

_q'J 0
(1+SJ(1+] A S
VAN “"(R+R)C ™ RG

Q As w15 Wy Gy and R, are given (boost, V,, etc.) how to get R,?
2 2
’ /1+ \/1+[f°] \/1+ {fc]
ch R fpl fpx sz
f —f 2 2
J“( JJ H e
f, f f, f,

Type 3 —op amp

G(9)= -

ON Semiconductor® ﬁN
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Type 3 with an op amp (simplified analysis)
U Extract the rest of the elements:

1 C, _ f -t R = Rf,

fpz - fzz

L ot G ot cro1 &7
iR, 7t CR 2R e, 1,

U In most cases, C, << C,; and R; << R,. Therefore:
1

1
T e

R1+sRG sRgrl = 2mf,R, ° 27f, R, ° 2nf,R 2t C,

-R
|G( f0)| - R

eyl ] i)
a > R =GR f"*z :2
FETRET TR

Type 3 —op amp

ON Semiconductor® ﬁN
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Type 3 with an op amp — design example

O You need to provide a -10-dB gain at 5 kHz with a 145°b oost
O How to calculate the component values?

2
f o= fc - 5k =~ 32.5kHz f :f_czﬁ:769Hz
Boostj 154m ‘
4

P2
tan( 45-

2 2
G Rf
R, = Bh 2 “ . =498Q
fo—f 2 2
Rz f, f
1+ -2 | 14 =
\/ {fcj\/ (szJ

C =415pF C,=10nF C,=20nF R, =2420Q

Type 3 —op amp

ON Semiconductor® ﬁN
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Type 3 with an op amp — Bode plot

dB °
10.0 90.0 |G(S)|
o o dB |G(5k)|=-10dB
f
I—' log f ¢
-10.0 -90.0
-20.0 -180
270° boost=145
-30.0 -270 ar‘gG(S) g
10 100 1k @ 10k 100k Type 3—op amp

ON Semiconductor® ﬂN
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Agenda

U Feedback generalities

U The divider and the virtual ground

U Phase margin and crossover

U Poles and zeros

U Boosting the phase at crossover

U Compensator types

U Practical implementations: the op amp
U Practical implementations: the OTA
U Practical implementations: the TL431
U Design examples

U A real case study

4 Conclusion
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Type 1 with an OTA

O A type 1 with an OTA involves the transconductance value gm

R
Vout [ |' V, |out =-gnv,

err

i ROW@I’
in
ROWET + R

Rower + + T Cl R 1
V - — ower -
ol9=-omg TRse

Iy
||

L

ROWEI’ + R.
g m RJWEF

1 1 1
G(s)=- Sl

Rower R q Saq Q

— with R,=
ng)Wer w

w. | w 1
G(g)|=-2=— = f,=G,f, = C= "
jo| orrf | Rower ¥ R
"l gmR,
Type 1-OTA The divider network now enters the picture! wer

ON Semiconductor® ﬂN
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Type 1 with an OTA — design example
O A Borderline PFC with a MC33262 controller: open-loop gain test

L1 R6

{L} 100m

o = ‘ Vout
N
R1 ElE g x
1.6Meg V'E - E PWMBCMCM2
105V g L=L R10
VInAVG j 0 ol : Ri=Ri 50m Rload
{Vms*1.414} ° Sm d g {Vout*Vout/Pout}
b
parameter l e e
{Rupper}
R2 - .
Vrms=100 19k c3 IC = {Vrms*1.414}
Pout=175 T on
Vout=400 i
Ri=0.2 K=06
L=850u A TV Parameter
T
g Rupper=1.6Meg
* B e BL3OVEV()* V() *{K]>13713: V(1) *V(2) * (K} Rlower=10k
V(err)-2.05 < 0?0 : V(err)-2.05 Verr glm) gm=50u
— VOTA T fc=7
T & Gfc=38
G=107(-Gfc/20)
Lo D1
1k N=0.01 Ei 0.01 fpo=G*fc
[640v] 170V rRs | c1 81 a=Rlower+Rupper
k. Bs s e e cy T Current R3 b=gm*Rlower
" Voltage Fva *vs Rower)  Reg=alb
V(VOTA) 64 7 C1=1/(6.28*fpo*Req)

I(V11) > 10u ? 10u : I(V11) = Type 1-OTA

ON Semiconductor® ﬂN
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Type 1 with an OTA — design example

U A type 1 as examplified in the data-sheet give a weak ¢,/

° dB dB°

180 44.0 _ .0 80. ar gT f
IH(f)I G, =38dB | “°%° (f)

90.0 320 20.0 40.0) |T( f) | ¢ =20°

0 200 0 o0

/
-90.0 8.00 argH (f) -20.0 -40.0 fc = Thz
-180 -4.00 ¢ =-7r -40.0 -80.0
100m 1 710 100 1k 100m 1 710 100

G, =12.6m f, =12.6mx 7= 88mHz —— C, =560nF

Type 1-0OTA

ON Semiconductor® ﬂN
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1k

Type 2 with an OTA

O A type 2 with an OTA requires the addition of a resistor and a cap.
Vv

V,, —C - o
R or>
Ro ] + : ct 1
Vref gm

Z, Tcl

= (Rz"'lJl _
G(S)_— I%owe gm&_, G(S)=— qu gm%wer 1+(fz/f)

R1+ Rower R2+i +i C1+Cz Rower+ R\/l'l-(f/fp)z
sG) sG
Ratio ¢ 2
dependent 1+(J
w, =i W :# - ch fp Rower+ R fp
RG p Rz( CC, J f,-f, ogmR e 2
Cl+C2 f Type 2-0TA

ON Semiconductor® ﬂN
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Type 2 with an OTA — design example

O You need to provide a 15-dB gain at 5 kHz with a 50°boo st
O The poles and zero position are that of the op amp design
R,=260kQ C =340pF C,=52pF gm=50pS R =R, =10K2

dB °

55.0 -190| dB

(s)
350 -210 log f

15.0 -230 \

-5.00 -250

argG(s) boost=50°

-270°

-25.0 -270

10 100 1K 5k | 10k 100k Type 2-0TA

ON Semiconductor® ﬁN
APEC 2010

PFC response: OTA versus op amp

O The poles/zero are placed at the same location as in the op amp case

460

Vo= 430 V

TAAYAAAAYAAVAVAVAVAVAVAVAVAVAVY
380

300

220

140

35.9m 108m 179m 251m 323m Type 2 - OTA
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Type 3 with an OTA

