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ABSTRACT

The reset condition of a transformer
core flux is analyzed for a single-ended
forward converter operating in a resonant
reset mode. Relationships between reset
time and device parameters such as a main
switch output capacitance are derived. As
a result, the maximum frequency in a
resonant reset mode can be predicted.

INTRODUCTION

In a single-ended forward converter, it
is necessary to reset transformer core
flux during main switch off time to
prevent transformer core saturation. To
avoid core saturation and to limit the
peak voltage across the main switch, addi-
tional reset windings and reset circuits
are widely used in forward converters [1],
[2]. At a higher switching frequency,
such as 500 kHz, converters can operate
without these mechanisms because core flux
is reset by the resonance of transformer
magnetizing inductance and parasitic
capacitances of switching devices [3],[4].
This is called the "resonant reset mode".

Elimination of the reset mechanism
eliminates power loss in the reset
circuit, thus simplifying circuitry and
increasing efficiency. However, trans-
former flyback voltage and reset time are
strongly affected by device parameters
such as main switch output capacitance.

In this paper, relationships between
these device parameters and transformer
reset time are analyzed, and reset time
necessary to prevent core flux saturation
is derived.

OPERATION STATES AND MODES

The basic circuit configuration of a
single-ended forward converter is shown in
Fig.l. The transformer T is reset by os-
cillation caused by transformer magnetiz-
ing inductance Ly, main switch output
capacitance CQ and diode junction
capacitance Cpq.

Possible operation states of main switch
Q , and diodes Dy and Dy , are listed in
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Fig. 1 Single-ended forward converter
without reset mechanism.

Table 1 Operation states for
the circuit shown in Fig. 1.

Q Dl D2
State A ON
ON
State B OFF
ON
State C ON
OFF
State D OFF
State E ON
ON
State F OFF
OFF
State G ON
OFF
State H OFF

Table 1. "ON" indicates that the main
switch forward current path has a low
resistance or that the diode is forward-
biased. Conversely, "OFF" indicates that
the main switch forward current path has a
high resistance or that the diode 1is
reverse-biased. States A, B and F occur
during main switch turn-on, on-state and
turn-off, State E occurs during main
switch turn-off or after flyback trans-
former voltage falls to zero, State G oc-
curs during resonant reset. States D and
H don't occur while the smoothing inductor
current flows continuously,because either
diode Dy or diode D, must be in the on-
state. In practice, the converter
operates in this condition. Therefore,the
analysis focuses on the continuous current
mode of the smoothing inductor, State
transition occurs when one element turns
on or off. The state transition flow
diagram is shown in Fig. 2.
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Possible resonant reset modes and their
sequences are obtained from Fig, 2 and
shown in Table 2. Each mode comprises five
operation states. Mode 1 occurs when the
main switch turns on after the transformer
flyback voltage falls to zero, Mode 2 oc-
curs .when the main switch turns on while
the flyback voltage is being induced in
the transformer., The main switch voltage
applied just before the main switch turns

on is higher in this mode than that in
Mode 1. This voltage determines main
switch power loss caused by parasitic
capacitances of the main switch[5]. Mode 1
is preferred for higher efficiency and is
analyzed as follows.

ANALYSIS

In this section, the exact analytical
expressions are obtained which describe
the converter currents and voltages in
Mode 1.

Nomenclature

Definition of symbols used here are as
follows:

T1-T5:time during which the state
transition occurs.

T :switching period.

t :time.

L;i:transformer primary leakage

inductance.
Ljp:transformer secondary leakage
inductance¥®,

Ln :transformer magnetizing inductance.

CQ :main switch output capacitance.

CDlzforward diode junction capacitance¥®,

CDZ:freewheel diode junction capacitance®

I, :DC output current®.

E;,:DC input voltage.

vq :main switch voltage.

vpy:forward diode reverse voltage¥*.

vpp:freewheel diode reverse voltage*.

v :transformer primary voltage.

iQ :main switch current.

iy :transformer secondary current¥,

i :transformer magnetizing current.

ipj:forward diode current®,

ipy:freewheel diode current¥®,

(*) indicates values reflected from the
primary winding of the main transformer.

