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CHAPTER 7

SIMULATIONS AND PRACTICAL
DESIGNS OF FLYBACK
CONVERTERS

The flyback converter probably represents the most popular structure found on the market. The
vast majority of consumer products make use of this converter: notebook adapters, DVD play-
ers, set-top boxes, satellite receivers, CRT TVs, LCD monitors, and so on. Three traits can jus-
tify this success: simplicity, ease of design, and low cost. For many designers, the flyback
converter remains synonymous with poor EMI signature, large output ripple, and large-size
transformers. After this fair warning, let us first discover how a flyback works before we go
through several design examples.

71 AN ISOLATED BUCK-BOOST

If you remember the buck-boost converter (Fig. 1-38), you will certainly notice that the fly-
back takes its inspiration from this arrangement (Fig. 7-1).

The buck-boost delivers a negative voltage referenced to the input ground, without isola-
tion. By swapping the inductor and the power switch, a similar arrangement is kept, but this
time referenced to the input rail. Finally, coupling an inductor to the main one via a core, we
obtain an isolated flyback converter. The secondary diode can be in the ground path (as
shown), or in the positive wire, as more commonly encountered.

As with the nonisolated buck-boost, the energy is first stored from the input source during
the on time. At the switch opening, the inductor voltage reverses and forward biases the catch
diode, routing the inductor current to the output capacitor and the load. However, as the induc-
tor and the load share the same ground, the output voltage is negative. On the flyback, a
coupled-inductor configuration helps to adopt the needed polarity by playing on the winding
dot positions and the diode orientation: the output voltage can be either positive or negative,
above or below the input voltage, by adjusting the turns ratio. Physically separating the wind-
ings also brings galvanic isolation, needed for any mains-connected power supplies. Galvanic?
Yes, this term relates to the physicist Luigi Galvani (1737-1798, Italy), who discovered the
action of electric currents on nerves and muscles. So if you do not want to reiterate his exper-
iments, you’d better watch the ability of the selected transformer to block any leakage current!

Further to this historical digression, let us purposely separate both the on and off events to
see which exactly plays a role. Figure 7-2a portrays a parasitic-elements-free flyback when the
power switch is closed. During this time, the voltage across the primary inductance L, is equal
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FIGURE 7-1 Rotating the buck-boost inductor leads to the flyback converter.
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FIGURE 7-2a During the on time, the output capacitor supplies the load on its own.
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to the input voltage (if we neglect the switch voltage drop). The current in this inductor
increases at a rate defined by

Son =7 (7'1)

Associating the on time ¢, and the valley current, Eq. (7-1) can be updated to define the peak
current value

Vin
Ipezlk = Ivalley + f%n (7-23)
‘D

Here 1,,,, represents the initial inductor current condition for ¢ = 0, at the beginning of the

switching cycle (if we are in CCM). If it is zero, as for the DCM case, we have

in

I 13 (7-2b)

peak = L ‘on

During this time, there is no current flowing in the secondary side inductor. Why? Because of
the winding dot configuration: the current enters on the primary side by the dot and should
leave the secondary side by its dot as well. However, the diode presence prevents this current
from circulating in this direction. During the on time, the dot arrangement on the transformer
makes the diode anode swing negative, thus blocking it. As its cathode keeps to V,,, thanks to
the capacitor presence, the peak inverse voltage (PIV) undergone by the rectifier is simply

PIV = V,N + V,, (7-3)

where N is the turns ratio linking both inductors, equal to

N=—" (7-4)

We purposely adopted this definition for N to stay in line with the SPICE transformer rep-
resentation where the ratio is normalized to the primary. An N ratio of 0.1 simply means we
have a 1-to-0.1 turns relationship between the primary and the secondary, for instance, 20 turns
on the primary and 2 turns on the secondary.

Because current does not circulate in both primary and secondary inductors at the same
time, the term transformer is improper for a flyback converter but is often used in the litera-
ture (here as well), probably for the sake of clarity. A true transformer operation implies the
simultaneous circulation of currents in the primary and secondary sides. For this reason, it is
more rigorous to talk about coupled inductors. Actually, a flyback “transformer” is designed
as an inductor, following Eq. (4A-20) recommendations.

When the PWM controller instructs the power switch to turn off, the voltage across the pri-
mary inductor suddenly reverses, in an attempt to keep the ampere-turns constant. The voltage
developed across L, now appears in series with the input voltage, forcing the upper switch ter-
minal voltage (the drain for a MOSFET) to quickly jump to

VI)S,uff =V, + VL,, (7-5a)
However, as the secondary diode now senses a positive voltage on its anode (or a current cir-

culating in the proper direction), it can conduct. Neglecting the diode forward drop V,, the
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secondary-side-transformer terminal is now biased to the output voltage V. As a matter of
fact, since both inductors are coupled, this voltage, translated by the turns ratio 1/N, also
appears on the primary side, across the primary inductor L,. We say the voltage “flies” back

across the transformer during the off time, as shown in Fig. 7-2b, hence the name flyback.

.
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Lp Ls | vis .
VLp=VouN | (Np) %l% (Ns) °T RV
+
() Va

Vip+ VLp P

N = Ns/Np A
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FIGURE 7-2b  During the off time, the switch voltage jumps to the input voltage plus the primary
inductor voltage.

The switch voltage at the opening is then

Voo = Vi + Vol =y, + Yo _ 4y (7-5b)
DS, off in out 1\(Y in N in r
where V. is called the reflected voltage:
_ V(IMI 5
Vr N (7' C)

The voltage applied across the inductor now being negative (with respect to the on-time sequence),
it contributes to reset the core magnetic activity. The rate at which reset occurs is given by

V

— __ou _
Sﬂﬂ -~ NL (7-6)

4

By introducing the off-time definition, Eq. (7-6) can be updated to extract the valley current if
the flyback operates in CCM:

V.

out

Ivalle)' = Ipeuk - NL tuﬁ (7-73)
P

For the DCM case, where the inductor current goes back to zero, we have

VDUI
Ipeak = NLp toff (7-7b)
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If we now combine Egs. (7-2a) and (7-7a), we can extract the dc transfer function of the CCM
flyback controller:

; \%
out mn out
Ivalley = peak NL toﬁ" = Ivalley + fton - NL to[f (7'8)
P P P
Rearranging the above equations, we obtain
Vout _ Vin 7 9
NLp toff - L Ton ( - )

14

Expressing the duty cycle D in relation to the on and off times, we reach the final definition
for CCM:

V MNt,, NDT;,, ND

out __ _

V, ty (1-DT, 1-D

sw

(7-10)

It is similar to that of the buck-boost converter except that the turns ratio now takes place in
the expression. Please note that inductor volt—seconds balance would have led us to the result
in a much quicker way!

72 FLYBACK WAVEFORMS, NO PARASITIC
ELEMENTS

To understand how typical signals evolve in a flyback converter, a simple simulation can be
of great help. This is what Fig. 7-3a proposes. In this example, the transformer implements
the simple T model described in App. 4-B. Figure 7-3b portrays the waveforms delivered by
the simulation engine. If we now observe the input current, it is pulsating, exactly as a buck
or a buck-boost input waveform. Looking at the diode current, we also observe a pulsating
nature, confirming the bad-output-signature reputation of the flyback converter. The diode
current appears at the end of the on time and jumps to a value depending on the turns ratio. These
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FIGURE 7-3a A simplified flyback converter operated in CCM.
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FIGURE 7-3b The simulation waveforms in CCM, no parasitic elements.

current discontinuities will naturally induce some output ripple on the capacitor, often further
degraded by the presence of its ESR.

At the end of the off time, the upper switch terminal swings to a plateau level equal to that
defined by Eq. (7-5b). Here, without a parasitic capacitor, the voltage transition is immediate.
Given the 100 V input source, the switch jumps to around 200 V and stays there until the next
on-time event. The rest of the waveforms are similar to those obtained with a buck-boost con-
verter operated in CCM.

Calculating the average value of the input current will lead us to a very useful design equa-
tion, fortunately already derived in Chap. 5, in the buck-boost section, Egs. (5-108) to (5-114).
We can, however, derive a similar equation by observing the energy mechanisms. As the switch
turns on, the inductor current is already at the valley point. The energy initially stored is thus

E = 1LI (7-11)

L, valley 2P valle)

At the end of the on time, the current has reached its peak value. The newly stored energy in
the inductor then becomes

1
EL,,,peak 2 Lplpeak (7' 12)
Finally, the total energy accumulated by the inductor is found by subtracting these two equations:
1 1 1
ELp,accu 2 Lplpeuk 2 Lplvalley EL]:<Ipeak2 - Ivulley2> (7'13)
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Power (watts) is known to be energy (joules) averaged over a switching cycle. Given the con-
verter efficiency 7, the transmitted power is simply

1
Pnul = E(I[)Eakz - Ivalleyz)LpEswn (7_14)

If during operation the load is reduced, the converter enters DCM, allowing the valley current
to reach zero. We have simulated this behavior, and the updated set of curves is seen in Fig. 7-3c.
The peak drain voltage remains the same, but as the primary-inductance-stored energy drops to
zero, the secondary diode suddenly blocks. At this point, the core is said to be reset, fully demag-
netized. Without diode conduction, the primary reflected voltage disappears, and the drain goes
back to the input voltage. A third state prolongs the off time, where no current circulates in the pri-
mary branch. This is the dead time portion, already discussed in the small-signal chapter. In this
case, Eq. (7-14) can be updated by setting the valley current to zero:

P, = ! I

out E peakszstn (7_15)

In both CCM and DCM plots, the second upper curve depicts the primary (or magnetizing)
inductor current. This inductor stores energy during the on time and dumps its charge to the
secondary side during the off time. On a real flyback circuit, it is impossible to observe this
current as the magnetizing inductance cannot be accessed alone. You will thus use the input
current to characterize the transformer rms and peak current stresses.
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FIGURE 7-3¢ Simulation waveforms in DCM, no parasitic elements. As one can see on the output voltage,
the converter is not fully stabilized at the time we captured the shot.
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In the above examples, we ran the converters open loop, as exemplified by Fig. 7-3a.
Despite similar duty cycles, the output level naturally varies as we operate in two different
modes. Equation (7-10) defines the relationship between the output and the input voltage for
the CCM mode. The link between V,,, and V,, in DCM mode appears either in the buck-boost

section [Eq. (1-143), just replace L by L, and R,,,, by R,,,,/N*] or in the DCM voltage-mode
section, a few lines away.

7.3 FLYBACK WAVEFORMS WITH PARASITIC
ELEMENTS

As perfection is not of this world, all our devices are affected by parasitic elements:

* The transformer features various capacitors, split between the windings and the primary
inductance. We can lump all the capacitors in a single capacitor C,,,,, connected from the
drain node (node 8) to ground.

The coupling between the primary side and the secondary side is imperfect. Not all the stored
energy in the primary flies to the secondary side. The symbol of such a loose coupling is the
perfidious leakage inductance, a real plague of all flyback designs. In the example, we arbi-
trarily selected it to be 2% of the primary inductance, a rather poor transformer construction.

The secondary diode also includes a certain amount of capacitance, especially if you use a
Schottky. Otherwise, in CCM, the ¢,, of a standard PN diode acts as a brief short-circuit seen
from the primary side as a sharp current spike. The Schottky capacitance is reflected to the
primary and included in C,,,,,,.

Let us update Fig. 7-3a with the aforementioned parameters. Figure 7-4a shows the new converter.
The simulation results are shown in Fig. 7-4b. We can see a lot of parasitic oscillations, playing
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FIGURE 7-4a The updated flyback converter with a few parasitic elements.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2008 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS

SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS 587

2]

O JoomMr———————————— T ——————— —
R \ Toeak oo ' (1)
5 £ 0 P W Yn e,
o | A HAY

£ —400m w v

£ _800m =t

@ /
o 2 8somf - e e e B v T Lp
S8 750m— = f S L — S
& c g50mf- / e ‘F

g 550m

= Leakage /

2 770 inductancekA (Vour+ V) /N+ Vip+ Viear Vps(D)
@ € 5701 contribution Vi,
Se 370

0 170 === ==== WN’— ————————— '

T 300 !

2 9.60 K ,t\

S 9.00
% ; 8.40 ‘,l'\:'\ - ,' ‘.\’\/\

5 7.80 !

§ 7.20 pe—=———r———== —1 | 4 Vout(t)

3

s 16.0 3
w0 g' 12.0 A n la(1)
3% 800 LTIVAN A RAWA
2% s L — A —_—
&= 400 ! |

5 of=——=====— ] L S P

2 3.002m 3.006m 3.010m 3.014m 3.018m

Time in seconds

FIGURE 7-4b The updated flyback converter with a few parasitic elements, CCM operation.

an obvious role in the radiated EMI signature. Depending on their amplitude, these ringing
waveforms often need to be attenuated by dampers. The output voltage now includes the capac-
itor ESR contribution, an effect of the current discontinuity at the switch opening. The reflected
voltage includes the diode forward drop, as it sums up with the output voltage on the secondary
side upper terminal. When the PWM controller biases the switch, the primary current also flows
in the leakage inductance where energy is stored. When the PWM controller blocks the switch,
this current needs to flow somewhere until this leakage inductance gets reset: it flows in the
lump capacitor C,,,,,, and makes the voltage very high. If no precautions are taken, the power
switch (usually a MOSFET) can be destroyed by voltage breakdown. As we combine an induc-
tor (the leakage term) and a capacitor, we obtain an oscillating LC network. This is the ringing
you can see superimposed on all the internal signals. Very often, you need to clamp the voltage
excursion, and also the oscillating wave amplitude, by an external damper. The leakage also
delays the current flow into the output; this is seen as slowed-down edges on the diode current.

By increasing the load resistance and slightly shifting down the switching frequency, we can
force a DCM operation. Figure 7-4c depicts the signals. They are very similar to those in the
previous shot. As the peak current decreases, the voltage excursion on the switch is also
reduced. Once the leakage ringing has gone, we enter the plateau region. During this time, as
the core demagnetization has started, the primary inductance current drops. When it reaches
zero, the secondary diode naturally blocks (I, = 0). An oscillation takes place, involving the
lump capacitor and the primary inductance L. The drain voltage freely rings from peaks to val-
leys, and when the switch closes again, the voltage brutally goes back to ground. If we wait to
be in a valley before activating the switch, the converter is told to operate in “valley switching”
mode. This is also called borderline control, which has several drawbacks such as frequency
variations and noise inherent to valley jumping hesitations.
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FIGURE 7-4¢ The updated flyback converter with a few parasitic elements, DCM operation.

74 OBSERVING THE DRAIN SIGNAL,
NO CLAMPING ACTION

As shown in Fig. 7-5a, when a current flows in the primary inductance, it also circulates in the
leakage inductance. During the on time, the current builds up in both terms until the PWM con-
troller stops the switch: the primary current has reached its value /,,,. The secondary side cir-
cuit does not appear as the diode is blocked.

Immediately after the switch opening, Fig. 7-5b shows a simplified equivalent network.
Both inductors are energized, and we assume here that the secondary diode has immediately
started to conduct. The primary inductor is therefore replaced by a current source, in parallel
with a voltage source whose value equals the reflected level from the secondary side. The leak-
age inductance is modeled by a source of I, value, routing its current through the lump
capacitor. The capacitor upper terminal voltage quickly rises at a slope depending on 7,,,, and
the capacitor value. On the rising edge of the signal, the slope is classically defined by

dVDS(t) _ Ipeak
dt a Clump

eak*

(7-16)

The maximum voltage at which the capacitor voltage will ring depends on the LC network
characteristic impedance Z;,. This term is made of the leakage inductance and the lump capac-
itor. Measured from the ground node, the drain will thus undergo the capacitor voltage in series
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FIGURE 7-5a When the switch closes, the current flows through
both the magnetizing inductor and its associated leakage term.
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FIGURE 7-5b The leakage inductance charges the lump
capacitor and makes the drain voltage abruptly go up.

with the sum of the reflected voltage (V,, now considering the diode V) and the input source
level V,;:

in®

Vzm[ + Vf Lleuk
VDS,max = Vin + Vr + IpeakZO = Vin + N + Ipeak Cl (7'17)
ump

If no precaution is taken, risks exist to avalanche the power MOSFET by exceeding its BV s and
destroy it through an excess of dissipated heat. Artificially increasing the lump capacitor offers
a simple way to limit the excursion at the switch opening and to protect the semiconductor (see
the third design example). To illustrate this method, Fig. 7-5c depicts a flyback converter

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2008 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS

SpU0D8S Ul BWI |

*23e3[0A 90INOS—UTLIP 3]} SUSYJOS PUL UOISINOXS 3FLI[0A A} SILT[ A[[INJEU IT ‘9POU UTeIp ) 0 $100uU0d Jojioeded aSTe[ e UMy 9S-L TANOIA

wzS6'L wese', weye'Z W62 woreL
woo8-
yreery wooy— T
VAN > 0 .
@AV S0
asusesy
wooy
O v
woo8
ug'i 9
osaIn T WSBNYd LN M <AIp
...... r<O—~<0soy| €X
" a——— Buiyoyms|AsjeA 0 Ll
: 002 ol )
R
f 00v
sa “n 8
Cv A x> OmN 009 A 0SE u
BW ST A ureip » ngL uy |
008 qes
mEm.NH doog H . €
1nog 99 ALy
[ 94 ol we
6 wep A Y W
peoly 09 3 M ik
HseH 100>~
6
A9L / zL
no K - _ A%
A zzgoNL  VH 90°0-=XNv Ollvd 50
sa G0'0—=MOd Ollvd wdy
XNVY-HINIX
X

590

Any use is subject to the Terms of Use as given at the website.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2008 The McGraw-Hill Companies. All rights reserved.



SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS

SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS 591

operated in quasi-resonance (QR), also called borderline or valley switching operation. In this
mode, the controller detects the valley in the drain voltage waveform and turns on the MOS-
FET, right in the minimum. Thus all capacitive losses are greatly diminished (if not removed)
since a natural discharge of the lump capacitor occurs. Artificially increasing the capacitive
term, here up to 1.5 nF, brings several advantages: (1) it slows down the rising voltage for a
weakly radiating signal (a soft wave, low dV/dt) and (2) it limits the maximum excursion,
allowing the use of an 800 V MOSFET at high line. As the graphs demonstrate, the drain volt-
age peaks to 751 V, as Eq. (7-17) predicted:

_ 16.6 15u _
Vosia = 350 + (os + 0.695\ {20 = TSIV (7-18)

A 1.5 nF capacitor connected to the drain does not come for free since it must accommodate
high-voltage pulses and accept a certain level of rms current. Furthermore, if valley switching
is not properly ensured by the controller, unacceptable CV? losses will degrade the converter
efficiency.

In low-power applications, some designers adopt this method to limit the voltage excursion
and do not use a standard clamping network. The solution, in certain conditions, offers a cost
advantage, but care must be taken to respect the MOSFET breakdown limit, especially in high-
surge input conditions. Low-cost cell phone travel chargers that typically run less than $1 do
not really care about it.

Another solution is to use a more traditional clamping network.

75 CLAMPING THE DRAIN EXCURSION

The clamping network safely limits the drain amplitude by using a low-impedance voltage
source V,,,,» hooked via a fast diode to the high-voltage input voltage rail V,, (Fig. 7-6a). In

practice, the low-impedance voltage source is made by an RCD clamping network or a tran-
sient voltage suppressor (TVS). For the sake of the current explanation, we will consider the

V.amp SOUICE as a simple voltage source.
X2
Rs XFMR D1
250m RATIO=-0.1 1n5819
— ol V,
lg out
é/l *Cout
470U Rioad
ID1 7|C=10|:|1k
Resr
150m
8 Vds
. 4+ - Parameters
— — Lp =2.2m
V2 T P
DbodyT 100p (= 0,02
Leak = Lp*k

- V240 Pulse 050 10n 10n 3u 10u

FIGURE 7-6a A clamping network (D5, V,
excursions.

) efficiently protects the power MOSFET against lethal voltage

lamp
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When the switch opens, the voltage sharply rises, solely curbed by the drain lump capaci-
tor. When the drain reaches a voltage equal to the sum of the input voltage and the clamping
source, the series diode conducts and sharply cuts the drain-source excursion. Given a care-
fully selected clamping source level, the maximum excursion stays below the MOSFET break-
down voltage and ensures a reliable operation in worst-case conditions.

When the diode conducts, the equivalent schematic looks like that of Fig. 7-6b. Figure 7-6b
is a more complex representation than Fig. 7-6a, as we consider the secondary diode not imme-
diately conducting at the switch turn-off time. When the switch opens, all the magnetizing cur-
rent also flows through the leakage inductance and equals /.. Both primary and leakage
voltages reverse, in an attempt to keep the ampere-turns constant: the voltage across the drain
starts to quickly rise, solely limited in growth speed by the lump capacitor [Eq. (7-16)]. On the
secondary side, the voltage on the rectifying diode anode transitions from a negative voltage
(the input voltage reversed and translated by the turns ratio V) to a positive voltage. When the
drain exceeds the input voltage by the flyback voltage V,, the secondary diode is forward
biased. However, as drawn in Fig. 7-6b, the leakage current subtracts from the primary induc-
tor current. The secondary side diode, despite its forward bias, cannot instantaneously attain
a current equal to 1,,,/N, since the initial primary current subtraction leads to zero (I, =
1,.q)- The current on this secondary side diode can only increase at a rate imposed by the leak-
age inductance and the voltage across it (Fig. 7-6¢). Following its rise, the drain voltage
quickly reaches a level theoretically equal to V,, + V,,,,,, (neglecting the clamp diode forward
drop and its associated overshoot): diode D, conducts and blocks any further excursion. The
lump capacitor current goes to zero as its upper terminal voltage (the drain) is now fixed. The
graph update appears in Fig. 7-6d. A reset voltage now applies across the leakage inductor ter-
minals. Considering all voltages constant, we have

Vout+ ‘/f
=V _

clamp ~ N (7- 19)

Vv

reset

The current flowing through the leakage inductor immediately starts to decay from its peak
value at a rate given by

Vuut + Vf 1

Vreset
s, =" ly, (7-20)
bk Lleak famp N Llezlk

IClump Rs ILp — ILeak
| —

8) ILeak ILp
Vclamp VLp

’ B O Weu+vinglo

+
—Cout | |Rload |V,

+ — ILeak 0

<> Vi ZAN Vreset l @

ILeak — IClump |D

IClump

= Clump| VDS

J1 S
|

IClump
FIGURE 7-6b  The leakage inductor diverts the current away from the primary inductor L,,.
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24.0 conducts i_
—
] 1,(t
Secondary /./ o(t)
diode conducts /
. e~ ___ b
12.0 =
// // Vour+ V¢
/
2 /] P
S i /I /
e I L J
= y // \ j
z I ;
! \ 1
Vsec(t) J \ J
———————————— 1 I
-12.0 -NV;, N T S /
A I
=T Vreset(t)
-24.0
3.0196m 3.0200m 3.0202m 3.0204m 3.0206m

Time in seconds

FIGURE 7-6¢ At the switch opening, the secondary voltage rises at a similar pace to that of the drain.
The secondary diode is forward biased, and the secondary current starts to circulate.

The secondary current is no longer null and follows the equation
1,5 = LoD
—_— (7-21)

I xec(t) = N

When the leakage inductance current reaches zero, the clamp diode blocks: the secondary cur-
rent is at its maximum, slightly below the theoretical value at the switching opening. Why?

Rs ILp — ILleak
T 1 .

ILeak ILp
Vclamp
VL,
"l 10 (Vour + VN
+

T(ILp-ILeak)/N = Cout| |Rload |V,

ILeaky ILp—ILeak Isec

OV
Vreset l@

Vgs = Vin + Vclamp

ILeak D
Clump |Vpg

s

I
I
FIGURE 7-6d When the clamp diode conducts, a voltage is applied over the leakage inductor and resets it
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Because as long as the leakage inductor energy decays, it diverts current from the primary

inductor. Figure 7-6e shows a representation of the currents in play, precisely at the switch
turn-off.

lsec (l‘) - ILE(t) — Isec(t) Ipeak/N

/ N
A
Ipeak N
N
.
N,
N
\'\_\ , S = Vout + Vf
peak sec ™
liplt) 0.f Ls
lieax(t) / '\\
<
N,
N
\.
\.\
le( 1) '\\
liear(t) AN
N
N
N,
Vot Ve N
Sp _ out f .
NLP A \)
>t

S, oAt b by — At i

FIGURE 7-6e At turn-off, the leakage inductance delays the occurrence of the sec-
ondary side current.

In other words, the secondary diode current does not peak to /,,,/N, as it should with a zero
leakage term, but to another value I, reached when the leakage inductor is reset. This cur-
rent value, on the primary side, can be calculated as follows, where S, is the primary reset
slope:

V,

out + Vf
]pmk = Ipeak - SpAt = ]peak - NLp

At (7-22)

Now At corresponds to the time needed by the leakage inductor current to fall from £, to zero.
Thus, we have

A Ipeak I Lleak NLleakIpeak (7 23)
t = = = -
SL,(,(,,( peak Vreset N Vclamp - (Vout + Vf)

If we substitute Eq. (7-23) into (7-22), we obtain

Vout + Vf NLleakIpeak Lleak 1

peak = peak NLP chlump _ (Vout ¥ Vf) = ]peak 1 — Lp NVClamp
Vou + V, !

out

(7-24)
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A good design indication can be obtained from the ratio 7}, /.4 :
I;e”k Lleak 1
=|1- 5 (7-25)
Ipeak Lp NV, clamp
Vou TV, Vf

To obtain a ratio close to 1, the obvious way is to reduce the leakage inductance term in com-
parison with the primary inductor. We can also speed up the leakage reset by satisfying the
following equation:

Vv

out

+V
Vetamp > —N (7-26)
Thus, by allowing a higher drain-source voltage excursion, within safe limits of course, you
will naturally (1) reset the leakage inductor more quickly and (2) reduce the stress on the
clamping network, both results leading to an overall better efficiency.
Following Eq. (7-24), the peak current seen by the diode on the secondary side is simply

I I L
_ peak . peak _ leak 1
Iseo N - N 1 L NV clamp (7-27)

P
+Vf

Vou TV,

out

To test our analytical study, Fig. 7-6f portrays the simulated results of Fig. 7-6a. The peak
current at the switch opening reaches 236 mA, and the secondary current at the end of the

g 260m 1 =236 mA
o It eak BT I —
o U P —- — I'peak= 210 mA
=g - S
S E 100m —
o - ~<
£ 20.0m | "_—-\\-"_—-—.—’ e SR it SR T
£ _60.0m
At =480 ns
[}
g 260m L~ I/eak( )
o E‘ 180m
2%  100m
o c
x 20.0m N/ o
2 _60.0m
2 250 B T
(0]
g — (1)
g 190 lypeak=2.T A Ll :
gé 1.30 IR
£ 700m s Rl
T 100m I I E— — \ R —0
280 E
2 Vps(t) e
<5 200} S . v C P
x> N v N i N 7 Y
Se 1201 ~ - ! . — %
g 400 NS e ———— ) N -
—40.0
3.011m 3.015m 3.019m 3.023m 3.027m

Time in seconds

FIGURE 7-6f The simulation involving the leakage inductance confirms the delay brought by this term.
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leakage reset time is approximately 2.1 A. Without the leakage term, the theoretical sec-
ondary current would have been 2.36 A. The reduction in current is thus around 11%, or 1.2%
in power (1., 2), compensated by the feedback loop driving a slightly larger duty cycle. The
converter efficiency obviously suffers from this situation.

Using Eq. (7-23), we can calculate the delay introduced by the leakage inductance, or its
reset time:

NLleakIpeak 0.1 X 44u X 235m
A Wy = Ve * V) o 01X 150 — 13 520ns (7-28)

clamp

At the leakage inductor reset point, the primary current has fallen to

_ 44u 1
22m 15 1
13

Lleak 1

ea 1 -
peak L N Vc clamp
V.tV

out + Vf

’
I peak

=1 =0.235 X

} =204mA  (7-29)

The results delivered by the simulator are in good agreement with our calculations, despite
slight discrepancies. They are mainly due to the clamp diode recovery time and the noncon-
stant reset voltage over the leakage inductor (reflected output ripple). If we reduce the
clamping voltage to 140 V, the reset time increases to 800 ns, confirming the prediction of
Eq. (7-26).

When the clamp diode blocks, the leakage inductor is completely reset. The new schematic
becomes as shown in Fig. 7-7. At the diode turn-off point, the drain should normally drop to the
reflected voltage plus the input voltage. However, the lump capacitor being charged to the
clamp voltage, it cannot instantaneously go back to the plateau level. An oscillating energy

ILp
| —
Rs ILp 1:N 4 v,
Vclamp VL +
+ p l@ (Vout + Vf)/N T |Lp/N — Cout| |Rload Vout
+
( >+ ILp Isec
V.
" § I-Ieak
V = Vln + (Vout+vf
D
T Clump Vbs
il 1S

fleak =

T4/ Lleakclump

FIGURE 7-7 When the clamp diode blocks, a resonance occurs between the leakage inductor and the lump
capacitor.
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exchange takes place between L, and C,,,,,, making the drain freely oscillating at a frequency
imposed by the network:

1

2@ \/Lleakclump

ﬁeuk =

Given the values indicated in Fig. 7-6a, the network rings at 2.4 MHz. Thanks to the ohm
losses in the oscillating path, we have an exponentially decaying waveform which can radiate
EML. By inserting a resistor in the clamping network, we have a chance to damp these oscilla-
tions, as we will see later. Sometimes, the ringing is so severe that it falls below ground and
forward biases the MOSFET body diode, resulting in additional losses. An RC network must
then be installed across the primary side to damp these oscillations.

76 DCM, LOOKING FORVALLEYS

As long as the secondary diode conducts, a reflected voltage appears across the primary induc-
tor and brings its current down. If a new switching cycle occurs, whereas current still flows in the
secondary, the primary inductor enters CCM and the rectifying diode gets brutally blocked as the
switch closes. Depending on the technology of this diode, the sudden blocking engenders losses
such as those related to ¢,,. If the diode is a PN junction type, it is seen as a short-circuit reflected
to the primary, with a big spike on the current-sense element (hence the need for a leading edge
blanking (LEB) circuitry — see Chap. 4 for this), until it recovers its blocking capabilities. If this
is a Schottky, there is no recovery time but there is an equivalent nonlinear large capacitor across
the diode terminals. This capacitor also brings primary losses but to a lesser extent. As an aside,
you have read that a Schottky diode does not feature #,. but sometimes data sheets still specify it
for these diodes. How can it be? In this case, ¢,, actually occurs because the so-called guard rings,
placed to avoid arcing on the diode die corners, are activated when the Schottky forward drop
reaches the guard-ring equivalent PN forward voltage. In that case, these rings get activated, and
this is the 7,, you see on the scope. It usually occurs at a high forward current.

Now, if the flyback enters DCM, the secondary diode will naturally turn off, without signifi-
cant losses. At that point, the reflected voltage on the primary side disappears. Figure 7-8 depicts
the new circuit. The lump capacitor is left charged to the reflected voltage plus the input voltage.
However, we again have a resonating network made up of the inductors L = L +
Ly, and the lump capacitor. A decaying oscillation thus takes place between C;,,,, and L and
lasts until all the stored energy has been dissipated in the inductor and capacitor ohmic terms
(the resistor R, in the circuit). The waveform temporal evolution can be described by using
Eq. (1-171a). In our case, the drain node “falls” from the lump capacitor voltage and converges
toward the input voltage:

e dwit

V1 -2

Vps@®) =V, +V, cos (wot) (7-31a)

where

1
v (Lp + Lleuk)clump

Wy =

(7-31b)

is the undamped natural oscillation and
Cum
(=R, |t (7-31¢)
4L, + L)
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o Vos \/ v v
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1
2n \/ (Lp + Lleak) CIump

FIGURE 7-8 As DCM occurs, the drain rings to a frequency depending on the primary inductor in series with
the leakage term and the lump capacitor.

