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Cross Regulation in Flyback Converters: Analytic
Model and Solution

Chuanwen Ji, K. Mark Smith, JMember, IEEEKeyue M. SmedleySenior Member, IEEEand
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.
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. INTRODUCTION

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 fropy 1. (a) Typical flyback converter of two outputs. (b) Equivalent transformer
low efficiency and poor cross regulation due to its leakage imodel on the primary side for analyzing the cross regulation.
ductance. In reality, no matter how the winding structure is ar-
ranged inside a transformer, the leakage inductance cannopbkadant nature of multiple output converters. A model of cross
completely eliminated. regulation was given in [8] for converters containing coupled
As switching frequency reaches megahertz level, the impastiuctors.
of the leakage inductance on the cross regulation becomes evenhis paper presents an analytical model to explore the cross
more serious. In industrial practice, a weighted voltage contn@gulation mechanism inside a flyback converter and to inves-
loop is often used to reduce a particular output error by adjustitigate the crucial factors that affect cross regulation in a mul-
the weighting factor. Butit does not reduce the total output erraiple-output flyback converter. Based on this model, a cost-ef-
instead, it only shifts the error to the other outputs [1]. Sonfective solution to improve the cross regulation and efficiency
previously published papers [2]-[5] have revealed the relatioissprovided. The analytical model of cross regulation is derived
between the leakage inductance and cross regulation to somdresection 11, the analytical predictions and experimental results
tent. However, quantitative relationship describing the effects afe presented in Sections Ill and 1V, a solution to improve the
the leakage inductance among windings on the cross regulativoss regulation is proposed in Section V, and a conclusion is
has not been reported so far. Paper [6] has shown certain insigiitvided in Section VI.
into this issue; however, it converts the leakage inductance in
primary winding to the secondary side, which makes the pre- |I. ANALYTICAL MODEL OF CROSSREGULATION IN
dicted results difficult to be matched by experiments. An exten- FLYBACK CONVERTER
sive analysis based on coupled inductor is given in [7] for mul-
tiple output flyback converters, which shows the frequency dier

(b)

_Aflyback converter cyclically stores energy in its transformer
om the input dc source when its switch is on and then re-
leases this stored energy into its outputs after the switch is turned
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modeled as an ideal transformer with a magnetizing inductance
L,,, and equivalent leakage inductante,,, Ly, andLy., 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 neglecte
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). Itis 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, L. is the current flowing to the RC clamp adg, is
the equivalent magnetizing current.

When the switch is turned on &}, the magnetizing current
will increase with a slope of; /(L, + L)

Ve

Lrn"l_Lkp

im(t) @
whereV, 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 capacitgs of

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

RC clamp due to the leakage inductance in the output loops. The

corresponding equivalent circuit durifig is shown in Fig. 3(a)
where the capacitance 6%, C2 andCj3 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

irn = ic + il + 52 (2)
Differentiating of (2) yields
dipy,  di. | diy | diz
dt dt  dt  dt’ ®

Substitution of the current changing ratesQf i, i; andis
into (3) gives
Vrn,l Vrn,l - V;’ Vrn,l - Vi Vrn,l - VYQ
= + . 4
L Lxp L1 Lo @
Let K; = Lrn/Lkla K, = Lrn/LkQa ande = Lrn/Lkpy
solving (4) forV,,; yields
KiVi + KaVo + K,V

Vrn = 5
! 1+ K, + K>+ K, ®)
During 77 interval, the current flowing int@’s is
. Vrn - ‘/c
io(t) = Vs = Vo) 1o (6)
Lip

wherel, is the magnetizing current at the moment when the
switch is turned off.

The diode D3 conduction time, 77, is obtained by letting
i.(t) =0
LrnIO

K

p

to
of

. 1+ K+ K+ K,
Vo + VoKL + Vo Ky — K1 Vi — KoV

T = (7)

(b) T,

Fig. 3. Equivalent circuits durin@y, 7 andT75.