Assumptions

The following assumptions are made:

(1) Transformer leakage inductances are
considerably smaller than magnetizing
inductance,that 1is Lp1,Ly2<<Ly. Trans-
former winding resistances,stray
capacitances and core loss are negligible.
The transformer equivalent circuit is as
shown in Fig. 3.

(2) Main switch Q, and diodes Dy and Dy
behave as short-circuits in the on-state
and capacitors(CQ,CDland Cpy respectively)

State transition flow
of a resonant reset mode.

Fig. 2

Table 2 Operation modes for
the circuit shown in Fig. 1.

Sequence of states
A=-B—=+F—=E-+G—=-E—-A
A=+B—+F=+E~+G—~C—A

Mode 1
Mode 2

L1 Lo

Fig. 3 Equivalent circuit
for a main transformer.

J 1.
oﬂﬁl — _[_CQ
On-state, Off-state.

Fig. 4 Equivalent circuit
for a main switch.

_I.CD
+
Forward- Reverse-
biased. biased.

Fig. 5 Equivalent circuit
for a diode.

L I,

o—fm\——%—’
C :: N IO
O

Fig. 6 Equivalent circuit for
an output smoothing filter.

in the off-state. Diode recovery time
is negligible. The equivalent circuits are
as shown in Figs. 4 and 5.

(3) Output smoothing inductance L is large
enough to consider output current
constant. The equivalent circuit is as
shown in Fig. 6.

(4) Current through
continuous.

inductance L is
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Analytical expressions

Based on these assumptions, the equiv-
alent circuits for States A - G are as
shown in Fig. 7.

Analysis is started for State A, Before
time t=0, the forward converter is operat-
ing in State E as shown in Table 2, In
this state, Q is in off-state, and D; and
Dy, are in on-state.

Interval T (State A) 0<t<Ty

At t=0, Q turns on, and State A begins.
The operating equations derived from Fig.
7 are

19=(E;,/L1)t+iy(0) (D
ig=[Ly 2/ (Li L) 1Ejnt+i (0D (2)
VQ=VD1=VD2=O (3)
where
i, (0) and i,(0) are initial values.
Li=Lp1*Llyp2 (4)

At t=T; reaches I, and Dy turns off.
Operatlon t%en changes from State A to
State B.

Ty is given by:
T1= Ly(Lo=i(0))/Ejy
Interval Tz—Tl (State B) T1<t<T2

(5

During this interval, energy 1is trans-
ferred from E;, to the load.
The operating equations are:

127 1oBin Cp2/L SinU(e-T) (®)
ig=(E; 0/ L) (6-T+ip(0)
Ein(Lp1/In)/Cp2/Ly sin(Wg(t-Tp)) (1)
vpo=Ejn[1-cos(Wg(t-T1))] (8)
vq=vp1=0 (9
where
w1/ [0, (10)
(T = i: ! +i(0) (11)

An oscillation caused by L L1» LLZ and C D2
reduces with time due to the re51stances
of main switch, diodes and windings
(neglected in this analysis). Therefore,
the second terms of equations (6)-(8)
eventually reach zero.

This interval ends at T2 when the main
switch turns off.

Interval T3-T, (State F) T2<t<T3

During this interval,

CQ is charged and
Cpy is discharged.

State A

State B

Ly L2 12 Ly

Lpr L2y
ra Y]
VD1

in

State G

Fig. 7

Q

1 L2

Q

|State F

Equivalent circuit

for a resonant reset mode.

