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L6565 QUASI-RESONANT CONTROLLER

by Claudio Adragna

A variable frequency version of flyback converter, commonly known as Quasi-resonant (QR) ZVS fly-
back, is largely used in certain applications, such as SMPS for TV, though it is well suited for other ap-
plications too.

This peculiar topology features several merits. Besides the others, which will be highlighted in the text,
one of them is to be a simple derivative of the standard square-wave flyback, well known to every SMPS
designer.

After deriving the equations governing QR ZVS flyback topology and dealing with the related issues,
ST's L6565, a PWM controller specifically designed to fit this particular topology, will be presented and
its internal functions discussed in details.

Some clues on the design based on this device will be provided and, finally, a design example will be
given that will show how easy and cost-effective such L6565-based systems are.

INTRODUCTION

Over the past two decades plenty of resonant and quasi-resonant converters have been developed and pro-
posed as an answer to the difficulties raised by square-wave converters, especially those related to their para-
sitic elements. The basic idea is to put these parasitics in use.

The core of both classes of converters is a tank circuit. Unlike resonant converters, where it takes part actively
in the power conversion process, quasi-resonant converters use the tank circuit only to create either a zero-
voltage or a zero-current condition for the power switch, to turn on or turn off respectively.

The existing types of quasi-resonant converters can be then classified as either Zero-Voltage Switching turn-on
(ZVS) or Zero-Current Switching turn-off (ZCS) converters.

In ZVS converters the power switch is dynamically connected in parallel to the tank circuit. The superposition of
the resonant voltage across the tank circuit (and the switch, while itis in off state) on the DC input voltage gen-
erates the zero-voltage condition for the switch to turn on. Conversely, in ZCS converters the power switch is
connected in series to the tank circuit. The superposition of the resonant current flowing through the tank circuit
(and the switch, while it is in on state) on the normal current flow generates the zero-current condition for the
switch to turn off.

An interesting property of quasi-resonant converters is that they will be turned back into a normal square-wave
converter if the tank circuit is removed. Vice versa, a quasi-resonant converter can be obtained starting from a
normal square-wave topology.

QR ZVS FLYBACK TOPOLOGY

In principle there are many ways to make a quasi-resonant (QR) ZVS flyback converter, but most of them are
not suitable for offline applications because of the too high voltages involved. With the above-mentioned prop-
erty in mind, it is possible to derive a QR version starting from a standard square-wave flyback power stage and
pointing out its major parasitic elements, as illustrated in figure 1.

Lk is the leakage inductance, which represents the magnetic flux generated by the primary winding and not cou-
pled to the secondary. It stores energy that will not be delivered to the secondary and that needs to be trans-
ferred or dissipated elsewhere. Besides, it prevents a portion of the energy stored in the mutual inductance Ly
(which is perfectly coupled to the secondary) from being transferred to the secondary and delays the energy
transfer process. The energy stored in Lik is the cause of the large overvoltage spike on the MOSFET’s drain at
turn-off.
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Figure 1. Flyback power stage with major parasitics (a)andV  ps waveformwith fixed frequency, DCM (b).
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Cd is the total capacitance of the drain node. It is the sum of the MOSFET’s Coss, transformer intrawinding ca-
pacitance, stray capacitance due to the layout of the circuit (e.g. a heatsink) as well as other contributions re-
flected from the secondary side, such as an R-C damper on the rectifier diode.

Actually, Coss is modulated by the drain voltage but the variation becomes significant at very low Vps values
and the impact is however limited. Therefore, it is possible to assume for Cyss the value specified usually at
Vps = 25V by manufacturers.

Cd is discharged inside the MOSFET as it is turned on, thus causing a current spike. This spike not only gives
origin to additional losses in the MOSFET but may also cause noise problems, especially in case of current
mode control and under light load conditions.

Rpis the resistance of the primary side mesh, mostly located in the primary winding. Itis important to notice that
the resistance of the primary winding has to account not only for the ohmic resistance of the wire but also for
the high frequency effects in copper (skin and proximity), the magnetic material losses (hysteresis and eddy cur-
rents) and radiation.

At least a couple of tank circuits can be then identified in the schematic, whose effect is conspicuous on the
drain voltage waveform in Discontinuous Conduction Mode (DCM) operation (see figure 1b).

The first one shows up after the overvoltage spike at MOSFET turn-off and is due to the resonance of L, just
demagnetized, with Cq. The drain voltage falls in under dumped fashion from the peak to the settling value:

Vpss= Vin+ VR = Vin + n - (Vout + V) (1)

where Vin is the DC input voltage, VR the so-called reflected voltage, n the primary-to-secondary turn ratio, Vout
the regulated output voltage of the converter and Vs the forward drop across the secondary rectifier.

The second tank circuit, made up of Lp and Cgq, resonates as the secondary winding has run dry of energy,
thus the secondary rectifier no longer conducts, and both windings are open. In principle, itis an RLC circuit
and the drain voltage follows the natural evolution of such circuit starting from the condition of Cq charged at
Vpss @ t = 0 (see waveform in figure 1b). Rp is normally by far less than the critical damping impedance of the
tank circuit, thus the equation describing the under-damped evolution of the drain voltage is:
Vps(t) = Vin + VR - €%t. cos(2 - Tt- § - t)

where:

a = Rp ,
2 IZLp
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are the decay factor and the resonance frequency, respectively.
The first valley of the resonance occurs at t = Ty, where Ty can be derived from:

_ R :
cos(2 Oulf 0T,) = -10 Tv—z[fr —T[D/Lp[Cd, (4)
At that point, the drain voltage experiences an absolute minimum, given by Vpsmin = Vin - VR With good approx-
imation (e'“'TV: 1). Therefore, a zero-voltage condition can be generated provided that:

VDsmin< 00 VR 2 Vip (5

and, if the system is controlled so that the MOSFET is switched on as the drain voltage reaches either zero or
the minimum of the first valley, a QR ZVS converter will be obtained. The resulting waveforms are shown in
figure 2.

Figure 2. (a) Typical QR waveforms; (b) How V in affects ZVS conditions.

Vbs

Vbs @ Vin=Vin2

Vs / Vos @ Vin=Vin1

Vin2

Vin

IPKs oo

Vin1

lPkp

\

1 1 ' 1
lt—TON — e} t— TFW —Ty t—

1 1
b T=1Ufsw Lo

It is worthwhile noticing that the operation of the tank circuit depends only on circuit parameters and not on the
operating conditions of the converter. The input voltage just impacts on the zero-voltage condition, as stated by
eqgn. 5 and shown in figure 2b.

The key point to generate such kind of functionality is to synchronize MOSFET’s turn-on to the transformer de-
magnetization after an appropriate delay (Ty), which can be done just by detecting the negative-going portion
of Vbs(t). Therefore, in principle, any PWM controller with synchronization capability can be used to control this
kind of converter. The L6565, in particular, is provided with a dedicated pin (ZCD) that allows doing the job with
a very simple interface, just one resistor.

