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Cross Regulation in Flyback Converters: Analytic
Model and Solution

Chuanwen Ji, K. Mark Smith, Jr., Member, IEEE, Keyue M. Smedley, Senior Member, IEEE, and
Ken King, Member, IEEE

Abstract—An analytical model for studying cross regulation
among the multiple outputs of flyback converters is presented in
this paper. Both the theoretical and experimental results show
that the cross regulation can be improved by lowering the clamp
voltage, which has not been previously reported. Many other
factors, such as the leakage inductance in primary and secondary
windings, the magnetizing inductance, and the air gap can also
affect the cross regulation. Detailed analysis and test results are
provided. Based on this model, a cost-effective passive energy
regenerative clamp is proposed that allows the clamp voltage to be
much lower than that of traditional RC clamps, thus improving
the cross regulation and energy efficiency.

Index Terms—AC–DC converter, cross regulation efficiency,
DC–AC converter, flyback.

I. INTRODUCTION

A MONG the variety of switching-mode power converters,
the flyback converter is one of favorite choices among de-

sign engineers for low power applications due to its low com-
ponent count, cost-effective structure, as well as its large dy-
namic range. However, flyback converters generally suffer from
low efficiency and poor cross regulation due to its leakage in-
ductance. In reality, no matter how the winding structure is ar-
ranged inside a transformer, the leakage inductance cannot be
completely eliminated.

As switching frequency reaches megahertz level, the impact
of the leakage inductance on the cross regulation becomes even
more serious. In industrial practice, a weighted voltage control
loop is often used to reduce a particular output error by adjusting
the weighting factor. But it does not reduce the total output error,
instead, it only shifts the error to the other outputs [1]. Some
previously published papers [2]–[5] have revealed the relations
between the leakage inductance and cross regulation to some ex-
tent. However, quantitative relationship describing the effects of
the leakage inductance among windings on the cross regulation
has not been reported so far. Paper [6] has shown certain insight
into this issue; however, it converts the leakage inductance in
primary winding to the secondary side, which makes the pre-
dicted results difficult to be matched by experiments. An exten-
sive analysis based on coupled inductor is given in [7] for mul-
tiple output flyback converters, which shows the frequency de-
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Fig. 1. (a) Typical flyback converter of two outputs. (b) Equivalent transformer
model on the primary side for analyzing the cross regulation.

pendant nature of multiple output converters. A model of cross
regulation was given in [8] for converters containing coupled
inductors.

This paper presents an analytical model to explore the cross
regulation mechanism inside a flyback converter and to inves-
tigate the crucial factors that affect cross regulation in a mul-
tiple-output flyback converter. Based on this model, a cost-ef-
fective solution to improve the cross regulation and efficiency
is provided. The analytical model of cross regulation is derived
in Section II, the analytical predictions and experimental results
are presented in Sections III and IV, a solution to improve the
cross regulation is proposed in Section V, and a conclusion is
provided in Section VI.

II. A NALYTICAL MODEL OF CROSSREGULATION IN

FLYBACK CONVERTER

A flyback converter cyclically stores energy in its transformer
from the input dc source when its switch is on and then re-
leases this stored energy into its outputs after the switch is turned
off. By adjusting the amount of energy stored and released per-
cycle, the output voltage can be regulated. Fig. 1(a) shows a typ-
ical two-output flyback converter topology with an RC clamp
( , and ) dissipating the energy from the leakage induc-
tance, , each cycle when the switch is turned off and limiting
the voltage stress on the switch. In Fig. 1(a), the transformer is
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modeled as an ideal transformer with a magnetizing inductance,
, and equivalent leakage inductance, and , cor-

responding to those of primary winding, secondary winding 1,
and winding 2, respectively. Compared with the leakage induc-
tance, the resistance of windings is small enough to be neglected
for simplicity of the analysis.