O A type 3 with an OTA lets you boost the phase up to 180° In theory...
R C

Vout 3 - Verr
R . o> R,

I%ower + T
[] C# Vref C2
TG

= i+1
G(S) —— Rowergm chl SC'\"( R\r+ R)-'—l SB q |fC2 << Cl

Rowr * R G+ G SQ(RRM;RR . Fg}l[m% CQ+ %

i.}l
G(S) ~— Rowergm% SC3( I%+ R)-'_l SB g
Rower * R SQ( RowrR ng+11+ SR G

ROWEI’ + R

Type 3-0TA

ON Semiconductor® ﬁN
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Type 3 with an OTA

O The extraction of the component values leads to complicated equations
1 1 1

wzl_i @, C + GO ()
qu 3(R3 R) RZCZ Cg[ RowerR +R3J

U First calculate R; but R, plays a role: Rower ¥ R

No virtual ground as with the op amp!

f,Vou = £,V

— out B ref _
SRRV = Rower ( Vo= Vi)

U Then calculate R, to crossover at the right frequency

Rz — \/( fpxz + fcz)(f212+ fcz)( f Q2+ fcz)(f§2+ f 02) fc fz2 (Rlower+ R) GL

2¢ 2 4 2¢ 2 2 2
£Ef 24 f 04+ f 2 20 f 2 gmf R oer
1 1 1
C = C, = c,=————
' 277R2 le ’ ZHRZ fP1 ’ sz (R3+ R-) Type 3-0TA

ON Semiconductor® ﬁN
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Type 3 with an OTA

O If we look at R, definition, its numerator can be null:
fzZVout - 1:eref = O
}

Vref
sz > fpz
out
If Vo, = 12V and V,, = 2.5 V If V,,, = 400 V and V,, = 2.5 V
! l
f fp2 =10kHz f pr =10kHz
fo > f, >R
2" 9 f, >2.5kHz 2 160 f, >63Hz

unl::> Less freedom to place the second pole and zero: limited boost!

Type 3-0TA

ON Semiconductor® ﬂN
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Type 3 with an OTA — a design example

parameters
vin
Vout=12
Vref=2.5
— G1
Rlower=10k fom}

Rupper=Rlower*(Vout-Vref)/Vref s I
fc=2k R c6 " Vot
=20 Vi {cao} J:
AC=1

G=10%-Gfc/20) G0
pi=3.14159 g
fz1=300

fz2=900

fp1=26k

fp2=4.3k
C3=1/(2*pi*fz1*Rupper)
R3 =1/(2*pi*fp2*C3)
C1=1/(2*pifz2*R2)
C2=1/(2*pi*(fp1)*R2)
a=fcra+cr2*fz1n2+fch 272/ 2+2172* 2272 c4
c=fp2/2*fp1r2+fcr2*fp2/r2+fc 2*plr2+fch4
R2=sqrt(c/a)*G*fc*R3/fpl

gm=200u

d=(fp1r2+fcr2)*(fcr2+fz102) * (fp2n2+fch2)*(fer2+22/2)
e=fz1"2*22/2+f21"2*fc 2+fc 2 22”2 +fc"4
f=(Rlower+Rupper)*G*fz2*fc/(gm*Rlower*fp2*fp1)
R20=(sqrt(d)/e)*f
R30=((fz2*Vout-fp2*Vref)/(Vref*Vout*(fp2-fz2)))*Rlower*(Vout-Vref)
C30=1/(2*pi*fz2*(R30+Rupper)) . *
C20=1/(2*pi*R20*p1)

C10=1/(2*pi*R20*z1)

R8 R2
{R30} S {Rupper}

Lec
R3 Re ] €20
{Riower) {R20)

H

Rupper2
{Rupper}

- —< VOPAMP

Type 3-0TA

ON Semiconductor® ﬂN
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Type 3 with an OTA — a design example

O The op amp and the OTA designs perfectly match!
dB

45.0

35.0

25.0

s \%/\
~_
\

240 | argG(s)
200
160 /

120 ;/

80.0

10 100 1k  [2kHz 10k 100k Type 3-OTA
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Agenda

O Feedback generalities

O The divider and the virtual ground

O Phase margin and crossover

U Poles and zeros

O Boosting the phase at crossover

O Compensator types

Q Practical implementations: the op amp
O Practical implementations: the OTA
U Practical implementations: the TL431
U Design examples

QO A real case study

O Conclusion
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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
Q4 The internal circuitry is self-supplied from the cathode current

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

K]

Kl R]

K

~ J_ * TL431A /2§£ R

A
+
2.5V
Pin 1.
1 .
(a]

O The TL431 is a shunt regulator

TL431

ON Semiconductor® ﬂN
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The TL431 programmable zener

O The TL431 lends itself very well to optocoupler control

vV Fast lane Slow lane
dd

| |

Vou (9)
Rouiup E] [,]RLED—[']_Rl< Vo ( S) - Vn_431( $

Vi (S) g leo (S) - R

P
;I X Rias _ Vou ( S) VrL431( Q
I | eo (S)
v, 1" Reo Reo

CZ pu— TLasL ( S) Cl
‘Q(— 1 1

TLA31 I%ower Fastlane Slow lane

~ =
O R gp connected to V,, offers a direct path to the LED: fast lane!

TL431
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The TL431 programmable zener

U At high frequencies, the TL431 ac output is zero, C, is a short-circuit
U R gp alone fixes the fast lane gain

\ Veg(9) =-CTR LR L
\V
Rpullup |1 = ORLL(S)
ED

IC
V(S
Fe ( ) VFB(S) - _CTR RP“"'—'P

Vout ( S) I:{ED

U R gp must also leave enough headroom to the TL431: upper limit!