Variable frequency operation - as a result of input voltage and/or output current changes - is inherent in such
functionality. The system works close to the boundary between DCM and CCM (Continuous Conduction Mode)
operation of the transformer. This is what is otherwise called TM (Transition Mode) operation. The shorter Ty is,
compared with the ON and OFF times of the MOSFET, the closer to TM the operation will be. Hence this QR
ZVS flyback converter can be identified with the TM flyback converter mentioned in [1], as well as with the well-
known self-oscillating flyback or Ringing Choke Converter (RCC).

As opposed to fixed-frequency standard flyback converter, this approach to quasi-resonance has several ad-
vantages.

The main benefit probably concerns conducted EMI emissions. In mains operated applications, due to the ripple
appearing across the input bulk capacitor, the switching frequency is modulated at twice the mains frequency
fL, with a depth depending on the ripple amplitude. This causes the spectrum to be spread over frequency
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bands, rather than being concentrated on single frequency values. Especially when measuring conducted emis-
sions with the average detection method, the level reduction can be of several dBuV. Figure 3 shows a compar-
ison made on the same L6565-based SMPS, fixed frequency first and then QR-operated. It is then possible to
reduce the size and the cost of the EMI filter.

Figure 3. Conducted EMI (average detection): a) fixed-frequency operation; b) QR operation.
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Another important benefit is a high safety degree under short circuit conditions: since the conduction cycles of
the MOSFET are inhibited until the transformer is fully demagnetized, flux runaway and, therefore, transformer
saturation are not possible. Moreover, as during a short circuit the demagnetization voltage is very low, the sys-
tem will be led to work at a very low frequency, with a very small duty cycle. As a result, the power that the con-
verter will be able to carry is very low.

Additionally, QR approach makes use of the otherwise undesirable parasitic drain capacitance to generate a
zero-voltage condition that minimizes turn-on losses of the MOSFET. An external capacitor may be added in
parallel to the MOSFET or across the primary winding. This will reduce the impact that the spread of the parasitic
Cd has on fr, smooth the negative-going edge of the drain voltage after transformer’s demagnetization (in the
interests of EMI) and reduce the dV/dt at turn-off, with the benefit of lower turn-off losses and EMI generation.

Finally, the way the system processes power does not change, thus designer’s experience with standard flyback
can be fully exploited and there is very little additional know-how needed.

To complete the picture, it must be said that there are also some drawbacks. The system actually works in DCM,
thus currents’ peak and RMS values are quite high: this will result mainly in higher conduction losses in the
MOSFET and greater high frequency losses in the transformer. This suggests not using this approach for power
levels above 120-150W in wide range mains applications and above 200 W with European mains. Furthermore,
the high operating frequency when the converter is lightly loaded partly cancels the advantages of the ZVS in
terms of power losses. Finally, while in a standard flyback the design can be optimized in order for a 600V-rated
MOSFET to be used in European or wide range mains applications, optimizing the design in a QR system will
likely lead to the use of a more expensive 800 V-rated MOSFET.

In the following, the topology’s operation will be discussed in details and a set of equations useful for the design
will be given. Then the use of the L6565, a PWM controller specific for this particular topology, will be discussed
in details. Finally, an application (an SMPS for TV) will be developed and the evaluation result of its prototype,
as well as some significant waveforms, will be presented.

QR OPERATION: TIMING AND ENERGETIC RELATIONSHIPS

To generate the equations governing the operation of a QR ZVS flyback converter, with the aim of providing a
design method, some simplifying assumptions will be made:

1) Fall and rise times of both voltage and current waveforms are negligible.

2) Transformer’s non-idealities will be neglected (no delay in the primary-to-secondary energy transfer,
peak secondary current proportional to the primary one depending on primary-to-secondary turn ratio n).

3) The system is controlled so that the time elapsed from transformer’s demagnetization to MOSFET'’s
turn-on is kept equal to Ty, eqn. (4), under all operating conditions.
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That being stated, it will be useful to refer to the simplified schematic of figure 4 as well as the waveforms of
figure 2. The ON-time of the MOSFET is expressed by:

L.d
Toy = —2—PKP (6)
o Vin
After ToN has elapsed the MOSFET is turned off and energy is transferred to the secondary winding. The time
needed for the discharge of this energy to the output, referred to as "freewheeling time”, will be:

B [0 Opy)
— (N
PK
T — LSDPKS - n2 p_: I‘pDPKp @)
FW '
Vout + Vf Vout + Vf VR

where Ls is the inductance of the secondary winding and Ipks the peak secondary current.

Figure 4. Block diagram of an L6565-based QR ZVS flyback converter.
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The total conversion cycle period Tsw is the sum of Ton, Tew and Ty, and the switching frequency is:

1 1
fop = =2 = - (8)
SWo Tsw Ton*Tore*Ty

Since the system actually works in DCM, the peak primary current is related to the input power of the converter,
Pin (more precisely, to transformer’s input power), according to the well-known relationship:

_1 2
Pin = §D-p OpkpHsw (9)

By substituting (4), (6) and (7) in (8) and combining with (9), the switching frequency can be expressed as a

function of the characteristic parameters of the circuit (Lp, VR, fr) and of the operating conditions (Pin, Vin). The
result can be conveniently expressed in the following terms:

1+ + fl +2
where: fr r

1
fT = (ll)
1 1P
2mmuN%m+ﬁp

T

—h

g
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is the "transition frequency”, that is the frequency the system would work at if fr — o [I Ty = 0, which would
occur if Cd = 0. The name comes from the fact that this frequency is characteristic of TM operation.

Actually, in case fT << fr, it is possible to estimate fsw by using eqn. (11) instead of the more complex formula
(10). The two quantities become more and more different as the ratio fr / f; increases (see the right diagram of
figure 5), that is as the delay Ty becomes a significant portion of the switching period Tsw.

Figure 5. Switching frequency vs. operating conditions (left) and f sw Vs. f1 (right) relationships
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The switching frequency fsy changes with the operating conditions in so far as the transition frequency fr chang-
es, as shown in the left diagram of figure 5.

Eqgn. (11) shows that the minimum value of fsw, fswmin, Which is usually a design constraint, will be reached at
maximum input power (Pinmax) when the input voltage Vin is at its minimum, Vinmin. Being the converter operated
from the AC mains, Vinmin is the valley voltage across the input bulk capacitor. Therefore, to fulfill the design
requirement concerning the minimum operating frequency, the primary inductance Ly will be selected not ex-
ceeding the following upper limit:

_ 1
meax - 5 (12)

1 10
[JZ [Pin max st min E%\/ +{/—[|+ nEfsw min D.\/C_d]

in min R

The equations that provide the quantities of interest in the design of a QR ZVS flyback converter can be easily
derived considering that the system is inherently of DCM type, although working at a frequency subject to
change with the operating conditions. Table 1 summarizes these relationships.