The currents of output 2 and output 1 durifigare

— (Vrnl - ‘/Q)KQ

12(t) T -t (8)
i (t) = (V"’l;ivl)ffl -t (9)

At ¢5, the end ofl}, when the current in capacitar; drops

zero, the peak current in output 2 is obtained by substitution

(7) into (8)

Kolp(14+ K1 + Ko+ Kp)(Vir — Va)
K,V.+V.Ki + V. Ko — K1V — K>Va)

Dpgo = (10)
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In similar way, the instantaneous current of output & aan
be derived

Kilo(14 K1 + Ko + K) (Vi — V1)
K, (V. + VoK1 + V.K; — K1Vi — KaVa)'

Iipgo = (11)

After the current..(t) through capacitof’s drops to zero, the
diode Ds is reverse biased. The equivalent circuit durifigis
reduced as shown in Fig. 3(b)

by = 11 + i2. (12)
Differentiating above (12) yields
iy, diy  dig
=—+—. 13
dt dt dt (13)

Substitution of the current changing rates,gf ¢; andi, into
(13) gives

VrnQ VrnQ - ‘/2 VrnQ - ‘/1
— = 14
Ly, Lo Lyt (14)
ie.,
KVi+ K.V,
Vipo = —————. 15
T I4 K+ K, (13)
The current in output 2 durings is

. Vrn - V

i2(t) = % “t+ Iopgo. (16)
k2

The currenti»(t) will drop to zero before (t) does due to
its lighter load and higher voltage at the output, so fiiatan
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Fig. 4. Ideal current wave forms in the secondary windings.

T3 is obtained by letting; (¢) = 0

_ IOLrn(‘/Q - ‘/1)(1 + Kl)
Vi(Va + VoK — VIK:)'

Ty (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

M = K, KoV3 + KpKiViVe — K K1V, Va + K1ViVa
— KpVeVo — Kp Ko VoVe — Kp Ko ViV + K, Vi Vs
+ViVe + K,K1V.Vi — K, K1V — K1V}
The ratio of the two output average currents is obtained by
dividing (22) by (23)
IQaverage _ KQ‘/I(‘/Q + ‘/QKI + ‘/QKp - Kl‘/l - Kp‘/c)
- KM

Il average

(24)

be obtained by letting.(¢#) = 0, as seen in (17), shown at the

bottom of the page.
The current of output 1 durin@> is

VrnQ - ‘/1

T (18)

t+Iipr2

1(t) =

The instantaneous current in output 1 at titgewhen the

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

current in output 2 drops to zero can be obtained by substitutigrPre-1oad resistoR;. In actual design practice, the pre-load

of (17) into (18)

Kilg(V2 — V1)

19
Vo + VoK, - VIK, (19)

Iiprs =

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

Equation (19) states that if the two output voltages are equal ossumed to deviate from output 1 by an ekdr,
I3 = 0, which means that the two output currents will drop

to zero simultaneously and have similar triangle waveform as

shown in Fig. 4(a).

After t3, only L,,, andL;; have current, the equivalent circuit

during73 is shown in Fig. 3(c)

V,= Vi + AV (25)
Vs
IQ average — FZ (26)

Substitution of (25) and (26) into (24) gives an expression

. Vi for the average currerfy average presented in the Appendix
alt) = L+ L, ttLipks. (20) (Al1). It shows that the error of output 2V, is a function
LrnIO (1+K1+K2)(K1‘/1 +Kp‘/c_‘/2_‘/2Kl_‘/2Kp)
T, = : 17

K

»  (Vo+ VLKL + VLK, — Kqn Vi — KoVo) (Vo + Va Ky — K1VA)
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with such variables ag, (the clamp voltage of capacitork;
(winding 1 leakage inductance factdr,, /L), K> (winding
2 leakage inductance factdr,,, /Lx2), and R, (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 , _ , _
Fig. 5. Typical flyback converter with weighted voltage control.

kl'vvl"i‘kQ'VvQ:V;efw (27)

wherek, andk, are constant antl.; ,, is the reference voltage ~ !l- RELATION BETWEEN THE CLAMP VOLTAGE AND THE
of compensator. OuUTPUT VOLTAGE CROSSREGULATION

Differentiating (27) yields A. Case 1. One Output Is Regulated While the Other Is Open

ki - AVL + ks - AV, = 0. (28) (Cross Regulated)

1) Error of the Unregulated Output versus the Load Varia-
tion of the Regulated OutputA flyback converter used in ex-
periments has two output¥; and V5. Outputl is directly fed
back to regulate its output voltage while output? is cross regu-

