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Abstract —In thispaper, complex operation of multiple-output
flyback convertersisexplained in termsof theextended cantilever
magnetics model. Analytical results are derived that can accu-
rately predict steady-state cross-regulation properties of a con-
verter with any number of outputs and with arbitrarily complex
magnetics configuration. Two snubber configurations are con-
sidered: a passive voltage-clamp snubber and an active-clamp
snubber. Predictions of the model are verified by experiments.
The analytical models are the basis for a discussion of magnetics
design guidelinesthat can result in improved cross-regulation in
multiple-output flyback converters.

1 Introduction

The multiple-output flyback converter such as the example shown
in Fig. 1 is one of the most frequently used configurations in low-
cost, relatively low power applications. If all windings are perfectly
coupled, and if conduction losses are small, the output voltages in
continuous conduction mode are simply proportional to the respective
turns ratios and closed-loop regulation of one output resultsin perfect
regulation of all outputs. In practice, however, perfect coupling is
impossible to achieve, the observed operation is much more complex,
and poor cross-regulation results are often obtained.

Poor cross-regulation can only in part be attributed to conduction
losses. If an output isheavily loaded, its output drops dueto increased
voltage drops across conducting devices and winding resistances. |If
this output is closed-loop regulated, the duty ratio increases to com-
pensate for the load-induced voltage drop, and al other unregulated
output voltages increase accordingly. Conduction losses and their
effects on cross-regulation in amultiple-output converter can be mod-
eled using standard averaging techniques.

It has been recognized that transformer leakage inductances play
the key role in operation of a multiple-output flyback converter
[1, 2, 3]. Previous analyses were limited to a two-output case, or
were based on simplifying assumptions about the transformer model.
Transformer leakage inductances are usually considered second-order
effects, and any analysis that would attempt to take their effects into
account would yield intractable results, especialy if the transformer
had more than two secondary windings. However, secondary current
waveforms and the steady-state solution in the converter are in fact
very strongly dependent on the transformer |eakages. Because of the
complex converter operation, and lack of general and complete mag-
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Figure 1: Experimenta 3-output flyback converter with passive or
active-clamp snubber.

netics model suitable for cross-regulation analysis, very few results
are now available to aid the designer.

The purpose of this paper isto give complete qualitative and quan-
titative explanation of the multiple-output flyback converter opera-
tion, and to derive steady-state cross-regulation models valid for any
number of outputs and arbitrarily complex magnetics. Our analy-
sisis based on the extended cantilever magnetics model [4], which
has earlier been applied to modeling cross-regulation in forward-type
converters with coupled inductors [5].

In Section 2, the extended cantilever model is briefly described
using aflyback transformer example for the experimental converter in
Fig. 1. Genera analytical resultsthat give predictions of steady-state
output voltage variations as functions of load currents in a converter
with arbitrary number of outputs are derived in Section 3. Theresults
are obtained for a converter with a passive voltage-clamp snubber,
and for a converter with an active-clamp snubber. Experimental ver-



ification of the cross-regulation models is presented in Section 4. In
Section 5 we discuss model implications and design guidelines.

2 Extended cantilever magnetics model:
experimental example

The extended cantilever model isageneral circuit model for multiple-
winding magnetics [4]. Fig. 2 shows the winding geometry and the
corresponding extended cantilever model for the transformer used in
the experimental 3-output, 100kHz flyback converter of Fig. 1. The
model parameters are amagnetizing inductance La1, effectiveleakage
inductances I;; between the windings, and effective turns ratios n ;.
The model can be used for arbitrarily complex magnetics with any
number of windings. Most importantly, the leakage inductances that
are essential for analyses and design of multiple-output converters
are directly exposed in the model, and all model parameters can be
directly measured, as described in [4].

Leskage inductance valuesin themodel can berelated to thewind-
ing geometry. Winding W, occupies a small portion of the bobbin,
and is farthest away from the primary winding W1. As aresult, the
effective |eakage inductance 114 is relatively large. Winding W is
closest to the primary and the effective leakage inductance l12 is the
smallest of the three primary-to-secondary leskage inductances. No-
tice that aleakage inductance in the model can have a negative value.
In Fig. 2, la4 isnegative. This can be related to the winding arrange-
ment where the W current and the current induced in the W, winding
result in the opposite polarity of the induced W5 current [4].