Table 1. Main Electrical Quantities in QR ZVS Flyback Converters

Parameter Primary Side Secondary Side
1 Duty Cycle D = \Tl'm 02 P, L, O, D' = VLR 02 PPou L Doy
2 | Peak Current lokp = LZPEEI:;:V lpks = 2 [[;D,Cs
3 DC Current Ibcp = %Dpr D lpce = \P/out

out

4 Total RMS Current lrmsp = pkp DJ% lrmss = lpks DJQ;
5 ACRMS Current Iacp = m lacs = IZRMSS_IZDCS
6 Peak Voltage Vekos = Vin* Ve *Vspike Veey = Vout [%L J%B
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Once the switching frequency has been found from (10), or simply from (11) if that is the case, all of the quan-
tities listed in the table can be easily calculated. Obviously, current stresses will be calculated at minimum input
voltage and maximum load, while voltage stresses will be calculated at maximum input voltage.

Pout is the power delivered to the load, while the input power Pj, that appears explicitly or not in all of the rela-
tionships should be the one processed by the primary side of the transformer. This is the sum of the power com-
ing out of the secondary side, that lost inside the transformer due to copper and ferrite losses and the one not
transferred (and mostly dissipated in a clamping circuit) because of the leakage inductance. A transformer effi-
ciency Nt could be estimated, such that:

P H+—tH
t
Y0 Vould
Pin:————n-t———- (13)

The efficiency Nt is usually quite high, typically 92 to 98%, depending on transformer’s size and construction
technique. If at design-time the designer feels more confident of estimating converter’s overall efficiencyn rather
than transformer’s nt, Pin can be considered as the input power of the converter, that is the ratio of Poyt to n,
with acceptable approximation.

QR OPERATION: CONVERTER'S POWER CAPABILITY AND L6565’S LINE FEEDFORWARD FUNCTION

Current-mode control will be used, thus the maximum power thatthe system is able todeliver to the output (Pnlim),
that is its power capability, is controlled by means of pulse-by-pulse current limitation. This is usually done by
clamping the control voltage that programs the peak primary current lpkp at a fixed value Vcsy, in this way limiting
the maximum peak primary current lpkpmax-

In fixed-frequency DCM flyback converters, this provides a power capability that, ideally, is independent of the
input voltage Vijn. Actually, there is a slight dependence due to the internal propagation delay of the controller
and the MOSFET’s turn-off delay (200 to 500 ns overall).

Differently, in QR ZVS flyback even inthe ideal case of no delay, power capability strongly depends on the input
voltage. In wide-range mains applications this can be an issue.

The situation is illustrated in figure 6a. The upper trace shows the primary current waveform at minimum input
voltage: the peak current is close to the maximum, thus just a small extra output power will trip the current lim-
itation circuit. The lower trace shows the primary current waveform under the same load conditions at maximum
input voltage. Being the switching frequency higher, then the peak current will be lower: a much larger power
will be allowed to pass before pulse-by-pulse limitation is tripped.

Figure 6. a) Primary current at min. and max. input voltage; b) Power capability vs. input voltage
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The effect of such delay is shown in figure 6b, where Pinlim vs. Vin is shown for both zero and 400 ns delay in a
typical design (Vin = 100 to 400V; Pinlim = 125W, fswmin = 100 kHz, Lp = 110pH, VR = 150V, Cq = 1.5nF).

Even ideally (Tgelay = 0), at 400V input the power throughput that trips the pulse-by-pulse current limitation is
about 1.65 times higher than what needed at 100V. Accounting for the delay the limit rises at 2.11 times.

V<72 7/28




AN1326 APPLICATION NOTE

To overcome this problem, the L6565 has the Line Feedforward function available. It acts on the clamp level of
the control voltage Vcsy, that is on the overcurrent setpoint, so that itis a function of the converter’s input voltage,
sensed through a dedicated pin (#3, VFF): the higher the input voltage, the lower the setpoint. The diagram of
figure 7a shows the relationship between the voltage at the pin VFF and Vg (with the error amplifier saturated
high in the attempt of keeping output voltage regulation). The schematic in figure 7b shows how the function is
included in the control loop.

Figure 7. a) Overcurrent setpoint vs. VFF voltage; b) Line Feedforward function block
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Quantitatively, the maximum power capability Pinlim can be expressed by means of eqns. (6), (7) and (8), in
which Ipkp = IPKpmax, Substituted in (9):

P

_1 IPKp max
) 2EI_IODI (L 1 + 1D+T .
PKp max pl:g\_/i—n VE[I v

Ideally, the maximum peak primary current Ipkpmax (Which should slightly exceed the value derived from line 2
in table 1 @ Vin = Vinmin) would be equal to V¢sy/Rs, however the internal propagation delay as well as the MOS-
FET's turn-off delay, has to be accounted for. This causes the actual kpmax to exceed the ideal value by an
amount proportional to the input voltage:

V.

\%
_ Vesx in
IPKp max = Rs + —L—p— DTdelay (195)

inlim

The Line Feedforward block combines the voltage at pin VFF (proportional to the converter’s input voltage) with
the E/A output, thus determining the internal reference (V¢s) for the PWM comparator, according to the following
relationship:

Ves =0.14 - (Vcomp - 2.5) - (3 - WEF) (16)

The overcurrent setpoint (Vesx), graphically illustrated in the diagram of figure 7a, can be found considering the
error amplifier saturated high (Vcomp 05.6 V). The resulting analytical Vcsx vs. VyEE relationship is:

Vesx=0.44 - (3 - WP =0.44 - (3-K - Vip), 17)

where k is the divider ratio R2/(R1+R2).

If this function is not needed for any reason, e.g. because of a harrow input voltage range, the pin will be ground-
ed. The overcurrent setpoint will be set at Vesx = 1.32 V regardless of the converter’s input voltage.
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Figure 8. Correction characteristics of Line Feedforward
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The diagram of figure 6b, as well as equations 14 and 15, shows a non-linear relationship between Pinjim, Vin
and Vcsx, hence the linear correction (17) will not result in a perfect compensation. A considerable reduction of
the power capability change over the input voltage range will be achieved anyway.

Figure 8 shows the effect of the compensation circuit on the converter’s power capability for different values of
k (a Tdelay of 400 ns is assumed) in the typical design previously considered.

The optimum value of k, kop, Which minimizes the power capability variation over the input voltage range, could
be found by combining equations 14, 15 and 17, imposing that the value of Ppjim is the same at the extremes
of the input voltage range and solving for k. However, the value of the sense resistor Rs, which appears in (15),
is a function of kopt in turn. The exact calculation is very complex, and non-idealities shift the actual optimum
value from the theoretical one. It is therefore more practical to provide a first cut value, simple to be calculated.
Then, Rs will be chosen on this basis and kopt found empirically.

