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The technicall literature on loop control aboumdith design examples of compensators implementing
an operational amplifier (op amp). If the op ampaiely represents a possible way to generate lam signal,
the industry choice for this function has beenead#ht for many years: almost all consumer poweplsep
involve a TL431 placed on the isolated secondadg $b feed the error back to the primary side vieopto
coupler. Despite its similarities with its op ampusin, the design of a compensator around a TLég0ires a
good understanding of the device operation. Thist foart explores the internal structure of theicewand
details how its biasing conditions can degradepiméormance of the loop.

A band-gap-based component

Figure 1 shows the internal schematic of a TL42Henin a bipolar technology. Before we detail the
usage of the component itself in a power supplypjage believe it is important to understand how diegice
operates. The bias points are coming from a sirsipheilation setup where the device was used aseaerefe
voltage. This configuration implies a connectionviEen it reference pointef, and the cathodk, while the
anodea is grounded, making the device behave as an a2tbA zener diode.
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Figure 1: the internal schematic of a typical TL431 from @¥miconductor where bias points in voltage and
current have been captured at the equilibrium.

In classical loop-control configuration, the TL48lserves a fraction of the output voltage seendy i
ref pin and converts it into an output current santkvieen the cathode and the anode. As such, theedeait be
considered as a transconductance amplifier. The3TLiternal reference circuit works around a popula
structure called dand-gap The description of a band-gap is outside the sadthis article but basically, the
principle consists in balancing the negative terapuge coefficient of a junction (a transisiéyg) by a thermal
voltage, V1, affected by a positive temperature coefficientheW summed together, these voltages nicely
compensate to form a temperature-compensated metex@ltage.

To simplify the analysis, we will assume that therent gaing of all transistors used in the TL431 is
very high, implying negligible base currents. Tleeret of operating the TL431 lies in the subtleildgpium
imposed byQy andQ;: when conditions are met, e\, reached its target ande; equals 2.5 V, bots andQ;



share the same currdnt Vi, remains constant. Any modification in this corlitj for instance brought by a set
point variation or an increased output power demamdhe regulated converter, will either force eity to
source more current @, to increase its sinked current, changing the bidke output darlington configuration
made around,q andQ,;. This action respectively bringé&, down or up and forces a current variation in the
LED diode attached to the TL431 cathode in a paupply loop application.

At the equilibrium, if we neglect the base curretti® current mirror brought B9s andQ, duplicated,
which also circulates iQ; and Qs. Because of the current mirror arrangement betw@eand Q,, the same
current but scaled up by a ratio of 1 to 3 flow®jinas well. This is confirmed by identical voltageps across
R, andR; (=530 mV), also featuring a 1 to 3 ratio (1Q knd 5.7 R):

lco 3 leq =l (1)

Q; is wired in a cascode configuration and helpshield Qg voltage bias against the variations onkhe
terminal that would otherwise be duplicated mindg@aon Qs collector.

In Figure 1, the band-gap is made by associatartsistorsQ, andQs together with the emitter resistg.
Theareaparameter on both devices indicates Qais “equivalent” to three transistors in paralldleread)s is
made of six paralleled transistors. Otherwise dtdtee emitter size of the transist@g is twice that of transistor
Q. given respectivarea parameters of 6 and 3. Therefore, not only theectirdensities) in their emitters are
linked (J4 = 6J5), but their saturation currenitgis also affected by this relationship:

lsq =2 sq @

Thereference voltage
Now, it is interesting to calculate how the 2.5éfarence is actually established in the TL431. dGa,
we need to start with current values flowing thioGg andQs. Capitalizing on the equilibrium, we know tHat

circulates inQ, and3l; in Q, (1) but thanks to the ratio of resist®r andRs, 1, also naturally flows iQs. We
can write the following equation for voltage difgeice between base terminal€fQs and the anode terminal:

VBE4 = VBES + |1R4 (3)

The base-emitter voltage of a bipolar transiston && calculated from its collector currelt according
following equation:

I
Vge =V, In (I—Cj (4)
S
Where \VA =k_T=25 mvat a 27-°C room temperature or 300 Kelvin. In taguation,ls is the transistor

saturation current (directly proportional to itsitier size) k is the Boltzmann constant 38x 10%) andq is the
electron charge equal n601x 10*° C.

We know from (2) that the saturation currentfis twice the saturation current @f. We can therefore update

and substitute (4) in (3):
V, ”{ij:VT In(ij+ Rl (5)
ls 2

Re-arranging and factoring: gives:

el

a
We know thatiha—-Inb=1In (Ej , therefore:



VTIn(i%j:VTIn6: Rl )
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From which we can extract the value of the curtent

V. In6
|, =T (8)
R,
Based on the value & which is 482Q, we can calculate the valuelef
26mx1.79
|, =———=97uA 9
1 482 M )
Knowing this current, the drop over the collectmaidsR, andR; can quickly be derived by ohm’s law:
Ve, =Vi =3R L= R1,=1.9kx 97u= 5.7k 97u= 553m\ (10)

which is not far away from the bias point calcutatey SPICE. AR, is crossed by the sum of the currents
flowing into Q4 (314) andQs (1I4), its voltage drop is simply:

V, =4R |, = 2kx 4x 97u= 776mV (11)

Finally, if we stack up all the voltages we havécgkted and assume transist¥kg of 580 mV, we obtain the
reference level we look for:

Vi =Vi + Vi, + Vg + Vo =0.553+ 0.776- 0.58 0.58 2.49 (12)

This is the value displayed in Figure 1 overrienode.
The frequency compensation of the TL431 is peréatiny the capacitorS;, C, and the resistdR.
The need for bias current

We explained that the condition for equilibriumrsached wherv, equals 2.49 V. Now, if the
voltage applied oiv,¢; changes, for instance increases, the voltage ehamopagated on the emitter@f and
forces a current change R. This change will now be seen @ andQs currents, respectively conveying the
information toQ, andQs. To that respect, you could s@g andQs working as a differential amplifier. However,
as more current flows iQ,, its path will naturally offer a larger gain totizate Q,, sinking more current to
ground thaQQg does:V,, is pulled down.

We could analytically calculate the transconductgagain of the TL431 but we can also deduce it
from the characterization curve shown in Figur&m@m this curve, we can read a dc gain of 55 dBs Value,
together with the 23@ pull-up resistor implies gmvalue of:

55
10%
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J 230

=244 AV (13)
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Figure?2 : the ac test is carried upon a TL431 loaded Bg&Q resistor. The injected current is around 10 mA.

As the caption details, the cathode current wasos&0 mA during the measurement. A traditionalezetiode
needs some substantial bias current to make itatpear away from its knee. Otherwise, the dynamic
impedance exhibited by the diode is affected amdz#ner voltage depends on the injected currergpiize
being a kind of active zener diode, the TL431 mahkesxception to that particular rule. You neednject
current in its cathode to get the best from theimewVe have run simulations on the transistoril@uet31
model to check where the knee sharpens. This i$ agpears in Figure 3.
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Figure 3: from this figure, we can clearly see the appesganf the knee below a 600-pA injected current.
Below this value, the transconductance gainis rather poor.

In this drawing, we can identify a region below wlhithegm of the device is low, with values in the viciniy
30 mA/V. As the cathode current increases, thestamductance improves and reaches up to 1 A/V. &@m
current is injected, values up to what is giver(18) are obtained.

One way to inject more current is described inuFég4 where a simple resistor connected in parallel
with the opto coupler LED increases the currerdgdtgd in the TL431. As the LED forward drop is ardud V,
a paralleled 1® resistor forms a simple 1-mA generator which swpswith the feedback current flowing
through the LED. Please note that decreasing tH2 $éfies resistdR_gp does not change the TL431 current as
this current is imposed by the primary-side feet@tbaarentlc, reflected in the LED by the opto coupler current



transfer ratio (CTR). ChanginB.gp value affects the mid-band gain but not the TL4Bds as the system
operates in a closed-loop form. Reference [1] idetu all calculation details related to the TL43Asbi
calculations.

Finally, what current shall we inject in the TL43The specifications state a 1-mA minimum current
and Ref. [2] claims a minimum of 5 mA to obtain detperformance. What value must thus be seledtéziR
besides the open-loop gain that is affected byiag current, the consumption on the output voltalge plays a
role in the selection. When you chase every tena\&f to stay below a 100-mW input power, you undarst
that you cannot afford to lose precious power biag current that is useless in no-load conditibtigh-volume
notebook adapters deal with a 1-mA extra bias otime top of the natural feedback current seerménliED.
The total bias in the TL431 is thus in the vicinitiy1.5 mA and experience shows that it is ofteacgenough to
reach adequate performance without sacrificingstaadby power.
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Figure 4 : a simple resistor in parallel with the opto clenp ED creates a free current source generator.