OV

focm=

represents the damping factor. V, is the reflected voltage already seen and equals

out + Vf
Vv, = N (7-31d)
If we replace zeta in Eq. (7-31a) by its definition via Eq. (7-31c), then considering the damp-
ing factor small enough compared to 1 in the numerator, we can rewrite Eq. 7-31a in a more
readable form:
R.\
Vps(®) =V, + VreiitCOS (wyt) (7-32)

with L = L, + L. The oscillating frequency comprises the leakage term plus the primary induc-
tor as both devices now appear in series:

w, 1

fDCM - g - 2 v (Lp + Lleuk)Clump

(7-33)

Figure 7-9 depicts the drain waveform in a more comprehensive form. We can see the
leakage effect, with its associated ringing signal, followed by the plateau region, which is
evidence for the secondary diode conduction. As the diode blocks, implying the core reset,
an exponentially decaying oscillation takes place, alternating peaks and valleys. In quasi-
resonance (QR) operation, the controller is able to detect the occurrence of these valleys.
When in such valley, the drain level is minimum. If by design the reflected voltage equals
the input voltage, then the waveform rings down to the ground. Assuming the PWM con-
troller turns the MOSFET on right at this moment, zero voltage switching (ZVS) is ensured,
removing all drain-related capacitive losses. This is what Fig. 7-5c already showed. The
point at which the first valley occurs can be easily predicted by observing a —1 polarity of
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FIGURE 7-9 A drain-source waveform in DCM where the leakage ringing clearly shows up at the switch
opening.

the cosine term in Eq. (7-32):
cos(wyt,) = cos 2mfyt,) = —1 (7-34)

Solving this equation implies that 27f#, = . Extracting ¢,, gives

1 _ 2@ \/(Lp + Llaak)clump

t, =57 = =7 VL, + L) Crymp (7-35)

2f; 2

Thus, in a quasi-square wave resonant design, if a delay of 7, us is inserted at the DCM detec-
tion point, the controller will turn the MOSFET on right in the minimum of its drain-source
voltage.

By observing these parasitic ringings, it is possible to derive the transformer main element
values. Appendix 7A shows how to do it.

77 DESIGNING THE CLAMPING NETWORK

The clamping network role is to prevent the drain signal from exceeding a certain level. This
level has been selected at the beginning of the design stage, given the type of MOSFET you
are going to use and the derating your quality department (or yourself!) imposes. Figure 7-10a
depicts a waveform observed on the drain node of a MOSFET used in a flyback converter. The
voltage sharply rises at the switch opening and follows a slope already defined by Eq. (7-16).
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BVDSS= 600 V » - ;Ii.'_.\,. e

Safety margin Clamp action

FIGURE 7-10 A typical DCM drain voltage showing the various voltage levels and the required safety
margin.

In this particular example, the total drain node capacitor was measured at 130 pF, and the peak
current at turn-off was 1.2 A. Equation (7-16) predicts a slope of

dVps() _ Lpear 12
d Cup 130p

= 9.2kV/ps (7-36)

This is exactly what is shown in Fig. 7-10b with a voltage swing of nearly 500 V in 50 ns. The
clamp diode needs a certain amount of time before it actually conducts and blocks the drain
excursion. It is interesting to note that the turn-on time of a PN diode can be extremely fast,
whatever its type. A few nanoseconds is a typical number. What differs a lot between PN diodes
is the blocking mechanism that can take several hundreds of nanoseconds (even microseconds
for the 1N400X series) to let the crystal recover its electrical neutrality. (The recovery time
is denoted by ¢,,.) Here, zooming on the top of the waveform reveals an overshoot V_ of only
14 V, obtained with an MUR160. Later we will see different overshoots resulting from slower
diodes such as the 1N4937 or even the 1N4007.

Accounting for this spike, we can now select the clamping voltage. Suppose we selected a
MOSFET affected by a 600 V BV, that is going to be used in a flyback converter supplied
by a 375 Vdc (265 Vrms maximum) input source. Applying a derating factor &, of 15% to the
acceptable drain-source voltage (see App. 7B), we have the following set of equations, actu-
ally based on Fig. 7-10a indications.

* BVyekp, = 600 X 0.85 = 510V maximum allowable voltage in worst case
eV, =20V estimated overshoot attributed to the diode
* Veiamp = BVpsskp — Vo, =V, = 115V selected clamping voltage (7-37a)

The 115 V clamping level is fixed and must be respected to keep the MOSFET operating in a
safe area.

Now, let us define the transformer turns ratio. Equation (7-26) instructs to keep the clamp-
ing level well above the reflected voltage to authorize the quickest leakage term reset. In prac-
tice, satisfying this equation would imply high drain excursions (hence a more expensive
800 V component) or very low reflected voltages. Experience shows that a clamping voltage
selected to be between 30 and 100% (the parameter k, varying between 1.3 to 2) of the reflected
voltage gives good results on efficiency figures. Let us assume we have a 12 V output adapter
together with a rectifying diode featuring a V,of 1 V and a clamp coefficient k, of 2 (100%).
To carry on with the design example, the transformer turns ratio N would simply be

Vou + V;

out

V =k—— (7-37b)

clamp c N
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Solving for N yields

kW T V) 202+ 1)
=— =5 — 0226 (7-38)

clamp

N

We now have an idea of the clamping voltage and the turns ratio affecting the transformer.
Building of a low-impedance source connected to the bulk capacitor can be achieved via sev-
eral possibilities, among which the RCD clamp represents the most popular solution.

7.7.1 The RCD Configuration

Figure 7-11 depicts the popular RCD clamping network. The idea behind such a network is to
create a low-impedance voltage source of V,,,,,, value hooked to the bulk capacitor. This is a
familiar structure, already depicted by Fig. 7-6a. The resistor R, dissipates power linked to
the stored leakage energy, whereas the capacitor C,, ensures a low ripple equivalent dc source.
The clamping network dissipated power will increase as V.. approaches the reflected volt-

clamp

age. It is thus important to carefully select the clamping factor k_, as you will see below.

Vuik Ny Vour
o |
_*
Cclp—= H Rclp T
Dclp
L1
| N

—

FIGURE 7-11 A typical clamping network made of a diode and two passive
elements.

Looking back to Fig. 7-6d and 7-6e, we see the current circulating in the diode D,;, when
it conducts (therefore when the drain voltage hits the clamp) can be expressed as

At — ¢t
I(l(t) = Ipeak At

(7-39)

This current circulates until the leakage inductance is fully reset. The time needed for the reset
is denoted by At and was already described by Eq. (7-23). If we now consider the clamping
voltage constant (actually our dc source V,,,, previously used) during Az, the average power
dissipated by the clamping source is

At At

PVL,‘,,,,,,,qu = FSWJ Vclampltl(t) dt = stVr'lampJ Ipc'ukAtA; ! ~dt (7_40)
0 0
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Solving this integral gives us the power dissipated over a switching cycle

1
Vetamp-av8 = E F sw Vclamp 1 peak At

(7-41)

Now using Eq. (7-23) and substituting it into Eq. (7-41), we obtain a more general formula
showing the impact of the reflecting voltage and the clamp level:

_ 1 ) Vclamp . 1 ) kc
PV(n,,,,,,,avg - §FWLzmk1pmk —V¢;ut+Vf = EwalekI peak ﬁ (7-42)
Vclamp - T

Our dc source is made of a resistor and a capacitor in parallel. As all the average power is
dissipated in heat by the resistor, we have the following equality:

Vclamp2 _ 1 F L I ) Vclamp 7.43
de - 25w leak* peak Vout + Vf ( - )
Vclamp - N

Extracting the clamp resistor from the above line leads us to the final result:

Vou T Vs
2Vclamp Vclamp - N
de a I-TSWLIEakIpeak2 (7_44)

The capacitor ensures a low-ripple AV across the RCD network. Figure 7-12 depicts the capaci-
tor waveforms, its current, and voltage. If we assume all the peak current flows in the capacitor

184.8  2.00

peak

184.4 1.00

———

1)

'2184.0
AV

Plot1

vclamp in volts
i(c3) in amperes
o

At

183.6 —1.00

—_———

183.2 -2.00

2.9358m 2.9367m 2.9376m 2.9384m 2.9393m
Time in seconds

FIGURE 7-12 The clamp capacitor voltage and current waveforms.
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during the reset time, the voltage developed across its terminal is obtained by first deriving a
charge equation

At
QCL,I, = Ipeak? (7_45)

Then the voltage ripple seen by the clamping network is simply

At
Ipeak? = clp A 14 (7_46)

Solving for C

clp
clamp capacitor:

and replacing At by its definition [Eq. (7-23)], we obtain an equation for the

2
I peak Lleak

Cor = 2aviv, ——v)

lamp r

(7-47)

If now extract L,,, from Eq. (7-44) and replace it in Eq. (7-47), we reach a simpler expression:

V

clamp
Cp=—"""""2 7-48
b Rclp Fvw AV ( )

Since this capacitor will handle current pulses, it is necessary to evaluate its rms content to
help select the right component. The rms current can be evaluated by solving the following
integral:

At
— 2
o, = |1 J {1 A l t} dr=1 At (7-49)
0

clp,rms T peak A peak 3 va

W

Based on the above example, we have the following design elements:

Lyiomax = 2.5 A—maximum current the controller allows in fault or overload situations
F,, = 65kHz

Lyeq = 12 pH

Vetamp = 115V

From Eq. (7-44), we calculate the clamp resistor value

2 % 115[115 - 152;61}
Rip = sk x 12u X 625~ 27k (7-50)

The power dissipated by the resistor reaches 4.9 W at full power, as delivered by the left term
in Eq. (7-43). If we select a voltage ripple of roughly 20% of the clamp voltage, Eq. (7-48)
leads to a capacitor value of

C _ Vz‘[amp 115

= R, F,AV 27k X 65k X 02 X 115

= 28nF (7-51)

According to Eq. (7-49), the rms current reaches 266 mA.
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7.7.2 Selecting k,

Equation (7-42) lets us open the discussion regarding k.. Its selection depends on design
choices. The author recommends to keep it in the vicinity of 1.3 to 1.5 times the reflected volt-
age, in order to give greater margin on the turns ratio calculation. As indicated by Eq. (7-3),
lower N ratios let the designer pick up lower Vig,, secondary diodes. Schottky diodes are com-
mon in either 100 V or 200 V Vi, values, but 150 or 250 V is starting to appear also. Adopting
diodes featuring high-reverse-voltage capabilities affects the efficiency: the V, usually
increases (sensitive to the average current) as well as the dynamic resistance R, (sensitive to
the rms current).

On the other hand, the choice of k. depends on the amount of leakage inductance brought
by the transformer. Poorly designed flyback transformers exhibit leakage terms in the vicinity
of 2 to 3% of the primary inductance. Excellent designs bring less than 1%. The greater the
leakage inductance, the larger the difference between the clamp level and the reflected volt-
age, implying k, coefficients close to twice the reflected voltage or above. If you keep k, low
(1.3 to 1.5) in spite of a large leakage term, you will pay for it through a higher power dissipa-
tion on the clamping network. In case the transformer still suffers from high leakage despite
several redesigns, bring k. to 2 and select higher V,,,, secondary diodes. This is what was done
in the design example given the leakage term value (1.5% of L,).

Based on the example, we have plotted the clamp resistor dissipated power versus the
clamp coefficient k.. As the clamp level approaches the reflected voltage, we can see a dra-
matic increase in the clamp dissipated power (Fig. 7-13).

60

1 1.5 2 2.5 3
ke
FIGURE 7-13 The dissipated power in the clamp resistor dramatically
increases as the reflected voltage approaches the clamp voltage.

This plot stresses the need to push for a low leakage inductance, especially at high power lev-
els. In the example, the 12 wH leakage term corresponds to 1.5% of the primary inductance.
Several calculations were performed while assuming various transformer coupling qualities
and trying to arbitrarily keep the average power on the clamp below 4 W. (The MOSFET break-
down voltage is fixed to 600 V.) Results are presented in the table below and show how other
parameters are affected.
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Ly (% 0f L)) 0.5 0.8 1 2
13 15 17 2
N 0.15 0.17 0.19 0.23
PIV (V) 67 76 84 97
Vs (V) 150 150 200 200
Py (W) 34 3.8 3.8 6

In summary, if the leakage term is low, you can accept lower k_ factors (1.3) and thus reduce
the voltage stress on the secondary diode, as explained. When the leakage inductance
increases, keeping a reasonable dissipated power on the clamp implies an increase of N and the
selection of higher voltage diodes with the associated penalties.

7.7.3 Curing the Leakage Ringing

Figure 7-10 showed some ringing appearing when the diode abruptly blocks. These oscilla-
tions find their roots in the presence of stray elements such as the leakage inductance, the lump
capacitor, and all associated parasitic elements. Damping the network consists of artificially
increasing the ohmic losses in the oscillating path. The damping resistor value can be found
through a few simple equations pertinent to RLC circuits. The quality coefficient of a series
RLC network is defined by

@ L
= 7-52
0 Ry (7-52)

To damp the oscillations, a coefficient of 1 can be the goal, implying that the damping resistor
equals the leakage inductor impedance at the resonant frequency:

wOLleak = Rdamp (7-53)

In our case, on the power supply prototype, we measured a ringing frequency f,,, of 3.92 MHz
together with a leakage inductance of 12 wH. Thus, the damping resistor value must be

Ry = 12u X 6.28 X 3.92Meg = 295() (7-54)

A first possibility exists to dampen the RCD clamp itself as shown on Figure 7-14. This solu-
tion offers a simple nonpermanent dissipative way to help reducing the oscillations at the
diode opening: once the diode D, is blocked (at the leakage inductor reset), this resistor no
longer undergoes a current circulation. Unfortunately, the addition of this resistor affects the
voltage peak associated with the current value at turn-off. This voltage increase AV simply
equals

AV = LR gamp (7-55)

Given the above result, care must be taken to not degrade the original diode overshoot AV by
the insertion of the damping resistor. Start on the prototype with values around 10 ohms and
increase the resistor to find a point where the overshoot and the ringing are acceptable. After
several tweaks, a 47 () resistor brought the needed improvement. Figures 7-15a and b shows the
result after the installation of the damping resistor. We can see in Fig. 7-15b that the ringing
amplitude has been slightly reduced while the overshoot remains acceptable. Please note that

R,..., acts on the oscillating network L,,,C,,,, through the diode recovery capacitance C,,.

damp ump
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Vbulk N Vout
J_ o 1
Cclp s
H Rclp T
Rdamp
Dclp
L1
| N

—

FIGURE 7-14 A resistor in series with the clamping capacitor helps to
damp the parasitic oscillations.

Given its small value, the damping is less efficient than the solution described below. However,
thanks to its effect on the overshoot itself, industrial applications, such as notebook adapters,
make an extensive use of this technique which improves the radiated EMI signature.

Another possibility consists of damping the transformer primary side alone. It no longer
touches the clamping network, but as it directly connects to the drain, it can impact the effi-
ciency. Figure 7-16 represents this different option. The design procedure remains similar, and
Eq. (7-53) still applies. The differences lies in the series capacitor, placed here to avoid a big
resistive power dissipation as the switch closes. Reference 1 recommends a capacitor imped-
ance equal to the resistor value at the resonant frequency of concern:

1
C =0 7-56
damp 2 7Tf leak R damp ( )

Again, you might want to adjust this value a little to avoid overdissipation on the damping net-
work. Figure 7-17a gathers some waveforms obtained on a flyback featuring a 22 wH leakage

0 I -

With Regamp

Similar
overshoot

Al

W

NS

’.!ﬁ.‘.; YWV A~~~

\/ !
Without Ryamp

FIGURE 7-15 Installing the adequate damping resistor keeps the overshoot almost constant but reduces the
ringing amplitude.
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FIGURE 7-16 The RC damper connects on the transformer primary rather
than on the clamping network.
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FIGURE 7-17a Damping the primary side also brings nice-looking waveforms!
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inductor. The upper curves (a) describe the waveforms obtained without damping at all. The
ringing becomes so severe that the body diode of the MOSFET can be forward biased, engen-
dering further losses. If a discrete MOSFET can easily handle that, we do not recommend this
forward biasing on a monolithic switcher where substrate injection could occur and damage
the part through erratic behavior. A damper is mandatory in this case. Curve b in Fig. 7-17a
depicts the fully damped waveform obtained from a resistor of 295 () and a capacitor of 220
pF, respectively, recommended by Eqgs. (7-54) and (7-56). Despite the nice overall shape,
where all the ringing has gone, the total loss budget has increased by 1.25 W. To reduce the
heat, we decreased the damping capacitor down to 50 pF, and curve (c) appeared, still show-
ing some ringing, but less severe than in the original waveform. The efficiency was almost left
unaffected by this change.

The power dissipated by the resistor depends on the voltage stored by the damping capacitor
during the switching events. During the on time, the capacitor charges to the input voltage V,,.
During the off time, the capacitor jumps to the flyback voltage and stays there until the primary
inductance resets (in DCM). Figure 7-17b depicts these events and shows the energy in play. If
we suppose the capacitor is discharged to O at the beginning of the on time, then the needed
energy to bring it up to the input voltage is (event 1)

1

Eun = Ecdampvinz

(7-57a)
Then, to charge the damping capacitor to the reflected voltage at the switch opening, you need
to first bring the same energetic level as described by Eq. (7-57a) (discharge the capacitor
down to zero, event 2) to which you add another jump equal to (event 3)

1 Vout + ‘/f 2
Eoﬁ” = Ecdamp|:T:| (7-57b)
b On
240 | TV
1 2
5 1 2 E0n=§cdampv in
120 |

2

©

>

= c v
D_O_ a 0 3
£ 3 4
E Vv, V, i
1 t+ Vi
I Vour+ Vi Eori|=% Cdamp =
20 T g —F 2 N
i N off
-240 : Vcdamp(t)
3.079m 3.083m 3.088m 3.093m 3.098m

Time in seconds
FIGURE 7-17b  The damping capacitor voltage during the switching events.
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Then, in DCM, the capacitor voltage rings and goes back to zero, releasing the energy also
described by Eq. (7-57b) (event 4). As the capacitive current flows through the damping resistor,
the total dissipation seen by this element is simply

1 1 Vm‘f+ Vf : Vout+ ‘/f :
PRM"P = 2(2 CdW”PViﬂz + Ecdamp|: N :| )st = Cdamp|:vin2 + ( N ) :|st (7_570)

In the above example, the input voltage was 250 V, the reflected voltage was 120 V, and there
was a 71 kHz switching frequency. This leads to a theoretical dissipated power of

Vou T V5

out

N\ 2
Py, = cdamp{v,.n2 + (T) }st =220p X [2502 + 120°] X 71k = 12W  (7-57d)

Simulation gave 1.15 W. This damping technique, compared to the previous one, does ham-
per the light/no-load efficiency and might not represent a good option for power-sensitive projects.

When you install dampers as in the above example, a simple diagram such as Fig. 7-17b
helps to figure out the power dissipated in the damping resistor.

7.7.4 Which Diode to Select?

The above example showed curves obtained with an ultrafast diode, the MUR160. (A UF4006
would have given similar results.) This diode being rather abrupt when it turns off, the equiv-
alent L, ,C,,,,, network rings a lot and requires a damping action as we just described. Some
slower diodes can also be used, such as the 1N4937 or even the 1N4007. Yes, you have read
it correctly, the 1N4007! This diode actually presents a rather lossy blocking mechanism
which heavily damps the leakage ringing and just makes it disappear. As Fig. 7-18 shows, it

EESEESSS e S sy 2 et seo e o focd [ i
No ringing! \V Vv
w | -y

Recovery Iosses'/‘ t ‘ ﬁ ‘

FIGURE 7-18 The 1N4007 offers adequate performance in low-power applications, below 20 W. Note the
lack of ringing given the lossy mechanism.

gives excellent results, especially in radiated EMI. The 4007 has the reputation of being a slow
diode, which is true when it starts to block. However, you can see the small overshoot of 37 V
only, given the slope of 9.2 V/ns. As the diode recovers, it remains a short-circuit until it has
fully swept away the minority carriers: this occurs at the negative peak. At this point, the diode
recovers its blocking capability, and the current goes down slowly, naturally damping the leak-
age network. I have seen 1N4007 diodes used in high-power designs, well above 20 W (!),
something I would absolutely not recommend.
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There are other solutions known to help damp parasitic waveforms. They include lossy fer-
rite beads, widely used in the industry.

7.7.5 Beware of Voltage Variations

The RCD clamp network is unfortunately subject to voltage variations as the peak current
changes. As a result, it is important to check that worst-case conditions do not jeopardize the
MOSFET. Worst-case conditions are as follows:

1. Start-up sequence, highest input level, full load: Monitor V(f) by either directly observ-
ing the waveform or synchronizing the oscilloscope on the V. pin. The crucial point lies
precisely when the feedback starts to take control. This is where the output voltage is at its
peak and the primary peak current has not yet been reduced by the feedback loop.

2. Highest input voltage, short-circuit: Place a short-circuit on the secondary side (a real small
piece of metal and not a long wire or the electronic load) and start the power supply. If the
protection operates well, the converter should enter hiccup mode, trying to start up. As the
auxiliary voltage does not show up (because of the output short-circuit), the controller
quickly detects an undervoltage lockout (UVLO) and stops driving pulses. However, in the
short period during which it drives the MOSFET, the peak current set point is pushed to its
maximum limit and induces a large leakage kickback voltage. Make sure V,,((¢) stays under
control.

Figure 7-19 is a plot of the clamp voltage variations as the peak current changes. The design
variable for Eq. (7-44) shall be the maximum peak current that the primary inductance can see.
This is the maximum sensed voltage the controller can authorize over a given resistor, affected

140

120

Vclamp (V)

[oe]
o

40

Ipeak (A)

FIGURE 7-19 Clamp voltage changes due to primary peak current
variations.

by the propagation delay 7, This propagation delay actually corrupts the current level
imposed by the controller in short-circuit or in start-up conditions. Why? Because in either
case, the feedback is lost and the peak current limit solely relies on the internal maximum set

point. On a UC384X member, the maximum set point is 1.1 V. That is, when the current-sense
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comparator detects a voltage of 1.1 V, it immediately instructs the latch to reset and shuts the
driver off. Unfortunately, it takes time for the turn-off order to propagate to the drive output
and block the MOSFET. The propagation delay therefore includes the controller itself (inter-
nal logic delays) but also the driving chain to the MOSFET gate. Until it actually occurs, the
primary current keeps growing and it overshoots. The overshoot depends on the primary slope
and the propagation delay. Figure 7-20 illustrates this phenomenon.

le
A

Turn-off is
Detection delayed ...
occurs here

/

peak,max
real

/ peak,max
controller

prop

FIGURE 7-20 Propagation delay effects create primary current overshoot.

Suppose we have a primary inductance L, of 250 wH and a maximum peak current set point
of 1.1 V. The sense resistor equals 0.44 (), and the total propagation delay Iorop TeAChES
190 ns. Of course, if you insert a resistor in series with the drive, in an attempt to alter the
EMI signature, you naturally introduce further delays which degrade the controller reaction
time. The final peak current is obtained at the highest input voltage, 375 Vdc in this
example:

I _ M n V[n,mtzxt _ 1.1 + 375 190n = 2.8 A (7_58)
peak,max R Lp prop 0.44 250u )

sense

In this example, the overshoot reaches almost 200 mA at high line. Suppose you have selected
the clamp resistor based on 1.1 V developed over the 0.44 () sense element (2.5 A) to reach a
clamp level of 115 V. You end up with a 124 V clamping level (8% more). But the worst is yet
to come.

The worst situation arises when you have a really low primary inductance and a minimum
t,, clamped down to 350 ns, for instance. The minimum ¢, is made of the leading edge blank-
ing (LEB) duration (if the controller features such circuitry, of course) added to the total prop-
agation delay. If the controller features a 250 ns LEB with a 120 ns propagation delay, it will
be impossible to reduce the on time below 370 ns. Why? Simply because at the beginning of
each driving pulse, the controller is blind for 250 ns (to avoid a false tripping due to spurious
pulses—diodes ¢,, for instance) and takes another 120 ns to finally interrupt the current flow.
During this time, the gate is held high and the MOSFET conducts. In short-circuit situations,
not only does the primary current overshoot as explained above, but also it does not decrease
during the off time: the converter enters a deep CCM mode because of the lack of reflected
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voltage. Actually, there is a reflected voltage, the diode forward drop divided by the trans-
former turns ratio:

V., =+ (7-59)

Since this reflected voltage is so low, it cannot bring the primary current back to its level at the
beginning of the on time and so the current builds up at each pulse. In a short-circuit situation,
either the clamp voltage runs away and the MOSFET quickly blows up, or the transformer sat-
urates, leading to the same explosion! Figure 7-21 describes the situation.

In a start-up sequence, before the current reaches a high value, the output voltage rises and
the reflected voltage starts to demagnetize the primary inductance. However, until a sufficient
voltage imposes a proper downslope on the primary inductance, the current envelope peaks as
described above. As predicted by Fig. 7-19, the clamping level goes out of control and the drain
voltage dangerously increases. This is one of the major causes of power supply destruction at
start-up. Figure 7-22 shows this behavior which must be seriously monitored when you design
a high-power converter with a low primary inductance. In the presence of such difficulty, the
solution lies in increasing the primary inductance, a choice which naturally limits peak current
overshoots at high line. Another option consists of selecting a transient voltage suppressor.

7.7.6 TVS Clamp

A transient voltage suppressor (TVS) is nothing other than an avalanche diode (remember,
zener effect occurs below 6.2 V; above, this is called the avalanche effect) able to take high-
power pulses thanks to its large die size. The connection to the drain remains similar to that of
the RCD clamp, as Fig. 7-23a shows. The TVS will clamp the voltage excursion of the drain,
dissipating all the power as the clamp resistor would do. The TVS dynamic resistance being

9.00 [Maximum theoretical r—
@ peak value, 5 A < -
3 7.00 j ,\I\J\’\I\I\l\r /
= € £ X The current climbs up
2 2 500y~ \ 109 Al
£ 3.00
e Demagnetization
1.00 too weak lpp (1)
1.60 | Vsense ()
(2]
3 120 _n v
- JEN R I N Y N O O A NN U NN PO NN
S5 800m f
[a 7]
C
3 400m H
>
0

35.0u 70.0u 105u 140u 175u
Timed in seconds

FIGURE 7-21 In short-circuit conditions, the current escapes from the PWM chip vigilance and runs out of
control.
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FIGURE 7-22 At start-up the peak current envelope can quickly increase, possibly engendering an increase

of the clamp voltage. Carefully check this out once the design is finalized!

Vout

TVS

Vbulk

Dclp

impedance

23a  The TVS connects like an RCD clamp, offering a low-
clamping effect, which is less sensitive to current variations.

FIGURE 7
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FIGURE 7-23b The TVS signature reveals an extremely brief conduction
time, potentially radiating EMI noise.

small, its clamping voltage keeps rather constant despite large current variations. The dissipated
power remains an important parameter to assess when the voltage selection is done. Capitalizing
on the previously derived equations, the power dissipated by the TVS can be expressed as

1 V.
PTVS = 7Fvaleak] 2

2 peak v — Vout + Vf

: N

(7-60a)

where V, represents the TVS breakdown voltage. Figure 7-23b shows a TVS typical signature,
on the same converter we used for the Fig. 7-18 shots. As one can see, the TVS sharply clamps
for a short time, 200 ns in the example. This narrow pulse can often radiate a wide spectrum
of noise, and this is a reason (besides its cost) why the TVS is not very popular in high power
applications. Make sure all connections are kept short, and place the TVS and its diode (here
an MURI160) close to the transformer and the MOSFET. In rather leaky designs, some design-
ers even place a 10 nF in parallel with the TVS to help absorb the current pulses.

The TVS offers one big advantage: in standby or in light-load conditions, the peak current
remains low and the leakage kick is often not sufficient to reach the TVS breakdown voltage. It
thus stays transparent, and the converter efficiency benefits from this operation. Without TVS, as
the converter enters light load via skip cycle (a very common technique these days), the capacitor
in the RCD network cannot keep up the clamp voltage as the recurrence between switching bursts
goes down. Hence, the capacitor being discharged at each new switching bunch of pulses, it enters
into action and dissipates a bit of power: the no-load standby power suffers from the situation.

78 TWO-SWITCH FLYBACK

One of the major limits in power delivery that the flyback suffers from can be linked to the pres-
ence of the leakage inductor. We have seen that classical single-switch solutions deal with this
problem by routing the leakage energy to an external network: the energy is lost in heat, and the
efficiency suffers. To use the flyback in higher power configurations, the two-switch structure
might represent a possible solution. Figure 7-24a shows the application circuit. The architecture
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FIGURE 7-24a A two-switch flyback converter recycles the leakage energy at the opening of switches.

now uses two high-voltage MOSFETs but of smaller BV, compared to the single-switch
approach. For instance, on a 400 V rail (assuming a PFC front-end stage), 500 V types can be
implemented, implying a slightly better R, than their 600 V counterparts. The MOSFETs are
turned on and off at the same time (same control voltage applied on the gate, the upper side float-
ing with respect to ground). When both switches are conducting, the primary winding “sees” the
bulk voltage. As the primary current reaches the peak limit, the controller classically instructs
the switches to open. The current keeps circulating in the same direction and finds a path through
the freewheel diodes D; and D,. The transformer primary inductor immediately clamps to the
reflected output voltage, and the leakage inductance resets with the following slope:

Vo + V

out

Vi — N

S =
leak [
leak

(7-60b)
If you carefully observe Fig. 7-24b, the current circulates via the bulk capacitor, naturally recy-
cling the leakage energy: the efficiency clearly benefits from this fact. The secondary-side
diode current ramps up at a pace imposed by the leakage reset, rather slow given the longer
leakage reset time inherent to the structure. Yes, you have guessed it; if you reflect more volt-
age than the input voltage, your colleagues are going to applaud at the first power-on!

Figure 7-24c offers a way to simulate the two-switch flyback using a dedicated current-mode
controller. You could also try to reproduce the Fig. 7-24a transformer-based driving circuit, but
it would take a longer simulation time. By the way, best practice would be to use a transformer
made of two secondary windings for a perfect propagation delay match between the two tran-
sistors. If you understand the sentence “cost down!” then you understand why it becomes a sin-
gle winding based. A bootstrapped solution could be used, but at the expense of a small refresh
circuitry for the capacitor. We will come back to this with the two-switch forward example.
Figure 7-24d collects all pertinent waveforms obtained from the simulator. As you can see on
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FIGURE 7-24b At the switch opening, the leakage current circulates through the freewheel-
ing diodes, giving energy back to the bulk capacitor.

the upper trace, the leakage reset is rather smooth, something immediately seen on the sec-
ondary side diode current. However, this time, the reset duration does not generate losses dis-
sipated in heat, but it brings the energy back to the bulk capacitor (see the positive jump on the
source current, trace 10).

Despite its numerous benefits, such as leakage recycling, the two-switch flyback applica-
tion has less success in the power supply industry than its two-switch forward counterpart.

79 ACTIVE CLAMP

The flyback with active clamp is currently gaining in popularity thanks to the ATX world
requiring more efficient power supplies at a lower cost. The single-switch flyback with active
clamp offers a possible alternative to the classical two-switch forward which can have diffi-
culties in meeting the new ATX efficiency requirements: the total power supply efficiency is
not allowed to drop below 80% for a loading ranging from 20 to 100% of the nominal power,
thus its name, the 80+ initiative. The next step is to increase from 80 to 85%.

The principle behind the idea of active clamp still implies a capacitor storing the leakage
energy at turn-off. However, rather than being simply dissipated in heat, the stored energy
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FIGURE 7-24d The simulation waveforms show the reset time slowing down the secondary side current.

is recycled to bring the drain voltage down to zero, naturally ensuring ZVS operation. This
helps to (1) expand the use of the single-switch flyback beyond 150 W without paying
switching losses incurred by the RCD clamp technique and (2) significantly increase the
operating switching frequency, leading to the selection of lower size magnetic elements.
This topic has been the subject of many comprehensive papers [3, 4, 5, and 6], and we will
only scratch the surface here.