Define the weighting factors of the two outputs Bg,; =
k1/(k1+k2) andK 2 = ko / (k1 +k2) respectively, thusl,,; +
K2 = 1 and (28) becomes

Kyt AV + Ko - AV =0 (29) lated through outputl. The experimental flyback converter has
24 Q) and 66.7(2 resistors at the output 1 and output 2, respec-
where0 < K1, Ky < 1. tively, as commonly used pre-loads to avoid inapropriate over

Since all reflected output voltages are identical in an idegbltage on its outputs when without external loads. Its trans-
multiple output transformer, output errois}; and AV, can  former parameters are listed in Table | and dc input voltage is
be viewed as their deviation from the reflected output voltage7o V. All boxed curves in the figures shown in this paper are
namely,AV; = Vi — Viea andAVs = Vo — Vieq, therefore  experimental results and no boxed curves are from modeling

— Koo prediction.
Wi= 1-K., AVa + Vien (30) In the flyback converter design procedure, the clamp voltage
Vo= AV, LV N (31) Is selected to meet the voltage stress requirement of the switch.

Up to now, there is no literature reporting the fact that the clamp
Substitution of (30) and (31) to the basic (24) yields an exwoltage affects the cross regulation on the multiple outputs. The
pression for, averagef; average as shown in (A2), which pro-study in this work has revealed a strong correlation between
vides a closed-form equation for analyzing cross regulation tine clamp voltage and the cross regulation. Both the analytical
flyback converters with weighted output control. prediction and experimental results, as shown in Fig. 6, indi-
The analysis of cross regulation from the closed-form expresate that, during heavy load in the regulated output, the output
sions derived is readily done with standard computational softrror in the unregulated output is reduced by 44 percent when
ware. In the next two sections, the analytical model will be vedecreasing the clamp voltagé from 160 V to 100 V under
ified by experiments and the analytic results will be presentdie listed circuit condition. Furthermore, it is found that if the

as well. clamp voltage is designed slightly greater than, but not equal to,
I _ 1! I (Th + 1)
2average — T 2 2PK2 1 2
KoL, I3 (—K\Vi — K,V.+ Vo + VoK + VoK) 22)

T2 KT [(Vat KiVa— KiVi)(KaVa + KiVi — V, — K1V, — KoV

1 1 1 1
11 average = T3 Ty -Iipra + §(I1PK2 +ILiprs) -1 + §I1PK3 i
KL, B2 M

- 23
2K, T Vi(Va+ KiVa — KiVi)(KoVa + K1 Vi — Ve — KiVe — Ko V) (23)
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TABLE | ¢
FLYBACK TRANSFORMERPARAMETERS !Analytlc
§
Tums of primary 36 AV, :
A% V. =160V =1
Tums of output 1 3 ( ) . "‘7/
Tums of 2 ‘ i ot
ums of output 4 g
Lo 293uH =
V=100 ] .
Lip 9.9uH Exgerimental
Ly (converted to prim. side) 9.8uH Z 4 3
Ly(converted to prim. side) 9.8uH . . .
Fig. 6. Both analytic and experimental results show that the error of the
R, (Pre-load in output 1) 24Q unregulated output is reduced when lowering the clamp voltage.
R, (Pre-load in output 2) 66.7Q
V, (regulated voltage of outputl) 5V
V, (Normat voliage of output2) 6.7V
V,{output reflected voltage) 60V

10(A)
the output reflected voltage, the output error in the unregulated

output is minimized.

(a) (b)

Fig. 7. Three-dimensional plots of the unregulated output errok/{a} 160
Vand (b)V. = 100 V.
2) Error of the Unregulated Output versus the Load Varia-

tion of Its Own and the Regulated Outputhe prior section av

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 \}&Q}g“‘&*

regulation versus the load variation of both outputs. The outpul g

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. ~ *® 10(8) =159V

It is shown that the error is reduced dramatically by Iowerin'g _ , _ _
. . ig. 8. Predicted output error in a flyback converter with weighted voltage

the clamp voltage. Moreover, the extensive flat area in ﬂeéltrol where the clamp voltag. = 160 V, Kui = 0.8, Kus = 0.2,

central part of the Fig. 7(a) and (b) indicates that the bettgr = K, = K, = 30: (a) the error at output 2 and (b) the error at output 1.

cross regulation occurs when both load currents are higher

than a certain level, above which the cross regulation is not AV,

dominantly influenced by leakage inductance and other factors.

