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Abstract - In the forward converter with active-clamp provided in the pap(_ar: Itis very important to eStimate.the de
reset circuit, the leakage inductance of the transformer and bias of the magnet|2|ng Cur_rent be_fore the. prototyplng, SO
the parasitic capacitances of the switches produce a dc bias Ofthat. the dc bias can be considered in the original transformer
the magnetizing current of the transformer. The dc bias of the design.

magnetizing current could saturate the transformer core, In this paper. we all show that there is a positive or a
cause diode reverse recovery problem, and make the active . P p ’ - P

clamp switch lose zero voltage tum-on if the bias is not negative dc bias of the magnetizing current of the transformer
considered in the transformer design. This paper derives the N the circuit due to the parasitic capacitancg, &d the
explicit equation of the dc bias of the magnetizing current for leakage inductance, yL This dc bias could saturate the

the first time and provides the transformer design procedures transformer, cause diode reverse recovery problem, and make

according to the derived equations. the active clamp switch lose zero voltage turn-on. This paper
will analyze the dc operation of the active clamp circuit with
I. INTRODUCTION the parasitic parameters, land G, derive the numerical

equations of the dc bias, and provide the design guideline

garding the dc bias of the transformer. It is the first time
[, aétl a numerical equation of the dc bias of the magnetizing
nt has been provided in a paper.

The performance of the forward converter is strongl
dependent on the transformer-reset method. Generally, it
been established that the active-clamp reset approach offe
better performance than the other reset approaches becauSe' It
allows the operation of the converter with a maximum duty
cycle well above 50%, with a minimum stress on the [l. PRINCIPLE OF OPERATION

semiconductor components [1]. In fact, due to a large tne fonward converter power-stage with the active-clamp
maximum duty cycle, the tumns ratio of the transformer Cfiget is shown in Fig. 1. The reset circuit consists of auxiliary
be_ mcrea'sed, which decreases th_e conduction loss on ech S and clamp-capacitor.CTo simplify the analysis of

primary side and allows the selection of the secondary-sigge ation, it is assumed that the inductance of output-filter
rectifiers with a lower breakdown rating, and, consequently,q, ctor |, is large so that the output filter can be represented
a lower forward-voltage drop. In addition, the active-clamps,, ~onstant-current source In addition, it is assumed that

reset method recycles the magnetizing energy of the core ggSqemiconductors are ideal. It should be noted that the
opposed to the other methods (RCD-clamp method, fbastormer is modeled as a parallel connection of

example) that. _dissipate this energy. As a re;ult, ﬂi’ﬁagnetizing inductance Lm and the ideal transformer with
conversion efficiency of the forward converter with the

. N o
active-clamp reset can be higher than that of the saie turns-ration=—% as shown in Fig. 2. To further

topology with the other reset schemes. Also, the active—clar&l%) i h I S ¢ . Fia. 2 sh
reset approach results in the optimal use of the transform@p!tate the explanation of operation, Fig. Shows

core, since the core is excited symmetrically in the first arjgPological stages of the simplified circuit during a switching
third quadrants of the B-H plane. However, the active—clamﬁyCIe' whereas Fig. 3 shows the essential waveforms.

reset method requires an extra switch with the associated

drive and a resonant capacitor, i.e., it increases the
complexity and the cost of the power stage. Nevertheless,

this method seems indispensable in achieving the optimum v,
performance of the forward-converter topology.

A number of papers have discussed design issues relate to
the active clamp reset mechanism [2-7]. The negative dc bias
of the magnetizing current in the active clamp circuit has
been observed and mentioned in the literature [2]. However, Fig. 1. Forward converter power-stage with the active-
no detailed analysis and explicit equations have been clamp reset.
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active-clamp forward converter. (a)ofT4] interval. (b) ) o ]
[T.-T] interval. Fig. 3. Key waveforms of the circuit operation of the

) o o ) _ o simplified forward converter with the active-clamp
Since in this analysis, ideal switches with zero switching reget.