Figure 7-25 shows the flyback converter to which an active clamp circuit has been added.
The system associates a capacitor (connected either to the bulk rail or to the ground) to a bidi-
rectional switch made of SW and the diode D, . This role can be played by a MOSFET, an
N- or a P-channel, depending on the adopted reset scheme. To understand the operation, it is
necessary to segment the various events in separate sketches and time intervals. Figure 7-26a
and b gathers all these sketches, we comment on them one by one with illustrating graphics
at the end.

In Fig. 7-26a, sketch a, the power switch has been turned on, as in any flyback operation.
The current rises linearly with a slope dependent upon the input voltage and the combination
of the leakage element with the primary inductance:

S = Vin (7-61)
o Lp + Lleuk
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FIGURE 7-25 An active clamp circuit around a flyback converter uses a capacitor and a bidirectional switch.
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FIGURE 7-26a Different phases of the active clamp flyback converter. Here the secondary side diode still
does not conduct.
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FIGURE 7-26b  As the secondary diode conducts, the voltage across the primary inductance L, is fixed to
reflected voltage.

During this time, the input voltage splits between both terms as follows:

L
P
V, =V (7-62)
b Lp + Lleak
Lleuk
Vlek - Vin Lp + Lleak (7'63)

When the peak current reaches the set point imposed by the feedback loop (11, peak = Ipear), the
power switch opens and the magnetizing current charges the lump capacitor. We are observing
sketch b. The drain voltage immediately rises at a rate defined by Eq. (7-64):

dVDS(l) _ Ipeak
dt B Clump

(7-64)

The voltage increases until it reaches the level imposed by the stored voltage present across the
clamping capacitor V,,,,,, plus the input voltage V;,. At this time, the upper-switch body diode
starts to conduct, and we are looking at sketch c. As the lump capacitor is much smaller than
the clamp capacitor, it no longer diverts current and we can consider all the magnetizing cur-
rent flowing through C,,,,,,. Note that we already had a resonant transition at the switch open-
ing between C,,,,,, and the total inductance made up of L, + L, but since its duration is short,
you almost observe a linear waveform.
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The clamp capacitor now fixes the voltage across both inductors L, + L, which act as a
voltage divider. The voltage splits as follows:

L

r
Vi = Vo7
L, clam,
k pr + Lleak

(7-65)
When the primary voltage has fully reversed to a point where the secondary diode conducts,
we are now observing Fig. 7-26b, sketch d. Since the body diode is conducting (Vg = 0),
we can safely turn on the upper switch SW to benefit from zero voltage conditions across it.
A small delay is thus necessary to let this body diode first conduct before activating the
upper-side switch. The primary current classically decays at a slope imposed by the reflected
voltage:

out + Vf
Syp = _NiLl, (7-66)
The leakage inductor now resonates with the clamp capacitor, and a sinusoidal waveform
arises. The resonant frequency involves the leakage inductance and the clamp capacitor
(neglecting the lump capacitor):

1

f;‘esul =
2 \/Lleakcrlamp

(7-67)

The secondary side current is made up of the difference between the linear current delivered by
the primary inductance [Eq. (7-66)] and the sinusoidal waveform drawn by the leakage term:

I, —1,,0

1,(H) = N

(7-68)
In a classical flyback, this period of time, where the leakage inductance diverts current, would be
kept small as we want to reset the leakage term as quickly as possible. With the active clamp tech-
nique, on the contrary, the leakage term diverts current during the whole off time and actually
turns on the secondary diode very smoothly.

When the resonant current waveform reaches zero, the current reverses and starts to flow
in the other direction. It can do so thanks to the presence of the upper-side switch, still kept
closed for the event. We are looking at sketch e. At a certain time, the leakage inductor current
will reach a negative peak. The stored energy at this moment is simply

1
ELM,,( = ELIeukIpeakz (7_69)
If we now open the upper-side switch, the leakage inductance current still flows in the same
direction but now returns via the lump capacitor, creating a new resonance:

1

.fre.y02 = o~
2 \/Lleakclump

(7-70)

The current flowing through the lump capacitor now from the ground contributes to discharge
it. The minimum of the voltage is reached at one-quarter of the period. Hence, if a delay is
added to let the voltage swing to its valley, we can ensure zero voltage switching on the power
MOSFET. This delay should be adjusted to

2 \/Lleakclump ™

tdel = 4 = 5 v Lleukclump (7_71)
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The necessary condition to bring the lump capacitor down to zero implies that the energy
stored in the leakage inductance at the switch opening [Eq. (7-69)] equals or exceeds the
energy stored in the lump capacitor. Otherwise stated,

1 Vom + Vj 2
ELleakIpeak = Clump V + N (7_72)

Capitalizing on this equation, we can extract a design law to obtain the resonant/leakage induc-
tor value:

Vo T VA2
Clump(vin + T)
Ly = Iood? (7-73)

In the above equation, the peak current at the switch opening is approximated by the peak
current imposed by the controller at the end of the on time. In practice, given the damping
action (ohmic losses), the final value slightly differs from this value. If the current at the
upper-side switch opening moment is too low, the lump capacitor cannot properly
discharge down to zero because Eq. (7-72) will not be satisfied. To solve this problem, you
will need to either artificially increase the leakage term by inserting an inductor connected
in series with the transformer primary or weaken the coupling between both primary
and secondary windings, for instance, by using a different bobbin architecture. The peak
current in Eq. (7-73) can be derived using equations already seen in Chap. 5 in the buck-
boost section [Egs. (5-99) and (5-100)]. Combining them leads to the definition of this peak
current level

P U 0 WD I W /172 (7-74)
peak — “L,avg 2 out V Voul 2Lstw _

Since the leakage inductance is defined, we can calculate the value of the clamp capacitor.
Its value depends on the off-time duration at high line such that one-half of the resonant
period always remains larger than the largest off-time duration. Otherwise, the negative peak
in the resonance waveform might no longer correspond to the upper-side switch opening
event, losing the relationship described by Eq. (7-72). Hence, the design obeys the following
equation:

l’;” (I = DT, (7-75)
Replacing ¢,,,; with its definition [Eq. (7-67)] and extracting the clamp capacitor value, we
have
TVLyCounp = (1 = D, )Ty, (7-76)
(I = D,;)?

> " _
clamp st T L[gak (7 77)

7.9.1 Design Example

To capitalize on the above equations, it is time to verify our assumptions with a simulated
example. We can start from an initial flyback design to which we apply the active clamp
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technique. The design procedure difference between a flyback operated with or without
active clamp is minor as long as we consider the leakage term negligible compared to the
magnetizing inductor.

L <<1L, (7-78)

Reference 6 calculates the duty cycle on a nonactive clamp flyback and compares it to an
active clamp-operated converter. The difference remains about a few percent. What changes,
however, concerns the maximum drain excursion at the switch opening. In a normal flyback
operated with a classical RCD clamping network, the drain remains theoretically blocked
below

Vou T V¢

e 7 (7-79)
N +V,

lamp

VDS = V[n +

With an active clamp, the voltage developed across the leakage inductance during its resonat-
ing phase comes in series with the two first terms of Eq. (7-79). The excursion thus follows
Eq. (7-80) [6]:

Vvut + Vf n 2LleakPour
N V. . D, (1 — D

in, max*~"min

Vis = Vi + (7-80)

min)

The normal procedure would be to first fix the drain-source excursion desired (given the
selected MOSFET) and then calculate the remaining elements. Unfortunately, the leakage term
already appears in Eq. (7-80). However, as expressed by Eq. (7-78), we can arbitrarily pick up
a value around 10% of the magnetizing inductance and see what turns ratio is authorized in
relation to the MOSFET breakdown voltage. Later on, once the final leakage term is calcu-
lated, you have the possibility of rechecking the result of Eq. (7-80) and going for another pass
if necessary.
The flyback we want to use features the following parameters:

L, =770 nH
Ly =12 pH
1:N = 1:0.166
Vimax = 370 Vdc
Vimin = 100 Vdc
Vou =19V
Lyimar = 4 A
szt‘max = 76 W
F,, = 65kHz

Ciump = 220 pF (measured according to App. 7A principles)
7 = 85% (considered constant at low and high line for simplicity)

The duty cycle variations are computed first:

Vuut _ 19 _
Do =y NV, 0 T 19 + 0.166 x 100 ~ 003 (7-81)
D,, = You = 19 = 0.236 (7-82)
min Y e+ NV e 19+ 0.166 X 370
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The high- and low-line peak currents reach [Eq. (7-74)]

1 0.166) 370
ghoine = = 7-83
wsiiene = 76 % (G555 575 * T19°) + 35 0w a5t X 0236 = 184 (-83)
_ 1 0.166) 100 _
Dpeat.ton-tine = 76 X (0.85 %100 719 ) T 2% 770u x 65k < 023% = 2.1A (7-84)

With this information in hand, let us determine the needed resonating inductor:

o+ IV g x (370 4 LY
lump in N 4 0.166

Ly = = = 7-85
leak Lot I3 16.3 nH ( )

Allowing a bit of margin, we add a small inductor of 8 wH in series with the transformer
since the original leakage term already totals 12 wH (L,,,, total = 20 wH). The rms current
flowing into the added leakage inductor combines the main magnetizing current and the cir-
culating clamp current. Reference 6 gives the following formula, reaching its maximum at
low line:

( Pout )2(2D + 1) + Pout (l D ) + 1 (‘/in,mianax>2
n \Z D, max e n L P F e 4 L P F

in,min sw sw

= =152A

Lyeqes rms 3

~

(7-86)

Its maximum peak current is of course similar to that of Eqgs. (7-83) and (7-84). Equation (7-87)
now helps us to calculate the clamping capacitor value.

B 2 S Rl 1 .
damp = omap T 65k2 X 3142 X 20u O (7-87)

The voltage rating for this capacitor must exceed the reflected voltage plus the voltage devel-
oped across the leakage inductor. Using Eq. 7-80, we simply remove the first term:

Vou T V; 2L P

+
VC{I‘W’Y e N 7) Vin, max D min( l - D min )

1941 2 X 20u X 76 B
= 70166 ' 0.85 X 370 x 0.236 x (0.764) _ 120V (7-88)

Finally, the ripple current circulates during the off time and obeys Eq. (7-89) [6]. The worst
case occurs at low line:

1-D Il -
Ie,ms = Dpeakma| =5 = 2.1 1-0534 3534 = 0.83A (7-89)

As afinal check, Eq. (7-80) predicts a voltage excursion of 490 V. Our MOSFET breaks at 600 V,
so we are safe.
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Now that we have all resonant elements on hand, we can evaluate the upper-switch opening
delay necessary to obtain ZVS on the MOSFET drain:

li = g\/lekc,m,, = 1.57 X V20u X 220p = 104ns (7-90)

7.9.2 Simulation Circuit

The circuit we used for the simulation example appears in Fig. 7-27. It implements the
generic controller already developed for a synchronous rectification application. Output 1
drives the main switch whereas output 2 goes to the upper-side switch. Since its source
floats, a real application would require a transformer or a high-voltage high-side driver such
as the NCP5181 from ON Semiconductor. We removed any isolation circuit to reduce the
complexity.

The controller switches at 65 kHz, and a 100 ns delay is inserted between both outputs.
In theory, the first delay should be independently adjusted to let the body diode ensure ZVS
on the upper-side switch. The second delay should then match the result of Eq. (7-90).
Practically, a similar dead time is inserted without known operating problems. Figure 7-28a
gathers a series of operating plots at high line. In this figure, we can see on the upper plot
that both magnetizing current and resonant current are following the same shape at turn-on,
but they diverge during the off time: the magnetizing current decreases linearly whereas the
leakage current resonates with the clamp capacitor. Note that the secondary current smoothly

Rp
150m MBR20100CT Out
T 2% L 7 N Vout
X3
Vetamp 'Cc'amp>'@'4 Cclamp ; ” XFMR Resr
T 220nF VLp>—(<) RATIO = —166m 20m
ILp>-=9 Lp gRIoad
I 770u 16 4
Out2 ?ri
b3 2; T 5 TK: =185
MUR160 Lleak
Out2 (B)<VLleak3 20u ‘l‘
— r<@O—<ILeak
4 Out - 5
(j" Vin
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R Verr
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7.32k § cr X1
s 720
=op > PWMCMS v
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FIGURE 7-27 The active clamp simulation circuit using the synchronous generic controller.
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FIGURE 7-28a Typical signals of the active clamp flyback converter with an input voltage of 350 Vdc.
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FIGURE 7-28b The clamp capacitor voltage does not significantly increase during the off time.
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increases in the diode and looks as if it was DCM despite CCM on the primary side! This
implies a higher peak current compared to a similar CCM flyback without active clamp, but
switching losses on the diode are greatly reduced. The middle and last plots depict the drain
voltage which stays almost flat on the plateau. On the zoom, you can clearly see the valley
jump as soon as the upper-side switch opens. The delay seems well adjusted on this simu-
lation. We should probably be able to force the wave farther down by increasing the leak-
age term.

Figure 7-28b focuses on the clamp voltage and shows that its voltage stays relatively con-
stant during the transformer core reset. The bottom plot represents the clamp capacitor cur-
rent and shows that it starts to flow before output 2 biases the upper-side switch: ZVS is
ensured.

Figure 7-28c gathers plots where the clamp capacitor has been changed. Swept values are
220 nF, 680 nF, and 1 pF. When the capacitor no longer satisfies Eq. (7-77), C,,,, = 220 nF,
the valley turn-on is lost on the main power MOSFET. However, the drain voltage excursion
does not suffer from these variations.

The small-signal characteristic of the flyback converter operated with an active clamp does
not significantly change compared to a traditional converter, as long as the clamp capacitor
remains small compared to the reflected output capacitor.

£
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FIGURE 7-28c Three different clamp capacitor values have been swept: 220 nF, 680 nF, and 1 wF. If the
maximum voltage excursion on the drain remains almost unchanged, the ZVS can be easily lost at low clamp
capacitor values.
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710 SMALL-SIGNAL RESPONSE OF THE
FLYBACK TOPOLOGY

The flyback converter small-signal response does not differ from that of the buck-boost con-
verter. Its dynamic behavior is affected by the operating mode, CCM or DCM, as well as the
way the duty cycle is elaborated (voltage mode or current mode). Using the autotoggling mod-
els of the PWM switch represents an interesting exercise to explore the flyback small-signal
response when operated in these various modes. Figures 7-29 and 7-30 depict how to wire the
model in a single-output configuration. The converter delivers 19 V to a 6 () load (3.2 A), and
we changed its primary inductance depending on the needed mode (CCM or DCM). The value
at which the operating mode changes, given a certain input voltage (here 200 V), is called the
critical inductance. Above this value, the converter delivering its nominal power will work in
CCM. Below it, the converter will enter DCM. The critical inductance value can be derived by
using formulas already seen in Chap. 1, the buck-boost section:

L _ ermd 1 _ 6 1
ven = N2F, |V, 0.1662 X 2 X 65k 19

out _
NV 1+ 57166 x 200

in

= 677 pH

(7-91)

For the DCM converter, L, will be fixed to 450 pH and for the CCM version, 800 pH. Let
us now plot the Bode plot responses of the voltage-mode converter in both DCM and CCM (Fig.
7-29b). In DCM, the converter behaves as a first-order system in the low-frequency portion of
the graph. The phase starts to drop to reach —90°, but the zero introduced by the output capac-
itor ESR kicks in and strives to pull the phase back to zero. However, as the frequency increases,
the combined action of the high-frequency RHPZ and pole further degrades the phase. Their
action is usually ignored as the cutoff frequency is often chosen way below their acting point.
Note that the very first generation of models was unable to predict their presence.

In voltage-mode CCM, we can observe the peaking linked to the equivalent inductor L, res-
onating with the output capacitor. We have a second-order system, degrading the phase at the res-
onating peak. The crossover frequency f. must therefore be selected to be at least three times above
the resonant frequency to avoid compensation difficulties when the gain crosses over the 0 dB
axis. It must also stay below the worst-case RHP zero frequency to prevent further phase stress.

Figure 7-30a portrays the same converter arranged in a current-mode configuration. The
modulator gain block is gone, and the loop is opened in a similar manner as before. The ac
results are given in Fig. 7-30b and show that, in the low-frequency portion, the DCM and CCM
operations do not differ that much in terms of Bode plots: they both exhibit first-order behav-
ior. The CCM converter, however, turns into a third-order system after the appearance of the
double pole placed at one-half of the switching frequency. Care must be taken to damp these
subharmonic poles; otherwise instability can occur for a duty cycle greater than 50%. In this
example, there is no ramp compensation.

7.10.1 DCM Voltage Mode

In light of the above curves, it appears obvious that stabilizing a voltage-mode converter oper-
ated in DCM looks simpler than stabilizing the same in CCM. This explains why mode transi-
tion in voltage mode often causes stability problems: a converter stabilized for only DCM
cannot properly work in CCM. On the contrary, a converter stabilized for CCM might behave
poorly in DCM because of an excessive compensation. Below is a summary of the voltage-
mode small-signal flyback parameters pertinent to the error-to-output path.
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FIGURE 7-29b  Bode plots of the voltage-mode converter operated in DCM or CCM. Under the same operat-
ing conditions, L, is adjusted to change the mode. In CCM, the voltage-mode flyback behaves as a second-order
system, which drops to a first-order in DCM.
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FIGURE 7-29¢  After compensation, despite a similar crossover frequency, the compensation featuring the zero
positioned in the lower portion of the spectrum gives the slowest response (output current from 3 to 3.5 A).
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FIGURE 7-30b  Bode plots of the current-mode converter operated in DCM or CCM. As previously indicated,
L, is adjusted to modify the mode.
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FIGURE 7-30c By changing the position of poles and zeros, conditional stability appears which can jeopardize
the converter stability in some cases.
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Voltage-Mode Control

DCM CCM
. 1
First-order pole e e— —
T R10adCour
P 2
Second-order pole = Ll}\)lv _1=Db (double)
T\ 4 2aNV L,C,,
V()l([
1 1
Left half-plane zero e —— e a—
2T R gsrC i 2T R R C o
R, — D)2
Right half-plane zero % foad - (4 = DYRiua
oui oul 2
- (1 N 1>L 2mDL,N
Vin Nvm v
% v,
VOLAI/‘/iW dc gain —out —out
‘/in Vlll
. Vin Rload Vin
Vi Voo de gain —load —
Voear ¥ 2L, Fy, (1 = D2V,
Dut le D Vour \/ 2L”F‘“" Vam
uty cycle — A\ —_—
ye Vin Rload Vaut + NVm

where D = duty cycle
F,,, = switching frequency
Rsx = output capacitor equivalent series resistance
V,

out

NV,

in

M = conversion ratio = M =
L, = primary inductance
R,,., = output load

s

N,
N = — = transformer turns ratio
P

Ve = PWM sawtooth amplitude

peak =

We have stabilized all converters with an 8 kHz crossover frequency and a phase margin
of 70°. The DCM voltage-mode stabilization is a rather simple exercise considering the input
voltage constant to 200 V and a load varying between 5 () (3.5 A) and 6 Q) (3 A). First, we
need to calculate the position of the pole and zero inherent to this operating mode:

1 1

Sotmin = TR Co ~ 3UAX S X 22m 29Hz (7-92)
- 1 - 1 = 24Hz
phmax 7TRload4,maxC0ut 3.14 X 6 X 2.2m (7_93)
We now assume capacitor ESRs varying between 50 and 100 m{):
_ 1 _ 1 B
ot = R 628 X S0m X 2.0m  MA4TKHE (7-94)
/. = ! = 1 = 723Hz
i R mee Cow 628 X 100m X 2.2m (7-95)
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The high-frequency DCM RHPZ zero is evaluated; thus,

fir= Rat = 6 = 85.6kHz

..2 - - - .

- Vout Vom 19 19
2N (1 + NVm)Lp 6.28 X 0.166 X 355 (1 + 5166 5300 200)450u

(7-96)

The second pole position depends on the DCM duty cycle. Thanks to Eq. (5-129), we can
quickly obtain its value:

Vou 19
— o __ v _ .
P NVm\/E 0166 X 200 V2 X 0.138 = 0.3 (7-97)
with
L N?

P 450u X 0.1662
i ) - 7-98
& Rloadew 6 X 15u 0.138 ( )

F 2 ,

1/D 65k 1/0.3
B NV, 314 T AN1£4£4 v 2NN = 7_99
fo2 =, NV, 3.14 0.166 X 200 30.5kHz (7-99)

1+ 1+ 0166200

out

The above formulas actually use results derived for a buck-boost converter but now include the
transformer turns ratio for reflections on either side. The dc point in Fig. 7-29a confirms this
result.

The dc gain linking the PWM input to the output stage can be obtained, given the PWM
sawtooth peak amplitude (2 V in this example):

Vin Rzm 200 6
6= oz = et | = 108, 80 gt = 008 100
pea ‘Pt sw

This value is also confirmed by the Bode plot shown in Fig. 7-29b. Now that we have all in
place, how do we compensate the whole thing? We can either use the & factor which gives ade-
quate results in DCM or decide to place the corrective poles and zeros ourselves. Looking at
Fig. 7-29b, we can see that an 8 kHz bandwidth requires no gain at all at the crossover point.
The phase lag at this place is around —25°. A candidate for this compensator could be a sim-
ple type 1. The type 1 can work as long as the phase lag does not exceed —40° at the crossover
point since no phase boost is provided by this structure. Otherwise, a type 2 can also do the job
by placing the following poles and zeros:

* One pole at this origin, giving a high dc gain, thus a low dc output impedance and a good dc
input rejection.

* A zero placed below the crossover frequency to bring the necessary phase boost (usually 1/5
of the crossover value gives good results).

* A pole situated at the capacitor ESR frequency (f,)) or at one-half the switching frequency if
the ESR value is too low. In this example, we placed it around 20 kHz.

The k factor placed a zero at 7 kHz and a pole at 8.7 kHz. As we have seen, spreading these
poles and zeros apart (pushing the zero farther down the spectrum) will increase the phase
boost, but the transient response might eventually suffer. Remember, the compensation zeros
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become the poles of your system in closed loop. To illustrate this, Fig. 7-29¢ depicts the com-
pensated Bode plot with the following placement:

1. Compensation 1 places a zero at 7 kHz and a pole at 8.7 kHz.
2. Compensation 2 places a zero at 2 kHz and a pole at 20 kHz.

In both cases, the crossover frequency is 8 kHz, but compensation 1 gives a phase margin
of 70° whereas compensation 2 increases it to 115°. The transient response in Fig. 7-29¢
speaks for itself; this is the slowest response. In conclusion, do not overcompensate the
loop to obtain the largest phase margin. Keep it in the vicinity of 70° to 80° and always
avoid going below 45° in the worst case. Of course, you also need to sweep all the parasitic
parameters (ESR, for instance) and the operating conditions (input voltage, output load) to
see how they affect the phase margin. Then, a compensation is required to remain stable in
the worst case.

7.10.2 CCM Voltage Mode

By raising the primary inductance to 800 wH, we ensure the converter enters in CCM, as con-
firmed by Eq. (7-91). As we did before, we have selected a crossover frequency of 8 kHz.
However, on a CCM buck-boost, boost, or flyback, what limits the bandwidth is the perfidi-
ous RHPZ. As we explained, this zero gives a boost in gain but stresses the phase rather than
boosting it as a traditional left half-plane (LHP) zero would do. In other words, stabilizing the
converter at a crossover frequency where the RHPZ starts to kick in represents a perilous, if
not impossible, exercise. For this reason, it is advised to calculate the lowest RHPZ position
and select 20 to 30% of it for the crossover frequency. In our example, let us run the exercise
of assessing all pole and zero positions, as we did for the DCM case.
We first compute the duty cycle at a 200 V input voltage:

Vout _ 19
+ NV, 19 + 0.166 X 200

D= = 0.36 (7-101)

Vv,

out

The right half-plane zero position is derived using the following equation:

(I = DyYRy  — 0.36)2 X 6 = 493kH 7-102
Ja= T3upL N T 628 % 0.36 X 800u X 0.1662 2 KHE - (7102)

In this particular case, 20% of this value is 10 kHz. We thus have a sufficient margin with the
8 kHz choice.

We know that the flyback converter operated in CCM peaks as any second-order converter
would do. The double pole introduced by the resonance of L, and C,, is placed at

out
1-D  _ 1 - 036
27NVL,C,, 628 X 0.166 X /800u X 2.2m

fn = = 4628Hz  (7-103)

To have an idea how the phase will drop as we approach this point, the quality coefficient QO
can also be calculated:

(1 = DRy [C,, (1 —0.36) X 6 3m
B A o = 7-104
€ N L 0.166 X /500, = 384o0r3lodB ( )

P

However, given the damping brought by the diode dynamic resistance and the capacitor equiv-
alent series resistor, the quality coefficient is reduced to 4 dB, as shown in Fig. 7-29b.
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The output capacitor still brings a zero whose position is similar to its DCM counterpart as
described by Eqs. (7-94) and (7-95). The dc gain of the control to output chain is obtained by
applying the following formula:

n 0.166 X 200

W} -2 lg{m} = 32448 (7-105)

G, =120 loglo{

The compensation of a CCM flyback converter operated in voltage mode requires a type 3
compensation network. The double pole present at the resonant frequency locally stresses the
phase and requires the placement of a double zero right at the worst-case resonance. A possible
placement could be as follows:

* One pole at this origin, giving a high dc gain, thus a low dc output impedance and a good dc
input rejection.

* A double zero placed at the resonant frequency given by Eq. (7-103).

* A pole situated at the capacitor ESR frequency (f,) or at the RHPZ or at one-half the switch-
ing frequency. In our case, the RHPZ appears at 48 kHz, so placing a pole at one-half the
switching frequency represents a possible choice.

« This third pole can be installed as the above definition explains. In this example, we will also
place it at one-half the switching frequency.

Again, we can compare the results with the & factor, known to be less efficient in CCM. The
k factor recommended to place the double zero around 3.7 kHz and a double pole at 18 kHz. It
is thus very likely that the & factor proposal leads to a faster response given the higher position
of the double zeros. In summary,

1. We have an 8 kHz crossover frequency.
2. Compensation 1 places a double zero at 3.7 kHz and a double pole at 18 kHz (k factor).

3. Compensation 2 places a double zero at the resonant frequency and a double pole at one-half
the switching frequency.

Figure 7-30c illustrates the obtained compensated Bode plots, and the lower window shows
the transient response. The k factor is faster, as we had already seen it in Chap. 3. However,
look at the wide conditional stability area around 1 kHz. It is true that the gain margin in this
zone is still about 20 dB, but some customers would not accept conditional zones at all. The
placement of the double zero right at the resonant frequency gives a generous phase boost but
unfortunately degrades the gain in the lower portion of the spectrum. If you now compare
Figs. 7-30c and 7-29c, they offer very similar transient response despite different operating
modes. The CCM with the second compensation option recovers slightly more slowly than its
DCM counterpart, however.

In this example, we have used a type 3 compensation circuit based on a TL431. For flexi-
bility purposes, we do not recommend using the TL431 in this type of configuration voltage-
mode CCM. Because the LED series resistor plays a role in the gain and other pole-zero
placement, it becomes difficult to combine the pole-zero positions and the right bias current
when needed.

7.10.3 DCM Current Mode

The flyback operated in current mode is probably the most widely used converter. Thanks to its
first-order behavior and its intrinsic cycle-by-cycle current protection, the converter lends itself
very well to the design of rugged and easy-to-stabilize power supplies. The compensation is
simple (first-order behavior in the low-frequency portion), and the converter naturally excels in
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input line rejection performance. As in voltage mode, the position of poles and zeros changes
as the converter transitions from one mode to the other. This table summarizes their positions.

Current-Mode Control

DCM CCM
3 S,
D <1 + 2*) +1+D
. 1 TL Sn
First-order pole —
WRloadC()m 2mR load Cou/
2
Fy, 1/D
S d-ord 1 E—— —
econd-order pole - NV,
1+ —
Vaut
. 1 1
Left half-plane zero P a— I a—
27 RsgCour 27 R psgCour
R 1 — D)’R,,,
Right half-plane zero load ( )*Rivaa
Voul Vour 27 DL ,NZ
2oN— |1 + —— |L ?
Vi NV, /)"
” S,
2*(y %)
TL Sn
VoV, de gain — MN—
—<1+2—">+2M+1
TL S,
vV oIV d . Rload sw 1 R load 1
out! ¥ error AC gAIM in 2L, S, + S, RN pn S,
’ L+2—)+2M + 1
TL S,
Dut le D Vnur\/ZLpFSW vuut
Y eyee Vin Rhmd Vaui + NVm

where D = duty cycle
F,,, = switching frequency
R, = output capacitor equivalent series resistance
out

M = —— = conversion ratio
NV,
,» = primary inductance

R,,.s = output load

N,
s .
N = — = transformer turns ratio

N,
2L,N?
7 =
- RlomlTsw
VII(
S, = ?Rjem = on-time slope, V/s

P
S, = external compensation ramp slope, V/s
R; = primary sense resistor

Our DCM power supply features the same values as above, except that it now operates in
current mode with a sense resistor R; of 300 m{). The low-frequency poles and zeros occupy
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the positions of the DCM voltage-mode converter. Equations (7-92) to (7-99) are thus still
valid. The dc gain, however, changes and obeys the following equation:

R/oadst 1
2L, S, + 5,

|6 x 65k |
20 1°g10{200 2 X 4500 < 200

O+m><0.3

Go

201og;o| Vi

= 30dB (7-106)

Again, the control-to-output curve looks like that of the voltage-mode DCM which requires
atype 1 or type 2 amplifier, depending on the ESR help around the crossover frequency. The
gain difference between Eq. 7-106 and the simulated gain relates to the internal structure of
the current-mode controller. Figure 7-31a details the internal structure of a UC384X where

cvp [} 1

Ipeak
setpoint

FIGURE 7-31a The internal UC384X structure includes a 1 V clamp and a divider by 3.

a divider by 3 exists after two diodes in series. This divider brings a —9.5 dB insertion loss
seen on Fig. 7-30b. In an NCP120X series member, the feedback undergoes a division by 4.
The two series diodes make sure the set point falls to zero, even if the op amp low excursion
does not reach ground. It also ensures the same null set point when an optocoupler directly
connects to the CMP pin and exhibits a high saturation voltage (see Fig. 7-31b). The com-
pensation follows the DCM voltage-mode guidelines. We have placed the compensation
zero and pole at a similar location, respectively, 2 kHz and 20 kHz. Figure 7-32 shows the
compensated Bode plot with its transient response: it is difficult to distinguish it from the
voltage-mode response.

7.10.4 CCM Current Mode

In current-mode CCM, the right half-plane zero really hampers the available bandwidth as in
CCM voltage mode. Equation (7-102) remains valid with an RHPZ located around 50 kHz.
However, this time, there is no need to place a double zero thanks to the lack of resonant frequency.
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cvP [}

1Set

(V(CMP)-1.2)/3>1 7
1:(V(CMP)-1.2)/3

Y B1
Voltage

FIGURE 7-31b A possible SPICE implementation of the UC384X controller
feedback section.