AV

[\
A2V

B. Case 2. Output Errors in Flyback Converter With Weighted I
Voltage Control 10(4)

@

Based upon the modeling analysis, the output error can be an-
alytically predicted and plotted as shown in Fig. 8 for a cla jg. 9. Predicted output error in a flyback converter with weighted voltage
It 160 V and Fig. 9 f | It £100 Vi ontrol where the clamp voltage, = 100 V, K,,; = 0.8, K,z = 0.2,
voltage o ) ' an 9. (?I’ a. clamp vo a.ge Y e, = K, = I, = 30: (a) the error at output 2 and (b) the error at output 1.
terms of arbitrarily-chosen weighting factors, i.&.,,; = 0.8,
K,2 = 0.2. Figs. 8 and 9 indicate that weighted voltage control
by no means reduces overall error but redistributes it among tH
outputs. It can reduce the particular output error by adjusting the
weighting factor at the cost of degrading the others since it doesA commonly used method to reduce the error in the unregu-
not render a mechanism for outputs to track each other. Holated outputs is to decrease its pre-load resistance. However, this
ever, lowering clamp voltage can overall reduce both output gtields more loss. Analysis shows that adding a small inductor to
rors in the flyback converter. The analytical outcomes can fortlre unregulated output reduces its output error and improves the
tell output error and help engineers to make appropriate tradeofbss regulation as shown in Fig. 10. As an example, a 0.36 uH
among the weighted factors, the clamp voltage, and pre-loadiuctor was inserted in series with the winding of the unregu-
currents to satisfy the regulation specification of each outputlated output 2. Curve a and b show the predicted and measured

X. EFFECT OF THELEAKAGE INDUCTANCE ON THEOUTPUT
VOLTAGE CROSSREGULATION
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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 0 Z 7 1, (A)o ' ]
resistance as shown by curve e in Fig. 10, as a consequence,
the efficiency will be improved. In practice, adding a small inFig. 10. Adding a small inductor in the loop of the unregulated output reduces
ductor in the unregulated outputs can be realized by arran@€eutput error. a and bz, = 66.7 Q and without an extra inductor, ¢ and d:
ment of winding structure in the window of transformer core t§z = 66.7 2 and Lexira = 0.36 pH, and e:R; = 203 @ and Lexua =
shift the leakage inductance distribution. For instance, a desiretf "™
larger leakage inductance in the winding of the unregulated out-
puts can be achieved by placing it in the outer layer of the core 4
window.

In Fig. 11, both modeling predictions and experimental re- Ay,
sults show that larger leakage inductance in the primary winding (v)

errors when there is no extra inductor. As shown by curve c (pre- 4
dicted) and d (experimental) in Fig. 10, the error is reduced by AV
. . . 2
40% \{vhen heavy load is applied to output 1 compared with the ) . —
error in curve a (experimental) and b (predicted). However, its 2 o
output voltage will actually drop more during very light load in /p ~a
==

will resultin a smaller error in the unregulated output. In the ex- 2

periment, the added inductance is 20 uH. ]
Magnetizing inductance can be adjusted by varying the air /r" L,=29.9uH  Analytic

gap between the magnetic cores, which does not change the r]

leakage inductance much among the windings if the fringe ef- 0 2 4 II(A)6 8

fect is not significant. Fig. 12 shows that the cross regulation
is improved, if the magnetizing inductance is increased by %ll'g. 11. Larger leakage inductor in primary side reduces the error of the
tering the gap while the leakage inductance is assumed toupeegulated output, where the initial leakage inductance isy®9and an
unchanged. It means that reduction of the gpap will improve tR@ded extra inductor is 20H.
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 4
model closely represents the mechanism of the cross regulation AV,
in flyback converters. (V)
2 B — ]
P—
V. SOLUTION: ENERGY REGENERATIVE CLAMP b _—
L/_/
Both the analytical model and experimental results shown 0 %
in above section have clearly manifested that cross regulation Z 4 LA ® 8

in multiple output flyback converters can be greatly improved
when the clamp voltage is maintained slightly above the reig. 12. Larger magnetizing inductance results better cross regulation:(a)
flected output voltage. However, using a traditional RC clamp for = K> = Krp = 30, (0) &1 = K, = Kr.p = 60, and (c)
keep this voltage low results in high power losses. For instande, = 2 = £rr = 120.