TL431

ON Semiconductor® ﬂN
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The TL431 programmable zener

U R gp cannot exceed a certain value because of bias limits

O Vg must swing between Ve g;:and V. Vv
out
V
dd Ic e Vcc _VCE sat RLED
R Rpullup |
pullup V _V | . 1 | 1V
| —__d4d TCEsat 4. LED bias — 5
VFB |C II]I:> 1,max R CTR ] bias \ R)ias
/ pullup min \SZ R)ias
Vee sat / ﬁ V, =1V
=~300mV 1y
V., =2.5V

_ Vou = Vi — Vn_431,min
! |y = <
RLED —
dc representation

V.
RLED,max < I%JullupCTF\,min

out = Vi~ VTL431,min

Vdd _VCE, sat+ I biaQTRmin R

pullup

ON Semiconductor® ﬂN
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The TL431 — the static gain limit

O Let us assume the following design:

5-1-25
- < x20kx 0.2

Vou =5V Reom =28 03 mx 0.3 28
V, =1V
VTL431,min = 25V U
V,, =4.8V
VCE,sat =300mv I:QLED,max = 857Q
lyae =1MA
CTR,, =0.3 O
Rpullup = 20 kg)

Rpullup 20

G, >CTR—2 > 03 > 7or= 17dB
Reo 0.857

Q In designs where R ¢, fixes the gain, G, cannot be below 17 dB

I——> You cannot “amplify” by less than 17 dB

TL431
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The TL431 — the static gain limit

O You must identify the areas where compensation is possible

daB ° ‘
400 180 Not Ok

i Requires f >500Hz
200 90.0 |H (S)| less ¢

i than 17 dB

- of gain-
o \
17 dB \ ‘ b
-20.0 -90.0 argH (S) :‘
ok
-40.0 -180 ;
10 100 S0 1k 10k 100k

Requires
17 dB
or more

ON Semiconductor® ﬂN
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TL431 — injecting bias current

U Make sure enough current always biases the TL431: I,;,,c> 1 mA
Q If not, its open-loop suffers — a 10-dB difference can be observed!

55.000 :
> 10-dB differer ,E

48.000

41.000

34.000 Easy
27.000 solution

20.000 M| III]I:> S

1
13.000 | | =

o
—

6.000

-1.000
-8.000
-15.000

1 10 100 1k 10k 100 k Rias =

ON Semiconductor® ﬁN
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TL431 — small-signal analysis

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

S _Vout S _\/op
R

ED 1
f]RLED R vop(s):—vom(s)%:—\gm( 31

SRG
B 1 1
o L(s)=Vou( 9 [“ R Q}

We know that: V() =-CTRIR,,,, Ul

Voo () Y Fover V(9 _ R CTR{1+qu}

V(S Rem | SRC

= TL431

ON Semiconductor® ﬁN
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TL431 — small-signal analysis

O In the previous equation we have:

. . R
v’ a static gain G, = CTR—

ED
1
v" a 0-dB crossover pole frequency w,, =——

L RG

v azero w, =——

* RG
O We are missing a pole for the type 2!

Vi

Type 2 transfer function
RP””“" Add a cap. from Ve A ~
Vig (S) collector to ground

RpullupCTR

Ves () _ 1+sRG
c, F o> Va9 Re [saq(h SRuu 9)]

out

TL431

ON Semiconductor® ﬂN
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TL431 — small-signal analysis

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

VouS)
Vad
Rpullup
Ves(s) [Fg}
]
cL
CZ = C ” Copto -

TL431

ON Semiconductor® ﬂN
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TL431 — small-signal analysis
O The optocoupler must be characterized to know where its pole is

Cdc Rled 50.000

e Cde_ il 225.000
ul
| }_% 40.000 — 180.000
2 { ~
30.000 135.000
Rpullup U S
20k 20.000 — 90.000
Rbias 10.000 45.000
VFB
vdd (j g g 0.000 LA 0.000
5 X1 <« A s -10.000 iy -45.000
SFHE15A-4 u * -20.000 «I—C(ls -90.000
Vbias () Vac
-30.000 -135.000
IF -40.000 — ‘W - | -180.000
-50.000 -225.000
— 100 1k 4k 10k 100k M

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

_ 1 _ 1 _ Another design
Cono ™ 27Rp Foole T 6.28 20kx & 2Nk |||]|:> constraint!

TL431
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The TL431 in a type 1 compensator

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

VFB(s)z_Rpu"upCTR[ | 1+sRC | ] 1

a) e —
Vout(s) IR_ED SR Q(1+ S!&Ilup 9) P R1RED Cl
RpuIIu CTR RPUIIUPCTR
—> C=—"F="_—
wpoRi I%_ED
CTR
m—> sRG=sR,, ¢ m——> C,= R Cm—> C,=———
Rpullup 2ITfpoRLED
U Once neutralized, you are left with an integrator
1 fo _ _ CTR
G(S)=—E—> |G( fc) E fpc — fpo —ch f. II]:"> G, —m
W,

TL431

ON Semiconductor® ﬁN
102 « Chris Basso ~ APEC 2010

51



TL431 type 1 design example

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

VOLI‘ = 5V \

V, =1V

ViLastmin = 2.5V Apply 15%
V,, = 4.8V margin

< - _
VCE,sat =300mV >- RLED,max = 857Q RLED 728Q

l e =1MA
CTR,, = 0.3
Ry =20kQ

5
G, =10% =1.77 } - CTR  _ 0.3 <7 4nF
f, =5kHz 2nG, f,Ry, 6.28¢< 1.7k Kx 728
R=10KQ ¢ —onF

opto

——> C=7.4n-2n=54nF C, =%C2 =14.7nF

TL431
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TL431 type 1 design example

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

parameters
Vout=5
Vi=1
Vref=2.5
VCEsat=300m
vdd=4.8
Ibias=1m vad
é=¥ggti)/é-!\zlre{ Ibias*CTR*Rpull {vady
=\Vdd-VCEsat+bias’ ullu
Rmax=(A/B)*Rpullup*CTR pullp 6
Rggﬁer=0/out—2.5)/250u Rpullup RLED
G {Rpullup} S {RLED}

G=10"(-Gfc/20 2.50v
S48 Lol ]

Fpo=G*fc ] J

g

2
oV V(em)<0 2 251
Rpullup=20k ] 0:V(err) |
RLED=Rmax*0.85 Cpole

C1=Cpole1*Rpullup/Rupper T {Cpole}

Cpole1=CTR/(2*pi*Fpo*RLED)
Cpole=Cpole1-Copto

R3 Automatic bias
point selection

Eopt‘0=é:lll/< 2*pi*Fopto*Rpullup)
opto=; i*Fopto*Rpullyj
CIRT B PrroptorReUILp

TL431
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TL431 type 1 design example
O We have a type 1 but 1.3 dB of gain is missing?
dB
20.0 |G ( S)|
10.0
3.7.dB
0
-10.0|
-20.0]
270| argG(s)
180
90.0
0
-90.0|
100 200 500 1k 2k 5k 10k 20k 50k 100k TL431

ON Semiconductor®
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TL431 type 1 design example

O The 1-kQ resistor in parallel with the LED is an easy bias
O However, as it appears in the loop, does it affect the gain?