The main pole, whose position moves in relation to the compensation ramp, occurs at the follow-
ing position:

3 S,
D (1+2—€)+1+D
T, S

n

S = (7-107)

27TRIoudC

out

In this expression, the duty cycle is defined by Eq. (7-101) and is limited to 36%. Because of
the CCM operation and the presence of subharmonic poles, it might be necessary to inject ramp

80.0 180
40.0  90.0
© 3
© o
= o)
-m 3
o7° 0< 0 <
o £ - ¥ - N
£ @ =T : - — Compenm
S ;' —=—1 J Zero 2 kHz
E & }/’ Pole 20 kHz
-40.0 -90.0 . — Current-mode
T 1
! l‘., :
-80.0 180 | A1 s
Voltage-mode-
10 100 1k 10k 100k

Frequency in hertz
FIGURE 7-32 The transient response of the DCM current-mode converter, same scale.
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compensation. A simple operation lets us assess the quality coefficient of the double poles
located at one-half the switching frequency. If we go back to Chap. 2, without compensation
ramp (S, = 0) we have

1 1

S, 1 T 314 X (05— 036)
tu D’? + 77 D

n

0= 2.3 (7-108)

This result suggests that we damp the subharmonic poles to bring the quality coefficient below 1.
Extracting the S, parameter leads to

S

_n<1 0.5 >_VinRi(1 0.5 >
S.=pilm—05+D R ACEE +D

200 X 0.3 1
= 850u X (I — 036) (3.14 0.5 + 0.36) = 19.6kV/s (7-109)

How much shall we compensate the converter? Is the suggested 19 kV/s slope enough?
Well, sweeping the ramp amplitude reveals various responses, as Fig. 7-33 shows. Without any
compensation at all, we can see the peaking above the 0 dB axis. This peaking is going to hurt
the gain margin after compensation if it is not properly cured. When we add the external ramp,
the peaking lowers and the situation improves when injecting more ramp. However, keep in
mind that overcompensating the converter is not a panacea either, as its bevavior would
approach that of a voltage mode.

A 19 kV/s slope means a ramp starting from 0 at the beginning of the on time and reaching
285 mV after 15 ps. We will see how to design such ramp in the next examples. In our model,
we just set S, to 19 kV and the compensation is done. Figure 7-34 gathers the compensated
small-signal Bode plot and the step response it engenders. The compensation was similar to

g
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6 3 7/ \
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FIGURE 7-33 Effects of the ramp compensation on the CCM current-mode flyback.
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FIGURE 7-34 The CCM compensated flyback in current mode delivers almost the same transient response as
that of the DCM version.

that of the DCM current-mode converter: a zero at 2 kHz and a pole placed at 20 kHz (com-
pensation 2). Despite CCM, the step response is very close to that of the DCM version. The
lack of double zero in the low-frequency spectrum clearly works in our favor. Compensation
1 is recommended by the k factor and places a zero and a pole at a similar location, actually
canceling each other. The circuit becomes a type 1 compensator, simply placing a pole at the
origin. The compensated result is the displayed Bode plot in the Fig. 7-34.

Further to these small-signal descriptions, let us summarize our observations:

* A CCM flyback converter requires a larger primary inductor compared to its DCM
counterpart.

* CCM flyback converters operating in voltage mode or in current mode are subject to the
same RHP zero which limits the available crossover frequency.

* A CCM voltage-mode flyback converter requires the placement of a double zero to fight the
phase lag at the resonating point. The transient response is clearly affected.

* A voltage-mode CCM flyback can be stabilized using a type 3 compensation amplifier. But
the classical TL431 configuration does not lend itself very well to its implementation.

* On the contrary, compensating a CCM current-mode flyback via a type 2 amplifier is an
easy step.

* A DCM compensated voltage-mode flyback converter is likely to oscillate when entering
CCM. Provided the RHP zero is far enough from the crossover frequency, the DCM current-
mode flyback would be less sensitive to this mode transition.

* A CCM current-mode flyback converter whose duty cycle approaches 50% (or exceeds it)
requires ramp compensation to avoid subharmonic oscillations. However, in certain cases,
ramp compensation becomes mandatory at duty cycles as low as 35%: always compute the
quality coefficient of the double to check for the necessity of compensation.
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711 PRACTICAL CONSIDERATIONS
ABOUT THE FLYBACK

Before showing how to design some flybacks converters, we need to cover a few other practical
aspects, such as the start-up or the auxiliary supply of the controller.

7.11.1 Start-Up of the Controller

When you plug the power supply into the wall outlet, the bulk capacitor immediately charges
to the peak of the input voltage (producing the so-called in-rush current). Since the controller
is being operated from a low voltage (usually below 20 Vdc), it cannot be directly powered
from the bulk, and a start-up circuitry must be installed. Figure 7-35 shows various solutions
you could find on the market.

In Fig. 7-35, some initial energy is provided by the V,, capacitor, charged by a start-up
resistor. At power-on, when the capacitor is fully discharged, the controller consumption is
zero and does not deliver any driving pulses. As V. increases, the consumed current remains
below a guaranteed limit until the voltage on the capacitor reaches a certain level. This level,
often called V,, or UVLO,,,, (under voltage lockout) depending on the manufacturer, fixes
the point at which the controller starts to deliver pulses to the power MOSFET. At this point,
the consumption suddenly increases, and the capacitor depletes since it is the only energy
reservoir. Its voltage thus falls until an external voltage source, the so-called auxiliary wind-
ing, takes over and self-supplies the controller. The capacitor stored energy must thus be cal-
culated to feed the controller long enough that the auxiliary circuit takes over in time. If the
capacitor fails to maintain V,_high enough (because the capacitor has been set too small or the
auxiliary voltage does not come), its voltage drops to a level called UVLO,,,, or V¢, At this
point, the controller considers its supply voltage too low and stops all operations. This safety
level ensures that (1) the MOSFET receives pulses of sufficient amplitude to guarantee a good
Rpsony @and (2) the controller internal logic operates under reliable conditions. When reaching
the UVLO,,, level, the controller goes back to its original low consumption mode and, thanks
to the start-up resistor, makes another restart attempt. If no auxiliary voltage ever comes, e.g.,
there is a broken diode or an output short-circuit, the power supply enters hiccup mode (or auto
restart) where it pulses for a few milliseconds (the time the capacitor drops from UVLO,,, to
UVLO,,,), waits until the capacitor refuels, makes a new attempt, and so on. During the start-
up event, the peak current is usually limited to a maximum value, very often 1 V developed
across the sense resistor, and a brief noise can be heard in the transformer every time the con-
troller pulses. This noise comes from the mechanical resonance of the magnetic material and
the wire excitation induced by the high current pulses (remember the Laplace law).

Figure 7-36a depicts an oscilloscope shot of a power supply start-up sequence. You can see
the voltage going up until it reaches the controller operating level. At this point, the voltage goes
down as expected until the auxiliary voltage takes over. Figure 7-36b shows the same curve in

[]] HV HV
. Rstartup
Mains L ebulk
input Vch_
Auxiliary Vv Auxiliary V.
TCVe {winding ' CVee } winding % 7CVe
-
= Classical High-Voltage Dynamic Self
startup Startup Supply (DSS)

(a) (b) (c)
FIGURE 7-35 Several solutions are available to start up the power supply.
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FIGURE 7-36b Same power supply where the auxiliary winding is lost at start-up.
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the absence of auxiliary voltage: the controller cannot maintain its own V. and the hiccup takes
place. The worst-case start-up conditions occur, as you can imagine, at the lowest input source
(where the ripple on the bulk capacitor is maximum) and the highest load. A sufficient margin
must exist between the point where the auxiliary winding takes over and the UVLO,,,, point.

7.11.2 Start-Up Resistor Design Example

Figure 7-37 describes the current split between the start-up resistor and the V,, capacitor at dif-
ferent events. Figure 7-37d details the associated timing diagrams.

1. Atthe beginning of ¢,, the user plugs in the power supply: the current delivered by the start-
up resistor charges the capacitor and supplies the controller. The chip is supposed to be in
a complete off mode and draws a current /. equal to I,. Actually, an internal comparator
and a reference voltage are alive and observe the V. pin; hence, there is some current flow-
ing in the chip. This current, depending on the technology, can range from 1 mA, for a
UC384X bipolar controller, to a few hundred microamperes for a recent CMOS-based cir-
cuit. Always look for the maximum start-up current given in the data sheet and ignore the
typical value. Make sure you have both extreme operating temperatures covered as well.
(Flee these 25 °C typical values only!) Let us stick to 1 mA in this example and consider
this value constant as V. elevates.

Vbulk Vbulk

[] Rstartup [] Rstartup
Ve e 11 ,V—|CC leo 11
L]
12 12
l 12 —iCVcc l fo-Qg 1 ' :‘;—CVCC
1
a b
Voulk
[] Rstartup
(7% | N
I_l cc
LJ N -
12 E Auxiliary
l fsw.Qg l 14

CV, 3 winding

FIGURE 7-37 The three states the start-up sequence is made of.
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FIGURE 7-37d Timing diagram of a start-up sequence.

2. When the voltage on the V. capacitor reaches UVLO,,,,, the controller wakes up all its inter-
nal circuitry (the bandgap, bias currents ...) and starts to deliver driving pulses: ¢, begins. The
consumption increases to a current /,, made of the chip natural consumption plus the current
drawn by the MOSFET driving pulses (neglecting the driver switching losses):

Icc =1, + QGF,, (7-110)
where:

1, is the consumption current once the controller operates.
Q. represents the maximum MOSFET gate charge (in nC).
F,,, is the controller switching frequency.

For a UC34X, I, is pretty high and goes up to 17 mA! For the sake of comparison, a
NCP1200 from ON Semiconductor will only consume 1 mA at turn-on .... The parameter
Q. depends on your MOSFET type. Let us assume Q; equals 35 nC which roughly corre-
sponds to a 6 A/600 V MOSFET. Presuming a switching frequency of 100 kHz, the total
current drawn by the controller during ¢, is simply:

Iec = I, + Q4F,, = 17Tm + 351 X 100k = 20.5mA (7-111)

3. During this £, time, neglecting the start-up current brought by R, ,,,» the V, . capacitor sup-
plies the total controller current on its own (I, now reversed on Fig. 7-37b). If the capaci-
tor is too small, the chip low operating limit UVLO,,,, will precociously be touched and the
power supply will fail to start-up in one clean shot. It may then start through several
attempts or not start at all. Thus, what matters now is the time ¢, taken by the auxiliary wind-
ing to take over and self-supply the controller. Experience shows that a duration of 5 ms is
a reasonable number to start with. This fixes the minimum value of the V. capacitor,
involving Eq. 7-111, the time ¢,, and the maximum voltage swing (V over the capacitor (6 V
for the UC384X):

Iecty — 20.5m X 5m
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Given the unavoidable dispersion on the component value, select a 33 wF capacitor whose
voltage rating depends on your auxiliary winding excursion.

4. Next step, the start-up time. Let us assume the following specifications for our power
supply:
Vimin = 85 Vrms, V, .= 120 Vdc (no ripple before the power supply starts-up)

% =265 Vrms, Vo = 375 Vde

in,max
F,, = 100 kHz

Maximum start-up time = 2.5 s

If we consider ¢, as being the major contributor to the total start-up time, then we can cal-

culate the necessary current to reach the UVLO,,,, in less than 2.4 s, including a 100 ms
safety margin:

UVLO,i0Cv, 17 x 33u
24 24

= 234 pA (7-113)

In Eq. 7-113, take the highest UVLO,,,, from the data sheet again to make sure all distrib-
ution cases are covered. From this equation, we need to add the controller fixed start-up
current /; of 1 mA. Hence, the total current the start-up resistor must deliver reaches
1.3 mA. Knowing a minimum input line of 85 Vrms, the resistor is simply defined by:

V[mlk,min - UVLOhigh 120 - 17
Rsturtup = 1.3m - 1.3m =793k (7-1 14)

Select a 82 k() resistor. Unfortunately, once the supply has started, the controller no longer
needs the resistor. It just wastes power in heat and contributes to significantly degrade the
efficiency in light load conditions. In this case, the resistor dissipates at high line (neglecting
the bulk ripple):

_ (Vbulk,max - Vaux)z _ (375 - 15)2 _
Pl = R T %2k

startup

1L6W (7-115)

You might need to put three 27 k{}/1 W resistors in series to dissipate the heat and sustain
the voltage.

5. Assemble the power supply with the calculated element values and connect a probe to the
controller V,_ pin. Supply the system with the lowest ac input (85 Vrms here) and load the
converter with the maximum current per your specification. Now observe the start-up
sequence; you should see something close to what Fig. 7-37d illustrates. Make sure you
have enough margin at the point where the auxiliary voltage takes off and the UVLO
level.

low

1.6 W represents quite a bit of power to dissipate. Furthermore, placed too close to elec-
trolytic capacitors, they might locally increase their operating temperature and reduce their
lifetime. Is there a way to reduce the consumption or get rid of this start-up resistor? The
answer is yes on both cases!

7.11.3 Half-Wave Connection

To reduce the start-up resistor consumption, we can change its upper terminal connection from
the bulk capacitor to the diode bridge input. Figure 7-38 shows you the way:
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FIGURE 7-38 Connecting the start-up resistor to the diode bridge input reduces the power dissipation.

Thanks to the bridge, a half-wave rectified waveform appears on the upper terminal of R, ,,,rw-
The average voltage seen by the resistor:

Vach eak
Riaruptiw»avg = = - Vcc (7-1 16)

o

where V. ... represents the peak of the ac input voltage, 265 V2 at high line.
The charging current /; at V. close to UVLO,,,, then becomes:

Vv

ac,peak

—— ~ UVLOy,
I = (7-117)

R startupHW

Equation 7-114, which corresponds to a traditional bulk connection, can be rewritten high-

lighting the charging current definition:
Vac,peak - UVLOhigh
I, = R (7-118)

startup

To obtain the same charging current via Fig. 7-38 suggestion, let us equate expressions 7-117
and 7-118 and extract the relationship between Ry, ,.,w and R, . For the sake of simplic-
ity, the peak voltage being much larger than the V,, we will neglect the UVLO term present in
both equations. Calculation thus gives us:

R

startup

RstartupHW = T (7—1 19)

Following our study, we shall now evaluate the power dissipated in R, ,,nw and see how
much power the half-wave connection helps us to save. Again, we need to evaluate the power
in both cases (half-wave and bulk connection) and compare the results as we did in the above
lines. When the resistor connects directly to the bulk, again neglecting the V, term and the bulk
ripple, the resistor dissipates:

ac,peak
P, =" (7-120)

5 R o
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When the resistor now connects to the half-wave signal, the resistor undergoes sinusoidal sig-
nals. Therefore:

T/2 T/2 Vv
1 1 ac,peak .
PR,\manW = ?J IRmuanw(t) ' VR\mrmpHW(t) dt = ?J R s wt - Vm‘.l’euk sinwt - dt (7_121)
0 0 startupHW

Rearranging Eq. 7-121 lets us solve the integral quicker since the second term is nothing else
than the rms input voltage squared, but defined over one-half the period only:
172
11 . 1 Vaems)
Py = | Ve ewmSinwt? - dt = o———F— (7-122)

startp ac,pea
ity thartupHW T 0 RsranupHW 2

Introducing the peak value in Eq. 7-123 definition, we finally have:

( Vac,peak)z
1 \/Q Va(:, peak2
= = (7-123)

R starsp
tarpHW R startupHW 2 4R startupHW

Now, it is interesting to compare the relationship between both dissipation budgets (half-wave
and bulk connection) by simply dividing Eq. 7-120 by Eq. 7-123:

PRM,“I, _ (‘/ac,pmk)2 4RstartupHW _ 4RsturtupHW (7 ]24)
Ry, pHW R startup ( Vac, peak)2 Rertup
Now using Eq. 7-119, the relationship becomes:
P R 4Rstartup 4
= = = =~ 127 7-125
PR startupHW Trera rtup ko ( )

As a conclusion, if we apply the half-wave connection to our original bulk-connected start-up
scheme, we gain 21% in power dissipation. Let us apply this result to our design example:

Rsrartup _ 82k

R — = 26k() (7-126a)
T

startup HW = T

from Eq. 7-123:

p o Vel Q5 X VDR 7-126b
Ruarprow B 4RsrartupHW B 4 X 26k S ( ) )

In that case, two 13 k{}/1 W resistors in series would be ok, compared to three 27 k{}/IW in
the direct connection case.
Well, we certainly reduced the dissipation lost in heat, but the best would be to get rid of it.

7.11.4 Good Riddance, Start-up Resistor!

Figure 7-39 depicts a solution involving either a bipolar or a MOSFET in an active current
source. Actually, the transistor acts as a ballast whose current is limited by the same resistor
calculated through Eq. 7-114. When the auxiliary voltage builds up, it simply reverse biases
the transistor which disconnects the start-up resistor. D, in the bipolar option prevents from an
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FIGURE 7-39 A simple ballast based on a high-voltage bipolar or MOSFET cancels the power
dissipated by the start-up resistor.

excessive base-emitter reverse voltage. It can be omitted for the MOSFET option. In both
cases, the zener voltage is selected to be at least 2 V above the maximum start-up level
UVLO,,, of the concerned PWM controller: 1 V for the V), drop at low temperatures and 1 V
for the margin. With an UC384X featuring a 17 V start-up (UC3842/44), select a 20 V zener.

7.11.5 High-Voltage Current Source

Some semiconductor manufacturers have introduced a technology capable of a direct connection
to the bulk. Known as the very high voltage integrated circuit (VHVIC) at ON Semiconductor,
the process accepts up to 700 V and, as such, is well suited to build high-voltage current sources.
Figure 7-40 shows the internal high-level circuitry of a chip including such approach (a member
of the NCP120X series for instance).

At power-up, the reference level equals the UVLO,,,, level, e.g. 12 'V, and the source deliv-
ers a certain current (usually a few mA). When the V_, voltage reaches the upper level, the com-
parator senses it and turns the current source off. As in the start-up resistor case, the capacitor
stays on its own to supply the controller. The auxiliary winding is then supposed to take over
before reaching the second level, UVLO,,,. If not, the current source turns on and off at a pace
imposed by the V,, capacitor: this is hiccup mode.
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FIGURE 7-40 Thanks to a proprietary technology, the NCP120X circuits can directly connect to the bulk
capacitor and saves some dissipated power.

When both UVLO levels are selected to be close to each others, let us say 12 V and 10 V,
the start-up current source turns into a dynamic self-supply (DSS), delivering an average level
of 11 V. You can thus forget the auxiliary winding! If you connect a probe to the V. pin of a
NCP1200 or NCP1216, you might observe a signal as on Fig. 7-41. The HV pin is pulsating
from the nominal current source value (here 4 mA) to almost zero when the source is off (the
leakage lies around 30-40 wA). The regulation type of the DSS is hysteretic. In other words,
the on-time duration will automatically adjust depending on the consumed current by the con-
troller. If the controller consumes 2 mA and the source peak is 4 mA, the duty cycle will be
established to 50%. The DSS type of a controller self-supply suits low-power circuits. For
instance, a NCP1200 driving a 2 A MOSFET. Remember that Eq. 7-110 still holds and the

12,0 |1V
» 800
=g
Sc 400
3 o/
-4.00 Vecpin
4.50m 4 mA
8
o 3.50m
g
Al
o S 2.50m
©
8 1.50m
o
500u | Ihy 0
25.0m 75.0m 125m 175m 225m

Time in seconds
FIGURE 7-41 A typical dynamic self-supply operation from an NCP1216 controller.
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operating frequency associated to the MOSFET Q,; will quickly limit the operations by either
exceeding the DSS capabilities or inducing too much heat on the die. This average power dis-
sipation limit constrains the DSS usage to driving low O, MOSFETs. If we assume a 15 nC
Q,; driven at a 65 kHz switching frequency, a 1 mA controller consumption, then the total DSS
dissipated power reaches:

Ppss = IecVima = Iy + QGF,,) = (Im + 65k X 15n) X 375 = 740mW  (7-127)

Given the DIPS or DIP14 power dissipation capabilities (below 1 W with a large copper area
around them), the DSS usage is naturally limited to the operation of low gate-charge
MOSFETs.

7.11.6 The Auxiliary Winding

The auxiliary winding is an important part of the supply since it powers the controller after the
start-up sequence. Figure 7-42a represents a typical arrangement where the start-up resistor
appears. A small resistor like R, can sometimes be inserted to limit the effect of the leakage
inductance. We will see the role it plays in protecting the converter against short-circuits but
also how it can defeat the auxiliary supply in standby conditions.

Bulk Bulk
Rstartup
V, D1
cc P R1
D -|_ N
Agxil_iary Dz + CVee Agxil_iary
winding T winding
T
- b
Bulk
Rstartup
V,
IZC!C P2 Rimit Dl Ri
N — N
Dz _|:r CVq -|:rCaux Ayxil_iary
T T winding
=
- c

FIGURE 7-42 The auxiliary supply section.

Most of designers select a 1N4148 for the auxiliary circuit. Watch out for the reverse volt-
age seen by this diode:

N
PIV = TV + V. (7-128)

P
where V,_represents the dc cathode voltage after rectification. The 1N4148 accepts up to 100 V

of repetitive reverse voltage. Other good candidates are the IN4935 or the BAV20 which accept
up to 200 V.
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The voltage on the auxiliary winding depends on the controller and the selected MOSFET.
Most of these devices do not accept Vi, levels above 20 V, though some recent components
accept up to =30 V. If you look at a MOSFET data sheet, you will see that the R, 1S spec-
ified at 10 V. If you increase the driving voltage to 15 V, you might gain a few percent in con-
duction losses, but not a lot. However, the power dissipated by the driver will increase. Also,
the MOSFET lifetime depends on several parameters among which the driving voltage plays
a significant role, so these are two good reasons to not overdrive the MOSFET! So what value
then? Well, around 15 V looks like a good number, given that the effective driving voltage also
depends on the sense resistor drop. Since the sense resistor appears in series with the source,
when it develops 1 V, this voltage subtracts from the driving voltage.

If the driver includes a driving clamp, naturally limiting the gate-source voltage below
15 V, then there is no arm to let the driver supply swing to a higher level as long as it can sus-
tain it (usually 20 Vdc for a CMOS-based process). On the other hand, if the auxiliary wind-
ing is subject to large variations, you might need a clamp. Figure 7-42b offers a simple means
to clamp the voltage via the limiting resistor R,. This works fine as long as you can increase
the resistor to a point where the zener power dissipation stays under control. Problems start to
arise in standby, where only a few pulses are present. During their presence, the capacitor C,.
must be fully replenished; otherwise the controller will stop operation. The amount of charge
needed to refuel the capacitor depends on the peak current flowing in the capacitor. If you limit
it via a series resistor, you store less charge and the voltage drops.

Increasing the V,, capacitor remains a possible option, but it clearly hampers the start-up
time. Figure 7-42c shows the so-called split supply solution where a big capacitor stores the
necessary amount of charge in standby but stays isolated from the V. pin at start-up. The V.
capacitor still obeys the design equations we have derived, but the auxiliary capacitor C,, can
be freely increased to sustain the standby: it will not delay the start-up time thanks to D,. If
necessary, the series resistor R, can be omitted in case of a long time difference between pulses
in standby. Figure 7-43 shows how skip-cycle (see below what it means) slices a continuous
PWM pattern into short pulses. In this case, the capacitor must keep the auxiliary level during
30 ms at least.

%/—/_

> 30 ms

10.0ms!divDUs e Bl

FIGURE 7-43 Typical drive pulses of a controller featuring skip-cycle. Please note
the time distance between two bursts.
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7.11.7 Short-Circuit Protection

A true output short-circuit will be seen by the controller as a sudden loss of feedback informa-
tion. Yes, during the start-up sequence, the system also runs open loop since no regulation has
yet occurred. Circuits permanently monitoring the feedback loop have thus a means to detect
this kind of event. On the market, however, some controllers do not include short-circuit pro-
tection. They rely on the collapse of the auxiliary winding when the output is short-circuited
to enter a protective burst operation. Well, on paper, the idea looks great. Unfortunately, the
perfidious leakage inductance sabotages the coupling between the power winding and the aux-
iliary winding. Figure 7-44 depicts a typical shot obtained on the anode of an auxiliary winding

T
TN !
25.0 s N Leakage effect: S
S T V=242V
15.0 - “Clean” plateau
V=134V] oV
5.00
-5.00
-15.0
236u 240u 244u 248u 252u

FIGURE 7-44 In this auxiliary voltage shot, the big spike confirms the presence of a large leakage
inductance between the power and the auxiliary windings.

diode. As you can imagine, with the diode acting as a peak rectifier, the auxiliary voltage will
g0 t0 23.5 V whereas the plateau is at 12.7 V, considering a V,of 0.7 V for the auxiliary diode.
The plateau represents the output voltage, scaled down via the appropriate turns ratio between
the power and auxiliary windings. Even if the plateau falls to a few volts because of the out-
put short-circuit, the auxiliary supply will not collapse: the controller will keep driving the
MOSFET, and the output current will probably destroy the output diode after a few minutes.

To avoid this problem, the best idea is to sense the feedback loop and make a decision
regardless of the auxiliary conditions. For inexpensive controllers not implementing this
method, you need to damp the ringing waveform by installing an inductor and its associated
damper. A resistor can also help, but you will experience troubles in standby (V.. capacitor
refueling deficiency). Figure 7-45 shows how to install these passive elements on the auxil-
iary winding, just before the diode. (Typical values are shown here.) If you do not damp and
install the inductor alone, depending on its value, it might ring so much that you could destroy
the auxiliary diode by exceeding its maximum reverse biasing possibilities. It did happen.
Figure 7-46a and b shows the auxiliary signals obtained without and with the LC filter.

This technique will help detect a real short-circuit on the secondary-side output. True over-
load detection is another story.
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FIGURE 7-45  An LC network helps to tame the leakage spike at turn-off.

Short-
circuit

Jhl] 5.00 s/ [RIR . 4|o|» i‘ 1

FIGURE 7-46a The auxiliary signal without a damping network (connection to the diode anode).
Note the peak voltage amplitude; the auxiliary supply does not collapse.

7.11.8 Observing the Feedback Pin
An overload detection scheme could be implemented in different ways:

* The controller permanently observes the feedback signal, knowing that it should be within a
certain range for regulation. If the signal escapes this range, there must be a problem: a flag
is asserted.

* Rather than look at the feedback, the controller observes the current-sense pin and looks for
overshoots beyond the maximum limit. If the current exceeds the limit, a flag is asserted.
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FIGURE 7-46b The auxiliary signal with a damping network (connection to the diode anode).

The first option is already implemented in a variety of controllers, such as the NCP1230 from
ON Semiconductor. When the flag is asserted, a timer is started to delay the reaction to a fault.
After all, a start-up sequence is also seen as a fault since no feedback signal appears prior to
regulation. The timer is there to give a sufficient time for starting up. Typical values are in the
range of 50 to 100 ms. Figure 7-47 describes a possible logic arrangement observing the feed-
back. To deliver the maximum peak current (1 V over the sense resistor), the feedback pin must
be in the vicinity of 3 V. If it is above, close to the internal V, level, the PWM chip no longer
has control over the converter. When this situation is detected by comparator CMP2, the
switch SW opens and the external capacitor can charge. If the fault lasts long enough, the timer
capacitor voltage will reach the V,,,, reference level, confirming the presence of a fault. The
controller can then react in different ways: go into autorecovery hiccup mode or simply totally
latch off the circuit. If the fault lasts too short a time, the capacitor is reset and waits for another
event. Some schemes do not fully reset the timer capacitor, but accumulate the events. This
technique offers the best fault detection performance.

The precision of the overload detection depends on several factors, among which the
TLA431 bias plays a role. If you go back to Fig. 3-45, you can see how a badly biased TL431
degrades the squareness of the I/V characteristic. Hence, if you need a precise detection point,
you should also pay attention to the secondary side circuitry.

In DSS-based controllers (NCP1200 or NCP1216), the error flag is tested as the V. voltage
reaches 10 V. You thus have a natural short-circuit protection without the auxiliary winding
problems.

7.11.9 Compensating the Propagation Delay

If you go back to Fig. 7-20, you understand how the primary slope affects the maximum cur-
rent limit. This phenomenon will make your flyback converter deliver more power at high line
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FIGURE 7-47 Monitoring the feedback brings excellent short-circuit/overload protection,
regardless of the auxiliary V,, state.

than at low line, explaining the difficulty to precisely react to an overload situation. To com-
pensate this phenomenon, you need an overpower protection (OPP) circuit. The idea behind
this solution is to offset the current-sense information to cheat the PWM controller. By increas-
ing the voltage floor as the bulk level goes up, the current ramp reaches the maximum peak
limit sooner. This, in effect, reduces the peak current excursion and clamps down the maxi-
mum available power (Fig. 7-48).

Figure 7-49a to ¢ depicts most of the popular solutions found on the market. Figure 7-49a
illustrates the simplest solution, but it clearly affects the current consumption on the bulk rail
and requires high-voltage sensing. Figure 7-49b forces rotation of the diode in the auxiliary
winding ground, and it can sometimes change the EMI signature. However, it does not burden
the bulk rail with a permanent dc consumption. Figure 7-49c offers another option by creating an
offset ex nihilo from a forward winding. As such, you create a voltage source solely dependent
on the bulk rail.

The compensation level depends on various parameters such as the total propagation delay
which also includes the driver turn-off capability: even if the controller reacts within a few
hundred nanoseconds, if the driver cannot pull the gate down quickly enough, the total reac-
tion time suffers and the current keeps increasing. A small PNP can help strengthen the pull-
down action, as shown a few lines below.

The calculation of the OPP resistor requires a few lines of algebra, especially if we involve
some ramp compensation. To help us in this task, Fig. 7-50 shows a simplified source arrangement
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FIGURE 7-48 Offsetting the voltage floor helps to reduce the current excursion at high line.

where the ramp generator finds its place. The easiest way to solve this system is to apply the
superposition theorem:

V .. and V, . grounded: V., = Rmmp| |R0PP V (7-129)
ramj bulk - ves T sense -
" Rramp| ROPP + Rcomp
Rram | Rcam
Vramp and vxem‘e grounded: VCS = : . thlk (7_130)
mmp| chmp + ROPP
Ve and V. ded: V. Ror] | Rom v, (7-131)
bulk A1 sense SrOUNACA: Vg = ram, -
ROPP| Rcomp + Rmmp g

From these equations, the total sense voltage V is obtained by summing Egs. (7-129) through
(7-131). We can then extract a value for the compensation resistor we are looking for:

R _ (VCS - Vbulk)RrampRcomp
P Y Ry + VienseRoams — Ves(Ryamy + R

ramp**comp sense” \ramp ramp comp)

(7-132)

To compensate a given converter, place it in the operating conditions under which you would
like it to enter hiccup. For instance, our flyback delivers 3 A for the nominal power, and the
maximum of the specification is 4 A. Supply the converter with the highest input level and
load it with 3.7 A, including some safety margin. Now, collect the information needed to feed
Eq. (7-132) with. Let us assume we have measured the following data:

Vi = 370 V (maximum value in this example)
S .., = 133 mV/us

ramp
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FIGURE 7-49 Compensating the controller at high line helps reduce the converter power capability.
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FIGURE 7-50

A simplified representation including a ramp generator if present.

Viense = 830 mV

F,, = 65kHz
t,, =3.5us
R,y = 20kQ
Ry = 1kQ

Vesmar = 1.1 V—from the controller data sheet, maximum current limit
Vense 15 the peak voltage measured across the sense resistor, ¢, is the operating on time, and
S ump 18 the ramp compensation slope.

Beyond P,

umaxe WE Would like to shut down the power supply. What overpower resistor
must we install to follow the suggestions of Fig. 7-49a? Applying Eq. (7-132) gives

R (VCS - thlk)Rramp Rcomp
opp = _
N ramp Lon R comp + Vsense R ramp VCS (R ramp + R L‘()mp)

B (1.1 — 370) X 20k X 1k Cimma O-133)
T 0133 X 35 X 1k + 830m X 20k — LI X 21k

In some cases, there is no ramp compensation at all. The compensation resistor formula sim-
plifies to

_ Viur — Ves 370 — 1.1 _
Ropp = mmpm = 1k X 11 =083 1.36 MQ) (7-134)

To plot the effects of the OPP compensation from Fig. 7-50b, we can derive the expression of
the peak current (no external ramp in this example):

Ropp + R

_ comp Rcomp Vbll”(
ILI,(Vbulk) - RsemeROPP VCS - Vbulkamp + ROPP Lp tp)‘np (7'135)

Results of compensated and noncompensated converters appear in Fig. 7-51.
Despite this technique, given the dispersion on the current-sense limit, the primary induc-

tance, and the sense elements, precisely clamping the secondary side current represents a dif-

ficult exercise. Another solution lies in directly monitoring the secondary side current and
instructing the controller to shut down.
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FIGURE 7-51 Comparison of a noncompensated and a compensated flyback converter operated in DCM.