the loss in the RC clamp shown in Fig. 1(a) can be found by
integration of the product of the clamp voltageand charging

1
currenti.. during the period of switch turn off l
0.8
T P \
P.= f / Ve ic(t) -dt P, 0.6
0
1 \
=5 Lo I3 0.4 \
) 1+ K1+ K+ K,)-f 32) 0.2
L+ (1= W)+ K (1- )] K, e
0 15 2 2.5
From (32), the energy loss in the RC clamp can be plotted in %,—

ref

terms of the clamp voltage as shown in Fig. 13, which indicates

that lowering the clamp voltage leads to more losses, eSpeC@i@ 13. Loss in RC clamp increases when the clamp voltage approaches
when the clamp voltage approaches the reflected output voltagfected output voltage.
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of V; andV%. Itis necessary to make a tradeoff between the cross D,
regulation and efficiency if an RC clamp is used. + ZIS * +

Equation (32) illustrates several important characteristics of Dy
the RC clamp circuit. For a certain resistance&fin the RC - Vg +
clamp, the clamp voltage is determined by the energy into the G
capacitor. Since it is proportional to the converted overall power, Ve T N * v +
1/2 % L, * 13, the clamp voltage varies with load currents and No g T
so does the cross regulation. However, the lost energy is inde-
pendent of the input voltage. Therefore, the cross regulation of N -3
a flyback converter with an RC clamp remains the same for the
universal input voltage range if the feedback control has an in- Hl__ control Vieter
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 regengig- 14. Proposed energy regenerative clamp.
ative clamp to losslessly maintain a low clamp voltage is pro-
posed as shown in Fig. 14. This clamp uses an extra winding,
Ng that shares theame core of the transformeA 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
C3 and D3, clamping the voltage across the switchi{p+ V..
At this moment, diode), is reversely biased, no current flows
through the clamp winding, and the energy in the leakage in- e
ductance is temporally stored in capacitéy. It is assumed that Co
the capacitance of’; is large enough that the voltage across
it approximately maintains constant from cycle to cycle. Wheng. 15. Measured currents through the primary winding and the clamping
the switch is turned on, the magnetizing inductance of the trarggpacitorCs in flyback converter with energy regenerative clamp.
former will be charged by two energy sources. Initially it will

P s
&
v
o
'

Qamp Feedback

be charged by’'; through the clamp winding,. to transformer 35 Vo RC' r—

core until the voltage acrosSs drops to the reflected input 37 _m-vot00vin energy ,:gene,aﬁvec,a”h
voltage,V, - N../N,,. After that, diodeD, is reverse biased and 25 o
the transformer will be energized from the input voltage source Va(V) &t

V,. The current waveforms are shown in Fig. 15, whgrand 15 /’A/K

1. are the currents through the primary winding and the clamp
capacitor,(C’s, respectively.

1

When the switch is on, diod®; and all the diodes in the 0.5 ﬁl’
output are reverse biased, and the voltage on the capé&gitor 0 +#
is approximately equal to that of the clamp winding if the 0 2 4 6 8
voltage drops on diod®, and switch are neglected. During the L(A)
switch-on period, the voltages of primary and clamp winding
satisfy Fig. 16. Comparison of the errors in the unregulated output2 of the flyback

converter with the energy regenerative clamp and that with RC clamp.
Vs = N V. (33) o
N, Voltage stress across switch is

Equation (33) indicates that the clamp voltage is determined Viw=Vy+ Ve =V, <1 + F?e) : (36)

by the designed turns of the clamp winding. It must be greaterEquation (36) shows that the voltage stféss across the switch

than the output reflected voltage so that the energy stored in theontrollably determined by the turns of the clamp winding and
magnetic core can be converted to the secondary side durffags not change with the variations of leakage inductance nor
the switch-off period, otherwise it will be totally transferred tdhe load currents unlike that in the RC clamp. But, the clamp
capacitorCs, i.e., voltage is proportional to the input rms voltage, therefore, the
cross regulation at high end (i.e., 230 V ac) will be worse than