To demonstrate this fact, we have built a simpl fixture where a compensator was assembled as
suggested by Figure 4. The collector current redlbthrough its CTR in the LED established to acb880 pA.
We captured a plot without added bias currentingtthese 300 pA only flow in the TL431. Then, &Q-
resistor was put across the optocoupler LED toeimee the bias current in the TL431 to roughly 143 As one
can immediately see in Figure 5, the open loop gaiely benefited from this added bias current.
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Figure5 : the dc gain of the TL431 clearly benefits fromaaided bias current.



Conclusion

This article introduces the reader to the inteschlematic of the TL431. Without entering into theal
band-gap operation, it is important to understaod the part operates and the performance you cpecein
relationship to its bias current. Readers furtinéeriested by the subject can visit Ref. [3] linkenda the author
has gathered a lot of data on voltage referendgmesNow that we know how to bias the TL431, wé ggée in
a next paper how to make a type-2 error amplifidrad it.
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The previous article covered the internal operataf the popular TL431, explaining why a
sufficiently high bias current was necessary taawbthe best out of the three-pin device. This papk now
focus on the TL431 practical implementation in anpensation circuit. If most of the theory books @ov
operational-amplifiers-based (op amp) compensatiamits, you rarely see descriptions of theseuifscusing a
TL431. This article will detail how to wire a TL43d a type-2 configuration, creating the compemsaticheme
for current-mode operated converters such asybadk or the forward.

Creating phase boost with poles and zeros

The principle behind loop compensation consistensuring safe phase and gain margins in all
working conditions when the converter operatesedldsop. Phase margin implies that the total pmatsion
of the loop gairnr(s)is less than -360° at the cross over frequdndgain margin, on the opposite, qualifies the
distance between the loop gain module and the @dBat a frequency where the total phase rotasicB860°.
To ensure these design conditions are respecteanwst insert a compensation circ@{s) whose task is to
shape the loop gain to cross over the 0-dB axibeaselected frequency and exhibits sufficient phasd gain
margins at the considered frequencies. How do vectséhe crossover frequency? Some designer athbjtra
chose 1/8 of the switching frequency for instance. A bettey is to analytically derive the 0-dB crossover
point depending on the maximum undershoot stategbumr specification sheet. Ref. [1] describes asjis
method to get there. Let us assume for the sakteeafxample that this crossover frequency is 1 kHz.
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Figure 6 : the typical power conversion stage of a flybackwerter operated in current mode.

The very first step starts from the power stageeBpldt. This is the function notéd{s) that appears in Figure 6.
It is the response of an isolated current-mode Cigbbck converter featuring ramp compensation. Thiat
can either be obtained using bench test data, tigalpnalysis or by using a SPICE simulator [2jorR this
graph, we can see a gain deficiency of -22 dB apldase rotation of -63°, both values being reatieselected
crossover frequency of 1 kHz. To obtain a good timgjection, a small output static error and a lowput
impedance, a large dc gain is needed. A pole abrilgen will satisfy this requirement. Mathematilgala pole at
the origin follows the form;

G(s)= (1)

U&‘m‘l—‘



Unfortunately, placing a pole right at the origiflliwduce a permanent phase rotation. Furtherntoeeause we
use an op amp or a TL431 wired in an inverting igamation, the total phase rotation will amount2@0°;

s
argG(s)= ard 3- ar S(”)" -m=- arctdmw)-7r= —7—2T—77=—3—;T @)

Therefore, if we cumulate these -270° phase rotatiith the -63° from the power stage, we end ughaitotal
loop phase rotation of -333°. This gives us a 2grele margin before hitting the -360° limit. Thist@ince is the
so-calledphase margirand is noteds,, We know from loop control theory that the phasargm should be
larger than 45° to obtain a fast non-ringing syst@uotually, Ref. [3] suggests to design for 70Feahg the best
trade-off between recovery speed and lack of owersiTo expand the current 27-degree margin tow8éneed
to create phase boostoccurring at the crossover frequency. This plasest is exactly 43°:

BOOST=¢, —arg H {)-90= 70+ 63 9& 4% 3)

A boost in phase can be created by combining paifes zeros together placed on the compensator éransf
function G(s) If we associate a zero and a pole together eactriong at different frequencies, the transfer
function looks like the following equation:

o5

(4)
Spl

We know that a first-order zero, alone, rotatesphase from 0 to +90° whereas a first-order pol&esat turn
from 0 to -90°. We say the zebmoststhe phase whereas the ptagsit. Therefore, if we combine a zero and a
pole, depending on the frequency at which we ptheen, we have a means to adjust the exact phast Wweo
are looking for. Evaluating the phase boost goesdbgulating the argument of (4) in the frequenoyndin:

argG( f)= arctarEflj— arct{nfLJ (5)
z1 pl

Where should we place the pole and zero in relatignto the crossover frequency? To have an iddayd
calculate the frequency at which (5) peaks, inothards, at what frequency the phase boost is maxim

d arctar{fj— arctaEfJ
le f pl

df

=0 (6)

Solving this equation leads to:
f=fafs @)

By placing the crossover frequency in the geometiéan of the pole and zero locations, we will bienef
from the maximum phase boost we are looking fothis the only way to place the pole and zero? iGlewt.
For instance, a pole can be placed to fight an yingazero brought by the output capacitor Equivalgeries
Resistance (ESR). The zero can be placed furthen dioe frequency axis to help maintain stabilitydifferent
operating conditions for instance. However, plading pole and zero according to (7) is the simplesy to



start with. Now, back to our example, we need todbdhe phase by 43° at a 1-kHz crossover frequéncy
Where do we put the pole and the zero? By combi(bhgnd (7), we can solve for their respectivetpos

f =[tan(boosl) +\/taﬁ( boosf+ 1} f= 2.3kH 8)
f 2
f,=—-=435Hz ©)

p

How do we make sure we cross over at 1 kHz then®2ryring that the compensator for 1 kHz exactly
exhibits a +22-dB gain. This gain is called the 4p&hd gain, often note@,.

To summarize, we need to create a compensation @liélling the following specifications:

e 1 pole at the origin

« 1zero

e 1pole

* A mid-band gairG, at the crossover frequency

Thetype 2 with an op amp

In the literature, the aforementioned type of congaeor is called a type 2 and is usually built acban
op amp, as exemplified by Figure 7.
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Figure7: a type 2 compensator gathers an origin poler@aaed a second pole.

The transfer function of such a configuration carplt under the following simplified form:

1+

G(s)z—%l s (10)
+

p

Using this configuration and assuming tRatis smaller tharC;, the poles and zeros are placed according to the
following formulas:
1
fpo = fz = 2—
R, G

11)



* " 271R,G, 2
G, = % (19

If we apply these expressions to the 43-° phasestbab1 kHz associated with a 22-dB gain at theesam
frequency, we obtain the following component vajuessumingz; is 10 KQ:

C,=2.35nF
C, = 550 pF
R =10 K
R, = 155 K2
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Figure 8: the transfer function reveals the right gain phese boost we are looking for.

An ac simulation carried on Figure 7 schematic $etadthe plot appearing in Figure 8. This drawiogfoms
the amplitudes on both the gain and phase we akénig for.

If the op amp is widely used in today electronisteyns, it has been dethroned by the TL431 thanks to
its cost and ease of implementation. However, beeai its architecture, the TL431 requires a bitafe to
implement a true type 2 compensator.

Thetype2 with aTL431

Reference [2] details the presence of so-calletidad slow lanes which can appear troublesome when
implementing the TL431. However, experience shdvet tising these lanes at your advantage actualkesna
the type 2 configuration an easy option as confitrbg Figure 9. The main trouble here is broughtthoy
presence of the optocoupler. Its role is to cortheyisolated secondary-side LED current, repretigataf the
output voltage variation, to the primary sectiordirect electrical link to the mains. The bipoleartsistor used
to collect the photons emitted by the LED presamtsnternal collector-based capacitor directly rbipnal to
the optocoupler Current Transfer Ratio (CTR). Bseaaf the Miller effect, this capacitor multiplidny the
transistor beta is seen on the collector and djréderacts with the pull-up or pull-down resismynnected to it.

In certain cases, it can hamper the loop transiiection and care must be taken to account forrgsegmce. The



larger the CTR, the larger the parasitic capadiod the slower the optocoupler. The final transfeiction
appears in (14) where we can identify the followmpades and zeros:

— sRG+1 1 Rpullun
e ( sRG j 1+ SF%u”up( QH Q,pm) Reo 1R -

1

f=f =—= (15)
2P 2mRG
1
f, = (16)
2n‘Rpullup ( Q H Copto)
R
G, =2 CTR (17)

ED

In equation (14)Copo is the equivalent optocoupler pole seen from thesistor collector which comes in
parallel with Figure 9'sC,. As an immediate remark, Gy, is small enough, implying a wide optocoupler
bandwidth, its effect ove€, will be negligible andC,, alone, will dominate the pole position. On theoogite,
depending on the crossover frequency selectiaantappear than the optocoupler parasitic capaeitamposes

a pole lower than what equations (8) would sugdesthat caseC, has obviously no reason to exist and the
optocoupler rules the position. In this particutase, either you select a wider-bandwidth optoeupt you
lower the crossover frequency until the final conattion capacitance requires, at least, &apacitor value of
100 pF. This capacitor will be located closelytte PWM controller and will improve noise immunity.