7.11.10 Sensing the Secondary Side Current

In an isolated flyback, the controller uses an optocoupler to sense the output voltage and reacts
accordingly depending on the power demand. Why not also use this loop to pass some infor-
mation pertaining to the output current? Figure 7-52 offers a solution associating a TL431 and
a bipolar transistor.

D1
N —
=
L L Output
aux Cout load
4-,7 Voltage/ \
T
[ﬁ R1 loop []Rupper
Y
Cf
i
/ZS/—' TL431
Q1 R2
2N3904,
390 []Rlower
R3
_ %
Rshunt ~
Current
Loop

FIGURE 7-52  Adding a small bipolar transistor helps to control the direct current delivered to
the load.
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When the current flowing through R, produces a voltage across R; below Q, threshold
voltage (=650 mV at T; = 25 °C), the TL431 controls the loop alone. When the voltage
drop on R, reaches 650 mV, then Q, starts to conduct and takes over the TL431: more cur-
rent flows into R, and the controller reduces its duty cycle. In a short-circuit condition, the
TLA431 leaves the picture and Q, makes the converter work as a constant-current generator.
Figure 7-53 shows the kind of output characteristic you can get from this arrangement. This

out

Constant voltage

Vout, nom

Constant
current

»
»>

out
lout,nom
FIGURE 7-53 Below the maximum current, the converter maintains a con-

stant output voltage. If the load consumes more current, the current loop takes
over and controls the converter.

is called a constant-current constant-voltage (CC-CV) operation. The divider made around
R, and R, helps to add a capacitor across R, in case a delay is necessary (for printer applica-
tions, for instance, where the load is made of short high-current bursts). If you set R; to
10 k€ and R, to 1 k(), then triggering on a 2 A output current means a shunt resistor of the
following value:

Vo Ry + Ry 650m(10k + 1K)

shunt IoutRB 10k X 2 = 357mQ) (7' 1 36)
Unfortunately, the power dissipated by the shunt reaches
lemnt = IoutzR.vhunt =4 X 0357 = 1.43W (7-137)

This power dissipation can be explained by the voltage drop needed across the shunt to trip the
circuit. It is true that a germanium transistor would offer a better alternative, but who remem-
bers the AC127 found in our old car radios (ahem, and the OC70)?

Also, as explained, despite a rather good distribution of the transistor V,,, its value
changes with the junction temperature with a slope of —2.2 mV/°C. It might not represent
a problem with a loose output current limit specification, say, *=15%, but in some cases, it
might not be acceptable. A way to circumvent this problem is to select a dedicated
controller such as the MC33341 or the more recent NCP4300 from ON Semiconductor
(Vgrop = 200 mV).
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7.11.11 Improving the Drive Capability

The transistor turn-off time also takes its share of the total propagation delay. When you are using
alarge O, MOSFET, pulling down the gate requires a certain amount of current that the controller
can sometimes have problem absorbing. In that case, a low-cost 2N2907 can help to speed up the
gate discharge. Figure 7-54a depicts the way to wire it; Fig. 7-54d shows the improvement.

VCC
2N2222
DRV Rgate ] DRV
I, — I,
Q1 1N41 48
K 2N2907 | |[Rsense Rsense
O == O 4
a b
VCC
ﬁ Rcross
10
K Q4
DRV :{k1 2N2222
] — 1
t Q2
2N2907
Rsense
0 =

c

FIGURE 7-54a, b, and ¢ Adding low-cost bipolars can dramatically improve the driving performance
and ease the controller burden in presence of large O ; MOSFETs.

We have seen through Eq. (7-110) that the controller dissipation can reach a few hundred
milliwatts in the presence of important V, voltages and big MOSFETSs. To remove the driving
burden from the controller, a simple external NPN transistor wired as an emitter follower can
reduce the package temperature (Fig. 7-54b). The diode D, ensures a fast discharge of the gate.
Finally, if you need both fast charge and fast discharge performance, Fig. 7-54c might repre-
sent a solution. The resistor in series with V,, limits the cross-conduction current, a heavy noise
generator that can often disturb the controller. If this low-cost buffer is not enough in terms of
current, you can always select a dedicated dual driver such as the MC33151/152, which is able
to deliver 1.5 A peak.

By the way, why does the UC384X output stage always deliver more than the new CMOS-
based controllers found on the market? Well, this is mainly due to the bipolar nature of the
UC384X driver which behaves as a real current source. When the upper or lower transistor
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FIGURE 7-54d This picture shows the difference in turn-off times when a small PNP is added as recom-
mended in the text.

closes, to either bias or discharge the gate, the transistor becomes a current source whose value
stays relatively independent of its V,, (see Early effect). With a output stage made of
MOSFETs, when closed, the upper-side MOSFET offers a non linear resistive path. The cur-
rent available to drive the flyback transistor gate thus depends on the gate-source level itself.

Vcc B VGS(t)

Lyue(®) =
gae RDS(Un)

(7-138)

In this formula, the resistive term in the denominator behaves in a nonlinear manner, and its
value depends on the die temperature: when a CMOS-based controller heats up, its driving
capability reduces. It can explain why the EMI signature changes after a warm-up sequence or
why the switching noise on the controller also improves after this period: as both lower and
upper side Ry, have increased, the shoot-through current has diminished.

7.11.12 Overvoltage Protection

An overvoltage protection (OVP) circuit protects the load, and the converter itself, when the
loop control is lost, for instance, when the optocoupler breaks or a wrong solder joint is made
in production. It the controller sometimes hosts its own OVP circuitry, it often does not and
you need to design it as a separate circuit. Depending on your end customer, since an OVP
detection is considered a dangerous event, most of designs are latched and remain off when
such a situation arises. The reset occurs when the user unplugs the converter from the wall out-
let. Figure 7-55a and b offers two possibilities to detect these OVPs: you can either observe the
secondary voltage image on the auxiliary winding or detect the information via the output volt-
age directly. In the latter, you need an optocoupler to transport the secondary side information
to the primary side: the cost is obviously higher, but it does not suffer from coupling problems
(see Fig. 7-44 for leakage problems). Observing the auxiliary voltage always refers to the leak-
age term. In Fig. 7-55a, the monitored voltage is physically separated from the V_, line. Thus,
we can easily install a filter without interacting with the controller supply. Then a voltage
divider made up of R, and R, selects the level at which the circuit must latch. When the volt-
age over Ry reaches ~0.65 V at T; = 25 °C, then the discrete silicon-controlled rectifier (SCR)
latches and pulls V. down to ground. Make sure an adequate margin exists, especially on tran-
sient load removals or start-up sequences, to avoid false tripping of the latch. A 100 nF (Cs)
capacitor helps to improve the noise immunity. As the controller V,, rail can be of rather low
impedance, it is necessary to locally degrade it via resistor R, set to 47 () in this example;
otherwise the SCR could suffer from an overcurrent problem.
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FIGURE 7-55 A discrete SCR latches off in the presence of an OVP event.
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FIGURE 7-56 A crowbar circuit immediately short-circuits the con-
verter output in case of loop failure. The trigger signal can come from a
dedicated controller such as the MC3423.

Figure 7-55b does not differ that much, except that the order to latch comes from the sec-
ondary side. The optocoupler LED will pass current when the output voltage reaches the zener
voltage (D,) plus a 1 V drop from the LED itself. At this moment, the U, emitter will go up
and bias the SCR to protect the converter.

In case the load cannot suffer any voltage runaway, the crowbar option might represent a
possible choice (Fig. 7-56). The circuit detects the OVP as Fig. 7-55b does, but it triggers a
powerful thyristor to actually short-circuit the converter supply. If the power supply features
a short-circuit protection, hiccup mode will be entered until the supply is stopped. Readers
interested in this device can have a look at the MC3423, a dedicated crowbar driver from ON
Semiconductor.

712 STANDBY POWER OF CONVERTERS

Since the days when Thomas Edison powered the first lightbulb in 1879, electricity has been
considered a gift, and our modern consumer lifestyles show this to be true. Unfortunately, free-
dom always comes at a price. International agencies have now been set up to regulate energy
production amid concerns that atmospheric emissions from power stations could be the cause
of many weather-related problems. Solutions need to quickly emerge which reduce energy
bills while helping us consume electricity in a clever way. Working closely with technical
committees such as the International Energy Agency (IEA) [7], some semiconductor compa-
nies offer new, ready-to-use integrated solutions to tackle the standby power problem. This
paragraph reviews the roots of the standby losses and presents currently available solutions to
help designers easily meet new coming standards or so-called codes of conduct.
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7.12.1 What Is Standby Power?

Let us start by defining standby power so as to avoid any of the common misunderstandings
between designers and final users. We can distinguish different kinds of standby power
depending on the type of equipment concerned:

1. When the active work of an apparatus connected to the mains has come to an end, the
power drawn by this apparatus should ideally tend to 0 W. By active work, we mean a func-
tion for which the apparatus is designed, for instance, charging a battery. When the user dis-
connects a cell phone from the charger and leaves it plugged in the mains outlet, the charger
should become inert, drawing nearly zero power. If you want to check for this parameter,
just touch a charger or an ac adapter case (your notebook’s, for example) and feel its tem-
perature through your hand. You will be surprised how hot some of these can be, clearly
revealing their poor standby power performance!

2. When the active work of an apparatus connected to the mains has been temporarily deac-
tivated, either automatically or through a user demand, the power drawn from this appa-
ratus shall be the smallest possible. Again, by active work, we can take the example of a
TV set left in standby via a remote control order, but whose circuitry (including the shin-
ing front LED!) shall be kept alive to respond to a wake-up signal as soon as the user wishes
it. It is the designer’s duty to keep the internal consumption very low (using low-power
wPs, high-efficiency LEDs, etc.). However the final element remains the switch-mode
power supply (SMPS) connected to the ac supply. Unfortunately, most of current SMPS
efficiencies drop to a few tens of percent when operated well below their nominal power.
If you have a 25% efficiency at 500 mW output power, then you consume close to 2 W.
A lot of electronic apparatus spend most of their time in this mode. So the power consumed
represents a significant fraction of the domestic power budget at around 5%.

Documents and various links pertinent to standby power can be found on the Web site via
Refs. 7 and 8.
7.12.2 The Origins of Losses

Figure 7-57 portrays the typical arrangement of the flyback converter, one of today’s most popu-
lar converter topologies used in consumer products. Components are symbolically represented for
a better understanding of the process. Suppose that the power supply switches at 100 kHz and

Vv,
Istartup | D> Vout
Iripple [ ResrCo
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FIGURE 7-57 The various losses that the converter is the seat of. Every spot on the picture is a source of loss.
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delivers 12 V nominal dc output voltage. With no load on its output, i.e., in a standby mode, the
controller will naturally reduce the duty cycle to ensure the right output level. Let us now try to
identify the loss contributors. If we start from the right side, we first have a feedback network
whose function is to ensure that the output level stays within given specifications. A TL431-
based network requires at least 1 mA to properly operate plus a few microamperes flowing
through the sensing network. You also need to bias the optocoupler LED in order to instruct the
primary side controller to reduce the power transfer. Including all these secondary losses, we
come to an output power of around 24 mW in no-load situation if we consider a total secondary
side current of 2 mA.

A few other milliwants is circulating through various other resistive elements (secondary
diode, capacitor ESRs, etc.) but since we assume that the rms current is low, they can be
neglected. On the primary side, every time the power MOSFET closes, it discharges the drain
node parasitic capacitance consisting of MOSFET C,  and C,,, transformer stray capacitance,
etc. Each capacitor C is charged to a voltage V and discharged at a given switching frequency
F,,. The average losses generated by these elements are defined by

Plosx = OSCVZFAW (7—139)

Here C and V are fixed elements and thus difficult to modify. However, since the switching
frequency can be selected, it represents a first possible trail to follow. The MOSFET itself pre-
sents ohmic losses and dissipates an average power given by (conduction losses in DCM)

1
Poseer.cond = glpeakzDR DS(on) (7-140)

The pulse width modulator (PWM) controller, the heart of the SMPS, needs power to beat. If
the device is a bipolar UC384X based, it is likely to consume around 20 to 25 mA in total,
which from a 12 V source gives 240 mW best case. The driving current also represents an
important part of the budget. Operating a 50 nC MOSFET at 100 kHz requires a 5 mA aver-
age current [Eq. (7-110)] directly consumed from the controller V., whatever the duty cycle.
Another 60 mW of power... The biggest portion of all? The naughty start-up resistor which
ensures at least 1 mA of start-up current needed for these bipolar controllers! On a 230 Vrms
mains, another 300 mW is wasted in heat.

If we sum up all contributors, including front-stage losses (diode, bulk capacitor ESR, etc.)
and drain clamp losses, we can easily end up with a no-load standby power of around 1 W.

7.12.3 Skipping Unwanted Cycles

We have seen that the switching frequency plays a significant role in the power loss process.
Since we do not transmit any power in standby (or just a little depending on the application),
why bother the MOSFET with a continuous flow of pulses? Why not just transmit the needed
power via a burst of pulses and stay quiet the rest of the time? We would surely introduce a bit
of output ripple because of this quiet period, but a lot of switching losses would fade away! This
is the principle of skip-cycle regulation: the controller skips unnecessary switching cycles when
entering the standby area. Figure 7-58 depicts how skip cycle takes place in low standby con-
trollers from ON Semiconductor (NCP120X series). The controller waits until the output power
demand goes low and then starts skipping cycles. Skipping a cycle means that some switching
cycles are simply ignored for a certain time. Figure 7-59 gives the basic circuitry needed for this
technique. When the feedback voltage on the FB pin passes below the skip source Vy,, the
comparator CMP1 resets the internal latch. As all pulses are now stopped, the output voltage
starts to drop, leading to a movement of the feedback voltage. When the skip comparator detects
that the FB voltage has gone above the skip source V,,,,, pulses are released, bringing V,,,, toward

the target. At this moment, the FB voltage falls again below the skip source value and a hysteretic

regulation takes place. If V;,, equals 1 V and the FB pin can swing up to 3 V (current-sense limit

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2008 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS

668 CHAPTER SEVEN
Maximum peak
300.0M current
200.0M Fixed

switching Skip-cycle
“| frequency current limit
[ )

100.0M Y

0
315.4U 882.7U 1.450M 2.017M 2.585M
FIGURE 7-58 Skip-cycle takes place at low peak currents which guarantees noise-free
operation.
Clock
|
S
Q
ap—
R
—
CMP1
+
Vskip
Vv, = L]
ad - DRV
CMmp2/] *
Rpullup
CS
LJ o {1
2R
\ FB RtV ?Rsense

FIGURE 7-59 A simple comparator observing the feedback loop is enough to implement skip-cycle.
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of 1 V), then the skip operation occurs at 30% of the maximum authorized peak current.
‘When the power demand increases again, the pulse bunches come closer to each other until the
controller goes back to a full PWM pattern with a variable peak current.

Given the hysteretic nature of the regulation in skip mode, you have no control over the way
pulse packets are arranged by the controller. What matters is the loop bandwidth, the load
level, and the hysteresis on the skip-cycle comparator. The best standby is obtained when only
a few pulses occur, separated by several milliseconds of silence (see Fig. 7-43). Of course, it
then becomes difficult to maintain the self-supply, and all losses must be chased. If the peak
current level at which skip-cycle occurs is selected low enough, you will not have audible noise
issues but standby will suffer. Noise comes from the mechanical resonance of the transformer
(or the RCD clamp capacitor, especially disk types), excited by (1) the audible frequencies cov-
ered during the hysteretic regulation and (2) the sharp discontinuity associated with the pulse
packet appearance. However, circuits such as the NCP120X series naturally minimize the
noise generation because you can select the skip-mode peak current.

7.12.4 Skipping Cycles with a UC384X

Of course you can skip cycles with a UC384X! Using a low-cost LM393, Fig. 7-60a shows
how to stop operations of the PWM controller by lifting up its current-sense pin. Thanks to the
absence of an internal LEB, if the current-sense pin is pulled higher than 1 V, the circuit fully
stops pulsing. Let us now have one of the comparator input observing the feedback voltage and
the other receiving a portion of the reference level—our skip reference source Vj;;, in the pre-
vious example. Add a simple PNP transistor to the comparator output and the trick is done. As
the comparator noninverting pin (FB node) reaches the voltage set by R,, Q, base is pulled
down and the controller stops and restarts the switching operations to a pace imposed by the
feedback loop: skip-cycle is born. Figure 7-60b shows the captured waveforms at different out-
put levels, P, ,, being the lowest one. Thanks to this circuit, we were able to divide the no-load

outl

standby power by 2.
FB
R4 []
100k
R5 o0— Ref
+ 20k Qi | [S\p Ref 1
A6 []< _ [ 2N2907+———([|F8 Ve
10k al|lcs DRV
1 Cc2
100n [] —a] |rt GND
' uc3sax
1
R7
1k
c3 | P4
100p T \\\\ _| C1Rsense
T 100n

-
FIGURE 7-60a A simple comparator brings skip-cycle to the UC384X controller.
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FIGURE 7-60b Once implemented, the standby power was divided by 2, dropping below 1 W.

7.12.5 Frequency Foldback

The frequency foldback technique offers another interesting alternative to the skip-cycle oper-
ation. Rather than artificially slice the switching pattern, a voltage-controlled oscillator (VCO)
starts to act when the imposed peak current reaches a certain low point. As the controller does
not allow this current to further decrease, the only way to reduce the transmitted power lies in
a switching frequency reduction. This solution is usually implemented in partnership with a
quasi-resonant flyback converter. As the frequency naturally increases when the load gets
lighter, an internal oscillator monitors the minimum switching period. Usually, the designer
forbids the frequency to exceed 70 kHz for EMI concerns. When the peak current freezes
(around 30% of the maximum allowed peak current), the frequency can no longer increase as
the feedback loses current control (the current is now fixed). The VCO thus takes over and lin-
early decreases the frequency to a few hundred hertz if necessary. Figure 7-61a shows the fre-
quency versus output power plot whereas Fig. 7-61b plots a few operating waveforms from the
NCP1205, a controller implementing this principle.

713 A 20W, SINGLE-OUTPUT POWER SUPPLY

This design example describes how to calculate the various component values for a 20 W fly-
back converter operated on universal mains with the following specifications:

Vimin = 85 Vrms

Viwikmin = 90 Vdc (considering 25% ripple on the bulk capacitor)
Viemar = 265 Vrms

Voutkmar = 375 Vdc

Ve =12V

Viippte = AV = 250 mV

V... drop = 250 mV maximum from /

out

=02t02Ain 10 ps

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2008 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS

SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS 671

FSW
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VCO takes

/ over
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>
out

Current
is frozen

FIGURE 7-61a The QR flyback sees its frequency going up as the load current goes down. At a cer-
tain point, since the peak current cannot decrease anymore, the controller folds the frequency back.

Lmar = 1.660 A
MOSFET derating factor k;, = 0.85
Diode derating factor k, = 0.5

RCD clamp diode overshoot V,, = 15V

Dls

L. e D0

I\ Full power
e

[ Power
1 P decreases
\ "--’f ‘_ \I_fl
- “d7]
e “Wuhuf\ AVAYA Popsisatkts S No load

LGS = N | ez o i == T ) 1 i | S L

FIGURE 7-61b Here, several drain-source waveforms were captured at different output power levels.
Please note the frequency reduction as explained and the valley switching even at light loads.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2008 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS

672 CHAPTER SEVEN

First, we are going to select peak current-mode control for several reasons:

The market offer in terms of controllers is rich.
Current-mode control inherently offers superior input voltage rejection.
The primary current is permanently monitored.

Ealib ol A

DCM-to-CCM mode transition is not a problem for this operating mode.

The switching frequency will be selected to be 65 kHz. It offers a good compromise among
switching losses, magnetic size, and EMI signature. Given that the conducted EMI standard
CISPR-22 specifies an analysis between 150 kHz and 30 MHz, having a 65 kHz switching fre-
quency implies a second harmonic below 150 kHz and a third harmonic already reduced in
amplitude. For your information, the vast majority of ac—dc adapters for notebooks are oper-
ated at 65 kHz.

Now, the operating mode: DCM or CCM? This is obviously the key point. Each mode has
its advantages, and the points below offer a brief summary of pros and cons:

DCM

¢ Small inductor.

* No RHPZ in the low-frequency portion, higher crossover frequency achievable.

First-order system, even in voltage mode, simple to stabilize.
» Simple low-cost secondary diode does not suffer from z,, losses.
* No turn-on losses on the MOSFET—I, = 0 at turn-on (not considering capacitive losses).

Valley switching is possible in quasi-resonant mode.

It is easier to implement synchronous rectification on the secondary side.

It is not subject to subharmonic oscillations in current mode.

Large ac ripple, inducing conduction losses on the MOSFET and other resistive paths (ESRs,
copper wires).

Bigger hysteresis losses on the ferrite material.

CCM

Low ac ripple, smaller conduction losses compared to DCM.
* Low hysteresis losses due to operation on B-H minor loops.

Low ripple on the output.

t,, related losses on both the secondary side diode and the primary side MOSFET.

Requires fast diodes or Schottky to avoid excessive losses.
* Turn-on losses on the MOSFET—I/,, # 0 at turn-on, overlap of V,((f) and I,,(?).
Requires a compensation ramp in peak current-mode control when duty cycle is above 50%.

It is more difficult to stabilize in voltage mode.
* RHPZ hampers the available bandwidth.

* Despite similar energy storage, the inductance increases in CCM and so does the trans-
former size.

Well, reading these notes, you probably see more arguments in favor of the DCM operation
than the CCM. This is true for the low-power range where DCM represents the easiest way to
go. Generally speaking, CCM concerns low output voltages with high current, e.g., 5 V at 10 A,
whereas DCM would be suited for higher voltages and lower currents. Most of the cathode ray
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tube—based TVs are running a DCM flyback converter delivering 130-160 V/1 A or less. Why
DCM? Because high-V,,,, inexpensive diodes are usually slow and CCM would induce a lot
of switching losses.

Based on what is seen on the market, below 30 W, you can design DCM without any prob-
lems. Above, ac losses often become predominant in your design, especially if the converter
size prevents you from using large aluminum cans featuring low ESRs. As such, adopting
CCM helps reduce the stress on the secondary side capacitors and the transformer wires. If this
is true for low line where CCM seems to be unavoidable, what about high line? Well, a good
tradeoff consists of running CCM in low-line conditions and entering DCM in the upper volt-
age range, reducing turn-on losses, which is less problematic at low bulk voltages. This is what
was demonstrated in Ref. 5 and is often implemented in high-power designs of 60 to 100 W
ac—dc adapters. Nevertheless, some designers still prefer to operate in critical conduction mode
(so-called boundary mode or quasi-square wave resonant mode), even in high-power designs
because of (1) the reduced switching stress on semiconductors such as the secondary diode or
the primary MOSFET and (2) the ease of implementation of synchronous rectification.

OK, let us go all DCM for this small 20 W converter. As usual, a few steps will guide us
through the design procedure. For a flyback, it is good practice to start with the transformer
turns ratio.

We explained in this chapter that the turns ratio is intimately connected to the maximum
allowable drain—source voltage of the MOSFET. In the industry, it is common practice to select
600 V MOSFET: for universal mains operations. It will be our choice here. Then, if we assume
a good transformer featuring a leakage inductance below 1% of the primary inductance, a k, of
1.5 seems to be a reasonable number. Combining Eqs. (7-37a) and (7-37b), we have

k(Vou + V) 1.5 X (12 + 0.6)

= = =0.157  (7-14D)
BVDSSkD - Vos - Vbulk,max 600 X 0.85 — 15 — 375

N

Let us pick a turns ratio of 0.166 or 1/N = 6. In the above equation, we assumed the diode for-
ward drop to be 0.6 V.

By using the equation derived in Chap. 5 [Eq. (5-118)] and tweaking it to account for the
transformer turns ratio, we have an equation which delivers the peak current to be in DCM
boundary mode at the lowest input voltage:

Vour + Vf
2(vm,.,, + T)(VM, + VN

1
TIVbulk,mianoad

peak =

(7-142)

In this equation, the term V,,;, ., relates to the minimum voltage seen on the bulk rail, also
called V,,, in Fig. 6-4. Assume our bulk capacitor obeys Chap. 6 recommendations and lets the

maximum ripple be around 25% of the rectified peak. In that case, the minimum input voltage
seen by the converter is

Viin = Viutkmin = 0.75 X 85 X V2 = 90 Vdc (7-143)
After Fig. 6-4 notations, the average low-line bulk voltage will be

Veak + ‘/min 85 X \/i + 90
Viutkave = - 2 = 2 =105V (7-144)

Updating Eq. (7-142) with real values leads to a peak current of

12 + 0.6
2 X <90 + W) X (12 + 0.6) X 0.166

_ _ (7-145)
Tyea 0.85 X 90 X 7.2 1.26A
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Being given the peak current at which we are going to work makes the inductor calculation an
easy step:

1 = Lo 2 X 20

P T LePFom | 1262 X 65k X 0.85

= 456 uH (7-146)

Let us adopt a rounded value of 450 wH. The duty cycle variations can now be deduced as the
peak current remains constant at high- and low-line conditions. The variable for the voltage
names used below refers to Fig. 6-2b.

I ,L
peak™p 1.26 X 450u
= = = 7-147
tan,max thlk, min 90 63 Hs ( )
lonmar _ 63u _
Dpus = T = 5, = 042 (7-148)
I,,.L
_ peakTp o 1.26 X 450u _
o =y, = ags = LSk (7-149)
[un min 1.5u
o= o 2 7-150
D,y = % 24— 0.10 (7-150)

sw

However, given the bulk ripple at low line, the duty cycle will also move between mini-
mum and maximum values as given by Eqgs. (7-147) to (7-150). To calculate the average con-
duction MOSFET losses at low line, we should calculate the squared rms current as a function
of D(t) and V,(¢) since the ripple modulates these variables. Therefore, we should integrate this
definition over a complete mains cycle to reach “averaged” power losses dissipated during a
ripple cycle. To avoid this tedious calculation (the ripple is not exactly a ramp), we will calcu-
late the rms content at the valley value as an extreme worst case:

D
Toms = a5 = 126 X [25% = 471 mA (-151)

Since our MOSFET sustains 600 V, what R, must we select? A TO-220 package vertically
mounted and operating on free air exhibits a thermal resistor junction-to-air Ry, , of roughly
62 °C/W. The maximum power this package can dissipate, without an added heat sink, depends
on the surrounding ambient temperature. In this application, we assume the converter to oper-
ate in an ambient of 50 °C maximum. Choosing a maximum junction temperature for the MOS-
FET die of 110 °C, the maximum power accepted by the package is thus

Timee = Ta 110 = 50 _ 60

P = g — o e = 096W (7-152)

The conduction losses brought by the rms current circulation are

Pcond = ID,rm.s2RDS(on)@Tj = 110 OC (7_153)

From Eqgs. (7-152) and (7-153), the Ry, at 110 °C must be smaller than

o P 0.96 (7-154)
Rosun @1, = H0°C =, 2= 04712 =430

The MOSFET on resistance stated at a 25 °C junction almost doubles when the junction heats up
and reaches 110 to 120 °C. As such, a first indication shows that the selected MOSFET will need
a 25 °C Ry, » Which is lower than 2.1 Q). Of course, switching losses are needed to complete
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the selection. Unfortunately, as they involve numerous stray elements, trying to analytically pre-
dict them is an impossible exercise. A SPICE simulation with the right MOSFET and transformer
model can give an indication, but bench measurements remain the only way to accurately esti-
mate them. In DCM, turn-on losses should theoretically be null, but the lump capacitor present
on the drain discharges through the MOSFET. It induces the following losses, depending where
the turn-on occurs: right at the sinusoidal top (maximum losses) or in the valley of the waveform
(minimum losses):

1 Vaul + Vf ?
PSW’lumpmax = Eclump Vbulk,max + N Fs‘w (7-155&)

Vou + V,\
. 1 out f
PSW,lumpmm = 2Clump<vbulk,max - N > st (7'155b)

The lump capacitor value can be extracted following App. 7A. A typical turn-off sequence
appears in Fig. 7-62a. The turn-off sequence depends on the environment around the drain
node, such as the presence of a snubber capacitor. Figure 7-62b shows an oscilloscope shot at
a switch opening event which favorably compared to the simulation data. Until the V¢ reaches
the plateau level, nothing changes. The drain does not move, but the current starts to bend,
depending on the MOSFET transconductance (gm). At the beginning of the plateau, the MOS-
FET starts to block, the drain voltage rises, and the current further bends. The current keeps
circulating in the MOSFET (acting as a linear resistor) until the drain voltage reaches a level
where another current path exists (the current must flow somewhere, right?). At this time, the
current falls to zero as it has been fully diverted elsewhere. In this particular case (case 1),

400 4.00 6
Vourt vf/ \/\
2008 200 Viuik ¥ i Vps(t)
[2] — . .
S “g’ Maximum C,,, loss
BE o8 o — " 5]
zc < Hﬁ I5(t) Minimum Cj,,, loss | b
g = b e Vot V,
T 200 §-200 Vi ou;v t
—400  —4.00
2.961m 2.965m 2.969m 2.973m 2.977m
Time in seconds
200 400 | fx(f) Veutk* Vetamp _\/_\[_\/\/\'———b
8 1000 200 L Vostd
© 1.00 g 0ss
2 ¢ 1)
[aV)
§2 O-E 0 1 \/\V\l 184
£ 0§ a [PV
€_1.00 € —200
3
—2.00 —400
2.9599m 2.9604m 2.9609m 2.9613m 2.9618m

Time in seconds
FIGURE 7-62a A typical turn-off sequence for a DCM flyback converter.
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FIGURE 7-62b Worst case occurs when the drain voltage immediately rises up at the switch opening

(case 1). If some snubber exists to slow the voltage rise, the idealized case 2 can happen with a more favor-
able loss budget.

considering the overlapping section as a triangle of A7 width, the average power dissipated by
the MOSFET at turn-off is a simple triangle area.

At Ar
2 2t
PSW,of/ = Fij ID(t)VDS(t) sdt = E€w|: J Ipeak(thlk + L‘lamp)KZ -dt

0 0

ar 2(Ar — 1)

+ H(thlk + Vclamp)lpeakT ~dt
2
1 eak(Vbulk + Vclam )At
Pgyop = — 5 Y F, (7-156a)

If some snubber exists, the drain voltage will rise later and the overlap becomes more favor-
able (case 2). In that operating mode, the power dissipation shrinks to become:

Ar Ar
At — ¢ t
PSW,oﬁ = stJ ID(I)VDS(Z) dt = FSWJ Ipeak At (Vbulk + Vclamp)E ~dt
0 0

Ipenk( thlk + Vclamp) A t

= < F,, (7-156b)
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On the final prototype, observing both MOSFET voltage and current, you can either extract
the overlap time At and all needed variables, or have the oscilloscope compute the loss contri-
bution for you. Once all losses are identified, the total MOSFET power dissipation must be cal-
culated at both low- and high-line values. At low line, conduction losses are predominant,
whereas at high line, switching losses take the lead:

Prosrer = Peona T P SW,iump T P SW, off (7-157)

Depending on the selected MOSFET and the various contributions, you might need to either
select a lower R, type or add a small heat sink if the total power exceeds Eq. 7-152 limit.
Considering Eq. 7-154 as a worst case, a MOSFET like the IRFBC30A could be the right
choice (BV 55 = 600 V, R,y = 2.2 Q).