A great simplification comes from assuming Ty = 0 (exact TM operation) and Tgelay = 0; Kopt will then be:

v
Kopt = 30—

in min in max+(v

R
18
in min +Vin max) D‘/R ( )

With k = Kopt, the maximum value of Pjnjim, reached at:

- _ ’ 30
Vin = Vinx = [Vr EH/R + K tD_VR ' (19)
op

exceeds Pinlim @ Vin = Vinmin (= Pinlim @ Vin = Vinmax) by about 20%. It is worthwhile pointing out that, for given
input voltage range and delay, this result does not depend on the specific design, only kopt changes.

The value of Rs, can be determined from (15), again with Tgelay = O, resulting in:

3-k. . OV,
Rs = 0.44 —2pt _Inmin (20)

IPKpmax

The approximate calculation yields a value of kopt equal to 3.913-10'3, about 23% less than the exact value
5.074-1073, It can be a useful rule of thumb to use the value resulting from (18) increased by 20% as the starting point.

After choosing Rs, the value of kopt might be fine-tuned experimentally to minimize converter's power capability
changes over the input voltage range. This could require, in turn, a modification of Rs, thus some iteration might
be needed. The values of R1 and R2 will be high enough to minimize the power dissipated on them, especially
if there are requirements on the converter’s efficiency under light load or no-load conditions.

The small signal-gain of the Line Feedforward block, needed for stability analysis, can be determined by differ-
entiation of the large-signal model (16) and considering that Vivrr = Kopt - Vin:
N

_ Ves  _
Gep = = 0.14 (3~ kyp, V) (21)

N
Vcomp
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Line Feedforward improves also the input ripple rejection ability of the system and limits the variation of the gain-
bandwidth product of the small-signal control-to-output transfer function with the input voltage.

QR OPERATION: BEHAVIOR UNDER SHORT CIRCUIT CONDITIONS

As previously said, a QR flyback converter operates safely under short circuit conditions at the output. The rea-
son of that is that any new conduction of the MOSFET is inhibited as long as the transformer is not fully demag-
netized. Equation 7, which is here recalled:

_LepUpkp - LpUpkp

T ,
Fw VR n |:(Vout +Vf)

shows that, as the overload is progressively increased, the demagnetization time Trw gets longer and longer:
Ipkp is kept constant by the pulse-by-pulse limitation and the output voltage drops because the system is out of
regulation. However, if TFw exceeds the period TsTART of the internal starter, the MOSFET will be switched on
before the demagnetization is complete. In some cases, before Trw > TsTART, the reflected voltage VR can be
so low that the oscillation on the ZCD pin can no longer trigger the internal circuit.

Whichever condition is met first, the converter will be forced to work at the frequency of the internal starter (1/
TsTtarT) and, likely, in CCM. Flux runaway, though now theoretically possible, is however extremely unlikely.
Referring to [2] for the details of the calculations, the flux runaway condition for a dead short at the output is:

NV, Tonmin . -
f < ONmin 010 3,
Vin+Vf |

starter

which is very tough to meet in normal offline applications, as one can easily see by using sensible values for n,
Vin and V.

To guarantee the operation described so far, the L6565 blanks the ZCD input for some time (3.5 ps min.) after
the MOSFET has been turned off. In this way, situations like the one shown in figure 9a, relevant to a short circuit
in a 50W converter using a controller not provided with this safety feature, are prevented. In that picture it is
possible to see that the system is detecting the demagnetization of the leakage inductance and not that of the
primary inductance. This causes a very high frequency operation - instead of a very low one - that has led to
transformer saturation: the primary current reaches a peak of 8A in 400 ns with a slope pointing out only 15 pH
inductance (the overcurrent setpoint was 2A, the primary inductance was 400 pH).

Figure 9. Short circuit waveforms in a system a) without ZCD blanking; b) with ZCD blanking
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Figure 9b shows instead the operation previously described, allowed by the L6565, where the converter works
at the frequency of the internal starter with a duty cycle of about 1%.

Dangerous short circuit conditions occur when there is an isolation failure on the secondary winding, e.g. due
to a damaged wire coating, or when the secondary diode fails short (typical of axial diodes). Both of these fail-

10/28 "7




AN1326 APPLICATION NOTE

ures reflect a short circuit to the transformer’s primary side while the MOSFET is turned on [2]. The primary cur-
rent rate of rise is then limited only by the leakage inductance of the transformer, like in figure 9a. If not properly
handled, this very likely leads to the destruction of the system.

To protect the converter in the event of such failure, a comparator (shown in fig. 7b) senses the voltage on the
current sense input and disables the gate driver if this voltage exceeds the 29 jevel OCP, fixed at 2V. To re-

enable the driver, first the IC must be turned off and then restarted: in other words, the Vcc voltage must fall
below the UVLO threshold and then exceed again the start-up threshold.

With the gate driver disabled the quiescent current of the IC is unchanged and, since no energy is coming from
the self-supply circuit, the Vcc capacitor will be discharged below the UVLO threshold after some time (see pin
8 in "L6565 pin usage” section). Then the device will initiate a new start-up cycle. This will result in a low-fre-
guency intermittent operation (Hiccup-mode operation), with very low stress on the power circuit.

QR OPERATION: HIGH SWITCHING FREQUENCY AT LIGHT LOADAND L6565’S FREQUENCY FOLD-
BACK FUNCTION

Equations (6) and (7) show that Ton and Trw can be however short if Ipkp (i.e. the load) tends to zero, in which
case fT — o and fsyw — 2-fr. Although in the real-world operation the maximum switching frequency would be
significantly lower than this theoretical limit (ToN is bottom limited by the internal propagation delay of the L6565
and the MOSFET’s turn-off delay), it could be of some hundred kHz and cause a considerable efficiency drop.
This is why the L6565 has been provided with the Frequency Foldback function.

In principle, this function lies in putting a limit to the minimum OFF-time of the switch [3]. The blanking time of

the ZCD circuit, used for safe operation under short circuit conditions and mentioned in the previous section,
serves this purpose as well. Therefore, the QR operation considered so far will be maintained as long as:

Trw + Tv = TBLANKmin (22)

where TBLANKmin is the aforesaid minimum blanking time (3.5 ps) of the Zero Current Detector (ZCD) circuit.
The maximum operating frequency will then not exceed:
f _ 1
swmax ~ v B
rU

TBLANKmlnEDL DD T Et?
|n

Figure 10. Frequency foldback: ringing cycle skipping as the load is progressively reduced
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If the load current and the input voltage are such that the condition (22) is not fulfilled, the system will enter the
"Frequency Foldback” mode, a sort of "ringing cycle skipping” illustrated schematically in figure 10.