Before running the type 2 components calculatiany gbsolutely need to know the optocoupler pole
position. You can either characterize it yourseihg the text fixture recommended in the optocougta sheet
or look at the frequency response curves, usualheddent on the loading resistor. For a SFH6158sP@ated
with a NCP1271 from ON Semiconductor, the cut-offjfuency is 4.5 kHz and the CTR exhibits a poouevaif
30% when connected to the controller Z0-bull-up resistor. The equivalent collector-emittepacitor is
therefore:

C,o = 1 ~1.8nF (18)
PO 2mrx 4.5 x 20k

Vout
|:| Rpullup f] RLED [ﬁ Rl

Ul RIower

Figure 9: a complete return chain based on a TL431 andpl@coupler



From our previous example, we know that a zero muastr at 435 Hz and a pole at 2.3 kHz. Let usyappl
equations (15) through (17) to calculate the corapbralues, still assumirg is 10 K:

1 1

C = = =37nF (19)
2R f,  6.28< 1kx 435
Coole = L = 1 =3.5nF (20)
2t Ry, 6.28x 2.&x 2K

However,Cpge is made ofC, combined withCopio AS Copiois 1.8 NFC; is simply:

C,=C_.-C

opto

=3.5n-1.8n= 1.7nF (21)

pole -

Finally, the LED series resistor characterizesrttid-band gain necessary to cross over at the selelckHz
frequency. From (17), we have:

R CTR
Rep = pu"g = 20k 220'3: 476Q (22)
0 10%°

The extra resistoRy,as, €nsures the circulation of a certain amount ofen in the TL431. Adopting a value of
1 kQ makes the adjustable reference operate as pedateesheet recommendations which state a 1-mA
minimum bias current.

Simulating the TL 431 network

Before building the breadboard in the bench, gasd to test the frequency response on the compute
first. This is what Figure 10 proposes, using aCEPsimulator like Intusoft’s IsSpice. In this pattiar case, we
have added an automatic bias control to force giecoupler collector to operate at 2.5 V, othervatsed, in
the middle of its dynamic excursion. Given the hmgin of the TL431, manually setting the bias pdigt
tweaking its input dc bias (actually the regulatgg in the real application) would certainly compliedhe task.
This function is performed bl; and the loop opening elements likeL andLoL: LoL is a short-circuit during
the bias point calculation (dc analysis) whiteL is open. In acloL is very large and is considered as open,
therefore, all the ac signal can flow Wal without being bothered Hy;. A similar configuration can be used to
test the dc gain of an operational amplifier fatance.

El

LoL R6 -100
+ 1kH 100m
l NI y Y L1 - - Vout
Col S
+ 11
ov
Vout = o [ov] + Vbias
Vout - 2.5V
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AC=1
1

Cc2
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X2
Optocoupler
Cpole = 1.8nF
CTR=0.3

Figure 10: a simple simulation fixture helps to test the tgpamplifier built around the TL431.



The bias resistor has been omitted as the gened8IT'SPICE model we used is not sensitive to &s lourrent
value. The final results appear in Figure 11.
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Figure 11: the ac results delivered by the TL431 arrangenienefy well the op-amp-based type 2 reference.

The TL431 ac response agrees very well with thahefop-amp-based type 2 compensator. We can howeve
notice a small difference in the developed gairthat 1-kHz crossover frequency. This 1-dB discrepasc
imputed to the LED dynamic resistBf which appears in series wiRigp. This dynamic resistance depends on
the LED direct current: which is indirectly linked to the collector pulpuesistor. For low bias currents, as in
our examplez= 300 pA, this dynamic resistor can easily reach @58hereas it drops to 40 when operated at
higher currents like 1 mA. Therefore, dependingtloe LED series resistor, this dynamic resistor bave a
small impact on the mid-band gain. If you would nagd the 1-R bias resistor in parallel with the optocoupler
LED, you would notice a further gain reduction, iagamputable to the rather higRy value from which the
extra bias resistor steals away feedback curremésd effects are almost invisible at higher LEDw&nd
currents, i.e. with optocoupler operating currdéntshe vicinity of 1 mA or more. As a temporary ctusion,
selecting pull-up resistors in the 1-Q kange helps to a) widen the optocoupler bandwijltio cancel the LED
dynamic resistor impact c) improve the optocouplarent transfer ratio. The cons against thesecelsaire the
power consumed in no-load operation as the intepnditup resistor draws current when the optocouple
imposes a low/g voltage. When you chase every tens of mW to dess than 100 mW at a 230-V-rms input
line, these little details have their importance!

Watch the LED seriesresistor value

There is another important comment regarding ¢hies resistoR_gp. As shown by (22), it plays a role
in the mid-band gain and must be calculated witle ¢ao trial and error, please!). However, thisaon alone
is not enough to end the design phase. The sa#star also limits the current excursion in theoopupler
LED. In our case, the maximum current authorizedhiey476€ resistor would be:

Vour Vi = Viias1 min _ 5-1-25

I = =3.15mA 23
LED,max RLED 476 ( )

This current reflected to the optocoupler collestiarits CTR turns into the following value:

| | ep meCTR 1in= 3.15¢ 0.3= 94FA (24)

C,max —



Given the 20-R pull-up resistor, this current is large enougiptdi the collector voltage down as the feedback
loop instructs in light load conditions. The sifoat obviously worsens if you try to compensate avester
delivering a voltage lower than 5 V, e.g. 3.3 Vihis case, a TLV431 could be a better choicesagadltage can
go down to 1.24 V. Based on these observations;amederive another equation imposing a limit onRhe)
choice:

V.~V V, , -1-
out f TL431,min RgullupCTRmin SLZ'SX 0.3x 20k< 1.91© (25)
Vg = Vee sat 5-0.3

RLED,max =

If you decide to provide the extra 1-mA bias to THet31 by paralleling a 1@ resistor across the optocoupler
LED, the above equation must be updated sincecthient also crosses the LED series resistor:

V. .—V.—-V, . —1—
R g < out — Vi = VTL431,min RaullupCTRmin < 5-1-25 X 0.3¢ 2k < 84D
Y Vdd _VCE, sat+ I biag:TRminR pullup 5_ 03+ ]rnx 03 2(k
(26)

In the above equations, we have:

Vous the output voltage

Inias the TL4A31 biasing current when the optocupler LiEParalleled with a resistor (usually @ Kor a 1-mA
bias

VT._43)1,mm the minimum voltage the TL431 can go down to 2)5

V;, the optocoupler LED forward drop ( V)

CTRuin, the minimum optocoupler current transfer ratio

Vce sas the optocoupler saturation voltage300 mV at a 1-mA collector current)

Vua the internal bias of the pull-up resistor

As a result, the minimum gain brought by a ZD+ull-up resistor in a TL431-based feedback netweikg an
optocoupler affected by a 30% CTR is:

GOZ RpuIIup CTR s Vdd _VCE,sat

RLED,ma)( Vout - Vf - \4L431,min

If we consider (26), this gain even goes up to BY This is the major drawback of a feedback contqoérated
with a TL431 in a type 2 arrangement. It naturalffers less flexibility than a traditional op-ampsded type 2
compensator where the mid-band gain can be adjwtezhy value. Assume that Figure 6 reveals a gain
deficiency of -5 dB at 1 kHz, you could simply nate the arrangement featuring the ZDull-up resistor to
create a mid-band gain of +5 dB at 1 kHz. Thisasause the origin pole and the zero are linked tnefficient
made of the CTR, the pull-up and the LED resistdise only solution is to select a different crossov
frequency where the gain deficiency is compatibitd whe limitations described by equations (25) é2id) or to

go for a type 1 compensator, provided no phasetlimogcessary.

>3.130r= 1(B (27)

Final result

The TL431 compensator has been installed on thd @¢back and the loop gaifi(s) has been plotted
in Figure 12. As you can see, the crossover frequénl kHz and the phase margin reflects exactigtwve
were looking for: 70°. These are simulation resaltsl the next step is to build the prototype an&arsure
through bench measurements that experiments cotiferohoices we have made.
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Figure 12: the CCM flyback converter loop gain confirms thé&Hz crossover frequency and the adequate
phase margin.

Conclusion

The TL431 lends itself very well to the type 2 iepentation. It is however important to understand
the limitations brought by the configuration. Fastance, in cases where a reduced gain is needbd imid-
band area, the designer might be forced to chatiffesient crossover frequency where the gain cimakt are
more favorable. Despite these little drawbacks, Thd31 implemented in a feedback loop is still thest
popular choice in consumer power supplies.
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In a previous article, we have showed how to imaet a type 2 compensator using a TL431.
Unfortunately, the TL431 does not represent a peaat terms of compensation circuit. As the origate and
the zero are linked by a fixed coefficient, youdeathe flexibility naturally inherent to a competasabuilt
around an operational amplifier (op amp) where gan create the mid-band gain of your choice. Toestie
case where the LED series resistor clamps the lfesgain variations, a type 1 compensator will offee
flexibility we are looking for when stabilizing theonverter of our choice. However, the type 1 alsffers from
one limitation: it does not offer any phase boost.