By converting the secondary sides to the primary side of
the transformer, an equivalent circuit is derived as shown in
Fig. 1(b). It is a consequential platform for quantitative analysis
of the cross regulation in the flyback converter.

Assuming that the load in output 2 of the converter shown in
Fig. 1 is lighter than that in output 1, the current waveforms in
both outputs can be plotted for one switching cycle as shown in
Fig. 2 when operating in discontinuous current mode (DCM).
In Fig. 2, is the current flowing to the RC clamp and is
the equivalent magnetizing current.

When the switch is turned on at, the magnetizing current
will increase with a slope of

(1)

where is converter input dc voltage.
At the moment when the switch is turned off, a large por-

tion of the magnetizing current will flow into the capacitor of
RC clamp due to the leakage inductance in the output loops. The
corresponding equivalent circuit during is shown in Fig. 3(a)
where the capacitance of and are assumed to be large
enough so that the voltages across them could be considered as
constant during the entire switching cycle. In order to simplify
the analysis, the voltage drops in all diodes are neglected.

The sum of currents at node equal zero

(2)

Differentiating of (2) yields

(3)

Substitution of the current changing rates of and
into (3) gives

(4)

Let , and ,
solving (4) for yields

(5)

During interval, the current flowing into is

(6)

where is the magnetizing current at the moment when the
switch is turned off.

The diode conduction time, , is obtained by letting

(7)

Fig. 2. Ideal voltage and current waveforms during one switching cycle.V :
magnetizing voltage;i : magnetizing current;i : current into the capacitor of
RC clamp;i andi : currents through the output windings.

Fig. 3. Equivalent circuits duringT ; T andT .

The currents of output 2 and output 1 duringare

(8)

(9)

At , the end of , when the current in capacitor drops
to zero, the peak current in output 2 is obtained by substitution
of (7) into (8)

(10)
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In similar way, the instantaneous current of output 1 atcan
be derived

(11)

After the current through capacitor drops to zero, the
diode is reverse biased. The equivalent circuit duringis
reduced as shown in Fig. 3(b)

(12)

Differentiating above (12) yields

(13)

Substitution of the current changing rates of and into
(13) gives

(14)

i.e.,

(15)

The current in output 2 during is

(16)

The current will drop to zero before does due to
its lighter load and higher voltage at the output, so thatcan
be obtained by letting , as seen in (17), shown at the
bottom of the page.

The current of output 1 during is

(18)

The instantaneous current in output 1 at timewhen the
current in output 2 drops to zero can be obtained by substitution
of (17) into (18)

(19)

Equation (19) states that if the two output voltages are equal,
, which means that the two output currents will drop

to zero simultaneously and have similar triangle waveform as
shown in Fig. 4(a).

After , only and have current, the equivalent circuit
during is shown in Fig. 3(c)

(20)

Fig. 4. Ideal current wave forms in the secondary windings.

is obtained by letting

(21)

From the above analysis, the current in output 2 and output 1,
after the switch is turned off, are calculated and shown in
Fig. 4(a) and (b), respectively.

The average current of output 2 during one switching cycle
is (22), shown at the bottom of the next page, and the average
current of output 1 is (23), shown at the bottom of the next page,
where

The ratio of the two output average currents is obtained by
dividing (22) by (23)

(24)

Equation (24) is the base to derive the output error expres-
sions. In this paper, two typical cases will be discussed.

In case 1, it is assumed that only one output, say output 1,
has feedback control to keep its output constant no matter how
its load varies, and the uncontrolled output 2, whose voltage is
cross regulated through the output 1, has no external load except
a pre-load resistor . In actual design practice, the pre-load
resistor is used to prevent an momentary high over voltage at the
output from occurring under no-load conditions. Its resistance
has been converted to primary side in (26). In this case, the worst
cross regulation occurs at the output2 when it has light load and
the output 1 is in a heavy load condition. The voltage of output 2
is assumed to deviate from output 1 by an error

(25)

(26)

Substitution of (25) and (26) into (24) gives an expression
for the average current average presented in the Appendix
(A1). It shows that the error of output 2, , is a function

(17)

Authorized licensed use limited to: IEEE Xplore. Downloaded on October 20, 2008 at 08:33 from IEEE Xplore.  Restrictions apply.