times are assumed, a complementary gate-drive signals ) ) . )
without a dead time are used as shown in Fig. 3. Because ofAfter im reaches zero at t 5 Tit continues to flow in the
the true complementary gate-drives, the circuit has only tiggative direction through the transistor (channel) of the
topological stages as shown in Fig. 2. closed auxiliary switch SThis topological stage ends when

i i ) ) ) auxiliary switch $is turned off and main switch &irned on

During the interval [§-T4], when main switch Sis on,  att = T,, initiating a new switching cycle.

the corresponding topological stage is shown in Fig. 2(a). _
core, it follows that

. . . . . |
secondary winding inducing primary currenf, =-2. At
y g g p y |Ep|m n Vin Djon =Vc Djoff (1)

the same time, because a constant positive input voltage V _
is connected across the primary of the transformer, i.€., clamp voltage Ms given by

magnetizing current,i increases with a constant slope. D 5
During the on time of the switch, switch currestis given c"1-D Vin ©

by the sum of primary current;, and magnetizing current . . . . .

i,:/as shown in Ipzig. 3.y ik 9 g where, §, is the on time of main switch; S is the off

time of §, D:tTﬂ is the duty cycle of $ and T is the

S

When main switch Sis turned off at t = T, output
current is_ instanta_neously commutated from _rectifi@rth switching period.
freewheeling rectifier B because the leakage inductance of
the transformer is neglected, as shown in Fig. 2 (b). At the From the charge-balance requirement of the clamp
same time, magnetizing curreptis commutated from main capacitor, it follows that
switch § to the anti-parallel diode of the auxiliary switch S 1F=1g (3)
Since $is turned on at t = Twhile its anti-parallel diode is
conducting, i.e., while the voltage across it is zero, swifch S \where? =i.(,) and 17 =i.(t,), as shown in Fig. 3.
is turned on under zero-voltage-switching (ZVS) condition.
There is no additional turn-on loss at this instant. Due to a Since during the off-time, main switch 8 off, i.= i, it
negative voltage v across the primary winding of the also follows that

transformer, 4, decreases. If clamp voltage & assumed 1 =|- ()
constant, i.e., if the clamp capacitor capacitance is large, the " ™
down-slope of4 is constant as shown in Fig. 3. where 1 =i (,) and 17 =i ).
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Therefore, the dc component of the magnetizing current Stage 2 [T - T,]: After the main switch Sis turned off at
of the circuit in Fig. 1 is equal to zero. However, if thel,, capacitor Cis charged by the reflected load current in the
parasitic capacitance of the semiconductors and leak T Y :
inductance of the transformer are not neglected, t?g%ﬁnary winding, n’ This stage ends when, veaches the
magnetizing current possesses a dc bias, as discussed nextput voltage V, at T,.

Stage 3 [T - T3]: After vs; reaches Y, the secondary
lll. EFFECT OF THE PARASITIC CAPACITANCE AND THE voltage becomes equal to zero, and the transformer is
LEAKAGE INDUCTANCE OF THE TRANSFORMER shorted. Since the current in rectifier @nnot be reduced to
As described in the previous section, the averag€r© immediately due to the leakage inductangeariol D
magnetizing current,iover one switching cycle is zero in an&€ simultaneously conducting during this period. The
ideal circuit as shown in Fig. 1. However, there is a positiJ§2kage inductance istarts to resonate withCThis stage
or negative dc bias of the transformer magnetizing current ffminates at t =g when the current in {decreases to zero
steady state when the parasitic capacitangea@d the 2and the leakage inductance currgnbecomes equal to the
leakage inductance of the transformgrake considered. The Magnetizing current,i During this stage, the magnetizing
circuit diagram is shown in Fig. 4, in which, & the total current keeps constant since the primary and the secondary of
equivalent parasitic capacitance of the main switgra@ive the transformer are shorted.
plamp switch, § and the transformer, ang lis the leakage Stage 4 [F - TJ: At Tz D, disconnects, and the
inductance of the transformer. transformer is an open circuit. Since the energy storegdig C
In this section, we will show that the amplitude of the dfarger than the energy inL.G has not been charged tq ¥
bias of the magnetizing current is a function gflG, input Ve @t Ts Lm @nd Lk continue to resonate withs@ntil vs; =
voltage, and load. The positive dc bias is due to the extfa * Veat Ta