Figure 11. a) ZCD blanking time vs. error amplifier output voltage; b) qualitative frequency trend
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Any negative-going edge of the voltage at pin 5 that occurs during the blanking time is ignored; the first negative-
going edge after TeLaNK has elapsed will trigger the ZCD circuit and determine MOSFET’s turn-on.

The peculiarity of the Frequency Foldback function, however, is that the duration of TgLANK is a function of the
error amplifier output Vcomp, as shown in the diagram of figure 11a. The lower the load is, the lower Vcomp will
be and this, inturn, leads to a longer TgLank. Therefore, more and more ringing cycles will be skipped and the
operating frequency will gradually decay, as shown qualitatively in the diagram of figure 11b.

While the Frequency Foldback is active, uneven switching cycles may be observed, due to the fact that the OFF-
time of the MOSFET is allowed to change with discrete steps (2-Ty), while the OFF-time needed for cycle-by-
cycle energy balance may fall between two contiguous steps. One or more longer switching cycles will be then
compensated by one or more shorter ones, and vice versa. This phenomenon is absolutely normal and there is
no appreciable effect on the performance of the converter or on its output voltage.

When the load is low enough, so many ringing cycles need to be skipped that their amplitude becomes very
small and they can no longer trigger the ZCD circuit (see pin 5 in "L6565 pin usage” section). In that case the
internal starter of the IC will be activated, resulting in burst-mode operation: a series of few switching cycles
spaced out by long periods where the MOSFET is in OFF state.

QR ZVS FLYBACK: DESIGN CONSIDERATIONS

m  Minimum switching frequency selection.With the aim of minimizing transformer’s size, §ymin should
be as high as possible. A high Ewmin, besides increasing losses, reduces the load range where the con-
verter works in TM, that is, frequency foldback and, eventually, burst mode will occur at higher load
currents (which, however, might be desirable). Often, the choice is influenced by EMI considerations too.

m Reflected voltage selection. In order to extend the input voltage range where the ZVS condition (5) is
met, the reflected voltage should be as high as possible. The upper limit to ¥ is usually determined
by MOSFET's voltage rating. The selection of \k affects also many important parameters and electrical
quantities of the converter, as summarized in table 2. The designer should trade off these sometimes
contrasting requirements one against the other to find the optimum solution for their specific application.

12/28
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Table 2. Effect of V r selection on converter's performance

Increasing ( §) VR results in:

Parameter Change
Transformer’s primary inductance ad
Minimum required Transformer's Area Product O
Drain Ringing Frequency O
Switching frequency ac)
Peak and RMS primary current ad
Peak and RMS secondary current O
MOSFET’s conduction losses O
MOSFET’s turn-on losses O
MOSFET s total losses 0 ()
Secondary rectifier(s) losses d
Maximum drain peak voltage d
Maximum secondary rectifier(s) reverse voltage O
(*) For a given fswmin, the rate of rise vs. Vin and loyt increases; (**) At high input voltage; at low input voltage VR has little effect.

= Transformer design. Once the electrical specification of the transformer has been defined (the primary in-
ductance is found from (12), the primary-to-secondary turn ratio from n = VR / (Vout + Vi), the peak and RMS
currents from table 1, at minimum input voltage), the design of the transformer is carried out just like for any
fixed-frequency DCM flyback transformer. Refer to [4] for a handy design procedure. Also the considerations
about its construction are exactly the same.

L6565 PIN USAGE

Pin1 (INV). Itis the inverting input of the E/A. This pin can be used in case of both primary and secondary feed-
back technique, as shown in figure 12.

The circuit for primary feedback shown in figure 12 is recommended when the extremely low consumption be-
fore start-up of the L6565 is to be fully exploited. The parts in the shaded region can be omitted and the resistor
divider (RL and RH) that sets the output voltage be connected directly to the Vcc rail. Of course, in this case the
consumption of R and RH will be accounted for when designing the start-up circuit (see pin 8).

Figure 12. Use of L6565's error amplifier
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In case of the secondary feedback configuration shown in figure 12, the L6565’s error amplifier is used as an
op-amp in inverting configuration, with a gain fixed by the ratio Ra/Rp. The internal reference is not involved in
the output voltage setting (this is done at the secondary side by the TL431); it just sets the quiescent point of
the circuit. The resistors will be selected keeping in mind that the current capability of the E/A must not be ex-
ceeded and the gain must be large enough to account for the entire E/A’s dynamics.

Pin 2 (COMP). E/A output. Usually, this pin is used for the compensation of the voltage control loop and the
relevant network is connected between this pin and INV (#1), as shown in the schematics of figure 12. Compen-
sation networks from this pin to ground are not effective since the E/A is a voltage mode type (with low output
impedance).

Figure 13. Use of pin COMP to directly modulate the duty cycle in secondary feedback

& Vcomp
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AVcowmp
= =Rcowmp = 15 kQ
Alcovp
2.5V X
Regulation
range
3mA Icomp

SecondaryFeedback (type 2)

In a different type of secondary feedback, shown in figure 13, the pin INV is grounded and the E/A of the L6565
(which is therefore unbalanced high) is used as a current source. The characteristic of this current source is
shown in figure 13 too: the voltage Vcowmp is changed (and the duty cycle controlled) by modulating the current
Icomp sunk from the pin within the regulation range. In this region, a change of lcomp causes a change of Vcowmp
corresponding to a resistance Rcomp = 15 kQ.

Pin 3 (VFF). Line feedforward input. Typically, a resistor divider connected as shown in figure 7 applies to this
pin a voltage proportional to the converter’s input voltage. Their determination is dealt with in the paragraph de-
scribing of the Line Feedforward function.

A small capacitor (typically from 1 to 10 nF), connected between pin 3 and ground is usually recommended to
filter out any noise that may be coupled with the pin (which is a high impedance point).

Pin 4 (CS). Inverting input of the PWM comparator. Through this pin, the L6565 reads the instantaneous induc-
tor current, converted to a proportional voltage by the external sense resistor (Rs). As this signal crosses the
threshold set by the output of the Line Feedforward block, the PWM latch is reset and the power MOSFET is
turned off. The MOSFET stays in OFF-state until the PWM latch is set again either by an appropriate signal on
the ZCD pin (see pin 5 description) or by the internal starter in the absence of that. An internal circuit ensures
that the PWM latch cannot be set until the signal on the pin CS has disappeared.

The current sense pin can be used in a particular arrangement of the feedback loop shown in figure 14. In this
circuit the optocoupler provides output voltage regulation by modulating the current injected into the offset re-
sistor Roff, depending on the information coming from the secondary side, and changing the dynamics allowed
to the signal across the sense resistor.

J
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Figure 14. Secondary feedback arrangement suggested for synchronized mode operation
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The E/A of the L6565 is not used at all for regulation and stays unbalanced high. This feedback arrangement is
recommended when the device is required to work in synchronized mode and not as a QR controller. In fact,
being the E/A output saturated high, the blanking time of the ZCD is fixed at TgLanKmin = 3.5 Us, thus allowing
the IC to be synchronized up to frequencies over 250 kHz, regardless of the line/load conditions.