Understanding the limitation of a TL431-based type 2 compensator
A type 2 compensator using a TL431 appears inr€ig8 and creates a pole at the orifgn,a polef,

and finally, a zerd,. The equation describing a type 2 compensator méttiea TL431 appears in (1) and shows
the presence of a combined action of the optocoaleasitic capacitandg, with the added capacit@,.

Voo
Vout
H Rpullup ﬁ] RLED f] Rl
Ves
E R
bi
/ SZ ias
L | E
N
Ul RIower

N —

Figure 13: a type 2 compensator built around a TL431.

G(9=-[ —natt - ®
) S@ q 1+ SR)ullup( C2 H Q)pto)
RoupCTR

From this equation, we can extract the followingegand zero definitions:

27— LD
RouCTR
f :L ©)



1 1

= = @
P
ZITRPU”UP CPO|E 277Rpullup ( Cz H Copto)
When dividing equation (2) and (3), we can sealalietween the origin pole and the zero:
fpo _G = Rpu”upCTR )
0
fz I:szED
G( ) G())
A 'y
dB dB
1 -1
f,=f.f,
f.= 1.1, —
0
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+1’ [,
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Figure 14: by adjusting the distance between the origin pole the zero, the mid-band gain is selected.

As the zero is fixed and depends upon the uppéstoe®; andC; (3), adjusting the LED series resisRrp
gives us a means to change the origin pole posi#prBy doing so, we can easily tweak the mid-bgath to
the desired value. This is what Figure 14 displafswing how two different origin pole positionsesithe mid-
band gairG,. However, the freedom to increase the LED resistimited by the necessary current excursion in
the optocoupler collector. We can show that the I9ebes resistor cannot exceed the following value:

Vout _Vf - VTL431,min
Vdd _VCE, sat

RLED,max < R)ullupCTRmin (6)

If you decide to provide the extra 1-mA bias to THet31 by paralleling a 1@ resistor across the optocoupler
LED, as drawn in Figure 13, the above equation rbastipdated since this current also crosses the ddfies
resistor:

V

out

Vdd _VCE, sat+ I

_Vf - VTL431,min

g:TRminR

RLED,max < I:'i)ullupCTRmin (7)

bia pullup
Where:

Vous the output voltage



Inias the TL431 biasing current when the optocupler LiE[Paralleled with a resistor (usually Xkfor a 1-mA
bias)

V1L431,min the minimum voltage the TL431 can go down to (2)5

V4, the optocoupler LED forward drop ( V)

CTRuin, the minimum optocoupler current transfer ratioy@for a SHF615-2 at a 350-pA collector current)
Vcesai the optocoupler saturation voltage300 mV at a 1-mA collector current) which imposes minimum
feedback voltage.

Vqq¢ the internal bias of the pull-up resistor, uspallv

Substituting (6) in (5), gives the minimum mid-bagain that a type 2 compensator using a TL431 chiege:

G > Rpullup CTR > Vdd _VCE,sat
0= min =

8
RLED,max Vou = Vi — VrL431,min
In the case of a 5-V converter and using the alvalges, this mid-band gain could not be made Ialven=10
dB. This situation would even worsen if equatioh Was used to calculat® gp. What are the implications of
such a limit? The compensation technique that veptitnplies a shift on the power stage gain cutyg) up or
down by a certain amount of gain (or attenuationjrder to force the 0-dB crossover at a selectegliency. A
type 2 compensator based on an op amp offers endesgign freedom in the selection of the surrounding
elements to let you amplify or attenuate the postage gain curve at the crossover frequency. Oedheary,
(8) poses a rather stringent design limit whensidected crossover frequency concerns a pointegdtn curve
where a limited gain - or even worse, an attennatis concerned. Suppose the selected crossoumr@othe
power stage gain curve exhibits a magnitude ofB5Tb crossover at this very point, you would néedhift
the whole curve by +5 dB at the selected frequebayfortunately, the 10-dB minimum gain limit impakby
(8) would prevent you from reaching this goal aheré is nothing you could do against that. The ¢atber
worsens in presence of a large gain excess atrtissaver frequency, in case of a Power Factor Carefor
instance. How do we do then? Well, either you selee crossover frequency in a different region rehihe
needed mid-band gain complies with (8) or, you g region where no phase boost is necessarth tis
option, a simple type 1 can do the job. In thisecdsecause the mid-band gain parameter disappearsan
adopt a different calculation strategy for the TIL43

A type 1 compensator with the TL431

The schematic does not differ from that of Figaf® and (1) is obviously still valid. However, to
perform an integration function and keep the origate alone, we have to make the upper pole andéhe
coincident. Then, we select the LED resistor taalue compatible with the result given by (6). Tlifedence
with the type 2 derivation lies in the upfront stien of the LED resistor. For a 5-V output and sidering a 1-
mA bias provided the way Figure 13 suggests, wecadeulate the maximum value this resistor can taiag

():

5-1-25
< x0.3x 20k< 8410 9
Rieo ma 5-0.3+ Inx 0.% 2K ®)

Adopting a 50-% margin on the result, we could tfie R gp resistor to 42@ or 470Q for the normalized
value. Knowing that both the zero and the pole amiacident, we have (3) equal to (4) from which gan
extract the zero capacitor value:

Iqullup (10)

pole
R

ReplacingC; in (2) by (10), we obtain the definition for thelp capacitor made of the capaci@yin parallel
with the parasitic capacitor of the optocoulifis

C. =C

CTR
Cpole = (12)
27Tfp0R,_ED



The origin pole location must now be selected sd the attenuatiofs;. at the crossover frequengyexactly
compensates the excess or deficiency of gain reddeopower stage Bode plot. An origin pole tranffaction
follows equation (12) in whicly, represents the origin pole:

1
G(s)=—— 12
()=— (12)
a)po
From the above equation, we can calculate the madmbfG(s) at the crossover frequency:
foo
IG(f,)F (13)
fC
We can now extract the origin pole location andlf€l) to geCpqe
1‘po =G, f, (14)

OnceCyge is known, we obtailC; using (10).
Application example

To illustrate a type 1 design, we have selecteihgle-stage PFC using a flyback structure delgea
12-V output voltage. The circuit uses a bordertoatroller like the MC33262 from ON Semiconduct®his
controller operates in peak current mode contrdl &WINCP1606 implementing a voltage-mode architectur
would give similar results: both would operate ixefl on-time. Figure 15 portrays the applicatiohesnatic
built around the auto-toggling current-mode modsiglied in Ref. [1]. The peak current set poinadsually
elaborated by modulating the amplitude of the fiectifull-wave signal available on the upper teratiof R; by
the error signal appearing on the optocoupler ctile The output voltage is 12 V, as expected, indélivers
100 W from a 100-V rms input voltage. The displapés points confirm the proper dc point calculiatio
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5.00V
‘ PWMBCMCM
L=L
29.0V a J RizRi
V28 >——§
X3
s E XFMR vout
o VO > El 2 RATIO = -266m
16 z I EEEY v |
o] ol o o g
R20 292mv
1.3Meg 5 | |
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vinave () ¥ O Rioad
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Figure 15: a single-stage PFC-flyback using a current-mamnteldrline controller such as the MC33262.
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Figure 16: the power stage Bode plot shows a gain exced?.@f dB when operated from a 100-V rms input
voltage.

The loop stability study starts with the powergst®ode plot which appears in Figure 16. This péot
either be generated manually using analytic aralgsiby using a SPICE simulator as we did. Sincedes
with a type 1 compensator, there is no added phbagst at the crossover point. Keeping a phase mgrgater
or equal to 45° naturally restricts the possiblessover frequency tel5 Hz where the power stage phase
rotation starts to exceed 45°. At 10 Hz, the rotais -36° and the excess gain reaches 12.2 dBgy8) in a
classical type 2 configuration featuring a 12-Vpuif we could not pull down the gain curve beyondiaimum
of -5 dB, whereas, in this example, we need togitirdown by -12.2 dB at 10 Hz: the type 1 comptmses
mandatory in this case. Let us go through the taticun steps:

1. evaluate the maximum allowable LED resistor with:(7

Ry s— 1271725  ,g3ok< 4.760Q (15)
mx S s mx 0. 2K

We will adopt a 2.2-R resistor, leading to a comfortable safety margin.

2. calculate the needed attenuation at a 10-Hz cresdmquency:

122
G, =102 =0.24¢ (16)
3. position the origin pole:
fpo =fG,.=10x0.245 2.4z a7

4. with a 250-pA divider bridge curreihfi,s (good trade-off between noise immunity and stanpimyer
performance), calculate the upper and lower rasisto

2.5

Rower = T 10 kQ (18)



V I_V f 12_ 25
=—ou el - =38kQ 19
R | 25 (49

bias
With V,¢ the TL431 internal reference voltage.