energy stored in the parasitic capacitance, and the negative dcgtage 5 [F - T4]: At T, current in the leakage
bias is due to the extra energy stored in the leakag@juctance and the magnetizing inductance continues to flow
inductance of the transformer. A large positive dc bias coullrough the anti-parallel diode of switch, @nd clamp
saturate the transformer core or have diode reverse recovgdjjacitor G Due to a negative voltage ;\across the
problem; and a large negative dc bias could saturate f¥@gnetizing inductance,, idecreases. If capacitance i€
transformer core or lose ZVS of the active-clamp switch ggsumed large so that the ripple of the clamp voltagis V
shown in Fig. 5. This section is going to explain the dc biagnall compared to the dc component, the downslopg isf i
phenomenon and derive the explicit equation of the dc bias@fnstant. This stage ends, whenréaches zero at t =, T

the magnetizing current, so that the problem related to the fige active clamp switch,Scan be turned on anytime during
bias current can be considered in the original transformgiis period with ZVS.

design. ) )
Stage 6 [} - Ts): When the current in the anti-parallel

A. Positive dc bias of the magnetizing current diode of switch §reaches zero at,T the active clamp

. . witch S starts to conduct. The magnetizing curreptyll
Fig. 6 shows the steady state operation waveforms of tggntinue to flow in the opposite direction through ®his

active-c_la_mp forward converter with a positive dc bias of_ t.hﬁage ends at t =Twhen switch $is turned off.
magnetizing current. The positive dc bias of the magnetizing
current happens when the energy stored in the leakageAccording to the charge balance, the shaded area of i
inductance | is less than the energy stored in the parasitituring [T, - T, ] interval is equal to the one during,[F Ts]
capacitance CBecause of the parasitic capacitance and tfinterval as shown in Fig. 6, i.e," i= i;. The magnetizing
leakage inductance, the operation of the circuit in Fig. 4 @irrent j, follows the charge current during [T, - Ts
slightly different than the one in Fig. 1. The difference can bterval, but during [¥T,] interval, G is charged by.jand
seen after main switch, % turned off. There are six stagesik. Since L, >> Ly, L is neglected. The additional variation
during a switching cycle. of i, In this period induces additional magnetizing current,

Stage 1 [ - T,]: After the main switch Sis turned on at Le., I > Im, Where, 1" =in(ts) and 1™ =im(ts)

t = To, the output current,|flows through rectifier i In order to maintain the flux balance, there is a positive
inducing a current in the primary winding of the transforr_nelac bias of the magnetizing current in the transformer as

Lm is charged by input voltageiV As a result, the main gpon in Fig. 6. If the dc bias of the magnetizing current is
switch currentg; during this interval is given by . . . o
too large, |, is positive during the whole switching cycle,

ia =im+|7°- (5) the magnetizing current is still conducting through the anti-
parallel diode of the active-clamp switch \Bhen the main

This topological stage ends at t 3, When the main switch S is turned on. As a result, there is a large diode
switch S is turned off. reverse recovery current conducting through dioggdithe
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main switch, § which could damage the semiconductor positive dc bias
devices.

\ Transformer
.. Ssaturation

! (do) Si AN P

According to the energy balance during {Ts],

1 1 1
El:l-lk iy (t2)? +EELm Oy (t2)? ‘EE(le + L) O (t5)?

. (®) SV
:%ECS E(Vs(ts) _Vin )2 _%ECS I:(Vs(tz) _Vin )2 0 / " \ ' >
Diode reverse
T, T, recovery T,
where
| ()
ik (t2) = ?O +im(tz) (7 negative dc bias
im(t) Zin(ts) = 1" ©)) I A Lose ZVS of S2
. - 0 >
Im(tS) =1 m (9) Sl /\ SZ
Vs(tz) =Vin (10) Im(dC) / \/ t
Vs(ts) :Vin +Vc (11) Transformer
TO Tl saturation T2
When Lo >> i  we can simplify (6) to: (b)
n Fig. 5. Problems due to the dc bias of the magnetizing
1 WPl ko1 2 1 I current of the transformer. (a) a large positive dc bias
Pl [('r” 2, E{'m ) =g s Vet~ 5 E@?g (12) could saturate the transformer core or have diode
reverse recovery problem. (b) a large negative dc bias
could saturate the transformer core or lose ZVS of the
active-clamp switch turn-on.
+
V. lu VO
S, on j off [[on
SZ ] off on . off
l— ton _—> tort —>]
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Fig. 4. Circuit diagram of the active-clamp forward Vss =~ [--==-======frs=-=r-=mmmommommomood TV