In the experimental converter, the input is V; = 30V, and the
nomina outputs are: Vo = V3 = 412V, V4 = 3.3V. The 3.3V
(winding W,) output is taken to be the main output that would be
regulated by afeedback |oop, while V> (winding W>) and V5 (winding
(W3) are auxiliary outputs.

3 Moddingof crossregulationin multiple-output flyback
converters

Multiple-output flyback converters have complex operation and char-
acteristics that strongly dependent on the transformer leakage induc-
tances. Secondary currents can have positive or negative slopes,
and multiple discontinuous conduction modes may occur depending
on operating conditions and relative values of leakage inductances.
Changes in the load current at one of the outputs strongly affect al
output voltages.

This section has two main objectives: (1) to qualitatively ex-
plain complex operation of a multiple-output flyback converter using
equivalent circuit models based on the extended cantilever magnetics
model; (2) to derive analytical results that can be used to predict how
load variations a one output affect voltage variations at any other
output.

To derive generd results valid for any number of outputs, it is
convenient to use matrix/vector notation. For athree-output example,

Va2 Va/ma2 Iz nzlz
V= V3 7V/: ‘/3/77/3 7I: I3 7Il: nal3 5 (1)
Va Va/na Iy naly

are the vectors of output voltages and currents, referred to the sec-
ondary or the primary side, respectively. The reference polarities for
the currents and voltages are as shown in Figs. 1 and 2.
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Figure 2: Winding geometry (a) and the extended cantilever mode!
(b) of the transformer used in the flyback converter of Fig. 1.

The steady-state cross-regulation models we derive in this section
will show how changesin the DC load currents AI produce variations
in the DC output voltagesAV':

AV = —RAI, 2

where R is a matrix of Thevenin equivalent output resistances for a
given DC operating point. In the analysis and discussion of cross-
regulation properties, it is often useful to express the model (2) in
terms of the voltages and currents referred to the primary side:

AV' = - (NT'RN YAl = —R/AT )

where N is a diagonal matrix with the effective turns ratios n2, na,
etc., on the main diagonal. In general, it is clear that smaller en-
triesin R/ result in better cross-regulation. Because of the leakage
inductances, however, the output resistances are nonzero even if al
conduction losses are neglected. One should also note that perfect
closed-loop cross-regul ation can be achieved even with non-zero out-
put resistances. For example, suppose that two rowsof R’ have equal
terms, so that arbitrary load variations result in the same voltage vari-
ations (referred to the primary) on both outputs corresponding to these
rows. Then, if one of the two outputs is closed-loop regulated, the
other output will betightly regulated as well.

The models derived in this section will show how R’ and R can
be found in general, in terms of the transformer extended cantilever
model.

Referring to Fig. 1, we consider multiple-output flyback convert-
ers with two commonly used snubber configurations: (1) a passive
voltage-clamp snubber wherearesistor R |oadsthe snubber capacitor
Cs, and the auxiliary device Qs isremoved, and (2) an active-clamp
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Figure 3: Circuit model during parts of the switching cycle when the
main switch @ is off: (a) the commutation interval and (b) the diode
conduction interval.

snubber where the snubber resistor R, is removed and the auxiliary
device Q; is used to enable bidirectiona current flow to and from
the snubber capacitor Cs. Steady-state solution and cross-regulation
model parameters in these two cases can be significantly different.

3.1 Multiple-output flyback converter with passive voltage-
clamp snubber

The converter operation is explained with reference to the circuit
models shown in Fig. 3 and the idealized waveforms shown in Fig. 4.
A set of experimental waveforms observed with the passive voltage-
clamp snubber in the experimental converter of Fig. 1 is shown in
Fig. 5.

When thetransistor @ turnsoff, acommutation interval startswhen
the snubber diode D, turns on, conducting the magnetizing current
im and clamping the primary voltage to v1 = —V;. The secondary-
side diodes aso begin conducting. The circuit model during the
commutation interval is shown in Fig. 3(a). A secondary current
increases at the rate determined by the snubber voltage Vs, the output
voltages, and the effective leakage inductances. For example, for the
winding W> current, we have:

diz  Vi—Va/na n Va/nz — Va/n2 n Va/na — Va/na

T l12 los loa @
and similar expressions can be written for the other winding currents.
Given that the reflected output voltages are nearly equal, V2/n» ~
Vz/n3 = Va/na, therate of change is dominated by the first term,
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Figure 4: Idealized secondary current waveforms in the converter
with a passive voltage-clamp snubber.
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Figure 5: Experimental waveformsin the flyback converter with the
passive voltage-clamp snubber at the operating point: D = 0.52,
Vo = 135V, V3 = 14.2V, Vi = 3.4V, R,2 = 25Q, R,3 = 150Q,
Roy = 11Q.