234 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 16, NO. 2, MARCH 2001

with such variables as (the clamp voltage of capacitor),
(winding 1 leakage inductance factor, ), (winding
2 leakage inductance factor, ), and (pre-load resis-
tance at output 2) as well as the load current in the regulated
output.

In case 2, the weighted output control is used. A typical fly-
back converter with weighted voltage control is shown in Fig. 5.

In the steady state, the algorithmic mechanism of the
weighted voltage control can be expressed as

(27)

where and are constant and is the reference voltage
of compensator.

Differentiating (27) yields

(28)

Define the weighting factors of the two outputs as
and respectively, thus

and (28) becomes

(29)

where .
Since all reflected output voltages are identical in an ideal

multiple output transformer, output errors, and , can
be viewed as their deviation from the reflected output voltage,
namely, and , therefore

(30)

(31)

Substitution of (30) and (31) to the basic (24) yields an ex-
pression for average/ average as shown in (A2), which pro-
vides a closed-form equation for analyzing cross regulation in
flyback converters with weighted output control.

The analysis of cross regulation from the closed-form expres-
sions derived is readily done with standard computational soft-
ware. In the next two sections, the analytical model will be ver-
ified by experiments and the analytic results will be presented
as well.

Fig. 5. Typical flyback converter with weighted voltage control.

III. RELATION BETWEEN THECLAMP VOLTAGE AND THE

OUTPUT VOLTAGE CROSSREGULATION

A. Case 1. One Output Is Regulated While the Other Is Open
(Cross Regulated)

1) Error of the Unregulated Output versus the Load Varia-
tion of the Regulated Output:A flyback converter used in ex-
periments has two outputs, and . Output1 is directly fed
back to regulate its output voltage while output2 is cross regu-
lated through output1. The experimental flyback converter has
24 and 66.7 resistors at the output 1 and output 2, respec-
tively, as commonly used pre-loads to avoid inapropriate over
voltage on its outputs when without external loads. Its trans-
former parameters are listed in Table I and dc input voltage is
170 V. All boxed curves in the figures shown in this paper are
experimental results and no boxed curves are from modeling
prediction.

In the flyback converter design procedure, the clamp voltage
is selected to meet the voltage stress requirement of the switch.
Up to now, there is no literature reporting the fact that the clamp
voltage affects the cross regulation on the multiple outputs. The
study in this work has revealed a strong correlation between
the clamp voltage and the cross regulation. Both the analytical
prediction and experimental results, as shown in Fig. 6, indi-
cate that, during heavy load in the regulated output, the output
error in the unregulated output is reduced by 44 percent when
decreasing the clamp voltage from 160 V to 100 V under
the listed circuit condition. Furthermore, it is found that if the
clamp voltage is designed slightly greater than, but not equal to,

(22)

(23)
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TABLE I
FLYBACK TRANSFORMERPARAMETERS

the output reflected voltage, the output error in the unregulated
output is minimized.

2) Error of the Unregulated Output versus the Load Varia-
tion of Its Own and the Regulated Output:The prior section
notes how load variation in the regulated output affects the
output error of the unregulated output when it has only a
pre-load resistance. It is also important to know the output
regulation versus the load variation of both outputs. The output
error of the unregulated output corresponding to the variation
of both loads is shown by a 3-dimentional plots in Fig. 7(a)
and (b) for the clamp voltage of 160 V and 100 V, respectively.
It is shown that the error is reduced dramatically by lowering
the clamp voltage. Moreover, the extensive flat area in the
central part of the Fig. 7(a) and (b) indicates that the better
cross regulation occurs when both load currents are higher
than a certain level, above which the cross regulation is not
dominantly influenced by leakage inductance and other factors.