Vou(S)

Ves = T Rpuip = 1 Rpun CTR
H] Rieo |L = I1i
ac representation I, I%)iats + Ri
— Vout I:ebias
Ves(S) [ [ = +R_|| 4
| R:':I b RLED R)las % Rlas a
C
/ [] Rbias Vﬂ - RpU"UpCTR R)ias
Routop <)+Vf Vout = Reot Riasll R Rist R
CTR

0 Both bias and dynamic resistances have a role in the gain expression

TL431

ON Semiconductor® ﬂN
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TL431 type 1 design example
U A low operating current increases the dynamic resistor R,

SFH615A-2 -FORWARD CHARACTERISTICS

0.002000 Rpul"'p =82§ KQ, 1 =300 pA (CTR =0.3)
0.001800 , f , ’4 Rd — 15
oot Rouip=1 K2, 1= 1 mA (CTR = 1)

@ 0.001400 Rd = 3BQ

§ 0.001200

3 0001000 Ie -lT- 1mA > —— IF@110T

: ——IF@70C

g 0.000800 e F@2sT

& 0.000600 }ﬁ ;f —+—IF@-20C

B —+ F@-40T

0.000400 I 2 300 A
0.000200 e l-l <£ f 5 §£>
0.000000 +

0 0.2 04 0.6 0.8 1 12 14 16
VF Forward Voltage (Volts)

U Make sure you have enough LED current to keep R, small

TL431
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TL431 type 1 design example

U The pullup resistor is 1 kQ and the target now reaches 5 dB
dB
20.0 |G(S)|

10.0

5dB

-10.0

-20.0

20 argG(s)

180

90.0

-90.0
100 200 500 1k 2k 5k 10k 20k 50k 100k

TL431

ON Semiconductor® ﬂN
108 + Chris Basso ~ APEC 2010

54



The TL431 in a type 2 compensator
Q Our first equation was already a type 2 definition, we are all set!
Vdd
,]—[']—< V,
out _ Rpullup
Rpullup B] RLED Rl GO - CTR RLED
VFB o :i
= RG
1 2R Lol
ol s * RG
NG o !
TL431 [g Rower Rouip &
N p—

ON Semiconductor® ﬁN
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TL431 type 2 design example

O You need to provide a 15-dB gain at 5 kHz with a 50°boo st

O The output voltage is 12 V
4 The poles and zero position are that of the op amp design

G, = cTR R _ 13920 - 5.6 f, =13.7kHz f, = 1.8kHz

ED

U With a 250-pA bridge current, the divider resistor is made of:
Rower =2.525Qu= 10kQ R =(12-2.5/25Q1= 38Q

Q The pole and zero respectively depend on R, and Ry:
C, =Y 2rf,R,,,, =581pF C, =Y 27rf,R =2.3nF

O The LED resistor depends on the needed mid-band gain:

CTR
Rep = RouCTR _ ) g61q ok, R o, max < 4.85kQ

0 TL431

ON Semiconductor® ﬁN
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TL431 type 2 design example

O The optocoupler is still at a 4-kHz frequency:
Cooe 52 NF

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

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:
f = 1 = 1
P 27R ,,,C 6.28¢ 2kx 2.1

=3.8kHz

Q4 For a 50°phase boost and a 3.8-kHz pole, the crossov er must be:

f
2 =1.4kHz

f =
¢ tan(boost)+\/ tarf ( boost+ 1

TL431
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TL431 type 2 design example

O The zero is then simply obtained:
2
f, = T _516Hz
fP
U We can re-derive the component values and check they are ok
C,=Y2mf,R,=2.1nF C =127f,R =8.1nF
Q4 Given the 2-nF optocoupler capacitor, we just add 100 pF

Q In this example, R gp naxiS 4.85 kQ

R
G, >CTR—2% > 0.3%> 1.2or= 1.8IB

ED

U You cannot use this type 2 if an attenuation is required at f_!

TL431
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TL431 type 2 design example

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

dB

30.0 |G ( S)|

20.0

10.0 Zl

0
14dB @ 1.4 kHz
-10.0

10| argG(s) /\
130

120

110 50°

100

10 100 1k 10k 100k TL431
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TL431 — suppressing the fast lane

U The gain problem comes from the fast lane presence
U Its connection to V,, creates a parallel input
» The solution is to hook the LED resistor to a fixed bias

Vdd Vbias Vout Vdd \V/ Vout
Rpullup RLED % E] Ri Rpullup E] RLED Ri
Veg e [Vig

J — > J «—

ON Semiconductor® ﬂN
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TL431 — suppressing the fast lane

4 The equivalent schematic becomes an open-collector op amp

______________ oo 53 Val(9
E Rpullup |:| RLED l
| G,(s)
A e
i /
c, L
N O I -1 O(s)
Transmission S R:bwer
chain — O(s) \\ Viet E l
-1 Compensaton\‘ -------- = VFB ( S)

— chain — Gy(s)

> G(9)

TL431
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TL431 — suppressing the fast lane

U The small-signal ac representation puts all sources to 0
V.

~ gut

R ullu e '
O(S) = PP CTR E E
RLED 1+ SI:iﬁullup C%)ole i Rl |:| E

TL431
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TL431 — suppressing the fast lane
U The op amp can now be wired in any configuration!