Therefore, during the commutation interval ¢., the secondary currents
increase at the rates determined by the effective leakage inductances
l12, l13, and 114, asshown in Fig. 4. Theseratesare not directly related
totheindividual load currents. At the end of the commutation interval
t., the sum of the reflected secondary currents becomes equal to the
magnetizing current i,,,

N2tz + N3tz + Nat4 = im, (6)

and the snubber diode D, turns off. The values of the individual
secondary winding currents at thistime are determined by the relative
values of 112, l13, and l14, and again are not directly related to the



individual load currents,

Lot .
Nely = _1'Lma (7)
lik
where
Lot = l12||113]|l14, (8

and k = 1, 2, 3. In the magnetics example of Fig. 2, winding W4 is
poorly coupled to the primary and l14 isrelatively large. Asaresult,
the current i4 at the end of the commutation isrelatively small. Since
winding W and W3 are better coupled to the primary, the currents
i2, i3 a the end of the commutation interval are relatively large, as
illustrated by the experimental waveformsin Fig. 5.

During the remainder of the switching period, which is called
here the diode conduction interval, the secondary currents increase
or decrease at the rates that depend on the differences between the
reflected output voltages, and the voltage V,, across the magnetizing
inductance. The circuit model during the diode conduction interval
is shown in Fig. 3(b). If an output is heavily loaded and the current
at the end of the commutation interval isrelatively small, the slope of
the corresponding winding current will be positive, which means that
the corresponding output voltage is reduced. In Fig. 5, this can be
observed in the i4 current of the V4 output. Since the currentsiy, i3 at
theend of the commutation interval arerelatively large and sincethese
outputs are not heavily loaded, the corresponding winding currents
decrease during the diode-conduction interval, which indicates that
the reflected output voltages V2 /n2, V3/nz must be greater than V.
From this qualitative discussion, it follows immediately that because
of thetransformer |eakage inductances, each output exhibitsanonzero
output resistance, even in continuous conduction mode, and even if
all losses are neglected.

During the diode conduction interval, the rates of change of the
reflected secondary currents are

A BV —uny) ©
dt = 1 x )y
where
1 1 1
iuz 1231 iA
Bi=| &+ -~ i (10)
1 1 1
[P I3 Loa
uT = [ 1 1 1 ], and
Loz = l12||los||l2a, (11)
Loz = l13||los||las, (12)
Los = l1al|l2al|lza, (13)

arethe Thevenin equival ent output inductances of the secondary wind-
ings, referred to the primary side.

The secondary winding currents may have positive or negative
slopes. A winding current with negative slope may drop to zero before
the end of the diode conduction interval (for example, see current iz
inFig. 5), which resultsin adiscontinuous conduction mode and even
larger variations in the output voltages. In general, depending on
the load conditions and values of the magnetics model parameters,
an output may operate in continuous or discontinuous mode, which
adds to the complexity of the converter operation. We first derive a
steady-state cross-regulation model assuming that all outputs operate
in the continuous conduction mode.

Assuming that the commutation interval ¢. is a small fraction of
the switching period, averaging of asecondary winding current over a
switching period gives arelation that includes the initial value of the
current ¢y, at the start of the diode conduction interval, which is given
by (7), the rate of change of the current, which is given by (9), and
the average output current Iy,

2 1 die
2f, dt

Iy ~ (1- D)ix + (1— D) (14)

The magnetizing current ¢,,, at the end of the commutation interval is
related to the load currents:

im o~ Iy Va(1= D)
2L fs
1 Vi(1- D)
~ 1-p (n2l2 + nals + nals) + 2Lt
1 pe Vu(l—D)
= 1wy 2= b) 1

Combining (7), (9), (14), and (15) yields the steady-state solution for
the reflected DC output voltages V' in terms of the reflected load
currents I and the duty ratio D:

! _ 2fs ! Lol
B:(V' —uV,) = - D)ZBZI b, Tu Ve, (16)
where B1 isgiven by (10),
o) LU LU
1- l121 - l:gl 71{12:l
Bo= | —La 1-la _Lu |
_ Lo _ Lo 1— Lot
l14 l1a l1a
and
1
l12
b= | L (18)

Voltage V, across the magnetizing inductance Li; during the diode
conduction interval can befound from the volt-second balance on L1,

Lolimfs
1-D ’

DV, — Vitefs _ DV —
1—D—t.fs

Ve = (29)
assuming that the commutation interval ¢. is short compared to
(1—-D)T, and that the voltage across the effective primary-to-
secondary leakage inductances during the commutation interval is
approximately equal to the snubber voltage V.