5. Calculate the required pole capacitor value:

c - CIR _ 0.3
P 2mf Ry 6.28¢ 2.4% 2.R

=8.86F (20)

Knowing the optocoupler parasitic capaci@jg;, (assume you have characterized/extracted it t6)2 n
evaluate the added capacitor valbe Given the result given by (20), the optocoupletephas no
influence in this particular case:

C

C,=C o= 8.86 LF (21)

pole -
A 10-pF electrolytic capacitor will be used foistipurpose.

6. From the above value, evaluate the zero capacoeyv

R
C, = cpole$ = 1%% =5.2uF 22)

A 4.7-uF electrolytic capacitor will be selectexd this function.

We have plugged these values into Figure 15 compsrand we obtained in Figure 17 the loop gain P(s}
The 10-Hz crossover is respected together with-& plase margin. Thanks to the average model stionla
speed, it is quick to simulate a start-up sequemckcheck the input current once the output isilad. Both
waveforms appear in Figure 18. The output doeswetshoot and exhibits a rather large ripple defiime[1]:

= Fou = 100 =2.6V (23)
2. V. C 6.28x 5« 1% 1@n PP

line ¥ out ~out

AV
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Figure 17: once compensated, the crossover frequency retohespected 10 Hz.
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Figure 18: the transient response of the single-stage P{#gadk converter. The output ripple is typical afth
structure.

The simulation shows a slightly less ripple amplé@however. The power factor is measured to 0.868al of
this kind of architecture.

Conclusion



The TL431 in a type-2 configuration clamps dowe thinimum achievable gain and cannot be used
in situation where a gain in excess needs to bepeasated. In cases where no phase boost is negetbear
TL431 compensator can be re-arranged in a reatlyggplication where the origin pole can be platedross
over any frequency as we have showed in this articl
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In a previous series of articles, we have showw titee TL431 could be used to realize type 1 and
type 2 kinds of compensators. If the aforementiooemhpensator types work with most of the currentdeno
control configurations, other control modes canunexja type 3. For instance, if you have to comptns
continuous conduction mode (CCM) voltage-mode carve you need an extra pole and zero. In this
configuration, the TL431 does not lend itself verll to this exercise: the fast lane presence leamplicates
the design task. The simple idea developed inattisle consists in getting rid of the fast lana &n external dc
bias, fully decoupled from the observed ac inputhiat particular case, the design exercise nisietplifies and
resembles that of a classical type 3 built upongerational amplifier.

Thetype 3 implemented with the TL431
A type 3 compensator using a TL431 appears inrEid9. It creates a pole at the oridig, two poles

fo1 andfy,, plus two zeros,f, andf,. Thanks to this configuration, the designer cansbdhe phase at the
crossover frequency up to a theoretical limit 0918

V 4d Fast lane

g contribution Vo,
RpuIIup H f] sz f] R1
Rieo |
s
Ves
<~
/ SZ [‘]Rbias
CT Y /ZS/ Cl:ll
Ul RIower
v o=

Figure 19: a type 3 built around a TL431 is hampered bydiresence of the fast lane which introduces an extra
modulation viaR gp.

Unfortunately, as derived in Ref. [1], the LED masr, in this particular arrangement, plays twasolone for
the mid-band gain and the second one for the exdra position. This is what the following transfanction
confirms:

Vee(9) _ _Run 7 (RG] { Ro* B) G+

Vou(9) Reo SRQ(1+ SRuup 9)( SR 9+1) &

Therefore, finding the right combination wheRg=p gives the correct gain but also the required parsition,
still making sureR gp satisfies the minimum biasing conditions... you danderstood it, the exercise is a
nightmare! The reason for this situation? The preseof the fast lane which routes a portion of dlgput
voltage in parallel with the voltage divider madeRy and Ry If R ep was solely used to dc bias purposes,
without an ac connection to the input voltagg, it would certainly disappear from any pole/zeommbination
present in (1).

Thefast laneisthe problem



The problem comes from the connectionRpfp to the input signaly,,. In a classical op amp-based
configuration, the input modulation is solely coped to the output by the resistors bridgeandRyer SENSING
Vo In the TL431 case, because of its connectiovi,tp R gp also appears in the modulation path and plays a
role in the transfer function. Whe®, is a short circuit, i.e. at high frequencies, trensmission of th&/
modulation to the LED via the resistor bridge dizegrs and the TL431 becomes a simple Zener diodeg f
the LED cathode potential. However, because ofittketo V. via R gp, the modulation still reaches the LED
and thusVgg, by affecting the optocoupler current as follows:

I.(s) =VR—(S) @

The equivalent schematic appears in Figure 20 whigspite the absence of link betwdRiR e, and U,
(becauseC, acts as a short-circuit), a modulated currentsingdR gp alone reaches the output as shown on the
right hand side of the picture. This particular foguration makes the design of a type 3 a diffi@iercise, as
(1) can justify.

Vdd
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Figure 20: as the feedback capacitéy becomes a short circuit at high frequencies, t8B ktathode potential is
fixed by the TL431 and a modulated current stiflaiees the optocoupler via the series resRtgs.

An open-collector operational amplifier

The fast lane creates the problem because obitsection toV,,. To get rid of this situation, the best
way is to connect thR gp resistor to a fixed potential, fully decoupledrfrd/,. There are several options to
reach this goal, but the simplest one is to usermeZdiode as portrayed by Figure 21 which degidigpe 2
compensator (1 pole at the origin, a low frequezexy and a high frequency pole). In this applicagohematic,

a portion of the output current is derived via s&miR; to bias both a Zener diod® and the TL431. Thanks to
the presence db;, C; andR; the bias node becomes insensitive to the ac muaolulappearing on the output
voltage. Of course, sufficient headroom betweernothtput voltage and the selected Zener voltage enist to
guaranty the needed ac isolation. For a 12-V oug6t2-V Zener has proven to be a good choicecSgkner
diodes accepting a moderate bias current to aveidping out unnecessary static current from the latgd
output, especially if no-load standby power isguiement. The MM3Z6V8ST1 from ON Semiconductoridou
be a pertinent choice given the low breakdown cura¢ which they are specified. The resif®prs calculated to
include the Zener diode bias current but also thtoapupler current associated with the 1-mA minimum
requirement for the TL431 operation. We will conaek onR, in the design examples below.

Now that the fast lane contribution has disappeasee are left with a classical open-collector
operational amplifier configuration where all thedaulation rules available for types 2 and 3 readpply. The
TL431 is made of an op amp whose non inverting tingpbiased to 2.5 V. The voltage output of thisampp is
actually seen at the TL431 cathode, on the noderderatedk in Figure 21. The ac current crossing the LED is
therefore the voltage at node divided by the series resistBrgp (see Figure 20 for the small-signal model
whereV, is simply replaced by (k))



®)

The current, circulating in the optocoupler collector is linkeathat of the LED by the Current Transfer Ratio
or CTR:

I.(s)=1.(s)CTR 4)
Since this current circulates in the pull-up resiso create the output voltage, we have:

Vs (8) = Ruiwp (9 )

From the above equations, it is easy to extractithgainG, brought by this added circuit to the TL431 op amp
output:

R
G,(0)=—="2 CTR (6)
v *O R,

%
T o
=4
Py
m
W)
%7
et

O
it

Figure 21a and b: a Zener diode can be used to create a fixeddt, lurther decoupled from the monitored
output voltage by a capacitor as shown on sketébnaside b, despite the presence of an op ampydlyethe
information is conveyed on the primary side doesdififer: it has to cross the optocoupler impositsgoole and
CTR.

In ac, remember that the optocoupler, by its pfaysionstitution, is limited in response time. Tfast
can be modeled by considering a parasitic capactgy, placed between its collector-emitter terminals. 8\
result, a capacitor made Gf || C,p0 CONnected to the optocoupler collector introducésgh frequency pole. In
other words, whatever the wa4,; is shaped in magnitude and phase by the TL431ydhage delivered on
nodek will undergo the following ac expression, involgithe dc gain already derived in (6):



=G, (5) =~ TR 1
° Reo  1+5Ryup( Guoll G)

This statement still holds if you plan to replake TL431 by a classical op amp, such as the LM358.circuit

is very popular in Constant-Current/Constant-Vata@C-CV) configurations for cell phone chargers fo
instance. In that case, Figure 21 side b, showstligaop amp uses a TL431 as a static voltagearder and
biases the LED in a similar way as in Figure 21laer€fore, the op amp output conveyed to the feddbade
Veg also undergoes the transfer function describe@7hyWhat are the preliminary conclusions? The faat
we isolate the fast lane does not shield us froenoihtocoupler parameters: its CTR still plays & & its pole
does. Therefore, since a pole is unavoidable, weuse it and make it full part of the transfer fumec we are
looking for. If we do not, then the ac transferdtian built around the TL431 or an op amp will Hé&eeted by
this extra pole that we will have to deal with. Gtiategy in the following examples is to welcorhis fpole in
the design: welcome home, pole.