O Just keep in mind the optocoupler transmission chain

R
O(9) = CTR 1
RLED 1+ S”I%ullup Cpole

O Wire the op amp in type 2A version (no high frequency pole)

_1+R,G
G(s) "SRG

O When cascaded, you obtain a type 2 with an extra gain term

G(9=-"n e 1*RG

I:zLED SR C1 (1 + SI3ullup Qole)
G,

TL431
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TL431 type 2 design example — no fast lane

U We still have a constraint on R ¢, but only for dc bias purposes

_ Vi - VTL431,min

<
RLED’maX Vdd _VCE, sat+ l biagTRmin R

&ullupCTRmin

pullup

O You need to attenuate by -10-dB at 1.4 kHz with a 50°boost
4 The poles and zero position are that of the previous design

V,=6.2V ™\

V, =1V
ViLazi,min = 2.9V Apply ]:5%
V,, =4.8V margin

<15kQ —— =1.27kQ
VCE,say=300mV >' I:zLED,max RLED

Ibiaxs =1mA
CTR,, =0.3

Rpullup = 20 kg) ’/ fZ =516 HZ fp = 38kHZ

TL431
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TL431 type 2 design example — no fast lane

U We need to account for the extra gain term:

G, = Rouwp o 2 20K o 47,
R 1.27k

U The required total mid-band attenuation at 1.4 kHz is -10 dB
G, =1079%°=0.31¢
O The mid-band gain from the type 2A is therefore:

Q Calculate R, for this attenuation: R, =GR-~—--=—==2.6K

TL431
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TL431 type 2 design example — no fast lane

O An automated simulation helps to test the calculation results

parameters

Vout=12
Rupper=(Vout-2.5)/250u
fe=1.4k

Gfc=10

vi=l Zener b1
Ibias=1m INB27A

ca
Vref=2.5 value vad oiu
VCEsat=300m {vday Rs
= i

pullup=20k R4 R1
Fopto=4k {Rpullup} > {RLED}
Copto=1/(2*pi*Rpullup*Fopto Rupper
CT’I)?=O.3( pripupTEop V)m“ {Rupper}
G1=Rpullup*CTR/RLED x2 ’ i
G2=10/(-Gfc/20) 8&750"3'5.3(0 ] <«
G=G2/G1 ~
pi=3.14159 CTR=CTR
fz=516
fp=3.8k
C1=1/(2*pi*fz*R2)
Cpole2=1/(2*pi*fp*Rpullup)
C2=Cpole2-Copto X1 Rlower
a=(fzr2+fch2)*(fpr2+fch2) TL431 G 10k
c=(fz"2+fc"2)
R2=(sqrt(a)/c)*G*fc*Rupper/fp -
Rmax1=(Vz-Vf-Vref)
Rmax2=(Vdd-VCEsat+lbias*(Rpullup*CTR))
RLED=(Rmax1/Rmax2)*Rpullup*CTR*0.85 TL431

Vac Voltage
V(err)

c2
=2

ON Semiconductor® ﬁN
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TL431 type 2 design example — no fast lane

0 The simulation results confirm the calculations are ok
dB
10.0 |G ( S)|

0

-10.0!
-20.0] /
30.0 -10dB @ 1.4 kHz

150 argG(s)

130 /—\
110 _/ 50°
90.0 \

70.0

10 100 1k 10k 100k

ON Semiconductor®
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TL431

The TL431 in a type 3 compensator
U The type 3 with a TL431 is difficult to put in practice
Vi \Y

Rpullup I}Ijl RLED

1

1

f=—— f =—--

R %7 2n1RG = 2n+ R.:) Cor
1

1
f, = f, =
. 2”szsz > 2ﬂRpuIIup ( C? ” C’oplo)

G =D 1R

R gp fixes the gain and
a zero position

ROWEI’

d Suppre_ss the fast lane for an easier implementation!

ON Semiconductor®
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The TL431 in a type 3 compensator

U Once the fast lane is removed, you have a classical configuration
V., vV

7 VZ . — 1 \Igm 1
LT i =
a2
Rpullup |:| RLED l RZ Rih Rs nqu
f = 1
“ " 21RC,
J C _ 1
/ R | I "72mrg
—=C, T S —
¢ R 27R o (G 1 Gope)
- F'Zpullup
G=—/—-CTR
[J Rower RLED

TL431
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TL431 type 3 design example — no fast lane

O We want to provide a 10-dB attenuation at 1 kHz
4 The phase boost needs to be of 120°

» place the double pole at 3.7 kHz and the double zero at 268 Hz

O Calculate the maximum LED resistor you can accept, apply margin
\ _VTL431,min

Vdd _VCE, sat+ I biaQTRmin R

X 0.85

R ep,max S RueCTRmn 1.5 —= 1.3kQ

pullup
U We need to account for the extra gain term:
20k

Rpullup
G, =W CTR ="""0.3= 4.6
Reo 1.3k

O The required total mid-band attenuation at 1 kHz is -10 dB
G, =10"7%=0.31¢

TL431
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TL431 type 3 design example — no fast lane

Q The mid-band gain from the type 3 is therefore:
, _0.316

G
Gl_G2 4.6

U Calculate R, for this attenuation:
2 2
\/1+[ff°] \/1+[ ffC}
f
RZ:G'lRip1 Py P2 _ =7440
fo = fa fy f
1+ 2| |1+ ==
f. f,

C, =800nF C, = 148pF G = 14.5nF G, = 2nF

O The optocoupler pole limits the upper double pole position

=0.068 or— 23.3B

O The maximum boost therefore depends on the crossover frequency

ON Semiconductor® ﬂN
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TL431 type 3 design example — no fast lane

U The decoupling between V,,, and V,,, affects the curves
dB

10.0
G(9) 9.3dB @ 1 kHz
0 \
oo . \_/‘/-\\
200 Isolated 12V — \
dc source

00 -10 dB @ 1 kHz

:40 argG(s)
: T

_/ 135 \
120 -

80.0

1 10 100 1k 10k 100k

TL431
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Pushing the opto pole with the cascode

O The optocoupler pole is clearly a limiting factor
U A possibility exists to push its position to a higher region

»The cascode fixes the optocoupler collector potential
>t neutralizes the Miller capacitance of the optocoupler

vdd

127 + Chris Basso — APEC 2010

aSU c

o<
=

N/

@
S
g
w

(o8

—h

—h
|

100

10k 100k

SFH615A-2

ON Semiconductor® ﬁN

Testing the TL431 fast lane structures

O Simulations are a good indication, but lab. results are better — Q&
U The TL431 needs to be exactly biased at V,, to ac sweep it
Q A simple low-bandwidth op amp can do the job!

