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A Double ZVS-PWM Active-Clamping Forward
Converter: Analysis, Design, and Experimentation

René Torrico-Bascop&lember, IEEEand Ivo Barbj Senior Member, IEEE

Abstract—This paper presents an isolated dc—dc converter
based on two ZVS-PWM active-clamping forward converters
connected in series and coupled by a single high-frequency trans-
former. The proposed converter features no switching losses from v e
no-load to full-load operation and low conduction losses. This )
converter is suitable for high input voltage (>400 Vdc) and high
power applications. Operation principles, theoretical analysis and ,,, —*
design example, are presented, as well as experimental results . Ti
taken from a 3 kW laboratory prototype.

Index Terms—DC-DC converter, power supply, soft switching R Vi=v2=vi
converter. S Transformer

. INTRODUCTION Fig. 1. Proposed dc—dc converter.

ENERALLY, a power supply is composed of a rectifier
(ac—dc converter) and an isolated dc—dc converter. Sirteis method is appropriate if a perfect division of the voltage

almost all the consumed electrical energy is processed, powetween the converters can be guaranteed at any time. This
supplies are of great importance in their application in sevexadndition is attainable by coupling the converters with a single
systems, such as computers, sound equipments, domestic apjgih-frequency power transformer as explained in [3], [4]. The
ances, hospital apparatus, telecommunications, etc. Nowadaygsociated converters coupled by a single transformer are con-
the harmonic current pollution of the ac power systems is beigglled using the same control circuit. Hence, the pulse-width-
restrained by international standards [1], and in consequemgedulator and drive circuits are identical for all the converters,
power factor correction PFC rectifiers are being incorporatedlowing the voltage to divide itself among the switches. On the
to the power supplies. To obtain power factor correction, thgher hand, they are capable of automatically balancing the volt-
topology generally used is the boost rectifier, which preseniges of the input capacitors associated in series, which are con-
a higher output voltage than input voltage. For example, wheected to a DC bus voltage. If one of the voltages is higher, the
a three-phase input voltage of 380 Vac is utilized, the outptspective capacitor transfers energy to the other through the
voltage of the rectifier is always higher than 600 Vdc. Due to theansformer during the on time [5]-[7].
voltage limitations of the devices (semiconductors, capacitors)in this paper the converter shown in Fig. 1 is proposed. The
nowadays there is a demand for DC-DC topologies capablecoiverter is described and analyzed in the following sections.
operating with high bus voltage and low voltage stress across
the devices. [l. CIRCUIT DESCRIPTION ANDPRINCIPLE OF OPERATION

Among the alternatives to overcome these drawbacks are the . . -
series connection of switches and multilevel topologies. In tt& Circuit Description
series connection of switches, the static and dynamic sharingrhe proposed converter, shown in Fig. 1, is composed of the
of the voltage across the switches is difficult to obtain and résllowing components: input voltage sourcé’2 input capaci-
quires specific techniques. Multilevel topologies seem to betersC; andC,, clamping capacitor§'.; andC..., main switches
more effective solution because they can solve the problemsf and.S;, auxiliary switchesSs; and.S,, commutation induc-
static and dynamic sharing of the voltage and minimize the eldofsL,. andL,,, commutation capacitors,; andC,.,, antipar-
tromagnetic interference, since the value of dv/dt is reduced [2]lel diodesD; , D,, D3, andD,, three-winding high-frequency

Another alternative to solve the problems of the series coiiansformefZ;., rectifier diodesD,.; andD,.,, output filter, con-
nection of switches is the association of two or more convertegisting of L1, L,2, andC,, and load resistancg, .

in series, reducing the voltage stress on each switching device.
B. Principle of Operation

Manuscript received January 17, 2000; revised July 20, 2001. Recommende(]—he proposed converter operates In continuous conduction
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Transformer

(d) Fourth interval (t,-t,) (e) Fifth Interval (t,-t;) (f) Sixth Interval (t;-t,)

Fig. 2. Topological operation states of the proposed converter.