converter with the equivalent parasitic capacitange C

and the leakage inductance of the transformer L /\\I
I,/ n _—

B. Negative dc bias of the magnetizing current i

Fig. 7 shows the steady state operation waveforms of the ~
active-clamp forward converter with a negative dc bias of the / '\I /e
magnetizing current. The negative dc bias of the magnetizing ------------- -
current happens when the energy stored in the leakagg
inductance |, is larger than that in the parasitic capacitance dip _ Vi 1y
Cs. There are six stages during a switching cycle, in which dt L, A | (bias
stages 1, 2, 5, and 6 are the same as in the positive dc-bias —— L T Sy
current case. Only stage 3 and 4 are different, which are [T \/

T3] and [T3 - T4] intel‘vals. | o discharging "

Cc

Stage 3 [} - T3): After main switch $is turned off and - charging L
Vg reaches Y at T2, the secondary voltage becomes equal to o °
zero, and the transformer is shorted. Since the current in thec
rectifier diode @ cannot be reduced to zero immediately due
to the leakage inductance of the transformeralmd O are T,
simultaneously conducting during this period. The leakage To T Ty T T Ts
inductancey resonates with Qintil G is charged to W+ V. Fig. 6. Circuit operation waveforms with positive dc
at Ts. bias of the magnetizing current.
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Since the energy stored ik s larger than the energy in |f the dc bias of the magnetizing current is too langg,
G the leakage inductance curreqt i larger than the o oqative whengyreaches ¥ + V; at T As a result, the
magnetizing current | at T Durln_g this stage, the urrent flows through the active-clamp switch, iBstead of
magnetizing current keeps constant since the primary and {Chg anti-parallel diode when, ® turned off and Sis turned
secondary of the transformer are shorted. on. In this condition, Sis turned on with hard switching, that
Stage 4 [F- T,]: At T5, current in the leakage inductancejncrease the loss of the circuit.
which is larger than the magnetizing current, continues to ; ;
flow throughgthe anti-parallel c?iode ofgswitcla &hd resonate According to the energy balance during {Trs],
with the clamp capacitor £ D; and B are still %u_,k [ (t) +%u_m O (t2)2 —%E(L“( + L) O (ts)?

simultaneously conducting during this stage, and the ~; o1 " ’ (13)
magnetizing current keeps constant since the primary and the =5 s {vs(ts) ~Vin) —5Cs s (t2) =Vin )
secondary of the transformer are shorted. This stage
terminates at t = when the leakage curreftis equako where
the magnetizing current,.i At T4, D; disconnects, and the P ):|_0+i ) (14)
transformer is an open circuit. At the next stageahd Ly X2l =y T Im2
start to resonate with.Gnvhich is the same as discussed in )= ()=o) =1 (15)
the positive dc-bias current case. my2) T imEs s T Imial T m

(16)

According to the charge balance, the shaded area of i m(ts) = Im
during [T; - T4] interval is equal to [J - Ts] as shown in Ve(tp) =V, (17)
Fig. 7. During [& - T4, C. is charged by leakage inductance
ik. The magnetizing curreng, ionly follows { during [T -
Ts], the two shaded area qf is not equal. i.e.,ff < I,

where I, =i, (t,) andl,,” =i,(ts) . In order to maintain the

Vs(ts) =Vin +Ve (18)

When IFO >> i, we can simplify (13) to:

flux balance, there is a negative dc bias of the magnetizing | 1 - 1 |
current in the transformer as shown in Fig. 7. >0 E(l m+)2 -5 m E{I m_) =5 Cs Ve" -5 e E@ﬁg (19)
s, o off [on IV. DERIVATION OF THE DC BIAS OF THE MAGNETIZING
CURRENT
S . .
2 off | on |_oft According to the energy balance equations (12) and (19),
k— t, —> T | for both the positive and the negative dc-bias current, we get:
] ( Vin + Ve
Vg o b B RRREEEEEE - v 1 1 R 2_1 lo
: " T R R A2 P e (20)