15V
. . 1000 pF
— — i
62v] 1 . v o []o k2
5V dp out
~ oy 28 | A
22k2[] R, Lke R LNJ NS a0
ED 3 e 15vA LM358
. (ﬁ I 0.1 pF
u, ;I 1kQ & *
c SFH615-2 | ‘ T = ml
— 1 1
2 c, R Network 12-V bias point
| analyzer automation
U, ;]10 ko
‘ TL431
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Testing the TL431 fast lane structures

O The results confirm the calculation procedures: a type 2

39.000 e 180.000
31.200 |, IG(E) boost = 50° 162.000
23.400 - 144.000
15.600 IS 126.000
7.800 108.000
0.000 [ Bl 90.000
-7.800 argB(s 72.000
-15.600 54.000
-23.400 e 36.000
31200 e £ = 1 kHz [ 5o
-39.000 0.000
10 100 1k 10k 100 k

129 « Chris Basso — APEC 2010
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Testing the TL431 fast lane structures

O The results confirm the calculation procedures: a type 3

33.000 300.000
29.000 IG(s) 270.000
' boost = 116° ’
25.000 240.000
21.000 LA 210.000
17.000 g 180.000
13.000 b 150.000
9.000 120.000

//
r 1 =7 ]
5.000 arg () Gain=1 90.000
1.000 f: — 1 kHz 60.000
-3.000 30.000
-7.000 0.000
10 100 1k 10 k 100 k

130  Chris Basso — APEC 2010
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Agenda

O Feedback generalities

O The divider and the virtual ground

O Phase margin and crossover

O Poles and zeros

O Boosting the phase at crossover

O Compensator types

Q Practical implementations: the op amp
O Practical implementations: the OTA
QO Practical implementations: the TL431
U Design examples

QO A real case study

O Conclusion
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Design Example 1 — a single-stage PFC

O The single-stage PFC is often used in LED applications
4 It combines isolation, current-regulation and power factor correction
U Here, a constant on-time BCM controler, the NCP1608, is used
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parameters

Vrms=100

L=400u

Ct=1.5n :
Icharge=270u |
Gpwm=(Ct/lcharge)*1Meg |

On-time
selection

L Average simulation
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Design Example 1 — a single-stage PFC

O Once the converter elements are known, ac-sweep the circuit
U Select a crossover low enough to reject the ripple, e.g. 20 Hz
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Design Example 1 — a single-stage PFC

O 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
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15V 0.5Q 1100
I 3
- [ -20.0 |T (S)|
5 V+ .
" 6.1kQ 10kQ 180
t
gene(;;tion 20kQ go.o\k
i ¢m = g(f \___,
E‘ <« 0
586nF 13.6kQ
395nF; =+ g v -90.0

150 ArgT (s)

1 2 5 10 20 50 100 200 500 1k

‘\).‘,7

G(s)

ON Semiconductor® ﬂN
134 « Chris Basso ~ APEC 2010




Design Example 1 — a single-stage PFC

O A transient simulation helps to test the system stability
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Design Example 2 — a 300-W PFC

O A CCM PFC is delivering 300 W in universal mains
O Use an average model to plot it transfer function

Rupper=(Vout-2.5)/100u LW e
Rlower=2.5/100u Vout
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Design Example 2 — a 300-W PFC

O Select the bandwidth at high line: 20 Hz
dB
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36 dB
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Design Example 2 — a 300-W PFC

O Use a type 2 configuration and boost by 50°
dB °

40.0 180

200 90.0 \ ¥n=65
ﬁ‘\

-zo.oo -goj) 20 Hz argT (S)
-40.0 -180 \/in =265V rms |T(S)|

dB
180 40.0
6, =77
90.0 200 \am-r (\ E>)
o o
8.2 Hz
-90.0 -20.0
-180 -40.0 Vin =90V rms |T(S)|
1 2 5 10 20 50 100 200 500 1k
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Design Example 2 — a 300-W PFC
O Test the transient response and see dynamic enhancer effects

448 With

dynamic enhancer
424
00 SN Loe A . .VAVAVAVIW\@
316 witout 370 V-

ithou L
352 dynamic enhancer = | 347V Vou (t)
3.60
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2.20 -
With
150 dynamic enhancer
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800m dynamic enhancer Vou (t)
50.0m 150m 250m 350m 450m
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Design example 3: a DCM flyback converter

We want to stabilize a 20-W DCM adapter
V;,=851t0265Vrms,V,,=12V/1.7 A
Few= 65 kHz, Ry,p = 20 kQ

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

Selected controller: NCP1216

(I W W Iy Wy

Obtain a power stage open-loop Bode plot, H(s)
Look for gain and phase values at cross over
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 wbde
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Design example 3: a DCM flyback converter

O Capture a SPICE schematic with an averaged model

EEE
o S 3
pC >——% 5
E = X2x
fl<—! 3 XFMR D1A
2 RATIO =-166m  mbr20200ctp vout
ooV FK E g (207 ]+ -
§ e o %
* Vin 2 7ev | § o [2ev
90 ‘ ‘
AC=0 o
= 20m
>P<3VMCM 11 oV Rload
L=tp {Lp} VignRy3> 172 | [20] 72
Fs = 65k P ERVELE P
Ri=0.7 a1 3mF
Se=Se (R Voltage

= |

Coming from FB

O Look for the bias points values: V, = 12 V, ok

out —
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Design example 3: a DCM flyback converter
O 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
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-20.0 -90.0

argH (s)

/

Magnitude at 1 kHz
-23 dB

-40.0 -180
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Design example 3: a DCM flyback converter

Q Apply k factor or other method, get f, and f,
> f,=3.5kHz f,=4.5kHz

Vou(S)

Vaa 2kQ 38kQ
20kQ
A N
Kk f VFB(S) \
actor [FBl
gave /
C=3.8nF 2.5nF == ] ] 10kQ
l install ] C,,,=1.3nF
‘opto .