B. Case 2. Output Errors in Flyback Converter With Weighted
Voltage Control

Based upon the modeling analysis, the output error can be an-
alytically predicted and plotted as shown in Fig. 8 for a clamp
voltage of 160 V and Fig. 9 for a clamp voltage of 100 V in
terms of arbitrarily-chosen weighting factors, i.e.,

. Figs. 8 and 9 indicate that weighted voltage control
by no means reduces overall error but redistributes it among the
outputs. It can reduce the particular output error by adjusting the
weighting factor at the cost of degrading the others since it does
not render a mechanism for outputs to track each other. How-
ever, lowering clamp voltage can overall reduce both output er-
rors in the flyback converter. The analytical outcomes can fore-
tell output error and help engineers to make appropriate tradeoff
among the weighted factors, the clamp voltage, and pre-load
currents to satisfy the regulation specification of each output.

Fig. 6. Both analytic and experimental results show that the error of the
unregulated output is reduced when lowering the clamp voltage.

Fig. 7. Three-dimensional plots of the unregulated output error: (a)V = 160

V and (b)V = 100 V.

Fig. 8. Predicted output error in a flyback converter with weighted voltage
control where the clamp voltageV = 160 V, K = 0:8; K = 0:2;

K = K = K = 30: (a) the error at output 2 and (b) the error at output 1.

Fig. 9. Predicted output error in a flyback converter with weighted voltage
control where the clamp voltageV = 100 V, K = 0:8; K = 0:2;

K = K = K = 30: (a) the error at output 2 and (b) the error at output 1.

IV. EFFECT OF THELEAKAGE INDUCTANCE ON THEOUTPUT

VOLTAGE CROSSREGULATION

A commonly used method to reduce the error in the unregu-
lated outputs is to decrease its pre-load resistance. However, this
yields more loss. Analysis shows that adding a small inductor to
the unregulated output reduces its output error and improves the
cross regulation as shown in Fig. 10. As an example, a 0.36 uH
inductor was inserted in series with the winding of the unregu-
lated output 2. Curve a and b show the predicted and measured
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errors when there is no extra inductor. As shown by curve c (pre-
dicted) and d (experimental) in Fig. 10, the error is reduced by
40% when heavy load is applied to output 1 compared with the
error in curve a (experimental) and b (predicted). However, its
output voltage will actually drop more during very light load in
the regulated output 1 because the larger inductance in output
2 causes less energy flow toward its output. One way to reduce
this drop and regain its original output is to increase its pre-load
resistance as shown by curve e in Fig. 10, as a consequence,
the efficiency will be improved. In practice, adding a small in-
ductor in the unregulated outputs can be realized by arrange-
ment of winding structure in the window of transformer core to
shift the leakage inductance distribution. For instance, a desired
larger leakage inductance in the winding of the unregulated out-
puts can be achieved by placing it in the outer layer of the core
window.

In Fig. 11, both modeling predictions and experimental re-
sults show that larger leakage inductance in the primary winding
will result in a smaller error in the unregulated output. In the ex-
periment, the added inductance is 20 uH.

Magnetizing inductance can be adjusted by varying the air
gap between the magnetic cores, which does not change the
leakage inductance much among the windings if the fringe ef-
fect is not significant. Fig. 12 shows that the cross regulation
is improved, if the magnetizing inductance is increased by al-
tering the gap while the leakage inductance is assumed to be
unchanged. It means that reduction of the gpap will improve the
cross regulation, although other considerations may make this
inappropiate.

The well matched experimental and analytical results, as
shown in Figs. 6, 10 and 11, demonstrate that the analytic
model closely represents the mechanism of the cross regulation
in flyback converters.