(@)

Designing a type 2 with the fast lane removed

The type 2 configuration has already been unveéildeigure 21a. Its design methodology starts \hth
choice of the Zener diode. What helps to isolate fist lane is the headroom between the diode tosak
voltage and the rail from which the bias is deriveg, However, the decoupling can sometimes become an
impossible exercise if the output voltage is lowthat case, a circuit as the one described in [Retan help
but it requires an extra winding, sometimes noilake. In our example, suppose we regulate a I2#put. A
Zener voltage around 10 V should do the job wallvéver, in our laboratory, we purposely used a\6igpe
because of its immediate availability. The 12-V wemer we want to stabilize requires a transfercfiom G(s)
featuring the following characteristics:

- A 0-dB mid-band gaits at 1-kHz crossover frequency

- A zerof,located at 364 Hz

- Apolef, placed at 2.75 kHz

- The resistive divider is made of a 38kesistor forR; and a 10-R is connected to ground.

1. We have seen in the previous article that the seesistolR gp was important to make sure the TL431
had enough bias current to operate in good comditidvVe can show that the LED resistor cannot
exceed a certain value dictated by the followingagipns:

V, -V, - VTL431,min

Vdd _VCE sat+ I biag:TRmin R

RLED,max < R)ullupCTRmin (8)

pullup
Where:

V,, the Zener diode breakdown voltage (6.2 V)

Inias the TL431 biasing current when the optocoupleblig paralleled with a resistor (usually @ Kor
a 1-mA bias)

VrLa31mine the minimum voltage the TL431 can go down to {2)5

V4, the optocoupler LED forward drop ( V)

CTRuyin, the minimum optocoupler current transfer ratioour case 30%

Vcesas the optocoupler saturation voltage 300 mV at a 1-mA collector current) which imposks
minimum feedback voltage.

Vqa the internal bias of the pull-up resistor, uspalv

The numerical result given by (8) is 1.2 kiIf we arbitrarily opt for a 50-% margin, the setled value
for R_gp drops to 75@2.

2. To crossover at 1 kHz, the total ch&ifs) must exhibit a gain of 1 (0 dB) at this frequenidpwever,
G(s)is actually made of a compensa@i(s) whose output crosses the optocoupler chain, disoted
by a gainGy(s). The total gairG(s)is therefore the product of both gaiBgs)Gy(s). SinceG, is fixed
by (6), we can evaluate the value at which the z-gkin must be tailored f@, :
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0
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3. The resistorR, places the zero, in relationship wi@. As shown in Ref. [1], this element can be
calculated using the following formula:

f2 f2 f2 f2
R2=\/( - J(rfzJ)r(f §)+ C)Glffch:4.75kQ (10)
z c P

4. FromR,, the zero capacitd; is easily derived:

C =t = 1 =92nF (11)
2Tf,R,  6.28< 364 4.7

5. What now is missing is the pole capaci@rwhich must combine witkoy, to form the total value we
are actually looking for. This value f@ is derived from (7):

Cot = 1 = 1 =2.9nF (12)
2mR . 6.28x 2(kx 2.74&

The optocoupler has been characterized and exkilpisle at 6 kHz. Combined with a 2Q-lpull-up
resistor, it corresponds to a parasitic capa€dgy, of 1.3 nF (use equation (12) wheges replaced by
the 6-kHz pole). Becausg,,, andC; are in parallel to fornC, C, value is simply:

C,=Cy—Co=2.9n-1.3n= 1.6nF (13)

‘opto

6. Now that all components are calculated, the zermss tesistorR, must be chosen. The current that
crosses it is made of the 1-mA bias current forfthé31, I, the LED current, necessary to change
Veg plus the current biasing the Zener diotle,l, and I, are picked by the designdi., however,
depends on the CTR of the optocoupler. We canyesisdw that the maximum LED current obeys the

following expression:

_ Vdd _VCEsat _ 5-300m _
ETC R LLCTR . 20kx 0.3

| 784pA (14)

pullup

To ensure a low dynamic resistance for the 6.2-YieZaliode, the data-sheet of the selected device
recommends a 4-mA bias current. Added with the 1.aukent for the TL431, the total current crossing

R, is thus:

R, bias T1 1 LmaX:In +4m+ 7841= 5.8mA (15)
The resistor biasing the Zener did@anust thus be lower than:

Vou =V, 12-62_, )

RZ<

I R

Z

A 0.1-uF capacitor has been added across the thadgrove the ac rejection ®f,.

Testing the ac response

Rather than running a simulation with the abovei@s] we actually built a test fixture to extraat th
compensator transfer response. We could have #isiexperiment on a working power supply, but thiint



noise makes the exercise difficult, especiallyonw frequency. The main difficulty with a high-gastompensator
is to maintain the proper bias point, e.g. a ctdlegoltage around 2.5 V, the middle of its dynamicursion.
Even if you carefully adjust a dc power supply ®&iver exactly 12.00 V on the TL431 input and hake
optocoupler collector voltage around 2.5 V, theii#t always be slow temperature drifts and noiset vl
inexorably push the circuit in its upper or low¢ops. Rather than manually tweaking a dc sourcey;, mdt
making the process automatic such as in FiguréAB2op amp, a simple LM358, monitors the collectbthe
optocoupler and adjusts its output to make it eqoahe 2.5-V set point, present on its invertingut. That
way, if anything changes, the op amp will autornadlyctweak the bias point to keep the collectotheg right
2.5-V level. A 1000-pF capacitor rolls off the logain and ensures the stability of the fixture. étwork
analyzer monitor¥,, andVgg to produce the Bode plot we are looking for.

15V
. . 1000 pF
T T I
- o2
5V( 7
o 25V
22 k@
[ 15V LM358
v 25V . (|18 ke
EB 0.1 IJ.F
U, i
SFH615-2 T : -
£ i} 1 } -
TS E;l R, Network
] analyzer
U, [J 10 kQ
TL431

-

Figure 22: rather than manually fixing the bias point, anapp does the job automatically by maintaining the
right dc voltage on th¥,, node.R; andC; are only present for the type 3 study.
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Figure 23: the Bode plot extracted with Figure 22 fixturanfioms the type-2 nature of the tested configuratio

As confirmed by Figure 23 plot, we perfectly crossoat 1 kHz with a 0-dB gain. Needless to say thiat0-dB
transition would have been impossible to obtairhait using the TL431 recommended configuration vilih
removed fast lane.



Designing a type 3 with the fast lane removed

The type 3 design does not differ that much frbat bf the type 2. Thanks to the fast lane remawal,
just need to add aRC network across the upper resisRrand we are all set!

Vi D2 /Q;%

C,
— — T V.
bias out
RpuIIup RZ
[|Reo R[] [|Rs
G
Vg U, —T
-~
Rbias
# e
C2:: /Z
U, [gRlower
7 -

Figure 24: the simple addition of aRC network acros®; turns the compensator in a type 3.

Thanks to the study carried over the type 2, wewktioat the transfer function of the type 3 is tbétthe
classical op amp configuration multiplied by (7hefefore, the transfer function of the circuit preted in
Figure 24, provide®; << R; obeys the following equation:

Vea(S) - _Rou o7 (SRG+I(SRG+])
Vou (9 Reo SRQ(]-"' SRp C})( SR g}l)

17)

Once again, let us assume that we need to stahiZEM voltage-mode forward converter delivering\L2To
make it stable, the study of the open-loop Bod¢ iplticate that the compensator transfer func€égs)requires
the following parameters combination:

- A 17-dB mid-band gai® at 1-kHz crossover frequency

- Two coincident zeros placed §t =200 Hz.

- Two coincident poles placed & = 3 kHz.

- As before, the resistive divider is made of a 8Brksistor forR; and a 10-R is connected to ground.

- We assume all the rest of the valuBszf, Rouiup Ibias €1C.) are similar to that already used in the t¥pe
example.

Let us follow the steps:
1. The LED series resistor is evaluated using (8)alsd leads to a value of 75D

2. To find the needed mid-band gain pertainingGds) only, we first evaluate the contribution of the
optocoupler chais,. For this purpose, we can use (9) again:

17

120
G =0 - 10° Rep 708750 o0 8
G, Ru, CTR 20k 0.3




3. ResistorR, fixes the type 3 mid-band gain. The below forntdasiders coincident poles and zeros for
this case. If there would be a need to split thina,formula turns to a more complex form, as dedhil

in Ref. [1].
fe+f?
-5 P GER g 4710 (19)
2482 f
4. KnowingR,, the series capacit@; can now be evaluated:
C = ! = ! =94 nF (20)
277f,R,  6.28< 200 8470
5. The rest of the calculations is straightforward:
C,= 1 = L =21nF (21)
277f, R 6.28 200 3&
R, L L 2.5kQ (22)

C2mfC, 6.28<&x 2h

6. The design ends by calculati@y, which is linked to the pull-up resistor and thgazoupler parasitic
contribution:

C2 :;
2rf R

p" “pullup

-C

‘opto

=2.6n-1.3n= 1.3nF (23)

We are now all set and we can wire these compantmthe Figure 22 test fixture. The ac sweep tesappear
in Figure 25 and confirm the validity of our design

33.000 300.000
29.000 1G(s) 270.000
boost = 116°

25.000 240.000

21.000 Ly 210.000

17.000 4 180.000

13.000 A 150.000

9.000 e 120.000
‘__j#/ H —

5.000 Gls Gain =17 dB 90.000
arg|G(s) f.=1kHz N

1.000 e - 60.000

-3.000 ML 30,000

-7.000 0.000
10 100 1k 10k 100 k

Figure 25: the ac sweep using the test fixture confirmshtbleavior of a type 3 compensator.