Vg > Vo NP_ (34) thatatlow end (i.e., 115V ac) for an universal input.
s Comparative experiments were conducted in a flyback con-
Substitution of (33) into (34) gives design criteria for th&/erter with identical parameters listed in Table I. When the fly-
clamp winding back converter used the RC clamp, the clamp voltage was de-
signed as 170 V at full loadi{5 V outputl is 8 A). Under this
N> Vo N2 (35) condition, the output error in the6.7 V output2 is more than
"V, Ny 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 transformémput applications. It will suffer at the high end, i.e., 230 V ac,
This winding gives a clamp voltage of 100 V when the inpuwvhen the clamp is designed for low end input, i.e., 115 V ac.
voltage is about 120 V ac. After the proposed energy regenera-
tive clamp was employed, the error ei6.7 \V output was only

1.5 Vwith the same full load current of5 V output as shown A closed-form equation for analyzing the cross regulation of
by the curve with diamond in Fig. 16. It was reduced by 42% q yzing 9

compared with that of the RC clamp. However, because of tﬂ) back converters with single voltage feedback control in term

: v2 can be determined from the derived expression for the
dependency of the clamp voltage on the input voltage, when the
. . average currenf; average
input voltage was increased to be 220 V ac, the clamp voltalge )
becomes 170 V, and cross regulation is close to that of the RV *9¢ =
clamp. Another advantage of this energy regenerative clamp.is K5
that it improves overall efficiency by regenerating the energff2V1 B2(—KpVe + V1 + K1AV, + K Vi + KAV + AV)
stored in the primary leakage inductance, rather than dissipath{gere , ,
in the resistor of the RC clamp. In the experimental flyback conS = KpK2 V" AV, + 2K, Ko VI AV;
verter after the clamp.i.s applied, its efficiency is improved by  + K, K VZAVs — K, K \ViV.AVs + K VZAV,
7.7% at full load condition. _ KprVc — 2K, ViV.AVy
— K KoVIVL AV, + K VE + 2K, VEAV,
+ V2 4+ 2V2AV,
+ K, KAV + K, K\ VIAVY — K, K| V,AVy
+ KiVIAVY

APPENDIX

VI. CONCLUSION

The model for analyzing cross regulation among the outputs
of flyback converter is presented and verified by experiments. — KpV.AVS — K, Ko Vo AVS + K ViIAVY + VIAVS.
The cross regulation of a multioutput flyback converter can be (A1)
significantly improved by lowering the clamp voltage, espe- a close-form equation for analyzing the cross regulation of
cially to slightly above the reflected output voltage. Howevefyhack converters with weighted voltage control in termuef
use of a traditional RC clamp causes more loss. can be determined from the derived expression for the ratio of
1) Larger leakage inductance in the secondary windingserage currenk, average td; average
leads to better cross regulation of that output when itis  lraverage K,
lightly loaded. I average K, (KuiVien = Ku2AV2)
2) Larger leakage inductance in the primary side can be beawhere

X
Y

(A2)

eficial to improve the cross regulation of multiple output X =

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. and

The traditional RC clamp is the simplest and cheapest apY =

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

KoK, Ve — K,V + AV,

— K2 AVy + Vieg — Kip2Vient
KAV, + KAV — KpK s AV
+ KpVien — Kp K2 Vien

K Ko AVS — 3K 0 AVaVien

+ 2Ky AVaVien + K1 AVaVien

— K1 Ko AVS + AVaVien + Vidg

— K2 AVS + Ko AVE — 2K,0V3g

+ K3, Vig — 3K K AVaVies

+ 2K, K2, AVaVien — Kp K (o AVY

+ KPKEJQAVQQ + K,AVoVien

— 2K, K.oVig+ K, K;,Vig

+ Ky K1 K2 VeAVa + K V2

+ K, K1 AVaVien — K K1 Ko AV

— K, K1 K (,oAVoVieg + K, Ko AVa Vien
— K, Ko KyoAVaViea

— KpKo K oAV — KpVeVien

— K Ve AV, + Kp Ko Koo Ve AV,

— K KoV AV + 2K, K o V. AVs

— K K2,V AVs + 2K, K 5V, Veen

— K, K3 VeVien — K1 K2 AVaVien — K K1 V. AV:.
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