Before closing down the MOSFET section, we can estimate the power dissipation burden
on the controller driving stage. To fully turn the IRFBC30A on, a 23 nC electricity quantity
(Q,,) needs to be brought to its gate-source space. If the controller operates from a 15 V auxil-
iary winding at a 65 kHz frequency, the dissipation on the chip is:

P,, = F,0;V. =065k X 23n X 15 = 22mW (7-158)

Assuming our controller considers a current limit when the voltage image on its dedicated
pin hits 1 V (a very popular value among controllers on the market), the sense resistor value
(sometimes called the burden resistor) is evaluated by:

1

ense = 7-159
sense [pt;ak ( )
We need a peak current of 1.26 A. Considering a design margin of 10% (1, = 1.38 A), the
sense resistor value equals:
_ 1 _
Ropnse = 126 %11~ 0.72Q (7-160)

Unfortunately, this value does not fit the normalized resistor series E24/E48. Several solutions
exist to cure this:

1. Put several resistors in parallel to reach the right value. In this case, two 1.4 () resistors
would give 0.7 ().

2. Select a higher value and install a simple resistive divider. For instance, select a 0.82 () resis-
tor. The needed peak current is 1.38 A. Once applied over the 0.82 (), it will develop 1.13 V.

1
The divider ratio thus must be 773 = 0.88. By selecting a series resistor of 1 k(), the

ground resistor is simply 7.3 k€. Figure 7-63 details the arrangement.
Using Eq. (7-151), the power dissipated by the sense resistor reaches
Py = 1Ip 2R = 04712 X 0.82 = 181 mW (7-161)

Now, we need to protect the MOSFET against the leakage spikes. We have seen how to derive
the RCD clamp values, so let us put the equations to work. We have slightly tweaked expres-
sions (7-44) to reveal the clamp coefficient k. :

(k. = D|2k(V,, + V2| (15 = 1|2 X 1.5 X (12 + 0.6)2

cp 2 2
N F:wLIeakIpmk 0.1662 X 65k X 415% X 1.382

= 15.5kQ (7-162)
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FIGURE 7-63 When a sense resistor requires a value
difficult to find, it is always possible to install a divider
which artificially increases the sensed voltage, at the cost
of efficiency, however.

_ kMo VP 1.5 X 12.6
" NR,,F,, AV~ 0.166 X 155k X 65k X 11

sw

c ~ 10nF (7-163)

In the above equations:

L, is the leakage inductance. We selected 1% of the primary inductance for the example.
Of course, you would measure it on the transformer prototype, representative of the pro-
duction series.

AV is the selected ripple in percentage of the clamp voltage; 11 V roughly corresponds to
10% of the clamp voltage (=114 V).
Finally, the power dissipated in the clamp resistor will guide us through the resistor
selection:

k.
Pa, = 05F, Lyl = = 0.5 X 65k X 4.5u X 1382 X % = 835mW

(7-164)

To dissipate 1 W, two 33 k(), 1 W resistors in parallel will do.

Having defined what we have on the primary side, let us look at the diode. Given N, we can
calculate the secondary diode voltage stress:

PIV = NVystmar T Vour = 0.166 X 375 + 12 = 74V (7-165)
With a k, coefficient of 0.5 (diode derating factor), select a diode featuring a 150 V Vp,,, and

accepting at least 4 A of continuous current. An MBRS4201T3 in an SMC package (surface
mount) looks like the good choice:

Vg = 200 V
Iy =4A

V,=0.61VatT,= 150 °C and I,,,, = 4 A

Lavg

Iy =800 pAatT, = 150°Cand V, = 74 V

The total power dissipation endured by this component is related to its dynamic resistance R,
its forward drop V;, and its leakage current (in particular for a Schottky). Total losses are
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defined by
Pd = Vfld,zlvg + RdId,rms2 + DIRPIV (7_166)

In our case, with such a derating factor for the reverse voltage, we can neglect the leakage cur-
rent contribution as it brings very little additional losses. Also, at these small rms currents, the
dynamic resistor contributes to almost nothing. Hence, Eq. (7-166) simplifies to

P;= Vi, =061 X 1.6 =1W (7-167)

Dissipating 1 W on an SMC package can represent a challenge, especially if you cannot ben-
efit from a wide copper area on the board layout. If this is the case, a TO-220 diode such as the
MBR20200 (industry standard) can easily dissipate 1 W in free-air conditions, without heat
sink [Eq. (7-152)] and could be adopted instead. You could argue that a Schottky diode is not
a necessity in this DCM example. A fast diode can also do the job, at the expense of a slightly
higher forward drop.

As we have seen in the numerous design examples, we first calculated the capacitor value
to obtain the right ripple value (considering the capacitive contribution alone), but the ESR
always degraded the result. This time, being in DCM, we should directly evaluate the maxi-
mum ESR we can accept to pass the ripple condition of 250 mV. The secondary peak current
can be known via the primary peak current and the transformer turns ratio:

1
_ peak . 1.26 _
Isec,peak - N - 0.166 =T76A (7_168)
Based on this number,
V.
ripple (.25
Regr = === =33mQ 7-169
ESR Isec,peak 76 ( )

Searching a capacitor manufacturer site (Rubycon, for example), we found the following
reference:

680 wF — 16 V — YXG series

Radial type, 10 (¢) X 16 mm

Rpge = 60 m) at T, = 20 °C and 100 kHz
1 =12 Aat 100 kHz

C,rms

Associating several of these capacitors in parallel, we should reach the required equivalent
series resistor. Now, keep in mind that the ESR increases as the temperature decreases. To keep
the ripple at the right value at low temperatures, you might need to increase the total capacitor
value, relax the original specification, or install a small output LC filter, as we will see later on.
What is the rms current flowing through the parallel combination?

A B (7-170)

out,rms sec,rms out,avg

The secondary side current requires the use of Eq. (7-151) where the off time now enters the picture:

Ixec,rms = I.set‘,peuk\[f =176 X A lf = 3.34A (7_171)

Substituting this result into Eq. (7-170) gives

Ie, .. = V334 — 166 =29A (7-172)
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In other words, three 680 wF capacitors have to be put in parallel to accept the above rms cur-
rent, assuming they share the current equally. The total ESR drops to
_ 60m

RESR,tvtul - ? = 20m{) (7-173)

The loss incurred by this resistive path amounts to

Pe = lIc o Ruse = 2.9 X 20m = 168mW (7-174)

our

0> TS

Given all these results, it is time to look at the small-signal response. Using our flyback
current-mode template, we can feed it with the calculated values:

L, = 450 pH
Ry =070
N = 0.166

C,, = 2040 uF
Rz = 20 mQ)
R, =720

load —

The application circuit appears in Fig. 7-64 where you can see a TL431 arranged as a type 2
amplifier.
‘What bandwidth do we need to satisty our 250 mV drop as expressed in the initial specification?

o~ Aow 1.8
“~ 2mAV,,C,, 628X 025X 2040u

out™ out

= 562Hz (7-175)

Let us shoot for 1 kHz, a reasonable value to reach also giving us some margin. The steps to

follow in order to stabilize a DCM current-mode appear below:

1. The bridge divider calculation assumes a 250 wA current and a 2.5 V reference (TL431). Thus
2.5

Riper = 529 = 10kQ (7-176a)
12-25
Ruper = ~ 550, = 38kQ (7-176b)

2. Open-loop sweeps the current-mode flyback at the lowest input level (90 Vdc). Make sure
the optocoupler pole and its CTR are properly entered to compensate for its presence. The
laboratory measurement gave 6 kHz with a CTR varying from 50% to 150%. Figure 7-65
shows the results. In this example, we considered an optocoupler pull-up resistor of 20 k()
(as in the NCP1200 series, for instance).

3. From the Bode plot, we can see that the required gain at 1 kHz is around +20 dB worst
case. The phase lag at this point is —88°.

4. The k factor gives good results for the DCM compensation. Its recommendations are the
following for a 1 kHz bandwidth and a targeted 60° phase margin:

Ry zp =3kQ
Cpore = 2.2 0F
C, = 15nF

Once applied, Fig. 7-66 shows the compensated gain curves at both input voltages. Further
sweeps of ESRs and CTR do not show compensation weaknesses. Do not forget to remove the
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CTR=2
Pole = 6k

X10
TL431_G

Rlower2
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L

FIGURE 7-64 The ac configuration of the 20 W converter where the optocoupler pole takes place.

optocoupler pole X, before running the compensated ac sweeps (see Chap. 3 for more details)!
When the board stability is confirmed via a load step on the average template, we can use the
current-mode generic model already described in previous chapters. The cycle-by-cycle circuit
appears in Fig. 7-67. The optocoupler is wired as an emitter follower, and the external voltage
source mimics an internal 5 V V.. This is the most popular feedback implementation available
on numerous controllers. Note the presence of a 300 mV source in series with the optocoupler
collector to get rid of the saturation voltage occurring in light-load conditions (remember the two
diodes in series in our UC34X representation, Fig. 7-31a). We purposely added an auxiliary
winding, assuming the controller needs some self-supply. Given the turns ratio relationship, we
assume the auxiliary voltage will reach around 13 V, neglecting the leakage inductance contri-
bution. Figure 7-68 gathers all the pertinent waveforms collected at low line, full power. As you
can see, some of the amplitudes confirm our theoretical calculations except the secondary vari-
ables. Why? Because a few equations [Eq. (7-171)] assumed a conduction at the boundary
between CCM and DCM where D’ = 1 — D. However, the inductor value and loading conditions
impose a more pronounced DCM mode where the dead time appearance bothers Eq. (7-171).
Figure 7-69 depicts the obtained ripple at the lowest input voltage for a 20 W loading. A peak-
to-peak measurement confirms a ripple amplitude of 174 mV, in line with the original specification.
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FIGURE 7-65 Open-loop Bode plots at the lowest input voltage, including the optocoupler pole and lowest CTR.
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FIGURE 7-66 Once compensated, the Bode plot shows adequate bandwidth and phase margin at 1 kHz.
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FIGURE 7-68 Cycle-by-cycle results on some pertinent waveforms (V,, = 90 Vdc).
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However, there is almost no margin against
unavoidable ESR variations. To improve the sit-
uation, we can install a small LC filter. The cut-
off frequency of this filter must be well above the
crossover frequency (at least 2 to 3 times) to
avoid further stressing the phase at this point.
Here, we put a 2.2 wH 100 wF filter, exhibiting a
cutoff value of 10. 7 kHz, 10 times above 1 kHz.
The capacitor does not see much ac ripple as all
is undergone by the front-end capacitor C,.
Figure 7-70 shows how to wire the TL431: the
fast lane (see Chap. 3) goes before the LC filter,
whereas the R, /R, network connection
remains unchanged. Failure to keep the fast lane
connection as suggested would induce oscilla-
tions, given the high-frequency gain shown by
this path. Figure 7-69 (lower curve) also portrays
the ripple with the LC filter installed and shows a
33 mV peak-to-peak amplitude.

Finally, a step load confirms the good
behavior of our simulated template, in both ac
and transient modes (Fig. 7-71).

What controller can we select to build this
converter? There are many to chose from. Given

L
l l = Vout
"
Tl °T
~
Rled Rupper
3k 38k
i
Czerol
/ZS/ 15n |
TLA431 Rlower
10k

FIGURE 7-70 The insertion of an LC filter requires

connection care with a TL431.

the low output power, an NCP1216 in DIP package (for improved thermal performance) from
ON Semiconductor can easily do the job. Thanks to its high-voltage capability, there is no need
for a transformer featuring an auxiliary winding: the controller is self-supplied by the high-
voltage rail. The optocoupler directly connects to the feedback pin. Figure 7-72 portrays the
application schematic. A few remarks regarding this implementation are appropriate:

12.20 Vourt)
«— L C inductance effect
0 12.10
7‘; Cycle-by-cycle
£
=5
£ ™~
3 Averaged
~11.90
11.80
5.10m 7.30m 9.50m 11.7m 13.9m

Time in seconds

FIGURE 7-71 A 0.2to 1.6 A load step test confirms the power supply stability at low line. See how
the average model response superimposes on the cycle-by-cycle model response.
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The input filter uses the leakage inductance of the common-mode inductors to create a dif-
ferential mode section with C,.

* The zener diode Dy is often found on large-volume consumer products. Its role is to limit the
controller current-sense pin voltage excursion in case of a drain—source short-circuit on the
main MOSFET. Sometimes, two 1N4007s in series are placed there for increased rugged-
ness. As the MOSFET source is clamped by the diodes during the fault, the controller does
not see a lethal level until the fuse blows. Experience shows that the controller is often
spared, thanks to this trick.

* R, transforms the optocoupler LED in a constant-current generator (=1 V/1 kQ). It provides
the bias to the TL431. If we prefer a resistor wired from the TL431 cathode to V,,, this solu-
tion also works well.

ur’

* All capacitors such as Cy,, C,, C,,, and R,; must be placed as close as possible to the con-
troller in order to improve the noise immunity.

For the transformer, there are two options:

1. You select a transformer manufacturer (Coilcraft, Pulse Engineering, Coiltronix, Vogt,
Delta Electronics, etc.) and provide the following data:

L, = 450 pH
pmar = 1.5 A
I e = 500 mA
Isec,rms = 3 A
F,, = 65kHz

V,, = 100 to 375 Vdc
V,=12Vatl6A

out
N,:N; = 1:0.166
Based on this information, the manufacturer will be able to pick up the right core and dis-
cuss with you the winding arrangements, the pinout, etc. Ask for an impedance versus fre-
quency plot for both the primary inductance and the leakage inductance. Watch for the
inductance falloff as the temperature rises. It might hamper the power capability as the
ambient temperature rises.

2. Take a look at App. 7C and follow the building instructions written by Charles Mullett.

714 A 90W, SINGLE-OUTPUT POWER SUPPLY

This second design example describes a 90 W flyback converter operated on universal mains
and featuring the following specifications:

Vipmin = 85 Vrms

Voutkmin = 90 Vde (considering 25% ripple on bulk capacitor)
Viwmax = 265 Vrms

Viutkmax = 375 Vdc

Vour =19V

Ve = AV =250 mV

ripple
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V... drop = 250 mV maximum from /,
Iout,max = 5 A
T,=170°C

MOSFET derating factor k, = 0.85
Diode derating factor k, = 0.5

RCD clamp diode overshoot V,, = 20 V

=05t05AiIn 10 ps

ut

Given the power rating, we are going to design a converter operating in CCM, at least in
the lower range of the input voltage. To design a CCM converter, we can either calculate the
primary inductance to obtain a certain inductor ripple current at low line or select the voltage
at which the converter leaves CCM to enter DCM. The second option offers greater flexibil-
ity to choose the operating mode at a selected input voltage. Before digging into the calcula-
tion details, we recall the inductor current when running in CCM. Figure 7-73 portrays the
waveform.

TSW

FIGURE 7-73 The inductor current in the continuous conduction mode.

Based on this signal, we derived a design equation, already introduced in Chap. 5 [Eq. (5-97)]:

Vnut + Vf :
Ui Vbulk, min2 < N )
L= (7-177)

Vuut + ‘/f Vuut + ‘/f
SIrstan(Vbulk,min + ( N ))(( N ) + nvhulkﬁmin)

In the above expression, the term 6/, defines the amount of ac peak-to-peak ripple across the
inductor average current:

51 = (7-178)
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and V,,, illustrates the lowest dc input voltage on the bulk rail (refer to Fig. 6-4). The bulk
capacitor will be calculated to let the bulk voltage drop to 90 Vdc.

When equal to 2, the converter runs in full discontinuous mode. Different notations also
exist in the literature, for instance, found under K, in Ref. 9. Despite a 2 in the denominator
(to have Ky equal to 1 in DCM), the expression does not basically change. Experience shows
that depending on the input voltage range, some 6/, values are recommended to obtain the best

design tradeoft:

* For a universal mains design (85 to 265 Vrms), choose a 61, between 0.5 and 1.
* For a European input range (230 Vrms = 15%), choose a 81, between 0.8 and 1.6.

Let us choose 61, = 0.8 in this example.

We explained in the previous design the intimate relationship between the turns ratio and
the maximum allowable MOSFET drain—source voltage. Again, we will select a 600 V MOS-
FET for the universal mains operations, together with a derating factor &, of 0.85. Assuming
a good transformer coupling, a k, of 1.5 represents a reasonable number. Thus, the turns ratio
must be larger than

kc(vzml + Vf) 1.5 X (19 + 06)

N = BV ks = Vo = Vyeww 600 X 0.85 — 20 — 375

= 0.255 (7-179)

Let us pick a turns ratio of 0.25 or 1/N = 4. In the above equation, we assumed the diode for-
ward drop to be 0.6 V. Applying Eq. (7-177), we find an inductor value of

2
19.6
2 7
0.85 X 902 X (0.25)

L= ~320pH  (7-180)

19.6 19.6
0.8 X 65k X 90 X {90 + (ﬁ)} Kﬁ) + 0.85 X 90}

From Fig. 7-73, the inductor average current relates to the average input current via the follow-
ing formula:

I

in,avg

= IL,avg

D (7-181)
The maximum average input current depends on the lowest input voltage V,,, and the deliv-
ered power:

P 90
~0.85 X 90

I, =
in,avg ,nv

min

= 1.18A (7-182)

The duty cycle in Eq. (7-181) obeys the flyback relationship:

Vow  _ 19
+ NV, 19 + 025 X 90

Dma,\' = \%

out

= 0.46 (7-183)

Introducing this result into Eq. (7-181) gives the average inductor current

f oo mes L1800 (7-184)
Las =D T 046

max

Based on these results, the salient points of Fig. 7-73 are easily derived:
Al = 1} ,,0l, = 2.56 X 0.85 = 2.18A (7-185)
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Al o, 0.85
[peak = IL,avg + T = IL'm,g 1+ 7 =256|1 + T = 3.65A (7-186)

Al o,
Lty = T = 5+ = IL’m,g(l - 7) = 2.56(1 - —055) - 1474 (18]

The primary rms current calculation requires the solution of a simple integral. As usual, the task
consists of writing the time-dependent equation of the considered variable. In Fig. 7-73, the
valley current (r = 0) is actually the peak current minus the ripple. At the end of the on time, the

current reaches 1,,,,.. The equations are thus

1=0=>1, (0= Ly = Dpewr — AL (7-188)
t= DTy, — 1, (1) = Ly, + Al (7-189)
I, () = Ly + AIL#SW = Loy — Al + AIL#M (7-190)
After integration of Eq. (7-190), it becomes
L (P ALy 2 AlL?
Ip s = T J (DT + Lok — AIL) dt = D(Ii,m,(2 — LAl + 3 ) (7-191)

sw sw
0

Injecting Eqgs. (7-183), (7-185), and (7-186) results in Eq. (7-191) gives the final rms current
circulating in the transformer primary, the MOSFET, and the sense resistor:

INE
I, L,rms = D, max I peakz -1 peak AI L + 3

2.182
= [0.46( 3.582 —3.58 X 2.18 +T ~18A (7-192)

Given the rms current, we can try to find a suitable MOSFET. For a 90 W output power, there
is no way a MOSFET without heat sink can survive in an ambient temperature of 70 °C. Try
to find low-Rg,,, devices, such as the following:

Reference Manufacturer Rpsiom BV Qg

2SK2545 Toshiba 0.9 Q 600 V 30nC
2SK2483 Toshiba 0.54 Q 600 V 45nC
STB11NM60 ST 0.45Q 650 V 30nC
STP10NK60Z ST 0.65 Q 650 V 70 nC
SPP11IN60C3 Infineon 0.38 0 650V 60 nC
SPP20N60C3 Infineon 0.19 Q 650V 114 nC

Pay attention to the package (an isolated full-pack version is simpler to mount on a heat sink
than a nonisolated type) but also to the total gate charge. As the MOSFET becomes bigger
(alot of primary cells in parallel), the amount of gate charge significantly increases and so does
the average driving current delivered by the controller. Let us pick an SPP11N60C3 from
Infineon, a popular model in ac—dc adapters. The conduction losses at a junction temperature
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of 110 °C are

Poa = Ipms?Rpson@T; = 110°C = 1.82 X 0.6 = 2W (7-193)

cond
The switching losses now account for the turn-on term made up of the lump capacitive discharge
(already present in DCM) and the current—voltage overlap. This time, the current jumps to the
valley term and no longer starts from zero. Figure 7-74a depicts the typical CCM waveforms.

As in the DCM example, a real-case waveform was captured in Fig. 7-74b. The gate-source
voltage starts to increase until the plateau level is reached. At that time, the drain voltage falls
and the current rises as the MOSFET operates in a linear manner. The driver signal has com-
plete control over the signal steepness, and a resistor can be inserted to slow down this
sequence on both variables. It was not the case in the turn-off event where the inductor acted
as a constant-current source, imposing the drain voltage slope via the lump capacitor. In CCM,
slowing down the turn-on event reduces the secondary side stress for the diode which is
abruptly blocked. The resulting spike on the primary side reduces in amplitude and the radi-
ated EMI greatly improves. If we consider a crossing point in the middle of the waveforms,
Eq. (7-156Db) still holds, except that we should consider the new variables in play at the switch
closing time:

Vps(t) transitions from the plateau voltage to zero

I5(t) transitions from zero to the valley level

If we consider A the overlap time, switching losses at turn-on are thus

Vaut + ‘/f
Ivalley(Vbulk + N )At

Poyon = F,, (7-194)

200 400 Vpsl(t)
[}
<4
£ 100 8 200 V, Vv
e 2 outt Vi
c 3 g Vbulk+—N
85 0g o
o £ —_
g 3 N
2—100 é —2.00 Turn-on losses Turn-off losses
-200 -4.00
4.020m 4.024m 4.028m 4.032m 4.036m
Time in seconds
Ciump @nd t,.contribution
2.00 200 ID(t)
w0
(] I -
= 1/l
g 1002 100 Vos(® =
N & >
B5c o< 0
o -~ £
8 g
g—1 .00 > -100
—2.00 —200 Zoom

4.0190m 4.0192m 4.0194m 4.0196m 4.0198m
Time in seconds

FIGURE 7-74a A simulated typical turn-on sequence in a CCM flyback converter.
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FIGURE 7-74b A real-case turn-on sequence on a CCM converter.

These losses consider a crossing time at the middle of both curves which, in reality, often dif-
fers from this ideal case. Again, bench measurements are mandatory to check the total power
dissipation budget. Note that measurements will include the lump capacitor and the secondary
diode ¢,, contributions (if any).

The off-time losses still obey Eq. (7-156b). Finally, the MOSFET will dissipate.

PMOSFET = Pwnd + PSW,on + PSW,uﬁ (7'195)

Based on Eq. (7-193), and without knowing the outcome of Eq. (7-195), our MOSFET will
need a heat sink.

The total gate charge of the SPP11NC60C3 amounts to 60 nC. Therefore, the power dissi-
pated by the driver (and not the MOSFET!) when supplied by a 15 Vdc source (the auxiliary
V.. voltage) reaches

P, = F,,0.V.. = 65k X 60n X 15 = 59mW (7-196)

As for the DCM example, let us assume the controller considers a current limit when the volt-
age image of the primary current reaches 1 V. Therefore, the sense resistor value is evaluated by

R =1 (7-197)

sense
1 peak

We need a peak current of 3.6 A. Considering a design margin of 10% (1., = 4 A), the sense
resistor value equals

R =1_ 0250 (7-198)

sense 4
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Given this value and the rms current, the power dissipation of this element amounts to

P = Ip 2R = 1.82 X 0.25 = 810 mW (7-199)

sense D,rms *‘sense

Two 0.5 Q, 1 W SMD types wired in parallel will do.
The MOSFET protection goes along with clamping elements calculations. The below
expressions unveil the resistor and capacitor values by using familiar definitions:

(k. = D[2k(V,, + V2] (1.5 = D[2 X 1.5 X (19 + 0.6)2]

R, = ~34kQ  (7-200)
v N2E o Ltcatpear® 0.252 X 65k X 220 3650
100
kz‘(vom + Vf) 1.5 X 19.6
Cyp = NR.,F, AV ~ 025 X 3.4k X 65k X 12 44.3nF (7-201)

In the above equations:

L, is the leakage inductance. We selected 1% of the primary inductance for the example.
Of course, you would measure it on the transformer prototype, representative of the pro-
duction series.

AV is the selected ripple in percentage of the clamp voltage; 12 V roughly corresponds to
10% of the clamp voltage (=117 V).

Finally, the power dissipated in the clamp resistor is

Py, = 0.5Fy, Liglyea? =7 = 0.5 X 65k X 3.2u X 3.65 X % ~4W (7-202)

To dissipate 4 W, three 10 k(), 2 W resistors in parallel will behave ok. Given the converter
power, use an ultrafast device such as the MUR160 for the clamp diode rather than a slower
diode.

Now, the secondary side diode. The peak inverse voltage needs to be assessed before a
selection can be made:

PIV = NVt max T Vour = 0.25 X 375 + 19 = 1128V (7-203)
As usual, with a diode voltage derating factor k, of 50%, select a diode featuring a 200 V Vigg,,
and accepting at least 10 A. (Its average current is nothing more than the direct output current.)
An MBR20200CT in a TO-220 package could be a possible choice.

Vs = 200 V

I 4, = 20 A (two diodes inside, each accepting 10 A)

V,= 0.8 V maximum at 7; = 125 °Cand I, =10A

avg

Iy =800 pAatT, = 150°C and V, = 80 V

The total power dissipation endured by this component is related to its dynamic resistance R,
its forward drop V/, and its leakage current (in particular for a Schottky). Total losses are
defined by

Pd = Vfld,avg + Rtlld,rmxz + DIRPIV (7_204)

In our case, the leakage current does not bring significant losses, so we will neglect it. Hence,
for each diode, Eq. (7-204) simplifies to
Py= Vil =08 X25=~2W (7-205)
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FIGURE 7-75a,b The power can be pictured as a current source feeding thermal resistances
in series.

In the above equation, we assumed an equal current sharing between both diodes as they sit
on the same die. The total power dissipation is thus twice what Eq. (7-205) states: 4 W. A
heat sink is necessary. Figure 7-75a and b portrays the electrical analogy between thermal
resistance and resistors. A thermal resistance of 5 °C/W means that the component temper-
ature rises by 5 °C for each watt you put in. The equivalent ohm law still applies, and we
can write

T, — T, = P(Ryy_c T Royc_pp + Rop—) (7-206)

where T; and 7, = junction and ambient temperatures, respectively

Ry, = thermal resistance between junction and component case. It is usually
around a few degrees Celsius per watt (2 °C/W here)

Ryc—n = thermal resistance between case and heat sink. If you use a good isolator
and grease, less than 1 °C/W is achievable

Ry, = thermal resistance between heat sink and ambient air. This is what you are
looking for to select the right type

P = power to be dissipated

The maximum junction temperature depends on several parameters among which the mold
compound (the black powder the component is made of) plays a role. For an MBR20200
diode, you can safely limit the maximum temperature to 150 °C (T}, for the MBR20200 is
175 °C). From Eq. (7-206), we can extract the thermal resistance our heat sink will need to
exhibit to maintain the diode junction temperature below 150 °C when it is immersed into an
ambient temperature of 70 °C:

T

jmax TA —
Ropy—n = jf — Ryjoc = Ryc-y = w —2—1=17°crw (7-207)
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Our diode junction when operated at a 70 °C ambient temperature will thus theoretically
increase up to

T, =T, + PRy , =70 + 4 X (17 + 1 + 2) = 150°C (7-208)

Once the prototype is assembled, make sure all heat sink temperatures are controlled and com-
ply with your QA recommendations. Some state that all heat sink temperatures must be below
100 °C at the maximum ambient temperature. As Fig. 7-75b shows, we would fail to meet this
recommendation and a larger heat sink would be necessary (7.5 °C/W with a junction working
at 88 °C).

If for various reasons (cost, reverse voltage, and so on) we could not select a Schottky
diode, how would the reverse recovery time impact the diode dissipation budget? It is neces-
sary to understand the diode blocking phenomenon via a simple drawing, as Fig. 7-76 offers
[10]. In this figure, we have highlighted several timing intervals. Let us comment on them, one
by one:

1. Att,, the power MOSFET has been switched on, and the diode begins its blocking process.
The slope at which the current decays is imposed by the external circuit, mainly the induc-
tance in the mesh.

2. At the beginning of #,, the diode behaves as a short-circuit, and the charge stored when the
diode was conducting (more precisely, a remaining portion since recombination did evacuate

I,V
A
t1 .
l4(t) ¢ g
dle/dt
fo
S < > Q IRRMD
; >t
V(1) A A
lrAm
Verm lramta | i+ Slope depends on
Q,= e diode technology
A < Diode has
PIV VA recovered here
A
A4 \ 4

FIGURE 7-76 The diode in a blocking configuration.
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a bit of it already) is evacuated via a negative current I,,. The current amplitude is linked to
the blocking slope imposed by the external circuit: the steeper the imposed slope is, the more
negative I, Swings.

dly PIV
§ = —"t= " 7-209
, at L ( )

3. Atthe end of ¢, the charge is fully evacuated (Q, on the drawing) and the diode is going to
recover its blocking capability. It must bring a negative charge —Q, in order to reconstruct
the internal barrier.

4. The current quickly decreases to zero via a slope S,, and a voltage spike occurs across the
diode terminals (sudden opening of the circuit). The amplitude of this spike depends on
Irry, and the speed at which the current goes back to zero (#, duration, slope S,). This speed
depends on the technology. One talks about the diode “softness.” The softness is actually
defined by the ratio 7,/t,. Diodes can recover in an abrupt, soft, or snappy way, generating
more or fewer spikes, ringing, and other EMI unfriendly goodies.

5. Diode specifications state the reverse recovery time ¢,,, the peak recovery current I,
and the total charge Q,, made of Q, plus Q,. All these parameters are defined at a given
current slope dI./dt. It is interesting to note that Q,, increases as the junction temperature
goes up (the minority carrier lifetime increases). For instance, a 30EPH06 from
International-Rectifier exhibits a Q,, of 65 nC at T; = 25 °C and climbs up to 345 nC for
T,=125°C!

In the above picture, the power dissipated by the diode appears during the interval #,:

thRRM
Pt,, = FSWVRRM 2 = FSWVRRMQZ (7-210)

The spike brought by the inductor in the circuit during #, can be classically evaluated via

dl,
AV =L—"=LS, (7-211)

Based on Fig. 7-76, the total voltage excursion Vyg,, can thus be rewritten
Vg = PIV + LS, (7-212)

If we divide all terms of Eq. (7-212) by the PIV, and by observing the inverse of S, [Eq. (7-209)],
we obtain
Vrrm LS, S5

PIV —1+W—1+? (7-213)

r

Now, if we define the slopes according to their respective variables, we have

Trru
VRRM 14 b I RRM 13 a Qr
=1+ =14 &4 =1+ 7-214
PIV IRRM Iy IRRM Qz ( )

t

a

From Eq. (7-214), we can extract Vg, and replace it in Eq. (7-210):

Pd,t,.,. = stPIV(l + %)Q2 = stPIV(Qr + QZ) = stPIVer (7-215)
2
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The ¢,,-related losses are difficult to predict since they depend on the blocking slope, temper-
ature, and diode technology itself. Also, few manufacturers give details on these parameters,
making the exercise even more difficult. Final temperature assessment in the worst-case envi-
ronment is thus mandatory to verify the junction stays within a reasonable value.

Now that we are done with the semiconductor portion, let us discuss the capacitor selec-
tion. As for the DCM design, we consider the ESR as the dominant term. The secondary peak
current needs to be known before proceeding:

1
T
Lecpea = "N~ = 005 = 144A (7-216)
Based on this number,
V.
ripple 025
R = = =17mQ 7-217
ESR Isec, peak 14.4 ( )

Searching a capacitor manufacturer site (Vishay), we found the following reference:

2200 wF — 25V — 135 RLI series

Radial type, 12.5 (¢) X 40 mm

Rpgr =44 mQ ay T, = 20 °C and 100 kHz
Ic,ms = 2 A at 100 kHz and 105 °C

C,rms

Placing several of these capacitors in parallel, we should reach the required equivalent series
resistor. Now, keep in mind that the ESR increases as the temperature goes down. To keep the
ripple at the right value at low temperatures, you might need to increase the total capacitor
value, relax the original specification, or install a small output LC filter as we will see later on.
What is the rms current flowing through the parallel combination?

