OUTPUT CTRL

(see Function Table)
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5.1 k2 R7

51 kO TL494

‘ 14
| 13 R3
RS Amplifi
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| | A T_W 2 -
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R8
5.1 k2
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The TL494 hosts two op-amps
wired in an uncommon
configuration in which the error
voltage at pin 3 increases to
reduce the duty ratio. As such,
the compensator can only be
configured in a non-inverting
configuration which is fairly
unusual —and it’s bad!

This is the recommended wiring
diagram for the part where the
reference voltage feeds the
inverting pin while the non-
inverting pin observes the
regulated output.

Christophe Basso — April 2023 —Rev 0.1



Output resistance

from Vi | have looked at various possibility

Vet R, R, C, to produce a type 3 compensator.
| The simplest | have found is to

place the extra pole-zero across
¥ ) the upper-side resistor Rupper.
2 VY ° Unfortunately, there is no virtual

_ ground here and the resistive
R out division ratio enters the picture as

3 in type 3 made with an OTA.

RIower

Brute-force transfer function of the non-inverting type 3 compensator:

—_ 1
. (S_Czj I (Rlower) 14 S‘Cl‘(Rl N Rz)
Hpef(S) = . . : SR.Cp
(Rupper) | (R3 + S_C?,] + (S_Czj I (Rlower)

OTA: operational transconductance amplifier




It always important to check the first raw expression versus simulated data to make sure

the expression is sound before proceeding with more calculations:

IN [(JouTl g4

=OUT/IN
®vB

X1

+
Vclock \ 1

R13
U9C5

OPSIMP

{Rupper}

R8

[

be R,//Ryy T™

2k

| —

VA
al
] {C3}
R3
®y] R, would

{Rlower}
R11

[

T

R14
2k

—

R12

Vref ——

5——

b COL

+ V1

AC1
)

3

Vreg

LOL
1k

1k

E1

25

This is an automated type-3 compensator.
Please press F11 to enter the power stage magnitude and

phase as well as design goals. Check the computed values in:

Simulator>Edit Netlist (after preprocess)

Christophe Basso.

* Enter the Values for Vout and Bridge Bias Current *
VAR Vout=200

.VAR Ibias=250u

VAR Vref=2.5

.VAR Rlower=Vref/Ibias

.VAR Rupper=(Vout-Vref)/Ibias

VAR R2=22k
VAR C1=22n
VAR C2=330p
VAR C3=470p
VAR R3=22k

* Choose op amp characteristics *

.GLOBALVAR AOL=90 * open-loop gain in dB *
.GLOBALVAR POLE=30Meg * low-frequency pole *
.GLOBALVAR VHIGH=5 * upper output level *
.GLOBALVAR VLOW=100m * lower output level *

* Do not edit these lines *

.GLOBALVAR GAIN=10"(AOL/20)

.GLOBALVAR COL=1/(6.28*(GAIN/100u)*POLE)
.GLOBALVAR ROL=GAIN/100u

{™}

{"™" } Rupper = {Rupper}
{"™"} Rlower = {Rlower}
{™}R2={R2}
{™}R3={R3}
{™}C1={C1}
{™}C2={C2}
{™}C3={C3}

{™}



This is the magnitude graph

20
Brute-force
. (dB) /'—_"'n..
expression / N\
_ 10 o
20-Iog(|Href(|-2n-fk)|) \ / a: \
_<1> \ / ‘(3 \
H2 \ 9 \
Vil
0 S
N \
SIMPLIS \\ Jie \
h#‘
10
10 100 1x10° 110" 1x10°  1x10°
fie,Hy
R
Transfer function for s=0 o= — 2% 00125 20log(Hy) - -380618 dB

Rupper * Rlower

t3:= C3(R + Rypper Riower) = 149812515 735 = C(R3 + Rigyer) = 150415

v2:= Co(Rypper | Riower) = 3:25875 s 95 = CoRigwer = 33 1S

by =13+ 19=1824ps 5
bya = C3(Rg+ Riower) + Co-Riower = 1.834x 10

ty3:= CyRg=1034x 10 °s

by = 15T g = 3.36955x 107 >-ms” bog = CyRigwer Ca'Rg = 34122x 107 s

Dy(s) = 1+ s:by + s°-b,

This is the phase graph

100
Brute-force
expression L
p 50 “,_I" \.
, 180 i \
arg(Href(l-Zn-fk))-T /w \
) : \
H, / pha \
' / boaosit \
SIMPLIS - 50 )’ AN
"‘ N
-u-".-'""" \""---.
~ 100 2
10 100 1x10° 1x10* 1x10° 1x10°
fie Hy

The exercise now lies in re-writing the brute-force
expression in a meaningful way in which poles and
zeroes are explicitly factored for design purposes:

this is a design-oriented approach or D-OA.