V. SOLUTION: ENERGY REGENERATIVE CLAMP

Both the analytical model and experimental results shown
in above section have clearly manifested that cross regulation
in multiple output flyback converters can be greatly improved
when the clamp voltage is maintained slightly above the re-
flected output voltage. However, using a traditional RC clamp to
keep this voltage low results in high power losses. For instance,
the loss in the RC clamp shown in Fig. 1(a) can be found by
integration of the product of the clamp voltageand charging
current during the period of switch turn off

(32)

From (32), the energy loss in the RC clamp can be plotted in
terms of the clamp voltage as shown in Fig. 13, which indicates
that lowering the clamp voltage leads to more losses, especially
when the clamp voltage approaches the reflected output voltage

Fig. 10. Adding a small inductor in the loop of the unregulated output reduces
its output error. a and b:R = 66:7 
 and without an extra inductor, c and d:
R = 66:7 
 andL = 0:36 �H, and e:R = 203 
 andL =

0:36 �H.

Fig. 11. Larger leakage inductor in primary side reduces the error of the
unregulated output, where the initial leakage inductance is 9.9�H and an
added extra inductor is 20�H.

Fig. 12. Larger magnetizing inductance results better cross regulation:(a)
K = K = K = 30, (b) K = K = K = 60, and (c)
K = K = K = 120.

Fig. 13. Loss in RC clamp increases when the clamp voltage approaches
reflected output voltage.
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of and . It is necessary to make a tradeoff between the cross
regulation and efficiency if an RC clamp is used.

Equation (32) illustrates several important characteristics of
the RC clamp circuit. For a certain resistance of in the RC
clamp, the clamp voltage is determined by the energy into the
capacitor. Since it is proportional to the converted overall power,

, the clamp voltage varies with load currents and
so does the cross regulation. However, the lost energy is inde-
pendent of the input voltage. Therefore, the cross regulation of
a flyback converter with an RC clamp remains the same for the
universal input voltage range if the feedback control has an in-
finite gain. It is the simplest and cheapest approach to limit the
voltage stress cross the switch, but efficiency suffers.

To overcome the defect in the RC clamp, an energy regener-
ative clamp to losslessly maintain a low clamp voltage is pro-
posed as shown in Fig. 14. This clamp uses an extra winding,

that shares thesame core of the transformer. A similar
clamp winding for a forward converter was proposed in [9].
When the switch is turned off, the transformer’s magnetizing
and primary leakage inductance will initially conduct through

and , clamping the voltage across the switch to .
At this moment, diode is reversely biased, no current flows
through the clamp winding, and the energy in the leakage in-
ductance is temporally stored in capacitor. It is assumed that
the capacitance of is large enough that the voltage across
it approximately maintains constant from cycle to cycle. When
the switch is turned on, the magnetizing inductance of the trans-
former will be charged by two energy sources. Initially it will
be charged by through the clamp winding to transformer
core until the voltage across drops to the reflected input
voltage, . After that, diode is reverse biased and
the transformer will be energized from the input voltage source

. The current waveforms are shown in Fig. 15, whereand
are the currents through the primary winding and the clamp

capacitor, , respectively.
When the switch is on, diode and all the diodes in the

output are reverse biased, and the voltage on the capacitor
is approximately equal to that of the clamp winding if the
voltage drops on diode and switch are neglected. During the
switch-on period, the voltages of primary and clamp winding
satisfy

(33)

Equation (33) indicates that the clamp voltage is determined
by the designed turns of the clamp winding. It must be greater
than the output reflected voltage so that the energy stored in the
magnetic core can be converted to the secondary side during
the switch-off period, otherwise it will be totally transferred to
capacitor , i.e.,

(34)

Substitution of (33) into (34) gives design criteria for the
clamp winding

(35)

Fig. 14. Proposed energy regenerative clamp.

Fig. 15. Measured currents through the primary winding and the clamping
capacitorC in flyback converter with energy regenerative clamp.

Fig. 16. Comparison of the errors in the unregulated output2 of the flyback
converter with the energy regenerative clamp and that with RC clamp.