Io. 2=1] 2-1 2 (7-218)

out,rms sec,rms out,avg

The secondary side current requires the use of Eq. (7-192) where the off time now matters:

Al A2
Isec,rms = \/(l - Dmax)(lxec,peakz - Isec,peakWL + N2[55>
2.18 2.182 )
- - 2 2d8 2088 ) _ 721
\/(1 0.46)(14.4 144 X S50+ 555 5) = T6A (7-219)

Putting this result into Eq. (7-218) gives
Ie, = V7162 —472=6A (7-220)

Given the individual rms capability of each capacitor (2 A at 105 °C), we need to put three of
them in parallel for a total capability of 6 A. A final bench measurement at the minimum input
voltage and maximum current will indicate if the capacitor temperature is within safe limits or
not. Given the association of capacitors, the equivalent series resistor drops to

44m

Resgioas =~ = 14.6m) (7-221)

The total loss incurred by this resistive path amounts to
2Rpgr = 62 X 14.6m = 525mW (7-222)

rms

444444
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CHAPTER SEVEN

Since all our elements are designed, it is time to look at the small-signal response of this con-
verter. The current-mode template can be fed with the following data:

L, =320 pH
R, =025Q
N =025

C,,. = 6600 uF
Rpgr = 14.6 mQ)
Ripaa =4

Figure 7-77 portrays the application schematic which does not differ from that of the
DCM example since the model autotoggles between both modes. The display of operating

points confirms the behavior of the simulated circuit (V,

ut

= 19V, duty cycle = 46.7%).

For the sake of simplicity, we kept the same optocoupler parameters as in the DCM design.

Sl =
DC>——2 S X2x
6 |3 s
<13 XFMR D1A v
9 = RATIO =-0.25 mbr20200ctp out
2
O of e Freavrt ez Vout
AC=0 ov || R10
X9 o 3 14.4m
PWMCML =Lp 3L1 ' Rload
Fs = 65k {Lp} M cs 4
2;08'25 % 81 (ereP) 6600u
h (P Voltage
Parameters 5
[5.00 V|
Vout=19 5 Vout
Ibridge = 250u
Rlower = 2.5/Ibridge
Rupper = (Vout-2.5)/Ibridge Rpullup Rled
{Rled}
{Rpullup}
Lp = 350u
Se = 100m 18 11
fe =1k Verr o ,
pm =60 LoL (;55;;}
ch_: -22 err 1kH
pfc =-71 8
G = 107(-Gfc/20) <« | Optocoupler
Boost = pm-(pfc)-90 Z Fp = Pole
pi = 3.14159 CTR=CTR
K = tan((boost/2+45)*pi/180
(« P ) 14 Cpole2 Czero1
Fzero = fc/k £ Czero
Fpole = k*c ?ﬂ: {Cpole} == 7.7V (Creroly,
o
Rpullup = 20 k 15 PYTIY
RLED = CTR*Rpullup/G Vg /ZS/
Czero = 1/(2*pi*Fzero*Rupper) ACT X118 Flowers
Cpole = 1/(2*pi*Fpole*Rpullu ower.
P (2*pi*Fpole*Rpullup) TL431 G Towers
CTR=1.5
Pole = 6k

FIGURE 7-77 The CCM converter uses the same current-mode template as for the DCM case.

=
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What bandwidth do we need to satisfy the 250 mV drop as expressed in the initial
specification?

AL 4.5
27 AV,,C,. 628 X 0.25 X 6600u

out™~ out

/e = 434Hz (7-223)

Let us select 1 kHz, a reasonable value to reach, also giving us some margin within the rec-
ommendation of Eq. (7-223). Is the right half-plane zero far enough to avoid this associated
phase lag?
(1 = DPRyuy (1 —046)2 X4
“ " 2mDL,N? 628 X 046 X 320u X 0.252

= 20.2kHz (7-224)

The answer is yes, we are operating at a crossover frequency located below the 20% of the
RHPZ location. What about the converter peaking, since we operate in CCM with a duty cycle
close to 50%?

1 1

S, 1 T 314 X (0.5 — 0.46)
| D'« + D

s 2

0= 8 (7-225)

n

This result suggests that we damp the subharmonic poles to bring the quality coefficient
below 1. Extracting the S, parameter (the external ramp amplitude) leads to

S—S"(l 05+D)—V"”R"(1 05+D)
© D'\m LD \m "

_90X025 1
~ 320u X (1 — 0.46)\3.14

— 05+ 0.46) = 36kV/s (7-226)

We will see the effects of this external ramp and how to practically generate it. The steps to
follow to stabilize a CCM current-mode appear below:

1. The bridge divider calculation assumes a 250 A current and a 2.5 V reference (TL431).
Thus

25 (7-227a)
Rluwer - 250u = 10kQ
and
19 — 25
Ruper = 550, = 66kQ (7-227b)

2. Open loop sweeps the current-mode flyback at the lowest input level (90 Vdc). Make sure
the optocoupler pole and its CTR are properly entered to compensate for its presence. The
laboratory measurement gave 6 kHz with a CTR varying from 50 to 150%. Figure 7-78
unveils the results. In this example, we considered an optocoupler pull-up resistor of 20 k)
(as in the NCP1200 series, for instance).

3. From the Bode plot, we can see that the required gain at 1 kHz is around +22 dB worst
case. The phase lag at this point is —71°.

4. The k factor gives good results for the current-mode CCM compensation, generally speak-
ing for first-order behaviors. Its recommendations are the following for a 1 kHz bandwidth
and a targeted 80° phase margin:
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FIGURE 7-78 The ac sweep of the CCM current mode does not reveal any large phase discontinuity, except
in the vicinity of the double subharmonic pole.

Ryp = 2.4KkQ
Cppre = 2.2 0F
C,, = 10nF

zero

Once applied, Fig. 7-79 shows the compensated gain curves at both input voltages. Further
sweeps of ESRs and CTR do not show compensation weaknesses. As usual, do not forget to
remove the optocoupler pole X, before running the compensated ac sweeps (see Chap. 3 for more
details)! The simulation reveals a peaking due to the CCM operation and a duty cycle close to
50% at low line, but the associated gain margin seems reasonable. We have then added some
ramp compensation from 10 to 30 kV/s, and results appear in the inset graph. A 20 kV compen-
sation looks good enough for our converter. Increasing the ramp level too much could degrade
the peak current capability and would prevent the power supply from delivering its full power at
low line. Once compensation values are adopted, you can sweep the ESRs between the minimum
and the maximum stated in the capacitor data sheets to check that the converter remains stable.

After the ac analysis comes the cycle-by-cycle simulation to verify our assumptions about
the voltage and current variables and the stability. Figure 7-80 portrays the transient simula-
tion template we have used. Note the presence of the secondary side LC filter which removes
all the ESR-related spikes.

To add ramp compensation, we have implemented the Fig. 7-81 solution (introduced by
Virginia Tech 20 years ago). It offers excellent noise immunity as it does not touch any oscil-
lator section. You can select the various elements of the ramp generator as you need; we found
that the RC values of 18 k() and 1 nF gave good results for 65 kHz operation. If we make the
ramp resistance high enough, constant-current charge equations can thus be used with reason-
able accuracy. Hence, referring to Fig. 7-81, we find

. Vannign 15 _ 800 LA (7-228)
@= R, T I8k a
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FIGURE 7-79  Once compensated, the converter exhibits a comfortable phase margin at both input levels. The
lower left frame shows the effect of ramp compensation on the peaking. A value of 20 kV/s seems to suffice in
this case.

For a 0.46 duty cycle and a 15.4 s switching period, the on-time duration is 7 ps. Thus, the
voltage across C, ramps up to

Ic o max _ 800u X Tu

Ve, = c, n =56V (7-229)
Its voltage slope is then
v
_ Vet 56 _
Sramp = R P 800kV/s (7-230)

Applying Eq. (5-39) with the above data leads to a ramp resistor of

S
ramp 800k
Rmmp = Sg R3 = T()klk = 80k{) (7-231)

This value is inserted into the Fig. 7-80 simulation. Except the ramp compensation circuit, the
application file does not differ that much from the DCM example. Of course, you could replace
the generic controller by a real model, but the simulation time would suffer. We recommend
to test the whole configuration (check turns ratio, currents, and so on) using a fast model; then,
once everything is within limits, you can try a more comprehensive model. Note the presence
of the secondary LC filter, again inserted to reduce the high-frequency ripple.

As shown by Fig. 7-82, the valley and peak currents on the primary side have smaller values
than the ones theoretically calculated. This can be explained by an overall better efficiency com-
pared to the 85% we selected in the original calculation. On SPICE, the MOSFET Ry, stays
constant despite a higher junction temperature. For instance, the efficiency measurement gives
91%, arather good value. The MOSFET total loss amounts to 1.3 W, and the diode losses are 3 W.
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In this particular example, selecting the compo-
nents based on the pure theoretical values gives a
good design margin from the beginning. Be care-
ful, though, when selecting capacitors with a
small margin or without any margin at all, for this
can quickly lead to catastrophic failures in pro-
duction given the dispersions: take margins!

Figure 7-83 portrays the voltage excursion
on the MOSFET drain for the highest input volt-
age (375 V) and shows us that the RCD clamp
network was properly selected. In the labora-
tory, if you missed something in this calcula-
tion, the power-on sequence usually triggers an
ovation in the surrounding audience. In SPICE,
all stays quiet (no fireworks!) if you exceed the
breakdown voltage and you can discretely read-
just values to match your target!

Finally, a load step confirms the compensa-
tion calculations by showing an output voltage
drop of 100 mV at 90 Vrms (Fig. 7-84).

The application schematic uses an NCP1230
from ON Semiconductor (Fig. 7-85). This con-

703
[] —
R2 D1
18k 1N4148
1 C1
Rramp nF
R3
— 1k
[} —
H Rsense

FIGURE 7-81 Deriving the ramp signal from a
low-impedance path such as the driver pin is a good
way to build the compensation waveform.

troller includes a lot of interesting features such as a fault timer which offers excellent short-
circuit protection, even if the coupling between the auxiliary and the power winding suffers
(feedback observation, see Fig. 7-47). Also, given the 90 W output power, if you decide to
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FIGURE 7-82 Simulation results from the Fig. 7-80 template.
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FIGURE 7-83 Drain-source voltage at 375 V of input voltage and maximum load. The diode overshoot does
not appear, but as it usually corresponds to 15 to 30 V, there is a lot of margin until 600 V.
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FIGURE 7-84 The transient response shows a converter under control, leading to a drop of roughly
100 mV.
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include a PFC front-end stage, then the 1230 can directly shut down the PFC in standby, further
saving power. The power supply must still be designed to operate on wide mains (to start up
when the PFC is off in low mains condition), but it must thermally be designed for high line
only (when the PFC is on). The schematic includes provisions for a snubber installed across the
secondary side diode, as ringing often occurs at this location.

The transformer design requires the knowledge of the following data that can be either sent
to a transformer manufacturer or used to build the transformer yourself, sticking to the design
example available in App. 7C.

L, =320 pH

L = 4 A

Ippms = 1.8 A
Isev,rm: = 8 A

F,, = 65kHz

V., =90to 375 Vdc
Vou=19Vat4d7A
NN, = 1.0.25
NNy, = 1:0.2

715 A 35W, MULTIOUTPUT POWER SUPPLY

This third design example describes a 35 W flyback converter operated on universal mains and
featuring the following specifications:

Vimin = 85 Vrms

Viwikmin = 90 Vdc (considering 25% ripple on bulk capacitor)
Vimax = 265 Vrms

Viutkmax = 375 Vdc

Vot =5V £ 5%, Lypar = 2 A

Vour =12V £ 10%, 1, 0 = 2 A

Vs =-12V *10%, 1, .o = 0.1 A

Viipte = AV = 250 mV on all outputs

T,=50°C

MOSFET derating factor k;, = 0.85
Diode derating factor k, = 0.5

This power supply could suit a consumer product, such as a set-top box, a VCR, ora DVD
recorder. Of course, more outputs would be necessary, but this example can be easily trans-
lated to other needs. In this application, we are going to use quasi-square wave resonance (So-
called QR mode). Why? Because

1. The power supply always operates in DCM, so it is easier to stabilize.
2. You can thus select inexpensive “lazy” diodes, so there are no ¢,,-related problems.

3. If you switch in the valley, you reduce C,,,, losses and can sometimes purposely increase
this capacitor to get rid of an expensive RCD clamp.

4. Secondary side synchronous rectification sees benefits from the guaranteed DCM operation.
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On the other side, the drawbacks of the QR operation are as follows:

1. The operating frequency varies in relation to the input and output conditions.
2. The frequency increases in light-load conditions, as do switching losses.

3. A frequency clamp or an active circuitry must be installed to limit the frequency excursion
in light-load conditions; otherwise standby losses can be extremely important.

4. DCM operation incurs higher rms currents compared to the CCM mode.

5. Inthe lowest line and heaviest loading conditions, the frequency can decrease and enter the
audible range, causing acoustical noise troubles.

Despite these drawbacks, a lot of ac—dc adapters and set-top box makers use the QR mode to
improve the overall efficiency, mainly thanks to synchronous rectification. To design a QR con-
verter, we must first understand the various signals present in the flyback operated in this mode and
derive an equation to design the primary inductor. As usual, the design starts with the turns ratio
definition. In a QR design, you strive to reflect a large amount of voltage to the primary side to bring
the wave valley (when the secondary diode blocks) as close as possible to the ground. Thus all
losses linked to the drain lump capacitor are minimized, if not totally canceled (V¢ = 0). For this
reason, designers often select an 800 BV/¢¢ type of MOSFET to allow maximum reflection.

In moderate power designs, such as this one, it is possible to connect an additional capacitor
between drain and source to actually reduce the voltage excursion at the switch opening [see
Eq. (7-17) and Fig. 7-5c]. If a sufficient margin exists, then goodbye costly RCD clamp! For this
reason, the diode overshoot parameter (V) and k, disappear from our turns ratio definition to
the benefit of a new variable, V,,,. Variable V,,, corresponds to the voltage excursion brought
by the leakage inductance and the capacitor connected between drain and source C:

L
Vleak = Ipeak (jl::gk (7'232)

Figure 7-86 depicts a typical signal captured on a QR converter where no RCD clamp has been
wired.

700
x
500 Vieak
» A4
% 3
- >
< 300
o £
[
°
S
100
-100

63.8u 67.9u 71.9u 76.0u 80.1u
Time is seconds

FIGURE 7-86 A QR waveform where the maximum excursion depends on the leakage inductor and
the capacitor wired between drain and source.
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To take into account this additional parameter, the turns ratio definition can be updated as follows:
Vou T Vs

out

N =
BVDSSkD - thlk,max = Vieak

(7-233)

Let us look now at the primary inductor signals. Figure 7-87 depicts the current flowing in
a flyback inductor when operated in QR or borderline mode. One interesting thing, already

le
A Vbulk S . = _M
Son = — off NL
Lp P
Ipeak \ t
]
i
| 1
. : N I .
)
|
|
PN
)
0 ’ >t
|
i
DT,

Tsw

FIGURE 7-87 The inductor current in the borderline mode operation.

highlighted in the PFC section, relates to the inductor average current when QR is employed
in the flyback converter:

I

peak

;= (7-234)

L,avg 2

Looking at the input current, Fig. 7-88 shows how it evolves with time. The average value
delivered by the source becomes

[peakD
L= (7-235)

in,avg 2

To derive the inductor equations, let us use the slope definitions in Fig. 7-87 to find the on- and
off-time durations:

L
P
= - 7-236
ton 1 peak thlk ( )
NL
fy =1, r (7-237)

peak Vout + Vf

As the converter operates in BCM, the DCM power conversion formula perfectly holds:

1
Pout = EL/JIpeukszwn (7—238)
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FIGURE 7-88 The input current (or drain current) in the borderline mode operation.

From this we can extract the peak current definition:

2P,
— ou _2
I peak F Lp n (7 3 9)

If we sum up Eqs. (7-236) and (7-237) to obtain the switching frequency, further replacing the
peak current by the Eq. (7-239) definition, we have

1 2P, ( 1 N )
Sl Ty = L\v—+v Q0+ 7-240
Fvw L pn p Vbulk + Vf ( )

out

sw

As the minimum frequency occurs when the bulk voltage is minimum (low line), then extract-
ing the switching frequency and the inductor leads to

(Vuu + V)zvu min2
L = R o T i (7-241)
b 2P st,min(vo + Vf + ]\/Vbulk,rm'n)2
n(vout + Vf)zvbulk,min2

FVW,min N 2P0utLp(Vnul + Vf + thulk,min)z (7_242)

out ut

where F, .. represents the minimum switching frequency at low line (V,,;, ,..,) and full power.

Equation (7-242) shows how the frequency varies:

* Full load, the frequency is minimum and can enter the audible range. Conduction losses are
prominent over switching losses.

* Light load, the frequency quickly increases and degrades the efficiency by switching loss
contribution.

Figure 7-89 portrays the typical frequency evolution versus load variations for a QR converter.
The next step consists of assessing the rms current, worst case again, low line and full
power. The formula remains similar to the one used in the DCM design:

Dmax
I =1 (7-243)

D,rms peak 3
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FIGURE 7-89 As the load changes, the frequency also adjusts to keep the
DCM mode.

To derive the duty cycle, Eq. (7-235) can be tweaked:

P,, 1 oat D
Vputk minM N 2 (7249
From this D, is extracted:
D, = _ 2P (7-245)
" I peak V putk, minM
Substituting this equation into Eq. (7-243) gives
b = 7-246)
Using Eq. (7-246), we can compute the conduction losses of the MOSFET:
Peiona = Ip yms*R psion @T; = 110 °C (7-247)

As we connect an additional capacitor from the drain to the source, it will result in additional
switching losses. Assuming we switch the MOSFET on right in the wave valley (Fig. 7-86),
the associated switching losses at the highest line input are

Vzm[ + Vf) g

Psw = O'S(Vbulk,max - N CDSF'

sw, max

(7-248)

where V... represents the bulk voltage at the highest line input (375 Vdc in this example).
In that case, the converter is assumed to operate at a frequency defined by Eq. (7-242) where
Vpuikmin 18 TEplaced by v, . ... Depending on the controller, this frequency can be achieved or
clamped if it exceeds a certain value (usually less than 150 kHz for EMI issues).

The design now comes to a point where we need to select a turns ratio to derive the rest of
the variables. To select this particular number N, we first need to list the constraints we have:
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Fmin: This is the minimum switching frequency at full power and low line. If selected too
low, it can bring the converter into the audible range and generate acoustical noise prob-
lems. Too high, it can quickly push the power supply into the upper range of switching fre-

quencies, and switching losses will dominate. 40 kHz can be a number to start with.
F : As emphasized above, we do not want a very high switching frequency because

Eav."z%\‘-248) will lead the MOSFET power dissipation budget. Also, for EMI reasons, keep-
ing the frequency around 70 kHz can be a good point. Let us stick to this value for the

maximum frequency.

L, This is the leakage inductance. We assume it to be 1% of the primary inductance:
»

100

V,ea: This is the key number that we need to optimize. If it is selected too low, the C)

capacitor increases to keep the drain excursion within control, and again the MOSFET suf-

fers from switching losses at high line. If it is too high, we reflect less voltage on the pri-
mary side and the conduction losses now become dominant at low line.

Lleak =

To help select the right V,,,, value, we will plot both switching and conduction losses,
respectively, at high- and low-line conditions, as a function of V,,,. We could also plot the
total contribution P, + P, , at low- and high-line conditions, but we considered switching
and conduction losses separately here for the sake of simpler equations. We then select the
point at which both contributions equal, in order to obtain a balanced budget between switch-
ing and conduction losses at the two input voltage extremes. The iteration exercise also
includes several values for the Ry, in order to dissipate, at the end, a reasonable amount of
power on the MOSFET, at an acceptable cost. A few trials indicated that an Ry, of 1.5
could be the right choice, leading to a dissipated power of 2 W. Based on this R, figure,
Fig. 7-90 portrays the curves obtained through the definition of conduction and switching

25
Pcond
’-QPsw
2|
= A
3
Q "~._‘
15
1
100 150 165 200 250

vleak(v)

FIGURE 7-90 Curves showing the evolution of switching losses (high
line) and conduction losses (low line) as a function of the selected drain volt-
age overshoot. The intersection corresponds to a point where individual con-
tributions are equal. The point could be refined by plotting total losses at both
input voltage extremes but at the expense of more complicated formulas.
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losses as functions of V,,,:

out

4Pout2RDS((m) ( (V{m/ + Vj)vhulk, min

Pcon Vﬂa = v +V.+ (7_249)
d( ! k) 3(V<>ut + V_/’)(nvbulk,min)z s leak)

BVDSSa - thlk,max -

_ PourFs'w,max(zvbulk,mwc - BVDSSa + Vleak)2
P xw(Vleak) - IOOVleakz F

sw,min n

(7-250)

Reading Fig. 7-90 [or equating Eqgs. (7-249) and (7-250)], we find a V,,, value of 165 V. We can
now substitute this number into the above design equations to obtain the recommended values:

Vout

v 5408

N= Bvdsxa - Vbulk,max - Vlmk - 800 X 0.85 — 375 — 165

= 0.041 (7-251)

We will select a turns ratio of 25, or N = 0.04. Knowing the turns ratio, we can calculate the
inductor value given the minimum operating frequency we have chosen (40 kHz):

n(vout + Vf)z Vbulk, min2

L F&w, min(vout + Vf + thulk, min)2

=
»= 2P

out

_ 0.8 X (5 +0.8)2 X 902
T2 X35 X 40k X (5 + 0.8+ 0.041 X 90)2

= 864 nH (7-252)

Selecting a 860 wH indicator; the maximum peak current at low line is found to be

_ 2P, 2 X 35 _
Tpeat = \/ Fovmrloll \/ 0.8 X 40k x 860u _ 104 (7-253)

SW, min

The corresponding rms current then reaches a value of

21,.P
_ peak® out _ 2 X 1.6 X 35 _
I =\ 3V~ N3 X 0.8 X 90 0.72A (7-254)

Based on our Ry, trial, we have selected an 800 V MOSFET, the STP7NK80Z from ST:

BV = 800 V
Rpsonat T, =25°C=15Q
0, =56nC

According to Eq. (7-254), the low-line conduction losses on the MOSFET amount to

Pepi = I ms® Rpson@T; = 110°C = 0.722 X 3 = 1.55W (7-255)

cond —

Assuming a leakage inductor being 1% of L, (8.6 p.H, then), we can calculate the capacitor to
be installed between drain and source to satisfy Eq. (7-232):

Dear\’ 16
Cos = (v ) Liw = (143 ) % 861 = 808pF (7-256)

Select an 820 pF, 1 kV type.
The worst-case switching losses occur at high line, in the valley [Eq. (7-248)] for a prop-
erly tweaked converter, when the switching frequency reaches the selected limit, 70 kHz in this
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design example:

Vom + Vf 2
P, = 0'5<Vbulk,max - N > CDSF.S'w,max

2
=05X (375 - 057084> X 820p X 70k = 1.52W (7-257)
With these numbers on hand, we can now assess the MOSFET dissipation at both input voltage
extremes:

cond

P @Vyuinin = Popa + Pow = 155 + 0 =~ 1.55W (7-258a)

P @Vyimae = Popna + Poy = 05 + 152 = 2W (7-258b)

con

At low line, as the reflected voltage exceeds the bulk voltage, the MOSFET body diode con-
ducts, and we have perfect zero-voltage switching: there are no turn-on switching losses. In
high-line conditions, conduction losses go down but switching losses dominate. In both cases,
we neglected turn-off losses, given the snubbing action of C,g whose presence delays the rise
of V(#). Bench measurements can confirm or deny this design assumption. For a dissipated
power of 2 W, we need to choose a heat sink offering the following thermal resistance:

T ar — Ta

Rop-a = % ~ Ryyc = Ryc-n = w -2 —1=27°C/W (7-259)

We need a peak current of 1.6 A. The sense resistor can therefore be calculated, accounting for
a 10% margin on the peak current selection:

_ 1 _ 1 _
Rewe = 1 11 =16 x 1.1~ 037€ (7-260)

P

You might need to slightly decrease this value on the bench (or use a divider, Fig. 7-63). This
is so because the minimum switching frequency does not account for the delay needed to
switch right in the drain—source valley. This delay artificially decreases the switching fre-
quency, and a higher peak current is needed to pass the power at low line.

The sense element will dissipate:

Py = 1Ip R e = 0722 X 0.57 = 295mW (7-261)

D,rms sense

Select three 1.8 (), 0.25 W resistors wired in parallel.
We have three windings, and the first turns ratio for the 5 V output is already known. To
obtain the other ratios, we have the choice between three options described by Fig. 7-91:

» The normal way imposes three distinct windings, asking a set of two connecting points on
the secondary-side bobbin. Despite a good coupling between the windings, this is the least
performing in terms of cross-regulation. Each wire is sized according to its own individual
current requirement.

The ac stack consists of stacking the winding before the rectifying diode. It can work on sec-
ondaries sharing the same ground and a similar polarity. The number of turns goes down,
compared to the previous solution. The wire size of the lower output winding (5 V) must be
sized according to the rms currents drawn from the above winding (12 V).

The dc stack, on the other hand, connects the windings on the dc output, starting from the
lowest voltage. In Fig. 7-91, we have stacked the 12 V output on top of the 5 V one.
Experience shows that this solution offers superior cross-regulation performance compared
to the ac stack. It is often found on multioutput printer power supplies. Given the arrange-
ment, the 12 V diode sees a reduced voltage stress compared to the normal solution. We will
come back to this in the secondary study.
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FIGURE 7-91 Three different options to wire the secondary windings.
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Transformer constructions can become complicated using these techniques while ensuring
compliance with the international safety standards. Reference 11 presents several solutions on
how to arrange the various windings and how that affects performance. In this example, we
will adopt the dc stack solution.

With an original turns ratio of 1:0.04 for the 5 V output, we can quickly derive the turns
ratios of the other windings. The negative 12 V winding ratio is simply

= 1:N, 12

555 = 1:0.04 X 2.4 = 1:0.096 (7-262)

N,:N,

s,12neg

The 12 V being stacked on top of the 5 V, it must deliver 7 V. Thus

N,:N, = l:N,S% = 1:0.04 X 1.4 = 1:0.056 (7-263)

s,12pos s.

What is the problem here? We do not account for the forward drop of each diode at the selected
output current. Either we update Eqs. (7-262) and (7-263) to include this V, information or we
go through average simulations, using the selected diodes, and adjust the ratios to fit the targets.
Regarding these diodes, what are their respective stresses and losses? For the 5 V output,

the peak inverse voltage is the following:
PIV = Vbulk, maxN +V

out

=375 X004 +5=20V (7-264)

Select a 40 V Schottky diode, sustaining 6 A at least. Remember, given the stacked configura-
tion, the 5 V diode also sees the output current of the 12 V line ( =2+2=4A)! An
MBRF2060CT fits the bill:

I davg

MBRF2060CT

TO-220 full pack

Veat[T; = 100°C and I, = 4 A] = 0.5 V
Maximum junction temperature = 175 °C

Its associated conduction losses are then

Poa = Vilyue = Vil = 0.5 X 4 = 2W (7-265)

cond ~ out

For a 2 W dissipation need, a small heat sink must be added. It should have a thermal resis-
tance of

- T, _
Roya=—p — ~Ryc™ Roycn = %50 —-2-1=22°C/W (7-260)

For the negative winding, —12 V, the reverse voltage reaches

PIV = VymaeN TV,

out

=375 X004 + 12 =27V (7-267)

Selecta 60 V, 1 A diode, fast switching type given the low output current (100 mA). We found
that an MBR160LRG was a good choice:

MBR160T3G

SMA package
Veat[T; = 100°Cand 7, = 0.1 A] = 0.3V

Its associated conduction losses are
Peona = Vi1, VI, = 03 X 0.1 =30mW (7-268)

d,avg = Sfrout
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For the positive 12 V winding, the PIV slightly differs as the +5 V comes in series with the
winding when it swings negative. Thus

PIV = VN — 5 + V,,, =375 X 004 + 12— 5 =22V (7-269)

For a 2 A output and a 40 V breakdown, the MBRS540T3G looks good (5 A diode):

MBRS540T3G
SMC package
Veat[T;=100°Cand [, =2 A] =035V

Its associated conduction losses are then

Peona = Vilgae = Vil = 035 X 2 =700mW (7-270)
If we install the diode over a 3.2 cm? copper frame for each lead, the junction-to-ambient ther-
mal resistance drops to 78 °C/W. The diode junction in a 50 °C ambient thus reaches

T, =T, + Ry 4Popg = 50 + 78 X 0.7 = 104 °C (7-271)

The secondary side capacitors must now be chosen, given the ripple characteristics for each
output. We usually calculate the capacitor constraints by estimating the peak (ESR-linked
ripple) and the rms (losses) currents flowing through them. Unfortunately, on a multioutput
flyback converter, it is extremely difficult to predict current wave shapes and derive their asso-
ciated peak and rms values. The presence of multiple leakage inductances degrades the whole
picture, and using the standard T model would lead to errors. Figure 7-92 shows the cantilever

L14
L24

L13

L12 L23 L34

1:N2 1:N3 1:N4
Pri L . Vout1 . | Voutz . VoutS
rlmazs L11 j” D1 l+gq jn D2 o jn D3 l+cs
w1 “we T ows T wa

FIGURE 7-92 The upgraded cantilever model accounts for the multiple leakage inductors brought by the
transformer construction.

model developed by CoPEC and presented in Ref. 12. This model leads to a good agreement
between the simulated waveforms and the observed oscilloscope signals, but finding its
parameters experimentally is a difficult and long exercise. The configuration and the way
transitions occur depend on the installed clamping circuit. It is possible to show that at the
switch opening event, the magnetizing current splits between the winding at a pace imposed
by the leakage inductances L,,, L5, and L,, and not by the individual output currents. As a
result, the secondary side currents are sometimes far from the classical triangular wave shapes,
and the simple equations that we derived no longer hold. On this particular design, given the
low current on the third winding, we can try to find the rms and peak currents by using a
simple two secondary winding equivalent arrangement, assuming truly triangular waveforms.
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In other words, the results given below are approximate, and bench experiments are manda-

tory to individually check the assumptions.
We first need to calculate the maximum duty cycle at low line [Eq. (7-245)]:

2Pm
D — out 2><35

= Voo™ 1.6 X 90 X 0.8 0.61 (7-272)

Now, as we operate in DCM, the current flowing in the 5 V diode, which also includes the
12 V, 2 A loading current as they are dc stacked, peaks to the following value, again assuming
a plain triangular shape:

2(Iom‘l + Iout2) _ 2 X4 _
Liee, pearsy = 1—-D “T-061 20.5A (7-273)

max

As both direct currents are equal on the 5 V and 12 V lines, we consider that they perfectly split
in two, leading to a 10 A peak current on their respective diodes. Please keep in mind that this
is just a rough approximation given the role of the leakage inductances of Fig. 7-92 which force
different turn-off times on all diodes. Based on this result, for both 5 V and +12 V outputs, the
capacitor ESRs must be smaller than

V.
ripple 0.25
Isec,peak = 10.5 =24 mQ (7'274)

RESR =

Searching a capacitor manufacturer’s site (Rubycon), we found the following references:

5 V output:

2200 nF — 10 V — YXG series

Radial type, 12.5 (¢) X 20 mm

Rige = 35mQat T, = 20 °C and 100 kHz
I =19 A at 100 kHz

C,rms
12-V output:

1500 wF — 16 V — YXG series

Radial type, 12.5 (¢) X 20 mm

Rpgr = 35mQ at T, = 20 °C and 100 kHz
I =19 A at 100 kHz

C,rms

Putting two capacitors in parallel for each output must give the ESR we are looking for. The
rms current flowing in the 5 V line, which also includes the 12 V consumption, can be roughly
evaluated via

1 —D 1 —
Isec,rmsSV = [xec,peakSV % = 205 X 137061 = 74A (7—275)

Assuming an equal split between currents, we can use Eq. (7-170) to calculate each capacitor
rms current:

Isec,rms 2
I =~ \/ ( . Sv) My = V32— 2 =31A (7-276)

out,rms
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In other words, the combination of two capacitors in parallel fits the rms current figure. The
total ESR drops to

Risr o1 = 357m ~ 18m() (7-277)

The loss incurred by this resistive path amounts to

Pe = I¢ m?Rpse = 3.12 X 18m = 173 mW (7-278)

We are now set for the capacitors, at least for the two main outputs. Given the transformer leak-
age behavior, we cannot predict the rms and peak currents for the —12 V output. Therefore, a
cycle-by-cycle simulation will bring us additional information. However, we will arbitrarily
put a 470 wF capacitor for the average simulation.