Conclusion



The previous series of articles dedicated to th&3L have shown the limits brought by the
optocoupler configuration and the necessary TL4a% burrent. Among the issues, the difficulty tplement a
type 3 compensator could be seen as a clear raddtniothe TL431 usage in voltage-mode control agpions.
Fortunately, this article has shown that a simgeez-based isolation of the fast lane could quickbke the
design of TL431-based compensators as easy a®thaimp-based counterparts.
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This fifth and last article closes a series of grapdedicated to the TL431 used in loop control
applications. Further to the study of the varioumreamplifier structures built around the devites time to
show how this knowledge applies to a real caseelaévechniques are available to stabilize a cdavdyut
among them, we believe the SPICE analysis represbateasiest and quickest path to go. Howevesoime
cases where a simulator is not available, we witve how an automated design tool based on Exceh
efficiently help you to quickly compensate your mywgupply before actually building the prototype.

Stabilizing a CCM 65-W flyback converter

Popular in the notebook adapters market, the éliytimnverter operated in current-mode control lends
itself very well to low-cost and rugged structur&bke typical application of such a converter appéar-igure
26. The controller is a NCP1271 from ON Semicondydt operates in fixed-frequency current-modetoan
and includes a lot of useful features such as artimased short-circuit protection, a frequency nhatihn for an
EMI-friendly signature and a skip-cycle functionesated in soft mode to meet new standby power rempgints
at no acoustic noise. Usually, these converterslasggned to operate in Continuous Conduction M@Giem)
at low line to reduce conduction losses but thefunadly transition to the Discontinuous Conductiblode
(DCM) of operation at high line. In our example, wil assume that the hardware design is done,jimglthe
selection of the transformer primary inductarge the turns ratioN of the transformer and the rest of the
elements: the TL431 is alone, awaiting its compgnosalements...
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Figure 26: a typical flyback converter using a NCP1271 featya frequency-jittered oscillator.

The first thing to do consists in obtaining thentrol-to-output transfer function of this currenbde
flyback converter. This is what is called the opeop “plant” transfer function. Several options stxio fulfill
that goal:

1. Analytically derive the small-signal model of thensidered converter and use an automated
mathematical tool to extract the magnitude and pludishe power stage response. The equation for the
magnitude of a CCM current-mode flyback is rathemplicated as indicated by (1). The various
poles/zeros appear but also the double sub harmoteés located at half the switching frequefcand
affected by a quality coefficie@y:



= (1)) (ie)

The phase also needs to be separately computedke sure a complete Bode plot is generated. The
negative sign on the second term of (2) showsfthatactually a right half-plane zero (RHPZ):

f f f f f 1
argH (f) = taﬁ{—]— taﬁl(—J+ taﬁ(—j— ta‘ﬁ(—}— taf ———— @)
le fzz fzg fg anpl_(fJ

Yes, these formulas imply the separate calculatioh all its elements and require great care in
computing/plotting the final results. Also, theyeawnly valid for CCM. If your converter transitions DCM,
these expressions need to be updated with new dudber lengthening the study. If understanding th
technique behind the derivation of these resultgelg for someone who claims to master loop conimol
switching power supplies, the practical impleméatabf these formulas is restricted to someoneaat avith
mathematical analysis.

|H (f)|=20log, @)

2. The second option uses a SPICE large or smalliseyeraged model. It does not shield you from
knowing what hides behind the model, but you nogonneed to manipulate tedious equations. A
SPICE model first automatically computes the opeggpoint and tells you if the converter operates i
CCM or in DCM. It then selects the appropriate diuaarrangement and by pressing the start button,
you obtain the ac plot in one second.

3. Automated software are another possibility. ON Semiuctor has released an automated spreadsheet
that handles all these details for you: populagedbmponent values far, N, input voltage etc., press
the update button and you are all set! We willlsee it works in few moments...

4. This last option is to build a prototype and tryeidract the ac response of the power stage viasbe
of a network analyzer. This operation is ratheyegsen you test a power supply whose loop is alread
stabilized and you want to confirm your calculatidoy a bench measurement. In case the power supply
is not stabilized or barely stable, the task readlynplicates and risks of fume ex@t On the contrary,
if you combine options 4 with one of the previoygtions, you are guaranteed to build a rugged and
stable prototype in the smallest amount of times Yeu can.

Before an average simulation can be performed,dystf the controller internal architecture is reszgy. The
typical NCP1271 block diagram appears in Figuren®iére the current sense comparator receives thaediv
feedback information on its inverting input and tdugrent sense signal on its non-inverting input.

PWM latch
reset

4.8v

16.7kQ

Leading

FB 1/3 Edge
Blanking
75.3kQ v

Figure 27: the internal block diagram of the NCP1271 shohat the maximum peak current is precisely
clamped to 1 V £ 5%.



The feedback voltage undergoes a divide-by-3 operato offer a comfortable dynamic range on the
optocoupler collector. The primary current readten CS pin is permanently compared to the feedbagial. It

is safely clamped to a precise 1-V level in casea dault condition: open-loop feedback, short-atr@f the
output rails etc. A 180-ns Leading Edge Blanking&Rl) circuit cleanses the current sense signal riooxe all
spurious oscillations that stray elements or didgesould easily create. In presence of CCM-operatedeat
mode control converters, ramp compensation candedulito tame the poles located at half the switghi
frequency. For this purpose, the implementatiosuxth a ramp is simplified owing to a resisRyy,, in series
with the current sense pin. This resistor can leaked to adjust the level at the desired values figsgistor must
be placed very close to the controller and a st@tpF capacitor from the CS pin to ground willghed further
improve the noise immunity of the whole power syppl

A small-signal representation

Now that the internal architecture is understdetius capture the ac simulation schematic. Thegpow
stage together with the TL431-based compensataaapp
Figure 28. For current mode control, a dedicated averageetisdselected. This subcircuit has been the object
of a thorough description in Ref. [1]. It suppattie CCM/DCM operating conditions and automaticatiggles
between them. Thanks to its specific architectitregperates in dc, transient and ac where sub hammo
oscillations are accurately predicted.
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Figure 28: the small-signal representation of our CCM curmnde converter uses an auto-toggling average
model.

The divide-by-3 circuitry associated with its 1-Vamp is bundled into an in-line equation which gtesrthe
excursion below 1 V, while dividing the feedbacktage by three. This equation appears in

Figure 28 under theB, Analog Behavioral Model (AMB) voltage source in BMTUSOFT’s IsSpic& syntax.
Under Cadence’BSpicé, it would be written as follows:



E1 8 0 Value = { IF (V(err/3)>1,1,V(err/3) ) }

As shown in

Figure 28, the dc operating levels are reflected on the recltie.
These bias points are calculated by the simulagdorb any simulation begins. When using averageetsod
check if these bias points correspond to what yqeet. In our case, the output voltage is 19 V #medduty-
cycle is calculated to 56.2%, this looks corredieTpeak current set point is 568 mV over the @38ense
resistor which indicates a 1.7-A peak current. Nbat our average model gives the correct dc peietcan

expect a correct ac response fdr( ) out @/ \éB gwhereVFB(s) represents the voltage on the controller
feedback pin. The plot appears in Figure 29 andébégisub harmonic peaking at half the switchiregfrency.
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Figure 29: the power stage ac-response shows peaking athleafvitching frequency, implying the injection of
an external ramp to damp these sub harmonic poles.