Voltage stress across switch is

(36)

Equation (36) shows that the voltage stress across the switch
is controllably determined by the turns of the clamp winding and
does not change with the variations of leakage inductance nor
the load currents unlike that in the RC clamp. But, the clamp
voltage is proportional to the input rms voltage, therefore, the
cross regulation at high end (i.e., 230 V ac) will be worse than
that at low end (i.e., 115 V ac) for an universal input.

Comparative experiments were conducted in a flyback con-
verter with identical parameters listed in Table I. When the fly-
back converter used the RC clamp, the clamp voltage was de-
signed as 170 V at full load ( V output1 is 8 A). Under this
condition, the output error in the V output2 is more than
2.6 V as shown in Fig. 16. Using the same flyback converter, a
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new clamp winding of 21 turns was added to the transformer.
This winding gives a clamp voltage of 100 V when the input
voltage is about 120 V ac. After the proposed energy regenera-
tive clamp was employed, the error on V output was only
1.5 V with the same full load current on V output as shown
by the curve with diamond in Fig. 16. It was reduced by 42%
compared with that of the RC clamp. However, because of the
dependency of the clamp voltage on the input voltage, when the
input voltage was increased to be 220 V ac, the clamp voltage
becomes 170 V, and cross regulation is close to that of the RC
clamp. Another advantage of this energy regenerative clamp is
that it improves overall efficiency by regenerating the energy
stored in the primary leakage inductance, rather than dissipating
in the resistor of the RC clamp. In the experimental flyback con-
verter after the clamp is applied, its efficiency is improved by
7.7% at full load condition.

VI. CONCLUSION

The model for analyzing cross regulation among the outputs
of flyback converter is presented and verified by experiments.
The cross regulation of a multioutput flyback converter can be
significantly improved by lowering the clamp voltage, espe-
cially to slightly above the reflected output voltage. However,
use of a traditional RC clamp causes more loss.

1) Larger leakage inductance in the secondary windings
leads to better cross regulation of that output when it is
lightly loaded.

2) Larger leakage inductance in the primary side can be ben-
eficial to improve the cross regulation of multiple output
flyback converters. However, it results more loss in a tra-
ditional RC clamp.

3) Reducing core gap to achieve larger magnetizing induc-
tance in the flyback converter design will improve cross
regulation, when this can be accomodated.

The traditional RC clamp is the simplest and cheapest ap-
proach to limit the voltage stress across the switch. Its clamp
voltage is dependent on the output load of converters but not
on the input voltage, which leads to the same cross regulation
for universal input applications. However, since it is a dissipa-
tive clamp, decreasing its designed clamp voltage to achieve
better cross regulation is at the cost of efficiency. Therefore, in
the design procedure, it is indispensable to make a tradeoff be-
tween the cross regulation and efficiency when an RC clamp is
used. The proposed energy regenerative clamp allows the clamp
voltage to be much lower than that of RC clamp without yielding
losses by recovering leakage energy, consequently overcoming
the defect in the RC clamp. Its clamp voltage doesn’t alter as
a of the load’s variation unlike with the RC clamp. It does not
require an extra magnetic core, since the clamp winding shares
the same core with the transformer. The proposed clamp uses
the same number of components as the RC clamp, therefore,
it is a cost-effective approach to improve both cross regulation
and efficiency in multiple output flyback converters. However,
due to the dependency of its clamp voltage on the input voltage,
the cross regulation cannot be maintained the same for universal

input applications. It will suffer at the high end, i.e., 230 V ac,
when the clamp is designed for low end input, i.e., 115 V ac.

APPENDIX

A closed-form equation for analyzing the cross regulation of
flyback converters with single voltage feedback control in term
of can be determined from the derived expression for the
average current average

where

(A1)
A close-form equation for analyzing the cross regulation of

flyback converters with weighted voltage control in term of
can be determined from the derived expression for the ratio of
average current average to average

(A2)

where

and
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