For the average simulations, we are going to use the borderline model already tested in the
PFC applications.

L, =860 pH

R, =050

NN, = 0.04,5 V2 A, Ry = 2.5 Q)

NN,y =0.053, 12 V2 A, R,y = 6 Q

NN, = 0.088, —12 V/100 mA, R,,,, = 120 Q

C,,1 = 4400 uF, Ryge = 18 mQ

C,,p = 3000 uF, Ryge = 18 mQ

C,un = 470 pF, Rg, = 250 mQ) (arbitrarily selected)

our2

In this design, given the multiple-output configuration, we want to implement weighted
feedback. That is, the TL431 will observe several outputs, each affected by a certain weight
depending on its required tolerance. Figure 7-93 shows how to wire these resistors on the 5 V
and the +12 V outputs.

INT 5V 12V

RLED

H Rupper H Rupper

q\\ 5V 12V
Czero
I
U1
TL431
Rlower
10k

FIGURE 7-93 Weighted feedback offers superior per-
formance in multioutput configurations.
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The calculation is similar to the regular way, except that a coefficient—the weight—is
affected to the upper-side resistors. In this example, the 5 V needs to be the most precise
(£5%), but the 12 V cannot drop below 10.8 V. An initial trial where we assign 70% (W) to
the 5 V and 30% (W,) to the 12 V can be tested. The calculation is as follows:

1. Choose a bridge current. We usually select 250 A, leading to a lower-side resistor of

Vie 25
Ibridge 250u

Ry = = 10kQ (7-279)

2. The upper-side resistors follows the same procedure as for a single-output calculation,
except that the final result is divided by the corresponding weight:

R _ Vaull - Vre _ 5—-25 _ 143](0 280

wpersV = W, 250u X 07 (7-280)
VoutZ - Vref 12 =25

RupperlZV = IbridgeWZ = 250u X 0.3 = 1266kQ (7-281)

What bandwidth do we need, given the capacitor selection? Let us use the same formula which
links the output drop (neglecting ESR effects) to the available bandwidth. In lack of specifica-
tion for the output current changes, we will assume a step from 200 mA to 2 A on the 5 V and
12 V lines. We select the output featuring the lowest capacitance in this case.

~ AIOMI — 1.8
2m,AV,,C,, 628 X 0.25 X 3000u

out™ out

f. ~ 382Hz (7-282)

We will adopt a 1 kHz bandwidth, giving us a comfortable margin. Here, we do not need to
worry about an RHPZ as it does not exist (in the low-frequency domain at least), thanks to the
permanent BCM operation. The complete ac circuit appears in Fig. 7-94 and requires some
comments:

1. We assume an internal division by 3, as for the other controllers used in design examples 1
and 2. If you choose an NCP1207A or an NCP1337 from ON Semiconductor, this is the
case.

2. As we use weighted feedback, we cannot observe a single output since two are used for the
loop. We will thus observe the total result, made of the sum of the 5 and 12 V lines, affected
by the chosen weight. The observed point is labeled OLW.

3. As for the previous design, we first sweep with the optocoupler in the loop path to account
for its pole and the additional phase shift it brings. It is then further removed to check the
final result. We kept the pole at 6 kHz with a CTR of 1.5. Of course, these parameters will
change depending on the type of component you use here (see Chap. 3 for more details on
the optocoupler).

4. The bias points show a switching frequency of 45 kHz and a peak current of 1.4 A (V_/R)).

5. Observing an on time of 13.4 ws with a 45 kHz switching gives a duty cycle of 60.3%, in
agreement with Eq. (7-272).

The resulting Bode plot appears in Fig. 7-95. At a 1 kHz point, the deficit in gain is —32 dB,
and the phase lags by 83°. The k factor method gives acceptable results for a first-order system
like this QR flyback. Hence, thanks to the automated method, the compensation can be quickly
made following the procedure recommendations (see other design examples and Chap. 3 for
more details):
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FIGURE 7-94 The complete ac circuit for the multioutput flyback converter where the optocoupler pole pur-
posely appears in the chain.

1. We place a pole at 7 kHz, C,,, = 1.2 nF.
2. A zeroislocated at 150 Hz, C_,_ = 75 nF.

zero

3. The LED resistor is calculated to offer a 32 dB gain boost at 1 kHz. R, ;, = 750£).

For the above calculation, we have arbitrarily selected the 5 V output upper resistor to calculate
the zero location. Since we have two loops, this placement will obviously affect the other loop
(the 12 V path), but as long as the final result observed on the feedback pin gives adequate phase
margin, we are safe. Figure 7-96 confirms this assumption by plotting the open-loop gain after
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FIGURE 7-95 The open-loop small-signal response of the multiple-output flyback converter operated in QR.
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FIGURE 7-96 The final loop gain shows the right crossover frequency with a good phase margin.
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proper compensation (observed on the optocoupler collector). As usual, all stray parameters such
as ESRs must now be swept to check that they do not threaten the phase margin in any case.
We can now assemble the cycle-by-cycle model and verify a few key parameters such as rms
currents and the peak voltage on the drain at the maximum line input. Figure 7-97 depicts the
adopted schematic. The core reset detection is obtained via an auxiliary winding to which an RC
delay is added (R,C,, on pin 1 of the controller). This delay helps to switch right in the minimum
of the drain wave and slightly reduces the switching frequency, leading to a higher peak current.

L1 R1
P 2.2u 10m
!
AR AAA
™19 22 21<V12Vneg
L6 D1
250 MBR140P
2 i R2 R3
XY 150m 250m
. LT 2 SRS
- =0. <
b= 850 Vout1 =5 t ] c1
=5 Vout2 =12 T 470u Lc2
fo =1k 100u
pm = 80 Ibridge = 250u
Gfc =-32 W1=0.7
pfc=-83 w2=03 b2 ¢ L2 R4 =
G = 10~(-Gfc/20) Rlower = 2.5/lbridge X MBRS340T3 22u 10m Vi2Vv
Boost = pm-(pfc)-90 Rupper5V = (Vout1-2.5)llbr|d_gelw1 u Vi2 Vpos
pi = 3.14159 Rupper12V = (V,,;; 2-2.5)/Ibridge/W2 33
K = tan((boost/2+45)*pi/180) |g5
u
Fzero = fc/k 2400 5% [ 18 ZR5 ZR6
Fpole = k*fc k X2 <>18m <250m
HI G vive a2 SRioad2
Rpullup = 20k o RATIO = —0.054 6
RLED = CTR*Rpullup/G al 35 c3
Czero = 1/(2*pi*Fzero*Rupper5V) T 3mF Arc4
Cpole = 1/(2*pi*Fpole*Rpullup) 100u
CTR=1.5
Pole = 6k .
PO = 1/(6.28*Rpullup*Pole) =
15V
Rp RATIO_POW = —0.04 13 R7
300m 2 RATIO_AUX =-0.1 V5V
MA——T VsV
Ip >
L R8
Vee (fp) <>250m
Ve 29 2H|§ad1
R12 . ’
10k fagers
A T 100u
Aux Lleak XL
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1N4148 + 12v}
FB z- 2o
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22 I X5 Cpole =PO
FreeRu & I STB12BK 17 | CTR=15
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2
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FIGURE 7-97 The cycle-by-cycle simulation circuit. We purposely added some leakage inductances on the
transformer model, as described in App. 4B.
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FIGURE 7-98 The simulation schematic for the QR converter. The simulation makes use of the FreerunDT
model.

Simulation results appear in Fig. 7-98, showing the output voltages and their associated main
capacitor ripples (before the LC filter). The capacitor rms currents are slightly above the analytical
prediction, mainly because of the primary current split at the switch opening which induces a non
triangular shape. The negative line requires a capacitor capable of accepting an rms current of
around 600 mA, with a peak reaching 6 A. Note the short pulse duration on this particular wind-
ing. The primary current now climbs up to 1.7 A, for a 33 kHz operating frequency.

Figure 7-99 offers simulation results on the MOSFET drain signal. At low line, as we reflect
more than the input voltage, the body diode is biased and the switch turns on at zero voltage: there
are no switching losses at turn-on. At high line, the delay introduced by R,C, makes us switch right
in the valley, limiting switching losses. The delay after DCM detection lies around 3 ws. Thanks
to the capacitor installed between drain and source, the peak voltage reaches 580 V, well below
the 800 V limit. Needless to say, your transformer manufacturer must not change the transformer
construction once the final prototype and its associated leakage inductance have been qualified!

Finally, a low-line transient response on the 5 V line will let us know if our design is prop-
erly stabilized, at least on the computer! The 5 V output is stepped from 1 to 2 A in 10 ps.
Figure 7-100 portrays the transient response delivered by the cycle-by-cycle simulation. All
drops are within the specification limits. Given the simplified transformer model used here,
bench validations are necessary on both small-signal and transient aspects.

Figure 7-101 depicts the final application schematic involving an NCP1207A or the more
recent NCP1337. The auxiliary winding serves the purpose of core reset detection only, as the
1207A is self-supplied by its internal dynamic self-supply (DSS). Make sure, however, that the
Q. and the maximum switching frequency are compatible with the DSS current capability. To
cope with the eventuality of a weak supply, a simple diode wired to the auxiliary winding can
permanently supply the controller.

The following transformer information can then be passed to the manufacturer for the pro-
totype definition. RMS results are obtained from a low-line simulation:
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FIGURE 7-99 The drain-source voltage waveforms at low line and high line. The peak stays under control
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FIGURE 7-100 The transient response shows a well-stabilized converter.
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FIGURE 7-101
ing as an auxiliary V. in case the DSS were too weak.

L,=860pH,1,, =800mA,l,, =175A
NNy = 1:0.04,5V2 A L s = 8 A
N,:Ng, = 1:0.053, 12 V/2 A — dc stacked on
N,:Ng = 1:0.088, - 12 V/100 mA, I

2> Tsec3,rms
F,, =40 kHz

N, 1

s1® “sec2,rms

= 580 mA

716 COMPONENT CONSTRAINTS FORTHE

FLYBACK CONVERTER

=43A

The final converter circuit using an NCP1207A. An option exists to wire the auxiliary wind-

To complete the flyback design examples, we have gathered the constraints seen by the key
elements used in this configuration. These data should help you select adequate breakdown
voltages of the diode and the power switch. All formulas relate to the CCM and DCM

operations.
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WHAT | SHOULD RETAIN FROM CHAP 7

The flyback converter is certainly the most widespread converter on the consumer market.
Given its simplicity of implementation, many designers adopt it for power levels up to 200 W.
Throughout this chapter, we have reviewed a few important things to keep in mind when you
are thinking about a flyback:

1.

The leakage inductance plagues any transformer design. As power goes up, if your leakage
term does not stay under control, your clamping network might dissipate too much power
for a given printer circuit board (pcb) area. Make sure the manufacturer you have selected
understands this and guarantees a constant low-leakage term.

Watch out for the maximum voltage seen by the semiconductors, and in particular, the pri-
mary MOSFET. Adopt a sufficient design margin from the beginning, or failures may
occur in the field. The same applies for the secondary diode: do not hesitate to place
dampers across diodes to calm dangerous oscillations.

Often overlooked is the rms current on the secondary side capacitors, as it greatly affects
their lifetime. The problem becomes huge if you design in DCM or in quasi-resonant mode.
The small-signal study leads to an easier design for peak current-mode converters com-
pared to voltage-mode ones. Transition from one mode to the other is well handled for
current-mode control power supplies whereas it becomes a more difficult exercise for
voltage-mode based converters.
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5. Simulation does not lend itself very well to multioutput converters, unless you can plug a
good transformer model. Thus, bench measurements are even more important to check the
rms currents found in the various secondaries.

6. The standby power criterion is becoming an important topic these years. We recommend
that your designs already include low standby power conversion techniques; that is, pick
up less power-greedy controllers implementing skip-cycle or off-time expansion in light
loads and so on. UC384X-based designs are really poor on the power-saving performance
and should be left over for no-load operated power supplies permanently connected to the
mains. So-called green controllers are generally slightly higher priced than the standard
controllers, but the benefit for the distribution network is incomparable.
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APPENDIX 7A READING THE WAVEFORMS TO
EXTRACT THE TRANSFORMER PARAMETERS

Observing the drain—source waveform of a flyback converter can teach the designer a lot. First,
you can immediately see if the power supply operates in DCM or CCM: identifying some ring-
ing at the end of off time as in Fig. 7A-1 unveils a DCM mode. Second, measuring the various
slopes and frequencies in play leads to extracting the parameters pertinent to the transformer.
Figure 7A-1 represents the signal captured on a flyback converter supplied from a 300 Vdc
input source, the drain voltage, but also the primary current. To determine the transformer ele-
ments, we have several equations we can use:

The primary slope S, , indirectly delivered by measuring the di/dt of the drain current, equals

Vin
St

= 'in (7A-1
’ Lp + Lleak )
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FIGURE 7A-1 A typical flyback wave obtained from a flyback converter.

The ringing frequency at the clamp diode opening involves the leakage inductance and the
drain lump capacitor:
1

2 \/Lleakclump

f}eak =

Finally, the DCM frequency also implies the lump capacitor but associated with the sum of
leakage and primary inductors:

foou = To————
e 2@ (Lleak + Lp)clump

(7A-3)

Observing Fig. 7A-1, we found the following values:

Sy, = 378 mA/ps
Jpem = 500 kHz
Jreax = 392 MHz
V,, =300V

We have a set of three unknowns (L, L, and C,,,,,,) and three equations. Solving this sys-
tem gives the individual transformer elements:

Sy
_ » _ 378k _ TA-4
Cump = 4y £ 227 — 4 x 300 x 5002 x 3.142 ~ \27PF 7A-4)
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FIGURE 7A-2aand b Secondary side diode anode signal.

_ 1 _ 1
Lrea = 472,02 Chpp 4 X 3.142 X 3.92Meg? X 127p

= 13pH (7A-5)

Lo Vo T Sl 300 = 378k X 130 _ o0 (7A-6)
v S, 378k b

»

Looking back to the real transformer data sheet, we have a primary inductor of 770 wH and
a leakage term of 12 wH. Our results are within very good limits. Just a final comment: make
sure the frequencies read by the oscilloscope do not change too much when you observe the
ringing with the probe in close proximity of the drain point (no electrical contact). Otherwise,
it would mean the probe capacitance changes the ringing frequency and should be accounted
for in the final results.

To obtain the turns ratio of any secondary winding, hook your scope probe on the anode of
the secondary side diode of concern and measure the voltage. You should see something like
Fig. 7A-2. The voltage drops to the input voltage multiplied by the turns ratio N. As we mea-
sured around 50 V from a 300 V input voltage, the ratio is simply

50

N = 300 — 166m (7TA-7)
Looking at Fig. 7A-2b triggers a very important comment. Equation (7-3) defines the peak
inverse voltage of the secondary diode without considering any spikes. The figure speaks for
itself: we have 13.3 V above what Eq. (7.3) would give us. Thus, always consider a safety mar-
gin when you are applying the theoretical formula and run a complete set of measurements on
the final prototype to check this margin! Here, the worst-case condition would be the maxi-
mum input voltage. Adjust the loading current to check how the ringing amplitude evolves and
chose the peak value. Then, apply an X2 coefficient for the selected diode Vigg,,.

APPENDIX 7B THE STRESS

The voltage or current stress represents an important factor in a component’s lifetime, passive
or active. Without entering into the details of energy activation and Arrhenius’ law (Svante
Arrhenius, Swedish, 1859-1927), there are a few commonsense remarks we can express in this
appendix.
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7B.1 Voltage

First, the breakdown voltage. Have you ever observed a voltage on a component above what
is stated as the maximum rating in the data sheet, for instance, 620 V on a 600 V MOSFET?
Why is the component still alive? Maybe I have a good design since it does not fail? Well,
this is so because the manufacturer installs some guard bands on the probing program. These
guard bands ensure that the worst element found after the wafer diffusion, and accepted for
release, satisfies the stated breakdown. For instance, a 600 V MOSFET will be released as
long as its leakage current, worst case, at 600 V is less than a few tens of microamperes. Thus,
thanks to an extensive characterization work carried at various junction temperatures and
including process variations, the manufacturer knows that a permanent 600 V bias will be
safe. However, as in the production chain, there can be strong candidates, those whose break-
down is above the ratings (e.g., 630 V) and those which are weak (e.g., breaking down close
to 600 V). Do not rely on a higher breakdown voltage considering the safety margin installed
by the manufacturer—never! Make sure you apply your own safety margin on top of this one.
A lot of SMPS makers derate their own operating voltages and currents by 15% compared
to what is stated. This the derating factor &, used throughout Chap. 7. Hence, for a 600 V
MOSFET, tailor your clamping network to stay within 510 V in worst-case conditions.
Tough, no? Perhaps a 650 V MOSFET will help, in certain cases. Avoid the 800 V versions;
their Ry, is larger and they are much more expensive than their 600 V counterparts. Note
that BV ¢, of MOSFETs and diodes (for a breakdown above 6.2 V) exhibits a positive tem-
perature coefficient.

On the same tone, another important recommendation: do not use the MOSFET body diode
avalanche capability as a permanent transient voltage suppressor (TVS). This is the best way
to quickly kill the component. First, MOSFET avalanche capabilities are usually stated with
an energy obtained from a large inductor and a small current, which is not the reality. Most of
the time, you have a small inductor and a large current (thus a strong I, > component) flowing
in your circuit. The fuse effect is thus strengthened with a larger rms current. When the MOS-
FET finally avalanches, a few observations can be made:

¢ The current flows through the internal parasitic NPN transistor obtained by the vertical dif-
fusion of the die. Its collector-base junction avalanches.

* As the current flows through this path, only a small percentage of the die is activated; hence,
there is a resistance to the current flow much larger than if 100% of the die were activated.

* A voltage breakdown is like a lightening strike: you cannot precisely predict where the cur-
rent will flow in the die. Bad luck might route the avalanche current to weaker portions of
the silicon and smoke pops up.

As a summary, you can allow accidental avalanche on the MOSFET, for instance, in the
presence of input surges. If this is true for vertical MOSFETs (who remembers the VMOS
these days!), never go above the BV ¢, for lateral MOSFETS such as those used in monolithic
switchers. They also have a body diode, but it cannot accept any avalanche energy. A simple
low-energy pulse would thus be lethal to the component.

Similar recommendations apply to the diode. Some data sheets state a nonrepetitive peak
reverse voltage (Vig,,), again meaning that only an accidental surge is allowed. The safety fac-
tor for a diode, denoted by k,, given the presence of ringing, is 100%. Yes, if you calculate a
peak inverse voltage (PIV) of 50 V, select a 100 V diode.

Regarding the MOSFET driving voltage, there is no need to exceed 15 V. Above a V¢ of
10 V, the Ry, decreases only by a few percent and you dramatically increase the driving
losses while reducing the MOSFET lifetime. The approximate heat lost in the MOSFET dri-
ver (the PWM controller) can be found from

Pdriver = VGSQGFYW (7B' 1)
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where Q; represents the total gate charge needed to fully turn on the MOSFET and F,, is the
switching frequency.

By the way, the gate charge represents an important value. It directly indicates the switch-
ing speed you can expect with a given drive output capability. If your data sheet indicates a
total gate charge of 100 nC (a strong power MOSFET), and the driver can deliver a constant
peak current of 1 A, you turn on in 100 ns!

0%
W I

peak

(7B-2)

In practice, CMOS-based drivers exhibit a resistive output impedance, and the driving cur-
rent diminishes as V() increases. I know, it was not the case with bipolar-based output stages
such as those from the UC384X series: the early effect was small enough to make them behave
as almost ideal current sources despite V,, variations.

Make sure no drain spikes bring the gate-source voltage above the gate oxide breakdown
voltage (£20 V or £30 V depending on the type of MOSFET). A gate-source zener often
helps to reduce the associated risks with spikes coupled from the drain to the gate when high-
voltage spikes show up. Unfortunately, given the sharpness of the zener, oscillations can some-
times occur and must be carefully observed, especially if you fear a large stray inductance
(long wire to the MOSFET gate from the drive output, for instance). Inserting a small resistor
close to the MOSFET gate (10 ) will help to damp the whole parasitic network.

7B.2 Current

Current stress relates to power dissipation and transient thermal impedance. Again the subject
would need a complete book to be properly treated. Basically, the junction temperature of the
device must stay within acceptable limits. What are these limits? With a diode or a transistor,
for instance, the mold compound (the black plastic around the component leads) represents
physical limits beyond which the junction cannot go. Why? Because the mold powder would
melt down and deteriorate and contaminate the die. The die itself (at least the silicon) can reach
temperatures as high as =250 °C, above which the silicon is said to be intrinsic. (It loses its
semiconductor properties and becomes fully conducting—if it is not destroyed, it recovers
when cooling down.) In TO3 packages, where there is no mold compound, you can allow high
operating temperatures. For instance, ON Semiconductor 2N3055 states a maximum junction
temperature as high as 200 °C! Put the same die in a traditional TO220 package, and the max-
imum rating would probably drop to around 150 °C.

A 20% derating on the maximum die temperature represents an acceptable tradeoff. For
instance, a TO220 MOSFET accepts a junction temperature up to 150 °C, so make sure the
worst-case die temperature stays below 110 to 120 °C. An MUR460 (4 A, 600 V ultrafast
diode) accepts a junction temperature up to 175 °C. A 20% derating would lead to a maximum
junction temperature of 140 °C. The junction temperature can have another side effect. Some
SMPS manufacturers’ quality departments (or their end customers) do not accept heat sink or
component body temperature above 100 °C in the maximum ambient temperature. Make sure
the heat sink calculation, involving the various thermal resistances, leads to the right case tem-
perature. Sometimes, you find that a given MOSFET Ry, will pass the specification, but
given the size constraints on the heat sink dimensions, you might need to adopt a much lower
on resistance type to pass the case temperature requirement.

Another less known phenomenon relates to the so-called thermal fatigue. This occurs when
you have important junction temperature excursions within a very short time. Because the
energy duration is short, the heat does not have the time to propagate to the case and heat sink,
and a local hot spot occurs. The temperature gradient can be so large that it induces a physical
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stress on the junction or the connection pads which often give up. For instance, a semiconduc-
tor operated at an average junction temperature of 90 °C with a 20 °C ripple on it will suffer
less than a 60 °C operated junction subject to a positive 50 °C excursion every 10 ms.

APPENDIX 7C TRANSFORMER DESIGN FORTHE
90 W ADAPTER

Contributed by Charles E. Mullett

This appendix describes the procedure to design the transformer for the 90 W CCM flyback
converter described in Chap. 7. Thanks to the derived equations and simulations, we have gath-
ered the following electrical data pertaining to the transformer design:

L, =320 pH Primary inductor

Lpmax = 4 A Maximum peak current the transformer will accept without saturation
Lppms = 1.8 A Primary inductor rms current

Liperms = 8 A Secondary side rms current

F,, = 65kHz Switching frequency

Ve =19V @47A  Output voltage and the dc output

N,:N; = 1:0.25 Primary to secondary turns ratio

NNy, = 1:0.2 Primary to the auxiliary winding turns ratio

7C.1 Core Selection

Based on the above data, several methods exist to determine the needed core size. In this
appendix, we will use the area product definition. The first step therefore consists of finding
the required area product W, A , whose formula appears in the Magnetics Ferrite Core catalog
available through the Ref. 1 link:

POM[
j— 14 -
Wl = K KB, Fopd (7¢-D

where W, A, = product of window area and core area, cm*
P, = output power, W
J = current density, A/cm?
B,,,. = maximum flux density, T
F,,, = switching frequency, Hz
K_ = conversion constant for SI values (507)
K, = topology constant (for a space factor of 0.4). This is the window fill factor. For
the flyback converter, use K, = 0.00033 for a single winding and K, = 0.00025

for a multiwinding configuration.

Some judgment is required here, because the current density and flux density are left to the
designer. A reasonable, conservative current density for a device of this power level, with natural
convection cooling, is 400 A/cm?.

The flux density at this frequency (65 kHz), for modern power ferrites such as Magnetics “P”
material, is usually around 100 mT (1000 gauss). This can also be approached by choosing a loss
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factor of 100 mW/cm? (a reasonable number for a temperature rise of 40 °C) and looking up the

flux density on the manufacturer’s core material loss data. Doing this for the Magnetics Kool

Mu.® material yields a flux density of 45 mT (450 gauss). We will use this for the design.
Therefore we have

WA _ Pvut 104 _ 90 X 10000
¢ T K KB, Fswd 7507 X 0.00033 X 0.045 X 65000 X 400

t~ max

= 4.6cm*

(7C-2)

Looking at the core-selection charts in the Magnetics Kool Mu.® catalog, we choose the DIN
42/20 E-core. It features an area product of 4.59 cm*, a very close match to the requirement.
For future reference, it has a core area of A, = 2.37 cm?.

7C.2 Determining the Primary and Secondary Turns

Per the design information in the Magnetics Ferrite Core catalog, and based on Faraday’s law,
we have

Vin,minlo4

N, = 4BAF.. (7C-3)
where N, = primary turns
Vimin = Minimum primary voltage
B = flux density, T
A, = effective core area, cm?
F,,, = switching frequency, Hz

This assumes a perfect square wave where the duty ratio D is 50%. In our case, the duty ratio
will be limited to 0.46 and will occur at minimum input voltage, or 90 Vdc (85 Vrms consid-
ering 25% ripple on the bulk capacitor). One can either correct for these in the equation or use
another version that expresses the same requirement in terms of the voltage at a given duty
ratio.

Vin,min lon,max 1 04
N, = T oBA, (7C-4)
where t,, ... = the maximum duration of the pulse applied to the winding. And, in the denom-

inator, the 4 is replaced by a 2, due to the fact that the square wave actually applied the volt-
age during one-half of the period, so it was accompanied by another factor of 2.
In this case,
Dy _ 046

lan,mnx = Dmaxwa = Fi = ﬁ =17.07 (V) (7C—5)

Thus,

90 X 7.07u X 104

P = 2% 0045 x 2.37 _ S0tumns (7C-6)

Now, applying the required turns ratio to determine the secondary turns gives

Ng; = 0.25N, = 0.25 X 30 = 7.5 turns (7C-T7)

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2008 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SIMULATIONS AND PRACTICAL DESIGNS OF FLYBACK CONVERTERS
734 CHAPTER SEVEN
The other secondary winding, the auxiliary winding, must have a turns ratio of 0.2, so the best

fit of turns for these two secondaries is 10 turns (power) and 8 turns (auxiliary). We then round
off the main secondary turns to 10 turns and recalculate the primary turns:

_ 10 _
N, = 025 40 turns (7C-8)

And the auxiliary winding will have 8 turns.

Ny, = 40 X 0.2 = 8turns (7C-9)

7C.3 Choosing the Primary and Secondary Wire Sizes

The wire sizes can now be determined, based on the previously chosen current density of
400 A/cm?. In the case of the primary, the stated current is 1.8 A rms, so the required wire
area will be

ILI,, rms 1.8

J 400

Aw(pri) = = 0.0045cm? = 0.45 mm? (7C-10)

This corresponds closely to a wire size of 21 AWG, which features an area of 0.4181 mm?2.

Fitting the windings into the bobbin usually requires some engineering judgment (and
sometimes trial and error), as one would like to avoid fractional layers (they increase the leak-
age inductance, meaning that they result in poorer coupling and reduced efficiency) and also
minimize skin effect by keeping the diameter below one skin depth. In this case, using two con-
ductors of approximately one-half the area is a wise choice. This suggests two conductors of
24 AWG. The final choice will depend on the fit within the bobbin.

Interleaving the primary winding is also advantageous, as it significantly reduces the leak-
age inductance and also reduces the proximity losses. With this in mind, we will try to split the
winding into two layers of one-half the turns, or 40/2 = 20 turns on each layer, with the sec-
ondary windings sandwiched in between the two series halves of the primary. With two con-
ductors of no. 24 wire, the width of the 20-turn layer will be (assuming single-layer insulation
on the wire) 0.575 mm dia. X 2 X 20, or 23 mm. The bobbin width is 27.43 mm, so this does-
n’t leave enough margin at the sides for safety regulation requirements. Reducing the wire size
to no. 25 is the answer. The reduction in wire size is well justified, because a fractional layer
would surely increase the winding losses.

The secondary current is 8 A rms. For a similar current density of 400 A/cm?, the wire size
will be

1
sec,rms i _ P 5
7T 200 0.02cm? = 2mm (7C-11)

Aw(sec) =

The corresponding wire size is 14 AWG, which has an area of 2.0959 mm?. To reduce the skin
effect and product a thinner layer (and also spread it over a greater portion of the bobbin), we
will use two conductors of no. 17 wire, which will have a total area of 2 X 1.0504 mm?, or
2.1008 mm?. Since the diameter of single-insulated no. 17 wire is 1.203 mm, the 10 turns of
two conductors will occupy a width of 10 X 2 X 1.203, or 24.06 mm. This does not fit well
(allowing for safety margins) within the bobbin width of 26.2 mm. Choose two conductors of
no. 18 wire, and check later to see that the copper loss is acceptable.
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7C.4 Choosing the Material, Based on the Desired Inductance,
or Gapping the Core If Necessary

Based on the calculations detailed in Chap. 7, the desired primary inductance is 320 wH. The
desired inductance factor A, can now be determined:

L
L s0u ,
A = = 0 - 200 nH/turn' (7C-12)

The ungapped A; of the K4022-E060 core (60u material) is 194, so no gap is needed.

7C.5 Designs Using Intusoft Magnetic Designer

Intusoft’s Magnetic Designer software is a powerful tool for designing transformers and induc-
tors. It allows the designer to quickly arrive at a basic design, then optimize it by providing fast
recalculations of losses, leakage inductance, etc., as the designer experiments with variations
in the winding structure, core size and shape, and other design choices.

We have entered the design data into the software, as illustrated by the following two
screens (Figs. 7C-1 and 7C-2). Note that the predicted temperature rise is 24.16 °C, and the
core window is only 33.43% full. This suggests that a smaller core can be used, without
exceeding the 40 °C maximum temperature rise. Figure 7C-2 shows the actual winding struc-
ture as computed by the software. The EE 42/15 core might be a good choice. It is available in
90u material and has an A; of 217 nH/turn?. To achieve the required inductance, raise the turns
to 48, 12, and 10. (The 10 turns is hopefully close enough to 9.8.)
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FIGURE 7C-1 Magnetic designer design screen for the present design.
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FIGURE 7C-2 The software proposes a winding structure based on the design data.
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FIGURE 7C-3  Screen shot of design using the EE 42/15 core.
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FIGURE 7C-4 Screen shot of the recommended wire arrangement.

Figure 7C-3 shows the design details, with a predicted temperature rise of 40.22 and
a fill factor of 27.34%. The bobbin is still not very full, but several attempts led to the
conclusion that to fill it further would lead to excessive copper loss. If a higher permeabil-
ity material were available, a smaller core could be used. The final winding structure is

shown in Fig. 7C-4.
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