LINEAR CIRCUIT
TRANSFER FUNCTIONS

" CHRISTOPHE P.BASSO.

See my book on fast analytical
circuits techniques

JEEE PRESS WILEY



https://www.amazon.com/Linear-Circuit-Transfer-Functions-Introduction/dp/1119236371/ref=asap_bc?ie=UTF8

b
0- 12

(DO =

Not really

= 031824 41040

It is difficult to find an approximate factored expression

by whose denominator matches the second-order polynomial

i_ =1.72272 105:—L

Iz s

,
fy:= 0 _ o 7a179x 10*2
2 S
1 ®pila 3
1 ©p1 3 On1a = fq, = =8.67802x 10°-Hz
P — [ . la la
Cl)pl K bl fpl : o 8.7256x 10 -Hz p CS(RS + RlOWGr) + CZ.RIO\Ner p 21
b ® Cx(Ry+ R + C»R (o
0y = —l fho = _p2 = 86.15359 kHz ®p0g = [ 3( 3 Iower) 2 Iower] fp2a = _paa_ 85.5431-kHz
P<" b, Pe™ o P (CoRiower CRa) 2n
()
0,1 = ! f,:= 4 = 417.02899 Hz
C3(Rs + Rypper) 2
()
0= _r &y: 2 = 314.53546 Hz
Cy(Ry + Ry) 2
This is the approximation | came up to, with
separate zeroes and poles: _
1 zero 1 inverted zero
1
1+ s{Cg(R3 + Rypped [[{1+ ————=
3\"3 upper
HaS) Riower Ry + Ry Bl PP ﬂ{ s-Cp(Ry + Rz)}
5() = . .
R +R R CorRiguyerCa R
upper lower 1 ( 2 "lower ™3 3)
[1+ s~[C3~(R3 + Riower) * CoRiower][|1+ s _ :
[CS R3+ Riower) + €2 RIower:|

Gain at dc
2 poles

form. If we consider a low-Q, then the approximation holds.

20

(dB)

20-log( |Ha(i-27-fi )| ) 10

(v

Hy / \
- 0 X
\
\
s \
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50 "r Y
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arg(H3(|«2n-fk))-T / \\
— 0 A \
L2 AP J \,
2
e /
el “’ N‘."'"--
~ 100
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From the previous expressions, below are the poles and zeroes of this compensator:

1

27 3(Ra + Rupper) First, what matters is the gain at the selected crossover frequency which depends,
o for a type 3, on the poles and zeroes positions:
@217 (R + Ry)
2 2
o - 1 . Ry s Ry j1+ [%j .j1+ (:—j Riower aNd Ry5ner are selected based on the
P*" C3(Rs + Riower) *+ C2Riower G = - L dc regulated level:
Rupper t Riower R1 j ( f T j [ fs jZ l
1+ — | |1+ —
_ [CS'(RS + RIower) + CZ'RIower] 1) - o2
“p2* (CoRiowerCaRa) I = 250uA Vigg =1V V=12V
. . . . . p- Vout = Vief 4
As with a type 3 designed with an operation transconductance amplifier (OTA), the Rupper=——— —44x10°0
resistive divider enters the picture and affects the maximum phase boost you can Vi .
obtain. That is to say, you will have difficulty to spread @,, and £, while keeping Rlower =~ = =4x10°0
positive components values. Besides, too low a f, also affects the roots polarity. ),
will thus be placed at F_, /2 or higher.
First, from the control-to-output transfer function, | position the poles and zeroes so
that the phase boost at the selected crossover frequency f, brings adequate phase
and gain margins. Assume | have the following values: G20 dB
fo = 1kHz 4 := 500Hz f 5 := 300Hz fiyq = 3kHz fiyg = 60kHz

Wanted gain at crossover 0p=2nly  op=iulpeppE2udy epy=2ni



| first extract the value for R, while setting R, to an arbitrary value of 1 kQ:

Gl =

R2 =

This is where it gets tricky as there are two real roots for obtaining values for R; and C,:

R3a =

Rsb =

CZa

Cop =

ch
1020 ~ 10
f.2 .2
—2 + 1. —2 +1
f f R
1 2 upper
Ry p p 114 pp
2 2 Riower
le fc
—2 + 1. —2 +1
L fe f

j-Gl—l

=31514kQ

Capacitor C, then comes:

1
Cpi=—————~ =979nF

2 2 2 2 2 2 2 2 2 2 2
\/Rlower ‘®p1 ®p2 ~ 2 RiowerRupper @p1®p2 @21 + 4Riower Rupper ®p1 @p2@21 ~ 4Ryupper “©p1@p2@21 + Rypper ‘@p2 @21 ~ 2Rypper®z1 — Riower @p1®p2 + Rupper ®p2: @21

2 2 2 2 2 2 2 2 2 2 2
2Rypper®z1 + \/Rlower ‘®p1 ®p2 ~ 2 RjowerRupper @p1®p2 @21 + 4Riower Rupper ®p1:@p2 @21~ 4Rypper “©p1:©p2@2 + Rupper @p2 "®21 + Riower ©p1@p2 ~ Rupper ®p2: @21

2
2-((021 — Oy ®z1 + (”pl'(”pZ)

—2615x 10°0Q

=1232x lO3 Q

2
2'((021 - (L)pz'O)Zl + O)pl(})pz)

2 2 2 2 2 2 2 2 2 2
_ \/Rlower ‘@p1 Op2 ~ 2RiowerRupper®p1®p2 @21 + 4Riower Rupper @p1@p2©z1 ~ 4Rupper ‘@p1©p2@z1 + Rupper “©p2 "®21 ~ Riower ®p1®p2 * Rupper ®p2: @21

2 Riower Rupper ®p1 ©p2 @21

2 2 2 2 2 2 2 2 2 2
\/Rlower ‘®p1 Op2 ~ 2RiowerRupper®p1®p2 @21 + 4Riower Rupper ®p1 @p2 @21 ~ 4Rupper *@p1@p2®z1 + Rupper “©p2 "®21 * Rlower @p1 ®p2 ~ Rupper ®p2: @21

=4.058nF

=1.97-nF

2Riower Rupper @p1 @p2 @71



| am now combining R3, and C,, then R;, et C,,.. In two different expressions and see the one approaching the reference one.

1

Ca, = = 11.381:nF
% sz'(R3a + Rupper)
Cap : ! 11.729nF
3p = =1L
0)22'(R3b + Rupper)
1
1+5{Cq,(Ray + R 11+ ——
. Rower  Ri+Ro [+ 5Csa(Rea “pper)]]{ 5-Cy-(Ry + Rz)}
5(5) = . .
Ruppert Riower R1 (CZa‘ Riower C3a’ R3a)
[1 * S'[C3a'(R3a + RIower) + Cog- RIowerIl' L+ [C3a'(R3a + R er) + CoRpo er]
W W
. In this particular example, the best
» R RutR, [1+5{Cgy(Rgp + Rupper)]]{ﬁ SRy F Rzﬂ response is that obtained from H, which
4(8) = . . -
Rupper+ Riower R1 (CZb'RIower'CBb'RSb) USes R3b and C2b'
[1 + S'[C3b'(R3b + RIower) + C2b'RIower]' 1+ S.[CSb'(RSb IR ) + Ry ]
L OWer, ower
50
60
dB a0 (°) R
(dB) \\\ H o 180 N P
. N Lo A= arg( Hai-2n-fy ) ) — y N H,
20-log{ |Hg(i-2r-f)| ) 20 ~ : i — "o ; N
_— ™ g .
20 1o |Hyi-2n-,) T gy 20-11) ) = } ‘\
LU 0 s n ~ \l
20-logf |Href(i'2“'fk)|) 3 I i N H-Ire1'
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IN [JouTl 1,8 *
=OUT/IN I Vreg * Enter the Values for Vout and Bridge Bias Current *
. *
& VAR Vout=12
(Rupp;;)D VAR l|bias=250u
{C1}1C=0 (Eg} . VAR Vref=1
'—%—i F— =" LoL VAR Rlower=Vref/Ibias
c5 _ .
%{ . " . VAR R1=1k confirms the response
VAR R2=31.5k
‘ v L VAR C1=9.8n matches the Mathcad
Tl = e ) y VAR C2=2n expression and provides
— v VAR C3=11.8 .
Vclock T VAR R3=12kn the Wanted zo_dB galn at
1 * 1 kHz with a 112° phase
boost at that frequency.
50 50
N ,/n\
N |20 dB @ 1 kHz A4 N
i \ 180 O ™
LRI o251} 22 / N
_<1> y /"— ! - n | \\
H2 20 \\_--' / H2<2> // Boopst \
\ - 50 / 1127 \\
10 / N\
N\ ”‘f \\..
,.'..H" e
0 - 100
10 100 1x10°  1x10"  1x10°  1x10° 10 100 1x10° a0t a0’ 1xac®
fic, Hy