From (15) and (19), and using L,1 << La1, it follows that

D stol

VimVol“5 ~ - Dy

(u'T) (20)
The steady-state solution (16), (20) isageneral result that shows how
the dc output voltages depend on the dc load currents in a multiple-
output flyback converter with any number of outputs and with arbi-
trarily complex magnetics.

For agiven DC operating point, the matrix of Thevenin equivalent
output resistances follows from (3), (16) and (20):

Lol
2

Lol
Ly

(B1 b2

R -2 (B;le +

D) - u)uT) (21)



Assuming that effective leakage inductances are of the same order
of magnitude, and that L,1 << L1, the expression for R’ can be
simplified:

R =2 (Bi'B. - %uuT) 22)

(1-D)
Here, B (given by (10)), B2 (given by (17)), and L,1 (given by (8)),
all depend only on the extended cantilever magnetics model parame-
ters. The output resistances are directly proportiona to the switching
frequency fs, which is not surprising since the output resistances
are related to the impedances of the transformer |eakage inductances.
Also, one may note that the output resistances depend on the steady-
state operating point through the duty ratio D. When the converter
is operated open loop at constant duty ratio D, the output resistances
are constant, and the model predictsthat output voltage variations are
linear functions of load variations.

In the analysis above, we assumed that all outputs operate in the
continuous conduction mode (CCM). Itisof interest tofind acondition
for CCM operation because even larger variations in output voltages
can be expected if an output moves from CCM to discontinuous
conduction mode (DCM).

For a secondary winding, the condition for operation in CCM is
that the peak current ripple is smaller than the average value during
the diode conduction interval. In vector form,

T 1-Ddi

D025 @0

(23)

The relation between the current slopes and the average currents can
be deduced from (9) and (16),

di’ 2f Loy
— = ——>_BoI' —b,=>V,. 24
@~ (@-Dpypor PV 24
Eqgs. (23) and (24) yield the CCM condition:
2l _q -1 -1
Loy 2
- e - , _ (1=D)V,
1 278 -1 l 1 I> T oiIn
-1 -1 274 -1
(25

Note that the CCM condition for each output depends not only on
the output’s load current but also on the load currents at the other
outputs. Increasing the load current on one output eventually drives
the other outputsinto discontinuous conduction mode. Thisisbecause
increasing the load current on one output increases the magnetizing
current (as shown by (15)), which in turn increases the currents at the
end of the commutation interval on all outputs (as shown by (7)). For
an output with constant load, the larger initia value at the start of the
diode conduction interval impliesthat the final value at the end of the
diode conduction interval must decrease. If the winding current drops
to zero before the end of the diode conduction interval, this output
enters disconti nuous conduction mode. The result (25) quantifiesthis
behavior.

3.2 Multiple-output flyback converter with active-clamp
snubber

If an active-clamp snubber is used, the voltage v; is clamped to V;
during the entire interval when the main transistor @ is off. The
commutation interval and the diode conduction interval merge into
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Figure 6: Idealized secondary current waveforms in the converter
with an active-clamp snubber.

one interval of length (1 — D)T', with the equivalent circuit model
shownin Fig. 3(8). |deslized secondary current waveforms are shown
in Fig. 6. Asan example, Fig. 7 shows experimental waveforms for
the same operating conditions asin Fig. 5, but with the active-clamp
snubber. Notethat the secondary current waveshapes are significantly
different than in the passive-snubber case.