Pin5 (ZCD). Input to the Zero Current Detector circuit. Transformer demagnetization will be sensed through the
auxiliary winding that powers the IC: in fact the voltage developed by this windings is an exact replica of the
drain voltage, scaled down by the primary-to-auxiliary winding turn ratio m (see fig, 15a).

Figure 15. ZCD pin operation
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The ZCD circuit is negative-going edge triggered: when the voltage on the pin falls below 1.6 V it sets the PWM
latch and the MOSFET is turned on. However, to do so, the circuit must be first armed: prior to falling below
1.6V, the voltage on pin 5 must experience a positive-going edge exceeding 2.1 V (typically due to MOSFET's
turn-off in QR operation). The ZCD circuit is blanked for some time after MOSFET’s turn-off, so that any nega-
tive-going edge occurring before this time has elapsed is ignored (see "Frequency Foldback”). This is illustrated
in the timing diagram of figure 16.

Figure 16. Frequency Foldback: timing diagram showing ZCD operation at light load
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To minimize the external interface with the synchronization source (whether it is the auxiliary winding or an in-
dependent clock), the voltage at the pin is both top and bottom limited by a double clamp. As shown in the \Vzcp
waveform of figure 15, the upper clamp is typically located at 5.2 V, while the lower clamp is at one VBE above
zero. The interface will then be made by just one resistor that has to limit the current sourced by and sunk from
the pin within the rated capability of the internal clamps (3 mA min. each). To select its value, one should con-
sider the worst condition that occurs while the MOSFET is in ON-state at maximum input voltage. The minimum
resistance value will then be:

Vin max+1
m

Rzcomin = =3 [kQ]

considering the maximum lower clamp level (1V) and the minimum source capability of the pin (3 mA).

The value can be experimentally adjusted to fine tune the ZCD circuit delay so as to make it equal to Ty and
optimize MOSFET’s turn-on. A higher resistance provides a longer delay and vice versa. However, values over
100 to 150 kQ have little effect on the delay and, on the other hand, sometimes the minimum resistor value
Rzcpmin still provides too long a delay.

In case of need, either of the two circuits shown in figure 17 can be used to extend the adjustment range of the
ZCD circuit delay. In the lag circuit Czcp is a few pF capacitor. In the lead circuit the resistor ratio must ensure
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a signal exceeding the arming threshold (2.1 V). The current sourced by the lower clamp will be increased by=
1/Rzcp;, the current sunk by the upper clamp will be decreased by = 4.7/Rzcp: Please note that this circuit may
anticipate the point where the converter enters burst-mode operation since it decreases also the amplitude of
the ringing oscillations when in frequency foldback mode. Besides, if there is a large capacitor at the output, the
converter could be unable to start-up at maximum load.

Figure 17. Circuits to extend the adjustment range of the ZCD circuit delay

5 §zZCD Rzcp 5 |zCD Rzcbp

L6565 ¢ L6565 (€

Czcp Rzcp’
| il i

lag lead

If the pin is driven by an external signal, the L6565 will be synchronized to (the negative-going edges of) that
signal. To work properly, its period must be greater than the ZCD blanking time, its high level Vsmax greater than
2.1V and its low level Vsmin lower than 1.6 V.

With reference to figure 15b, the minimum limiting resistor will be either:
—-4.7 V. . +1
_ S max _ S min
Rzcomin = -3 [kQ] or Rzcpmin = — 3 [kQ]
whichever is greater (provided Vsmax is greater than 4.7 V and Vsmin less than 1 V).

This pin develops a disable function too. The device will be shut down if the voltage at the pin is forced externally
below 150mV. To do so, the capability (10 mA max.) of the lower clamp has to be exceeded. Any small signal
NPN can be used to do the job.

The IC restarts when the external pull-down is removed (provided its Vcc is still above the UVLO), since an in-
ternal 150 pA pull-up generator, active only while the IC is disabled, lets the voltage go up. The current con-
sumption during shutdown is reduced at about 1.4 mA.

Pin 6 (GND). Ground. This pin acts as the current return for both the signal internal circuitry and for the gate
drive current. When layouting the printed circuit board, these two paths should run separately, as shown in the
schematic of figure 18.

Figure 18. Recommended ground routing in an L6565-based QR ZVS flyback
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The bold traces carry pulsed high current so they should be as short and fat as possible in the PCB. This will
keep both resistive and inductive effects to a minimum, in favor of efficiency as well as radiated RFI.

Pin 7 (GD). Gate driver output. It is able to drive an external MOSFET with 400mA source and sink capability.
The driver is made up of a totem pole with a low side NDMOS. lts inherent body diode avoids the use of an
external diode to prevent excessive negative voltages on the pin due to parasitic ringing.

To avoid undesired switch-on of the external MOSFET, because of some leakage current when the supply of
the chip is below the UVLO threshold, an internal pull-down circuit holds the pin low. This circuit guarantees 1
V- maximum on the pin (@ Isink = 5mA), with Vcc = 4V. This allows omitting the "bleeder” resistor connected
between the gate and the source of the external MOSFET used for this purpose.

Pin 8 (Vcc). IC's supply pin. This pin will be externally connected to the start-up circuit (usually one resistor,
RsTART, connected as shown in figures 19a,b and to the self-supply circuit (aux. winding, diode and CsuppLY).

Figure 19. Start-up circuit configurations
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An additional film capacitor (0.1 or 0.22 pF typically), placed as close the IC’s pins as possible, can be used for
filtering out the noise due to layout issues.

To start the L6565, the V¢ voltage must exceed the start-up threshold. Below this value the device is inactive
and consumes less than 70pA from the pin, 45pA typically. This allows the use of a high value RsTarT (in the
hundreds kQ), or a charge pump circuit, which reduces power consumption and optimizes system efficiency at
light load, especially in wide range mains applications.

In principle, to make sure that the IC can start up even with the minimum line voltage (Vacmin), there is a max-
imum value for RsTART. In practice, however, to get an acceptable wake-up time (i.e. the time needed for the
Vcc Voltage to reach the start-up threshold of the IC), RsTarT needs to be quite lower than this limit.

Figure 20 shows the power consumption of the start-up circuits a) and b) at maximum line voltage when the
device is running, and the typical wake-up time, that is the time needed for the Vcc voltage to reach the start-
up threshold at minimum line voltage, for different values of RsTarT (normalized to its maximum value).

A minimum value for RsTART is required to allow the IC to restart after the driver has been disabled by a ond
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level OCP intervention (e.g. resulting from a shorted secondary diode). If a resistance lower than this limit is
used, at high line the IC might not restart because the current coming from RsTarT €xceeds the IC consumption
(1.6mA min.) and keeps the V¢ voltage above the UVLO threshold. Of course this feature can be used the other

way round, to turn the Hiccup-mode behavior of the 2"d OCP threshold into a latched one.