C,=3.8n-1.= 2.5nF —
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Design example 3: a DCM flyback converter

O Check loop gain and watch phase margin at f,
° dB

180 80.0

90.0 40.0

-90.0 -40.0

Crossover
1 kHz

-180 -80.0

10 100 1k 10k 100k
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Design example 3: a DCM flyback converter

U Sweep ESR values and check margins again

12.04 Vo ut(t)

1200 line
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11.88

200 mAto2 Ain 1 Alus

3.00m 9.00m 15.0m 21.0m 27.0m
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Design example 4: a CCM forward converter

O We have designed a 5-V/20-A telecom input converter
0 We use the NCP1252, fixed-frequency current-mode

Rsnubl Csnubl.
™ L4
36-72 V ~N SuH
g 1 T 5V/I20 A
1:1:0.5 D1 o2 . c2 L ca
Lp=10 mH MBRA40LEOCT MBRAOL60CT T 470uF T 470uF T 470uF
r2 ~
300k D3
MUR160
U1 R3 o1 R4 H RL
NCP1252 230 . 18k 10k
0! SS -
s cs 4 B = "
[~ 47ul 12V i U
2 [ R6 §
15 _
g & —" I ™ o
R Ki i BUZ32 .
B B R7 S
b4 100k |+
1N4148 1
— 0.1uF
R10 TLa31 R12
100 ua 10k
c7||rRe  Lco [[RO L Llen R11
10n L] 143k T 100p L] 22k 100nF 0075 c13
0.1uF
-
uzs L 1o e

100nF

0 We need high dc gain, an op amp is adopted, f, = 10 kHz
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Design example 4: a CCM forward converter
U Despite the op amp, we still have a fast lane issue!
v,
j(2LJI
Vdd h
RED
ILED S Same
Roe| () ?.:1 transfer
I ) function as
s - with a TL431!
/ +
CZ / Vopamp( S) Rower
—VOU‘ (S) _ V"Pamp( 9 Ves (S — uIIupCTR 1+sR QG
leo (S) - -
Reo Vou (9) Reo SR C[(l+ SR G )
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Design example 4: a CCM forward converter

U The LED resistor still limits the gain you can get:

Vout V Vopampmln CTR
RLED,max V V &ullup min
dd CE, sat
V. =5V
V, =1V
Vypamgmin =150mMV
Vg =4.8V RLED,max <14 kfz
Ve o = 300mV
CTR,,, = 0.5
Rpullup = 33 m

O In this case, we cannot provide less than:

RpullupCTR — 33()( 0.5

G, =
0 Reo 1.4k

=1.17=1.4dB
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(V(em)-0.6)13 517
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U Build an average model to extract H(s)
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m
vdd =
o vddy
ox
R7
{Rpullup}
Optocoupler
pole = Copto
CTR=16
Cpole L
{Cpole}

vout

{Rupper}

Design example 4: a CCM forward converter

parameters

Vout=5
Lout=5u
Lmag=10mH
Fs=200k
N=0.5
Rsense=70m
Rload=250m
Vin=36

Vinmin=36

D=0.31

Smag=(Vinmin/Lmag)*Rsense
Sn=(((N*Vinmin-Vout)/Lout)*N)*Rsense
Q=1/(pi*((1-D)-0.5))
me=((1/pi)+0.5)/(1-D)
Se=(mc-1)*Sn-Smag

Rlower
10k

Ramp compensation
calculations

ON Semiconductor®

Design example 4: a CCM forward converter

O From the power stage Bode plot, extract the data at f,

° dB
180 20.0

90.0 100/ |H (s)|

Place:

—

f, = 6.8kHz
f, =14.5kHz
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0 0 .
OH (s) \EIH(lOk):—51
-90.0 -10.0
|H (10k)|=-17.2dB
-180 -20.0,
Vv, =36V
10 100 1k 10k

100k
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Design example 4: a CCM forward converter
U Check the impact on parameters such CTR, ESR etc.

dB
180 B0OL=om [T(9),CTR=160%
90.0 40.0 aT(9 ——
0 o I e—— —
T(s)|,CTR=50% CTR=05
oosos () ‘ ,iey CTR=16
fm— askHz =
-180 -80.0| V,, =36V e f.=23.7kHz
. CTR=1.6
180 80.0 frrrroenee e ‘T(QLCTR=160% fn =63
,,,,,,,,,,,,,,,,, ! f. =23.1kHz
90.0 40.0 DT(S) ,,,,,,,,,,,,,,,
0o o 1
[T(9)],CTR=50% CTR=05
-90.0-40.0 @,, =56°
-180-80.0| V,, =72V fo=9.3kHz

10
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100 1k

10k 100k
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Design example 4: a CCM forward converter

U The CTR variation induces an upper crossover of 23 kHz
O This is an aggressive target, prone to collecting noise
U Better reduce the initial crossover to limit f, to =15 kHz
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5.20

510 CTR=16 (N CTR=05

5.00 l I\

4.90 l/

480V, =36V Vou (1)

5.20

5.10 CTR=1.6 CTR=05

5.00 l :

480l V,, =72V Vout(t)
2.80m 2.96m 3.12m 3.28m 3.45m
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Design example 4: a CCM forward converter
U The opto wired to the ground, the fast lane goes away

Remove this cap. and use the
Routiug Copto COMbination instead

Veg(S) +— O(S) N G(S) — Vou(S)

- . _Type 2
Vis (8) : RounpCTR 1 1+sR G
Vou (S) : R_ 1+ s%u u| q&ce§§ C
t S ED ,,,,,,,,,,,,,,,, I,If”,{"l,,iisapper( Q"' Q) 1+s C1+
Optocoupler ! 2 :
contribution Opto equivalent =~~~ T
capacitor Suppress C2

Q The control phase is reversed, watch for the right polarity!
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A real-case example with a UC384X

4 A 19-V/3-A converter is built around an UC3843

T1

86H-6232
HV-bulk 018:1:025
05
MMMMMM 00
-_
Jecsa
o8 B
Kauk
cn
100 = Len
v
7
2x10mH ko o
H Schaffner RN122-1.5/02 00 Ko
9 SPPLINGOSS
Ri1
100
RS
w
R1s Rea [ [ 760
85260 Vac @ 27 N N
oz | Lo Lo ko
200 T Tame T one T 2200
=