/\ I_' / This equation can also be written as
o n —

= %D-mEﬁ“nJr+'m_)E(|m+"m_)zémswcz‘%ﬂ-lk E@%g (21)

SN S EEEEEEEEE \ -i-'”” Since [T-T,] interval is very short, the peak to peak
ot magnetizing current can be approximated by
di:\/;ﬂ ImJr A
L, |m(pp)=|m+_|m—=%;ﬁs (22)

im \74":'_2"" """ e ? Im(bias)
} \ . Let
discharging [( + _)
I+l

i Im(bias)zé (23)
charging -
. b “_C Ecs = % Cs wcz (24)
Isec
T E|_|k ZED.u( EBI—Og (25)
2 2 onQ
T, T 1,7, T/ TS

where |(bias) is the dc bias of the magnetizing current,
ECS is the energy stored in the parasitic capacitancerid
E_k is the energy stored in the leakage inductapce L

Fig. 7. Circuit operation waveforms of the negative d
bias of the magnetizing current.
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Replacing (21) with (22) - (25), the dc bias of the '

magnetizing current can be written as 10
. Ecs ~Evi 20
I m(bias)= —=2—= 26
m( ! ) V,, DT, (26) &E\ao
.y . .. . §-40
In addition, the maximum magnetizing current is: o=20A
-50
: 1 |ECs_EL|k| Vi, D [T, 0
I mimax) =|1 (bias| +=0 = +-10 s (27
m( ) | m( ] 2 m(pp) V,, (DT, 20, ( ) B
0 2 4 6 8 10 12 14 16
The terms in the equations are defined as in Fig. 8. Fig. 9 Lik(ur

shows the positive bias magnetizing current curves with
different input voltages and the parasitic capacitances, C
The worst case of the positive dc bias occurs at low line,
which has a larger duty cycle, and thus a higher clamp
capacitor voltage, ¥

Fig. 10. The negative dc bias of the magnetizing current
is related to the load current and the leakage inductance.

10

i lo=5A
Fig. 10 shows the negative dc bias magnetizing current 0 s—
curves with different loads and the leakage inductanges, L .
The worst case of the negative dc bias occurs at full load and TT— lo=15A
large Ly, since more energy stored in the leakage inductance 0
under this condition. -15 lo=20A

-20

Im(mA)

Fig. 11 shows the simulation and calculation results of 0o 10 a0 2w w0 w0 a0
the dc bias of the magnetizing current under different input vin(v)
voltage and load conditions. The circuit specification js=V \ simulation —— calculation |

100 -400 V,¥=5V, b= 0-20 Awith lx = 5 uH and ¢= Fig. 11. Simulated and calculated dc bias curves with
600 pF. The simulated curves are dotted lines and the difgl]‘erent loads and input voltages whep £ 5 uH and

calculated curves are solid lines. The results match very well. ~ _ ' DF

Fig. 11 shows that the negative dc bias is more severe than ° '

the positive dc bias, due to the range of the parameter values.

The negative bias magnetizing current is the major concern V. DESIGN GUIDELINE

in an practical circuit design. This section shows how to take into account the dc bias
of the magnetizing current in the transformer design
according to derived equations. In the following example, the
---------------- I circuit specification and parameters arg:%/100 - 400 V,{
/\ / = 0 - 20 A, transformer turns ratio n = 10, switching
(ep) | T/ Nt frequency E = 100 kHz, and the equivalent parasitic
/ \/ I . (bias) capacitance G= 600 pF. The design procedure is as follows:

m Step 1: Estimate the largest leakage inductance of the
Fig. 8. Definition of the terms in the bias magnetizingj:irCUit and calculate the maximum dc bias of the magnetizing

current equations. current.