This peaking could be quickly damped by injectiagnp compensation. The quickest way is to calculate
primary inductor down slope and inject 50% of ioithe model and eventually in the controller. Toenplete

formula is the following, considering the outpultageV,,, the primary inductande,, the output diode forward
dropV;, the sense resist®,nseand the transformer turns rafib

( 19+ 0.8

—— X 0.3%: 27.&KV ()
0.17x 70

S 500/(\/ 'R J
0 ense
N p

Compensating the converter for a 1-kHz bandwidth

Looking at Figure 29, we can see a -10.4-dB a#idon at 1 kHz. Therefore, we must tailor the
compensator transfer functi@is)to offer +10.4 dB of gain at 1 kHz. Then, somegghhoost must be provided
to obtain an adequate phase margin once the lodpsed. This phase margin selection depends oreraus
criteria among which we have the recovery time nedcomponent dispersions. To make sure our phasgimm
never goes below the 45-° limit, we can shoot f@t. @0 obtain this amount of margin, we need tac@lpoles
and zeros such that the compenshtwststhe phase in the vicinity of the 1-kHz region. Howich phase boost
shall we provide to reach a phase margin of 60%? [Reprovides a simple formula which cumulates thase
rotations appearing in the compensation loop atcllzde the necessary boost to stay away fromithi¢ of -
360°:

BOOST=¢, -arg H f)-90= 60+ 54 9& 2 )



In our plant transfer functiokl(s), we can see the effect of the output capacitor BBiRh fights the low
frequency pole and improves the phase. To forcegtie decrease as we go down the frequency axis, it
customary to place a pole right where the ESR aecorrs:

1 1
f = =
o 2mR.C,, 6.28¢< 80mx 1.64m

=1.2kHz (5)

With a pole located at 1.2 kHz, where do we pldeezero to obtain a phase boost of 24°. The clibeepole
and zero are, the less phase boost we obtain. @eowhen they coincide, the boost is null andcene up with

a pure integrator. An integrator, also called at{p is only suitable in cases where no phase bsastjuired.
For instance, if your power stage has a phaseionthelow 45° at the crossover frequency, therpa tly can do
the compensation job. In our case, as we needla it of phase boost, we need a compensationitirc
featuring a pole and zero. It obeys the followiransfer function equation:

14>
G(s)=7—2<£ (6)

14>

So,

The phase rotation induced by this filter is simihlg numerator argument minus the denominator aegtim

argG( f)= arctarEij— arct{nfL 7)
pl

z1

From this equation, we can now solve for the zergitipn given a 1-kHz crossover, a 1.2-kHz poleitpms and
a wanted phase boost of 24°:

¢ = fe = 492Hz ®

4

tan| 24 + tan* e
fpl

Now that we know where to place our pole and zkatts move to the practical implementation with B4B81
network.

Using the TL431 in atype-2 network

A type 2 compensator appears in Figure 30. Thear&tuses an optocoupler to convey the isolated
secondary side information to the primary side aaler. This optocoupler needs to be characterizefind
where its pole lies. In our case, we have selezt8&H615 which operated at 350-lA collector cur(ant.8-V
Vpp with an equivalent pull up o16.7Q || 75.8Q ) shows an equivalent pole around 4 kHz. It eqeival

emitter-collector capacitor is therefore:
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Figure 30: a type 2 compensator with a TL431 combines agiropole, a zero and a high frequency pole.

c 1

opto — =2.9nF (9)
2rx4kx16.Kk || 75.8B

We must place a zero at 492 Hz and a pole at 12 KHe equations ruling the zero and the pole #&firs
appear below. They involve the upper resistor bngy,, to the TL431R q.ex as well as the equivalent pull up

resistorRyyup:

Co= 1 = 1 =4.9nF (10)
27R e, 6.28x 66kx 492

Cooe = L = 1 =9.7nF (12)
2mf, Ry, 6.28< Lkx 13.&

However,Cpge is made ofC, combined withCopio AS Copto is 2.9 NFC; is simply:

C

C,=C opto = 9-7N— 2.9n= 6.8nF (12)

pole -

Finally, the LED series resistor characterizesrthid-band gain necessary to cross over at the selelckHz
frequency. In a TL431 arranged in type 2, the madébgain is defined by:

RounpCTR _13.7kx 0.3_

10.4
Go 102

Reo = 1.24kQ (13)



The extra resistoRy,as, €nsures the circulation of a certain amount ofenu in the TL431. Adopting a value of

1 kQ makes the adjustable reference operate as peddatsesheet recommendations which state a 1-mA
minimum bias current. Given this extra bias onltE® resistor, we have to make sure that (22) gusea result
compatible with the minimum bias voltage conditi@fishe TL431 Y1431 min>> 2.5 V). It can be shown that the
LED resistor must stay below a certain value tes8athis requirement:

Vou -V -V, min
t f TLA431, R)unupCTRmin
Vdd _VCE, sat+ l biasCTRmin R pullup (14)
19-1-25

R b max < x0.3x13.&k < 7.4Q
' 4.8- 0.3+ lmx 0.3 13.8

RLED,ma)( <

In our case, we have enough margin to ensure mrffizoltage across the TL431 in all operating ¢towls.
The situation really worsens in low output voltaggses: you are almost forced to adopt a type ligumation
where the LED resistor is calculated solely on b@ssiderations.

As you can see in the left side of
Figure 28, we have automated all these calculations thaokshé macro possibilities of INTUSOFT's
SpiceNét. This feature also exists in Cadenc&sCAD® and helps to quickly experiment various pole/zero
combinations. Once the loop has been compensatedamwcheck the final transfer function at low aigh line
to make sure our phase margin still exists. ThisHat Figure 31 confirms.
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Figure 31: once compensated, the converter exhibits a 1-kHgsover frequency together with a comfortable
phase margin.

An new automated tool

As you read in the previous lines, compensatingflyback converter requires a minimum knowledge
of control loop theory. Of course, you could alsm tg the laboratory and try to play with the resistand
capacitors values until the step response looksd.géell, it reminds me some of the visits | madewtomers
sites where | saw this kind of approach. Despitewlarnings | expressed, the boards went to pramtucths
expected, a few months later, the production lieatwlown, facing un-expected instabilities at fitet! If you
do not have the time to derive the equations, whtylooking for an automated tool that does all tath for
you? This is exactly what we thought when we dewetbthis Excél-based spreadsheet featuring several
separated tabs, starting from the component valpeto the final bill of material. Just enter thengmnent
values for the converter section and press ok. Sfmuld see the power stage response as illusiratédure 32
(right side), confirming the peaking and the CCMergiion. The duty-cycle is 55% and the gain flatten19.6
dB at dc, what we also did see in Figure 29.
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Figure 32: the left-side opening screen invites you to difl the component values you have calculated. Once
you press ok, the power stage tab appears andsitiveipower stage ac response (right).
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Figure 33: the next step is to evaluate the necessary anmafuaimp compensation and its effect on the power
stage response. Then the optocoupler tab showsdifes you enter the measured pole.
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Figure 34: the proposed compensator for a 60-° phase margithe left, shows a boost of 25°, very close to

what we calculated. Once compensated, the resydtiage margin corresponds to our wishes (right).
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Figure 35: the software eventually shows you the TL431 aunfation with its associated component (left). It
also teaches you how to implement ramp compensaiithier generically or by using the internal NCP127
circuitry (right).

The software then damps the sub harmonic poleelegting the right amount of compensation ramp g
33). The method employed here differs from thatduge(3). The spreadsheet calculates the equivajeality
coefficientQ, and checks how much ramp compensation is necessaggluce it below 1. In theory, it reduces
the risk of over compensation given by (3) in whisltonsidered a duty-cycle excursion up to 1008enT the
user is required to enter the optocoupler charstites consisting of a Current Transfer Ratio (CHRY a pole
whose position depends on the pull-up or pull-deggistor. In the given example, the CTR is 30% whsrthe
pole was found to be at 4 kHz. A tutorial availabi¢h the software details how to characterizedp®coupler
and it's role must be well understood when desigire power supply.

As Figure 34 depicts, the type 2 compensator sffiee needed 25-° boost by placing a zero at 635 Hz
and a pole at 1.5 kHz (left). The software impletaethek factor technique which consists in placing the
crossover frequency in the geometric means of ¢hecged pole and zero. Finally, as confirmed byuFég34
right side, the loop gain exhibits a crossover poiose to 1 kHz with an adequate phase marginutéoh on the
upper right corner lets you change the operatingtpoin particular the input voltage and the ouatpurrent.



When the update button is pressed, the softwarempates the power stage characteristics, keepiag th
compensator parameters constant. It then displeytobp gain, accounting for the changes you asked.can
then quickly check if the power supply remains kalhen it transitions from CCM to DCM for example.
Output capacitor Equivalent Series Resistor (ESR) @tocoupler CTR are among the parameters timadlsa

be swept.

At the end, Figure 35 offers a view of the TL43 all its calculated values. The right panel iatés
ways to practically implement ramp compensationaMA$CP1271 was selected, the insertion of a simgslistor
from the sense element to the current-sense pis ttheejob instantaneously. As previously underljie best
to team up this resistor with a 100-pF capacitogrimund for an improved noise immunity at the cotrgense
pin. Both components will be located close to thetmller pins.

We have carried several experiments to check thdityaof the compensation strategy adopted in the
spreadsheet. Experience shows that the final sesoltected on the bench with a network analyzer\eary
close to the final goal. Most of the discrepanc@sne from the capacitors ESR or the optocoupler
characteristics. Pay good attention to those befaon@ing the software and loop control will no lengoe a
headache for you! The spreadsheet can be dowmldaliewing Ref. [2] link.

Conclusion

This article closes our series on the TL431 asdisiage in the loop compensation of switching power
supplies. This guided tour showed the need to whaied the parameters involved in the design ofcgper
compensator based on this popular shunt regulditdesign software or simulation tools can quicklyggest a
working circuit, it is your interest to understatie analytical steps behind compensator calculsti®his way,
not only you can challenge the delivered resultbdetect a flaw in your approach, but you can atgmove the
final result by giving the emphasis on a given pater whose importance is high to your designes.eyhis is
the recipe to success!
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