The operating equations are:

C

. D2 .
12—10- EBIEBE XF51n(wF(t T2)+YF) (12)
im=XFsin(wF(t—T2)+YF)-Io (13)
vpo=ZpXpcos (Wp(t-T)+YE) (14)
VQ=E1n-VD2 (15)
where
i (Tp)=(Ep/Ly) (To-T)+in(Ty) (17)
Wp=1/ [Lp(CqtCpy) (18)
Xp=J(E; n/Zp) 24 (1 +1p(Tp)) 2 (19)
YF=arctan[ZF(Io+im(T2))/Ein] (20)
zp=JLy/ (Cq+Cpy) (21)

This interval ends at t=T3 when vpy
reaches zero, and Cp2 1s entlreP
discharged.
Interval T,-T3 (State E) Tj3<t<T,

At t=T3, diode D, turns on,
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begins, During this interval, C is
charged by the remaining energy stored in
Li1 and Lio. This interval is very short,
so we assume for simplicity that the mag-
netizing current is constant.

The operating equations are:

i2=(iz(T3)+im(T3))COS(WE(C—T3))-im(T?%3

ip=in(T3) (24)
VQ=Ein+ZE(i2(T3)+im(T3))Sin(wE(t'TB)zzs)
vp1=vp2=0 (26)
where Cpo
12(T3)=1,- 661EBE'XF (27)
1n(T3)=Xp-T, (28)
wg=1/ [LiCq (29)
Zg= /L /Cq (30)
This interval ends at t=T, when i
reaches zero, i.e. the energy stored in

Q°
)+T3

Ly a?d L2 is transferred to C

i (T1q)
T,= ~—— arccos(s m: 3
i

wE 2(T3)+im+(T3) G

Interval T5-T4 (State G) T,<t<Tg

At t=T,, Dy turns off and an oscillation
caused by , Co and Cpp occurs,
The operating equations are:
P o DL 32)
27 T CgiCpy m
im=XGCOS(wG(t—T4)+YG) (33)
VQ=Ein+XGZGSin(wG(t'T4)+YG) (34)
VD1=VQ-Ein (35)
where
Wg=1//T(CqCp) (37)
Xg=/ i (T4 +(vo(Ty) -E4 ) 2/22 (38)
va(T,)-E;
Q\+4 in .
arctan(————=——) i (T,)>0 (39)
YG={ 2¢in(Ty) ma
VQ(T4)'Ein ) .
7 -arCtaﬂ(*:EE;;szs) i, (T,)<0 (40)
2g=VLp/ (Co*Cp1)
in(Tg) =iy (T3) (41)
C 2
+ZE/QEEI%S;)(IO+im(T3))2—im(T3)2 (42)
This interval ends at t=Tg5 when VD1

reaches zero, that is, when transformer
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flyback voltage reaches zero.
T5=(”'YG)/WG+T4 (43)

Interval T—T5 (State E) Tg<t<T

At t=Tg, D; turns on again, and the
operation state changes to State E,

During this interval, the secondary
transformer winding is shorted by Dy and
Dy. iy flows through Dy and D, and remains
constant until Q turns on. %gnoring the
oscillation caused by L;q, Ly and CQ at
the beginning of this state.

The operating equations are:

i (Tore — DLy (44)
12=12(15)= CQ+CD1 G

ip=ig(Tg)=-Xg (45)
vQ=VD1=VD2=O (46)

In a steady state, final values of equa-
tions (44)-(46) become the initial values

of State A. i,(0) and i,(0) are derived
from equations (5), (lf), (17), (28),
(41)-(45) as follows:
A Cht+C B
. Q">D1
i (0)=- 54— - " — (47)
m 7, Cq 2A
i2(0)=-[CD1/(CQ+CD1)]im(0) (48)
where
A=E; Top-Lyq I, (49)
B=[Cq/ (CqtCp) 12(Lp 1411012 (50)
i (Ty) 1is derived from equations
1%, Z17) and (47).
A Ch+C B
. Q'~D1l
ig(To)=57— - —— — (5L)
w27 L, Cq 2A

Using these expressions, voltage and
current waveforms can be illustrated as
shown in Figs. 8 and 9. The waveforms in
Fig. 8 are observed in a normal condition
and those in Fig. 9 are observed where the
main switch on-time is very short,load
current is large and overcurrent protec-
tion is working.