Fig. 12 shows the calculated dc bias of the magnetizing
current with Ly = 5 uH according to (26). The largest dc bias
occurs at no load and low line, and the largest negative dc
bias occurs at full load and high line. The maximum dc bias

T Vin = 100V is 18 mA at full load and high line as shown in Fig. 12.
£ : Dy ey Step 2: Design the transformer with the flux bias of the
. / transformer core.
: e The flux bias of the transformer core due to the parasitic
o 02 04 06 08 1 12 14 16 capacitance and the leakage inductance is:

Cs(nF)

N, nax{  (bias))

le

Bhias = #

Fig. 9. The positive dc bias of the magnetizing current is (28)

related to the input voltage and the parasitic
capacitance.
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where maxﬂl m_dc ) is the maximum dc bias current, isl “’ S L= 5 Ut Cs = 600 pF
the primary winding turns, andik the magnetic path length. eTT~—~—0
The condition for not to saturate the transformer core is 0
2
1 E .
E [Bpp + Bbias < Bsat (29) E °
-10
Where, 15 0=20A
- Vin LAt (30) 20
pp Np A ’ 100 150 200 250 300 350 400
Vin (V)

in which, A is the effective cross sectional area of the Fig. 12. Calculated maximum dc bias of the circuit
core. when L =5 uH and €= 600 pF.
Step 3: After the initial transformer design, verify that the

bias magnetizing current is not too large to affect the normal o
steady state operation. e
The condition for the circuit not to have diode reverse z
recovery problem and can reach ZVS of active-clamp switch § 2602
is: £ ,.
| m(pp)> 2 Emaxﬂl midc|)' (31) 1E02 .=
So the criteria of the magnetizing inductance is: om0 [ .
. LIk (H)
L, <—Vn Bt (32)
2E|]m_dc| Fig. 13. The maximum }. vs. L curve. The shaded
area shows the magnetizing inductancg, Which can
where, be used in the circuit.
7 2 . . ..
Ly, _HINp" DA (33) This dc bias of the magnetizing current could saturate the
le transformer, cause diode reverse recovery problem, and make

e active clamp switch lose zero voltage turn-on. This paper
pfovides a transformer design guideline regarding these
issues. The explicit equations of the bias magnetizing current

Fig. 13 shows the maximumylvs. Ly curve. The shaded are derived in the paper.

area in Fig. 13 shows the magnetizing inductangewhich

can be used in the circuit with different leakage inductances,
L. If Ly, is larger than the values in the shaded area, the
transformer needs to be redesigned by tightly coupling thg
trans.former. to reduce the leakage inductanceot adding . hgl]g B. Carsten, “D_esign techniques for transformer active reset circuits at
an air gap in the transformer core to reduce the magnetiz high frequencies and power levels,” HFPC Conf. Proc., pp. 235-246,
inductance . 1990.

. . . . . . [3] B. Andreycak, “Active clamp and reset technique enhances forward
It is worth to mention that additional design consideratio converter performance,” Unitrode Power Supply Design Seminar,

is recommended for the large-signal transient behavior of the sem-1000, pp. 3-1 - 3-18, 1994.

active-clamp reset circuit [7], which is not covered in thigg D. Dalal and L. Wofford, “Novel control IC for single-ended active
paper. clamp converters,” HFPC Conf. Proc., pp. 136-146, 1995.

[5] C.S.Leu, G.Hua, andF. C. Lee, “Comparison of forward topologies
with various reset schemes,” HFPC Conf. Proc. pp. 198-208, 1992.

VI. CONCLUSIONS [6] 1. D. Jitaru, “Constant frequency, forward converter with resonant

There is a positive or a negative dc bias of th[eb tha”f_'“oF'" (';”TC Confc'j P,\;IOCi\'AppJ' 282-292, 1“391' ol ransient
i . . Li, F. C. Lee, an . M. Jovanovic, “Large-signal transien
magnet|2|_n_g Curren_t of the transformer in Stead_y state due{ analysis of forward converter with active-clamp reset," IEEE PESC
the parasitic capacitance, Cs, and the leakage inductance, LIk rec, pp.633-639, 1998.

in the forward converter with active-clamp reset circuit.

Step 4: Redesign the transformer when the criteria of (3
on step 3 is not satisfied.
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