fk,Hz



s2 JVsw

100uic=0  IL lout oyt vout
L\ o 8
I L L1 R1 [
10m 50m
S 16F01 "
— i) A D1 4
Vin Ideal_Diode + _C13
T1mIC=4
I/Lerv
X1 — 5
us Y B N[ JouT  VouT o
s  a s ﬂﬂ =OUT/IN 3
= - =OUIAN - o) N
" QN|— T—l IN T oUT z '
5-gh OPIN N[ Jour__ FB =
=0OUT/IN
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( \ '
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. ‘ 3 {3
N Re
Vclock t\J—L/:w *1 100p IC=0 R2
_ V2 c2 D1 Rz {C111G=0 {R3}
1 RO
R13 cs
Vramp E/Lf\;‘ V1
(£) 1R5 \ = -100k R1
S = + S
i R12
. FB
us vea' i

This is a fixed-frequency voltage-mode-controlled buck converter

delivering 12 V 3 A from a 24-V source. Enable the 6-ohm load for ac
analysis and disable the PWL source (right-click after selection) to

see the transient response. Check Simulator>Edit Netlist (after preprocess)
to see the calculated component values. This converter uses a non-inverting

compensator as with the TL494.

- Christophe Basso - Transfer Functions of Switching Converters -

R11

{Rlower}

*

* Enter the Values for Vout and Bridge Bias Current *

*

.VAR Vin=24

.VAR Vout=12

.VAR Ibias=250u

.VAR Vref=1

.VAR Rlower=Vref/Ibias

.VAR Rupper=(Vout-Vref)/Ibias

VAR R1=1k
VAR R2=1.1k
.VAR C1=153n
.VAR C2=2n
.VAR C3=11.8n
.VAR R3=1.2k

{ % }
{"™"} Rupper = {Rupper}
{"™"} Rlower = {Rlower}

{™}R2={R2}
{™}R3={R3}
{™}C1={C1}
{™}C2={C2}
{™}C3={C3}
{™}

This is a typical voltage-mode buck
converter to which the non-
inverting compensator has been

added. An inverting block is
included to reflect the TL494
reversed control law.
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The transient
simulation
confirms the
correct operating
point (12 V from
the 24-V input)
and the control-
to-output transfer
function is
obtained. For a 2-
kHz crossover
frequency, the
gain is 0 dB and
the phase lag is
144°. Place zeroes!
around the
resonant
frequency and
adjust the pole to
obtain a good
phase margin.
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Gain / dB

Frdse ¢ dedrees

40
3.4
) 3.2
N The loop gain 3.0
: 2.8
20 ~—— confirms the 2-kHz _ 7.
= o
crossover frequencya 2.4
; 2.2
\ with a good phase  **
0 i
margin. Stability 1.8
with a step load is 1.6
3 N good 1.08
1.06
1.04
-40 - 1.02
180 @ 1.00
=
0.08
135 )
_______...// \ o
iy 0.94
45
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. 12.06
12.04
-45 F 120
3 12.00
-9) FCurve label Mame Value = 11.08
Gain Gain Crossover Frequency 1.8362043kHz .
135 | Gain  Gain Margin 39.931908dB 11.56
Phase  Phase Margin 63474029 egrees 11.04
-180 11.92 .
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Stabilizing a switching converter operated with a TL494 requires a non-inverting
compensator. Determining the components values to obtain the exact transfer
function that is wanted from this non-inverting structure remains a difficult exercise
and only an approximate form is proposed here. The configuration does not offer the
flexibility you can obtain with a classical op-amp-based type 3 and that is the reason |
recommend to stay away from this circuit. If you must use this circuitry, be well aware
of its limitations when placing the poles and zeroes as negative component values can
arise, indicating this is a dead-end and you need to go through another iteration.
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