With the active-clamp snubber, al outputs can operate only in
continuous conduction mode, which simplifiesthe anaysis. The sec-
ondary currents start from zero and increase at the rates that depend
on leakage inductances and differences between refl ected output volt-
ages:

di’

= =Bu(V' —ul). (26)

Winding currents at the end of the diode conduction interval can be
easily related to the DC load currents, as shown in Fig. 6, and to the
current slopes from (26). This gives ageneral steady-state solution:

By(V/ —uvy) = 21 @)

(1-Dy

where D
=— 2
AL (28)
follows immediately from the volt-second balance on L.
The output resistance matrix R’ is obtained directly from (27):

Vs

’ 2f s -1
=-——_B/".
=™
It can be compared to the result (22) obtained for the passive snubber
case. Because of the absence of the commutation interval and dis-
continuous modes, operation and the steady-state model of amultiple
output flyback converter with active-clamp snubber are simpler.

(29)

4 Experimental verification of the crossregulation
models

In this section, various predictions of the cross-regulation models
derived in Section 3 are compared with experimental results obtained
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Figure 7: Experimental waveformsin the flyback converter with the
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Figure 8: Predicted (solid lines) and experimental (dotted lines)
cross-regulation AVz(1s) and AVs(I4) for the case when the auxiliary
outputs operate at I = Is = 0.4A, and the main output |oad varies
between I, = 0.2A and I, = 2A. The converter isoperated open-loop
a fs = 100kHz, D = 0.52.

ontheconverter in Fig. 1 with thetransformer configuration and model
shown in Fig. 2.

We first consider the case when the converter is operated with the
passive voltage-clamp snubber. Fig. 8 compares the results predicted
by the model with experimental resultsfor the case when the auxiliary
outputs V2, Vs areloaded at I, = Is = 0.4A and the main output |oad
varies between I, = 0.2A and I, = 2A. The converter is operated
open-loop at constant duty ratio D = 0.52. Throughout this load
range on the V, output, all outputs operate in the continuous con-
duction mode. One may observe that output voltage variations AV»,
AV3 are linear functions of the load 1,4, as predicted by the model.
The model also correctly predicts that the output V2 decreases and the
output V3 increases with increasing load on the V4 output. Although
our cross-regulation model included only magnetics parameterswhile
conduction and other losses were neglected, the predicted results cor-
relate very well with the experiments.

At the operating point D = 0.52, I = Is = 0.4A, I, = 1A, the
output resistance matrix (referred to the primary side) is found from

(22):
24 -18 41
R'=| -18 122 -95 |Q (30)
41 —-95 274
and referred to the secondaries,
042 -032 024
R=NR'N=| -032 215 -05 |Q (32)
024 -056 054
The measured output resistance matrix is:
122 -02 024
Rexperiment = | —0.35 32 -052 |Q (32
026 -056 0.90

One can observe very good correlation between predicted and mea-
sured off-diagonal terms. This indicates that the coupling terms are
indeed determined mainly by the transformer leakage inductances.
The diagona terms, which are the Thevenin equivalent resistances
of theindividual outputs, are affected by the winding and diode con-
duction losses, which were not included in the model. Hence, the
measured terms on the main diagona are higher than the values ob-
tained from the model.

In the experimental example, the CCM condition (25) resultsin:

073 -042 -0.14 I 0.17A
-042 30 -014 Is | > | 017A (33)
—-042 -042 109 Iy 0.17A

The V> output has the smallest term (0.73) on the main diagonal, and
is most likely to operate in DCM because the winding W> is best
coupled to the primary, i.e., because the leakage l12 in the magnetics
model of Fig. 2 issmaller than l13 or l14. In generd, increasing load
on one output while keeping the other two loads constant causes this
output to move from DCM to CCM, and the other two outputs to
move from CCM to DCM. For example, for I, = 0.6A, 14 = 1A,
and D = 0.52, the model prediction is that all outputs operate in
CCM for 0.19A < I3 < 0.32A. In the experimental prototype the
V3 output entered DCM when I3 dropped below 0.21A, while the V,
output entered DCM once I3 exceeded 0.45A.

Next, we consider the experimental converter of Fig. 1 with the
active-clamp snubber. At the same operating point as in the passive
snubber case, D = 052, I, = Is = 0.4A, I, = 1A, the output
resistance matrix (referred to the primary side) isfound from (29):

38 -04 55

R'=| -04 136 -811|Q (34)
55 -81 287
and referred to the secondaries,
0.67 -0.07 0.33
R=NR'N=| —007 240 -048 |Q (35)
0.33 -048 056

Some of the output resistance values are significantly different com-
pared to the passive-snubber case. This example shows that even



changes in the snubber configuration or snubber parameters can have
significant effects on the cross-regul ation performance of the flyback
converter.