The magnetizing current dependence on
output current is shown in Fig. 10.
Parameter values used for the calculation
are:

Lp= 0.74 mH, LL1=LL2= 0.18 uH, T= 5 us

CQ= 220 pF, CD1=CD2= 11 pF, Eiﬂ= 50 V.
In Fig. 10, the areas where i_ is above

zero and below zero correspond to the

first and third quadrants of the B-H
plane, respectively. It is clear that main
transformer core flux excurses between the
first and third quadrant in B-H
characteristics. This is similar to a
push-pull converter. The flux excursion is
almost symmetrical at a light load. As the
load becomes heavy, the center of flux ex-
cursion moves into the third quadrant.
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Fig. 8 Current and voltage waveforms
for i,(T,)>0.

When a load is heavy and main switch on-
time is very short, the flux excursion is
entirely in the third quadrant.

RESET CONDITION

To reduce power loss of main switch,
parameters should be fixed so that flyback
voltage falls to zero before a new cycle
is commenced. From the above equations,
the following condition must be satisfied.

T5=(”'YG)/WG+T2<T (52)

In the worst case, where Iy 1is very
small, this equation is simplified as
follows:

T5=7/Wg+Ty <T (53)

Maximum frequency (Fmax) operating at a
resonant reset mode is determined from
this equation as follows:

Fmax=(1-D)/ (71, L(Cq+Cp1))

where
D=T,/T :main switch duty ratio,

(54)

The maximum frequency dependence on CQ
and Cpj is shown in Fig. 11.

Furt%ermore,maximum flyback voltage of
the main transformer (Vm) under main

switch breakdown voltage (VQ ) or diode
reverse voltage (Vnp) must be %imited.
From equation (32%,
Vm=XGZG<VQM—Ein or Vpr (55)
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Fig. 9 Current and voltage waveforms
for im(Ta)<O.
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Fig. 10 Magnetizing current
dependence on output current.
(a) T»=0.5 us, (b) Tp=2 us.
Thus, D=0.1) (D=0.4)

<VQM'Ein or Vpr (56)

/YEE(A- B 2, B
4 C¥g?a  Cq

The flyback voltage dependences on main
switch output capacitance are shown in

Fig. 12. The parameters used here are the
same as those used in the previous
section.

In this converter design, the parameters
must satisfy equations (54) and (56).

EXPERIMENTAL RESULTS

To confirm the validity of the analysis
presented above, analytical and experimen-
tal results are compared., A low power DC-
to-DC converter with a 50 volt input and a
5 volt, 2 amperes maximum output is
employed for the experiments, since the
effect of transformer magnetizing current
is emphasized.
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dependence on CQ and CDl
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Fig. 12 Maximum flyback voltage
dependence on CQ at
D=0.4, I.=0.5 A

(a) L_=0.074 mH® L;1=L1,=0.018 uH.

(b) Lp=0.74 mH,L l'LLZ 0.18 wuH.

(c) Lm 7.4 mH, LLl L;o=1.8 1uH.

Experimental and analytical converter
voltages and current waveforms are com
pared in Fig, 13. The analytical
parameters are the same as the previous
ones. There is good correlation between
them. The small differences observed when
the main switch turns off are due to the
assumption that main switch output
capacitance and diode junction capacitance
are constant.

CONCLUSION

Transformer reset condition is derived
for a single-ended forward converter
operating at a resonant reset mode. Main
results obtained from the analysis are:
(1) The resonance period of the main
transformer flyback voltage is mainly
determined by transformer magnetizing
inductance, main switch output capacitance
and diode junction capacitance.

(2) The main transformer flux excursion is
between the first and third quadrant in B-
H characteristics, With a light load, It
is almost symmetrical. With a heavy load
and very short main switch on-time on the
other hand, it is entirely in the third
quadrant.

(3) Maximum frequency operating in the
resonant reset mode is determined by the
above parameters and volt-second products
during main switch on-time.
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