Figure 20. Typical power consumption and wake-up time for the start-up circuits a) and b)
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The start-up circuit c) is a small charge pump. It allows faster wake-up times, compared to circuits a) and b),
with very low power dissipation. The wake-up time depends on the value of CsTaRT, a high-voltage capacitor
that can be a low-quality one since it is operated at low frequency and carries very little current. Figure 21 shows
the typical wake-up time for different values of CsTART and the consumption vs. the line voltage. For reference,
the consumption of circuit b - but with a much longer wake-up time - is shown too.

Figure 21. Typical power consumption and wake-up time for the start-up circuit of figure 19c
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The above-mentioned considerations that lead to a minimum value for RSTART in circuits a) and b) here put a

limit of 85nF to the maximum value of CsTaRrT (the current delivered by the pump is ﬁ ‘Vac-fL:CsTART). The
series resistor R limits the charge/discharge peak current of CsTaRT. It may range from few units to some kQ
without affecting the wake-up time significantly; however, the dissipation will go up as R increases above some
hundred ohms.

When operating, the current consumption (of the device only, not considering the gate drive current) rises to a
value not exceeding 3.5 mA. The device keeps on working as long as the supply voltage is over the UVLO
threshold (10.3V max). If the Vcc voltage exceeds 18V (min.) an internal zener diode, 25 mA rated, will be ac-
tivated in order to clamp the voltage. In that case the consumption of the device will obviously increase.
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A PRACTICAL QR ZVS FLYBACK DESIGN WITH THE L6565

As a reference design, a 50 W multioutput QR ZVS flyback converter for a 14” TV SMPS, based on the L6565,
will be now presented.

Table 3 summarizes the electrical specification of the application, table 3 provides transformer’s spec, and the
electrical schematic is shown in figure 22 along with the relevant part values.

Table 3. L6565-based 50W QR SMPS for 14” TV: electrical specification

Input Voltage Range (Vip) 88 to 264 Vac
Mains Frequency (f.) 50/60 Hz
Maximum Output Power (Pout) 51 W
Outputs Vout1 =105V + 5%

lout1= 0.1t0 0.35 A
Vripple1 = 1%

Voutz = 14V + 10%
lout2 =0.1t0 1 A
Vripple2 = 1%

Vou[3 =5V+5%
lout3 = 50 MA
Vripple3 < 1%

Minimum Switching Frequency in Normal Mode 70 kHz
Target Efficiency (@ Pout = 50 W, Vin = 88+264 Vac) n >80%
Maximum Input Power in Standby <2W

(@ Poyt = 0.25 W on 5V output, Vj, = 88+264 Vac)

The minimum switching frequency (70 kHz @ Vin = 90 VDC) has been chosen trading off transformer’s size
against frequency-related losses. The reflected voltage is 140V, thus ZVS is achieved only when the converter
is powered by the 110V mains. However, this value seems to provide a good compromise between capacitive
and switching losses at 220V mains. An 800V MOSFET is used anyway to provide enough room for the leakage
inductance voltage spike, in order to maximize energy transfer during its demagnetization.

The converter is started up with a dropping resistor (R1+R2) that draws current from the AC side of the bridge
rectifier. This circuit dissipates only about 240mW @ 264 Vac thanks to the extremely low start-up current of the
L6565. The worst-case wake-up time is 2.8s at 88 Vac and 0.7s at 264 Vac.

R3 and R4 compensate for the power capability change vs. the input voltage (Voltage Feedforward). A 1nF film
capacitor bypasses any noise on pin #3 to ground.

Output voltage regulation is achieved with secondary feedback, type 1; Voutl (105V), which must be tightly reg-
ulated, is directly under feedback and Vout2 (14V) is in tracking. The 5V output for the uP is linearly post-regu-
lated from the 14V output to get a very clean voltage.

J
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Figure 22. L6565-based 50W QR SMPS for 14" TV: electrical schematic
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Table 4. L6565-based 50W QR SMPS for 14" TV: transformer specification

Core ETD29/16/10, N67 Material or 3C85 or equivalent
Bobbin Horizontal mounting, 14 pins
Air gap = 1 mm for an inductance 1-3 of 285 pH
Leakage inductance <8uH
Windings Pin Start/End | Winding Voltage Wire Turns Notes
Spec & Build
1/2 Pril - 2xAWG28 24
8/9 Secl 105 AWG28 31
9/10 Sec2 14 AWG28 5
2/3 Pri2 - 2xAWG28 24
4/5 Aux 14 AWG32 5 Evenly spaced

A protection against output overvoltages (OVP) due to the optocoupler’s failure is realized with the zener diode
DZ1. In case of failure the output voltage will not be out of control: the system will work with a primary voltage
sensing feedback that regulates the outputs 10-15% higher than the nominal value.

A 180 pF polypropylene capacitor has been added across the primary winding to optimize MOSFET's losses by
a small snubbing effect on the drain voltage rate of rise.

The delay between transformer’ s demagnetization and MOSFET's turn-on is adjusted by means of R20. The
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final value of 22 kQ has been experimentally determined so as to achieve the optimum turn-on point after the

addition of C2. Changing the value of C2 requires a different value of R20.

The following tables summarize some significant evaluation data of the prototype and the oscilloscope pictures

show some significant waveforms under different operating conditions.

Table 5. L6565-based 50W QR SMPS for 14" TV: Full load measurements

Vac [V] 88 110 132 176 220 264
Pin [W] 61.7 60.4 59.0 58.7 59.7 61.2
105.0 105.0 105.0 105.0 105.1 105.1
Vout [V] 13.74 13.76 13.77 13.77 13.78 13.78
4.995 4.995 4.995 4.995 4.995 4.995
Pout [W] 50.74 50.76 50.77 50.77 50.78 50.78
q (%] 82.2 84.0 86.0 86.5 85.1 83.0
Load conditions: 105V: 350 mA; 14V:1 A; 5V: 50 mA
Table 6. L6565-based 50W QR SMPS for 14” TV: consumption from the mains in Standby
Vac [V] 88 110 132 176 220 264
Pin [W] 1.17 1.20 1.24 1.37 1.45 1.60
Load conditions: 105V and 14V open; 5V: 50 mA
Table 7. L6565-based 50W QR SMPS for 14" TV: power capability
Vac V] 88 110 132 176 220 264
Pinlim [W] 86 92 96 98 95 90

Figure 23. Drain Voltage and Primary Current: Full load, V

in = 100 Voc (left), Vin = 380 VDC (right)
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Figure 24. Drain Voltage and Primary Current: half load, V iy = 100 Vbc (left), Vin = 380 Vbc (right)
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Figure 25. Drain Voltage and Primary Current: Standby, V

in =100 Vbc (left), Vin = 380 Vbc (right)
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Figure 26. Short circuit on 105V output, V in = 300 Vbc: system running at the starter frequency
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Figure 27. Shortcircuit of the output diode D5:

detail of turn-on (left), Hiccup-mode operation (right).
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Figure 28. Uneven ringing cycle skipping during frequency foldback
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Figure 29. Details of MOSFET turn-on; V in =100 VbC (left) - ZVS, Vin = 300 Vbc (right) - no ZVS
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CONCLUSIONS

After showing how it is possible to obtain a QR ZVS flyback converter suitable for offline applications from a
standard fixed-frequency flyback converter, the many benefits and the few drawbacks resulting from this ap-
proach have been highlighted.