U The converter operates in CCM at full load low line
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—f

XFMR

o1A
RATIO=-250m  mbr20200ctp vint L1

itch CM

A real-case example with a UC384X

U Use an auto-toggling current-mode average model

R1

op amp section
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22u 20m ou
T £ o
+Vin 9 3¢
15 H
=0 w0 s
© A 15m 85m
PWMCM Lp o glgm
L=tp ) (V(erxx)-12)3>12 i [
i | 1 (emo1.213 =5 Soou
Ri = Rsense B3
1 3
1V maximum voltage .
and divider by 3~ CCM operation
- Low line voltage
=
Internal Yoo

Dc + ac modulation
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A real-case example with a UC384X

U H(s) alone can be measured without loop opening

- Zologw(%)
A

ﬂl]l::> Watch out for capacitor connection (short-circuit to GND when discharged)

ON Semiconductor® w
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A real-case example with a UC384X

U For closed-loop measurements, a transformer is the solution

,‘ 3 -
[ vl Giin decreases
] [AY/ ut
o -
d — 5 mV/div N b
! Vin = V. \/in : L s - b Vref
L 4l L constant /
o
o Z
'
L
\, -
High 1 ';
- V. LA
= ac
source
V,
[T(s)=[20l0g,~&
VA

O Make sure Z,,<<zZ,, to avoid gain errors
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A real-case example with a UC384X
50.000 225.000
40000 | argH (s) 180.000
30.000 | e 135.000
20.000 By o 90.000
\ N
10.000 = \\ 45.000
\~‘~ \
0.000 [ ' ~ 0.000
[H(s)] N
-10.000 N -45.000
i
-20.000 ™~ \ -90.000
30.000 \\‘"V“ FI 435 000
| i ==
-40.000 N\ {] -180.000
-50.000 N 525 000
10 100 1k 10k 100 k
CCM operation, R,,4=6.3 Q
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A real-case example with a UC384X
50.000 225.000
40.000 . argH (s 180.000
30.000 135.000
Sy A
20.000 S 90.000
10.000 ™ < \\\ 45.000
\\\ N \\
0.000 0.000
-10.000 [-{H(S)] ~ -45.000
\\‘
-20.000 2 -90.000
\\
-30.000 Ny -135.000
-40.000 \\ -180.000
Y
-50.000 -225.000
10 100 1k 10k 100 k
DCM operation, R,q=20 Q
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A real-case example with a UC384X

U Select the crossover point on the open-loop Bode plot

dB -

argH (s)

argH(f,) = -90°

20.0 90.0

[H(s)

[H(f.)]=-18 dB

-20.0 -90.0

-40.0 -180

10 100 1k 10k 100k
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A real-case example with a UC384X

U The TL431 is tailored to pass a 1-kHz bandwidth

Vit Vout Calculate mid-band gain: +18 dB
RoupCTR _ 4.7k x 0.45
/ Ried GRGlIQ Reo = ol pg = 704 =266Q
] 102
AN 1kQ We place a zero at 300 Hz:
= CTR
=45% Czero c = 1 - 1 —8nF
Lo w0 ” ot R 6.28¢ 300« 6&
CPO'e Rpulldown
Rower We place a pole at 3.3 kHz:
10 k@
Vv = Cpule = L = 1 =10nF
277f Rt 6:28% 3.3% 4.K

k factor method

“Switch-Mode Power Supplies: SPICE Simulations and Practical Designs”, McGraw-Hill
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A real-case example with a UC384X
U Sweep extreme voltages and loads as well!
60.000 225.000
48.000 = T 5)! 180.000
N

36.000 N 135.000
N N :

24.000 90.000
“‘vvhk N L —

12.000 N \\ 45.000
0.000 arg S \ 0.000
-12.000 A \ -45.000

i |
-24.000 = ™ \\ -90.000
N ]

-36.000 N -135.000
-48.000 i -180.000
-60.000 -225.000

10 100 1k 10 k 100 k

CCM operation, R,,4= 6.3 Q, V;, = 150 Vdc
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A real-case example with a UC384X
60.000 =g 225.000
48.000 N S 180.000

\\

36.000 | 135.000

24.000 [ NG 90.000
N L
12,000 P <] \ 45.000
\\
0.000 [-argT(s < \ 0.000
N
-12.000 - -45.000
T N
-24.000 \\r\\ S -90.000
-36.000 N\ || -135.000
i
-48.000 -180.000
-60.000 -225.000
10 100 1k 10k 100 k
CCM operation, R,,4=6.3 Q, V;, =330 Vdc
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A real-case example with a UC384X

60.000 —= 225.000
48.000 \\ i (q,l 180.000
36.000 W A 135.000
N
24.000 | \\ i 90.000
= 'Qt\\
12.000 ><\ S 45.000
N N
0.000 . 0.000
argT (s
-12.000 S -45.000
™~
-24.000 RSN -90.000
N
-36.000 J -135.000
-48.000 m X _180.000
-225.000

-60.000
10 100 1k 10 k 100 k

DCM operation, R.4=20 Q, V,, = 330 Vdc
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A real-case example with a UC384X

U Good agreement between curves!

[l r _or 0 - K |

7 Simulated

' [celsls| /S |~ " RN <[] o S

V,, = 150 V

CCM
2t03A
1 Alus
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A real-case example with a UC384X

0 DCM operation at high line is also stable

Vin =330V
~ Simulated =3
: 05t01A
T ) [ = R ]| 200 v sl
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Conclusion

U We have seen how to apply loop theory to a switching converter
U Classical type 1, 2 and 3 compensators have been covered

U Their implementation with op amps, OTAs and TL431 studied

U Op amps are the most flexible, OTAs and TL431 have limits

U Inisolated supplies, the optocoupler affects the transmission chain
U Design examples showed the power of averaged models

U Use them to extensively test the loop stability (sweep ESRs etc.)

U Applying these recipes is key to design success!

Merci !
Thank you!
r\, Wi Xie-xie!
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