The measured output resistance matrix is:

15 -03 025
Rexperiment = | —0.16 33 -064 | Q (36)
025 -07 0.90

Conclusionsaresimilar asin the passive snubber case: off-diagonal
terms in the model correlate well with the experiments, while the
terms on the main diagonal are higher because of the conduction
losses which were not included in the model.

5 Design considerations

In Section 3, we have shown that complex behavior of a multiple-
output flyback converter can be explained in terms of the extended
cantilever magnetics model. The general steady-state solutions (16),
(22) and (27), (29) alow one to determine the steady-state cross-
regulation performance for any given magnetics design, and a given
converter configuration with arbitrary number of outputs. Further-
more, using the derived analytical results, various magnetics design
approaches can be evaluated and compared. Several general design
guidelines to improve cross-regulation can be deduced:

e Output resistances are directly proportional to leskage in-
ductances (lzs, loa, l34) between the secondaries. There-
fore, tighter coupling between the secondaries yieldsimproved
cross-regul ation.

e Minimization of |eskage inductances between the secondaries
and the primary is not essential for good cross-regulation. In
fact, larger l12, l13, l14 inductances increase the CCM load
ranges, which may improve cross-regulation.

e Reative values of the effective leakage inductances between
the primary and the secondaries (112, l13, l14), are important for
good cross-regulation and the best windings arrangement de-
pends on the specified load ranges at the outputs. The winding
of the output with the widest load range should have the best
coupling to the primary, i.e. it should have the smallest value
of the effective leakage inductance.

e Winding arrangements that result in matching rows of the out-
put resistance matrix R/ referred to the primary lead to good
closed-loop cross-regulation even if leskage inductances are
relatively large. If two outputs have the same terms in the
corresponding rows of the R’ matrix, closed-loop regulation
of one of the outputs yields excellent regulation of the other
output.

The last point in the design guidelines above can be illustrated using
the experimental example of Figs. 1 and 2. Couplings among the
secondary windings are such that all terms in the first and the third
row of R’ have the same sign, as shown in (30) or (34). As aresult,
the outputs V> and Vi change in the same direction for any change
of load currents. In contrast, the signs of the terms corresponding to
V3 and V, are opposite. If, for example, the load I, increases, the
outputs V4 and V> decrease, while the output V3 increases, as shown
in Fig. 8. Suppose now that the output V4 is closed-loop regulated
so that load-induced variations in V4 are compensated by variations
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Figure 9: Cross-regulation V(1) and V3(I4) for the case when the
auxiliary outputs operateat I = Is = 0.4A, and the main output |oad
varies between I, = 0.2A and 14 = 2A. The converter is operated
closed-loop at fs = 100kHz, V4 = 3.3V.

in duty ratio D. From our model we can expect improved cross-
regulation on the V; output compared to the V4 output. Fig. 9 shows
the measured closed-loop cross-regulation AV>(14), AVa(14), for the
converter with passive voltage-clamp snubber. As expected, the total
voltage variations on the V2 output is smaller than on the V3 output.
The winding arrangements that result in opposite-sign terms in the
resistance matrix clearly give poor cross-regulation results. A better
match between the output resistance terms for the V2 and V4 outputs
could be obtained by improving the coupling between the primary
and the W output, which would result in improved cross-regulation
on the V> output.

6 Conclusions

Operation and characteristics of multiple-output flyback converters
depend strongly on the transformer leakage inductances. In partic-
ular, steady-state output voltages and cross-regulation properties are
determined by how well individua transformer windings are cou-
pled. Taking into account the effects of leakage inductances has
been considered intractable in al but the ssimplest cases limited to
two secondary windings or based on other simplifying assumptions
about the transformer model. In this paper, complex operation of
multiple-output flyback converters is explained in terms of the ex-
tended cantilever magnetics model. Thisgenera circuit model alows
easy qualitative and quantitative explanation of the observed sec-
ondary current waveforms, as well as a general steady-state analysis
in terms of the extended cantilever model parameters. Two snubber
configurations are considered: a passive voltage-clamp snubber and
an active-clamp snubber. In both cases, analytical models are derived
that can accurately predict steady-state cross-regulation properties of
a converter with any number of outputs and with arbitrarily complex
magnetics configuration. Predictions of the models are verified by
experiments. The analytica models are the basis for a discussion
of magnetics design guidelines that can result in improved cross-
regulation in multiple-output flyback converters.
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