The equations governing the operation of such class of converters have been derived for design purposes and
some details have been considered, resulting in some clues on their design. Details on how the L6565 and the
functions it embeds are to be used are given. In particular, the Frequency Foldback and the Line Feedforward
functions have been discussed.

A detailed pin-by-pin description of the IC has been provided, with some hints on pin usage. Finally, as an ex-
ample, a 50W multioutput QR ZVS flyback converter for 14" TV SMPS, along with bench evaluation results and
the most significant waveforms, has been presented.
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APPENDIX

QR operation: MOSFET's turn-on

As can be noted in the detailed waveforms of figure 30, the primary current becomes negative during the dead
time Tv. It is a portion of sinusoid since it is related to a resonance. This is due to the drain capacitance that is
discharging, thus current comes out of the MOSFET's drain and charges the primary inductor L.

Figure 30. Details of MOSFET's turn-on in case of: (&) V in > VR, no Z2VS, (b) Vin < VR, ZVS

Vos(t) [ ~ =~ Vint+ VR Ip(t) Vbs(t) Ip(t)
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current spike R
Vin| ©7~ linear
L% current
) . sinusoidal®,
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=0 .l =0 \ .\
\y _ VEL NN _
: L W IPkp ' IPKp
-—— Ty —®  \OSFET ——— Ty —®  \MOSFET
turn-on turn-on
a) b)

This being a reactive current, the associated power dissipation inside the MOSFET is ideally zero, negligible in
practice. Some power is dissipated in the equivalent resistance of the primary winding, like in a standard flyback
converter operated in DCM.

If the ZVS condition (5) is not satisfied, the residual drain voltage generates a current spike at MOSFET’s turn-
on (see figure 30a) due to the sudden discharge of Cq through MOSFET'’s Rds(oN). There is an associated loss
that can be expressed as follows:
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3
_ 15 2.1 2
Peap = [6 Coss LVin=VR)™ *+5 g HVin—VR) ] How: (AD)

where Coss is the MOSFET's drain-to-source capacitance specified at Vps = 25V. The above formula takes the
non-linear nature of Coss into account ant assumes that the remaining part of Cq is linear.

When the ZVS condition is met, the loss quantified by equation Al is zero but a power loss will be generated in
the MOSFET if its body diode is injected. In order for that to happen, it is sufficient that the reflected voltage
exceeds the input voltage by one diode drop (assume typically 1 V).

Figure 30b shows the situation in details. At the time Ty the drain voltage reaches -Vg and is clamped by the
MOSFET's body diode. Then the current turns from sinusoidal to linear. It takes a time T for the current to go
to zero and the power dissipation occurs during this time. To simplify, Coss modulation is ignored and VF is ne-
glected with respect to Vin. With these approximations, the estimated power loss will be:

2 2
p =V_0 = lg\/ D—MEC f
diode © YF —DCdiode ~ 2 F Vin d —'sw
This dissipation usually amounts at some ten mW at minimum input voltage, which is the worst case. As a result,

there is no point in complicating the control to turn-on the MOSFET exactly when the drain voltage crosses zero
to avoid body diode injection. A fixed dead-time Ty is the optimum solution in most cases.

QR operation: MOSFET’s turn-off

When the MOSFET is driven off, the drain current starts to decrease with a certain slope from its peak value
Ipkp. The transformer’s primary inductance acts almost as a current source, thus this current decrease is mir-
rored by a current increase through Cq. The drain voltage will rise until it reaches Vin + VR, after that L becomes
coupled with Ls and the voltage across Lm will be fixed at Vin + VR. The drain voltage will increase further on
because the leakage inductance L is still charged with a current almost equal to Ipkp and has to be demagne-
tized. When Lk has run dry the drain voltage will settle down to Vj, + VR after some oscillations.

Figure 31. Details of MOSFET's turn-off: linear approximation of current falling edge.
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With the approximation sketched in figure 31, the drain voltage evolution will be described by a sinusoid that, in
almost all practical cases, can be approximated by a parabola:

|
_ PKp 2
Vos(®) = 757, g,

with a small error. Tg is the current fall time (defined as the time needed to the current to fall from 90% to 10%
of its initial value) that can be deduced from the MOSFET'’s electrical specification.

26/28 "7




AN1326 APPLICATION NOTE

The time TR needed to the drain voltage to reach the level Vin + VR, when the leakage inductance begins its
demagnetization (practically, the drain voltage rise time), will be:

F[Cq HVj, +VR)

T =20
IPKp
If Cdis such that TR > 2-TF, that is if:
S Te DPKp
d Vin+VR ,
then the turn-off losses in the MOSFET will be given by:
2
_ (Tg DPKp) f 5
sw 6 [Cd SW * (A )

By inspection of (Al) and (A2) itis possible to see that there is an optimum value of Cq that minimizes MOS-
FET's total switching losses Pcap + Psw. With some easy calculation it is possible to find:

C _ 1 Tr EIF>Kp

dopt = T3

op J§ in~ VR

Usually, an external capacitor should be added to get such capacitance value.

However, this optimization is valid only under specific operating conditions, in terms of input voltage and load
current. For example, optimizing losses for full load conditions will inevitably lead to higher losses at light load.
This should be kept in mind when deciding whether to use or not the capacitor.

Another consideration could be that the addition of such capacitor could allow the designer to save the RCD (or
zener) clamp for the leakage inductance spike. To be able to do this, the total drain capacitance has to meet the
condition:

2
lpkp Hik

Cd > 2_ (A3)1

[Vier)pss —Vin— VRl
where V(BRr)Dssis the breakdown voltage of the MOSFET. This condition should be evaluated under the worst-
case conditions that are with the short circuit peak primary current and at the input voltage where the right side

of (A3) reaches the maximum, which generally occurs at Vin = Vinmax

Anyway, if used, it is advantageous to connect the external capacitor across the primary winding of the trans-
former: in this case its voltage rating needs to be greater than Vinmax, Whereas it should be rated at least for
Vinmax+VR if connected across the MOSFET. The effect on f; and the drain voltage rise time will be the same.

g
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