5) the commutation inductorsareequ}{ = L,» = L,.); el

6) the clamping capacitors are equal{ = C.o = C.);

7) the voltage across de clamping capacitors are equa
(Veer = Ve = Vo) v81  yoed_L___1

8) the commutation capacitors are equéal( = C,2 = :gi /;/V
C.); ~ i1

9) L, andL,, absorb the transformer leakage inductance; /
10) there is no difference between the duty cycles of the vee

gate signals applied to each pair of switch8s+5> and 55 v |
53=54). iD3 :

pulses with width higher thafl, /2 to control the switches v ‘ VT ‘ {
S3—S,. The indicated pulses are complementary and easily v 1 {l«l);/ 2]
obtained in laboratory using regulating pulse width modulator ; Pt \ o T
. ? ) — 52  —
(SG3525) and hex inverting gates (MC14584) integrated s " :
circuits. :i . T 1 t
In [9], [10], other control techniques used in active-clamping _ . T — : T T :
converters was found, but they are complex to generate. iLrl Vi }"—Is o l iy
To simplify the analysis of the converter, the following as-  viver | A2 11 | ——cn i/;k N
sumptions gre made: . eV /_:_ - :\/n :\ > 1_{ o/ t
1) the circuit operates in steady-state; VL2 I d | o
2) all components are considered ideal; L2 V2R ~ |
3) the output inductor filteL,; and L, are large enough ~ vaveeny L -——1 }/{K\\: —
to be considered as current sources with a value equal t eV AN ‘{ /| N
the load current, /2; Vsec ::: M | N
4) the voltage across the input capacitors are eddak mvee2 - “'; L ! .
Ve = Vi) el L ul LT T ‘
| [ [
| ot
| (|

Fig. 2 shows the topological states of the converter for a half-
period and Fig. 3 shows the main theoretical waveforms for one
switching period. The six sequential circuit states are describer © I
below.

First Interval (,—t1): During this interval, power is trans- Fig. 3. Main waveforms of the proposed converter.
ferred to the load from the input sourég through switchS;
and also from the clamping capacit@r., which is discharged the voltage across them is equal to the volt&ge across the
through switchS,. SwitchesS, and Ss are turned-off and clamping capacitor€’.; andC,..
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Second Interval#{—¢;): At instantt;, switch Sy is turned B. Output Characteristic
off with zero voltage. Capacita?;; is linearly charged witha |, the proposed converter the duty cycle reducti®f oc-

constant current. This interval finishes when the voltage acrqsss que to the linear variation of the current through the com-
Sy is V1, and across is Voo — V1. mutation inductorsX,1, L.) and transformer leakage induc-

~ Third Interval ¢>~3): Atinstantt,, the transformer voltage (ynces. puring this condition there is no power transfer from the
is zero and consequently, resonance betviggrandL,; takes jnn ¢ The duty cycle reduction is reflected in the transformer
place. Furthermore, the freewheeling process of the output CEé'condary voltage (Fig. 3).

rent/, starts, involvinglLoz, Loz, Dy1, andDy». This interval  according to the waveforms shown in Fig. 3, and considering
finishes, when the voltage acrassreached/c and the voltage ¢ the commutation time is much smaller than the switching

acrossS; reaches zero. _ _ period, the average output voltage and secondary voltage of the
Fourth Interval ¢;—t4): At instantts, antiparallel diodeDs . ansformer. are given by (4) and (5)
is directly biased and starts conducting the current through ’

L,1, which decreases linearly. In the same manner, the current D Ay

through L, decreases linearly. During this interval the load Vo = Veec <5 T ) (4)
currentl, keeps freewheeling through diodés., and D,.». °

Switch §3 must be turned on before diod; is reverse biased. Viee =1 - VCC_ (5)
This interval finishes when switchy is turned off. 2

Fifth Interval (t4—t5): When switchS, is turned off, the cur- In (4) and (5),At; andn are, time interval with no power

rer?t rt]hml;]ghLé’? 'E devgﬁed to commuta‘uog C?‘paﬂ@% transfer (sixth stage), and transformer turns raNg/(V,,).
which is then discharged in a resonant way. During this interval 1 intervalAt, in a half period is

the load currentl,, keeps freewheeling. This interval finishes

when the voltage across capacifdr is null and the diode), n-I, L, (2 - D)

starts to conduct. Aty = 5V ~ (6)
Sixth Interval {;—ts): Atthe instant;, diodeD: is directly !

biased and begins conducting the commutation inductor currenThe reduction of the duty cycle in peridd is given by (7)

1L,.o. During this condition, switctb> must be turned on. The

current throughl.,» decreases linearly until it reaches zero. At AD — 2- Atl' )

this point, diodeD, is blocked, and that current inverts its di- Ts

rection, flowing through switckt,. During this interval there

is no power transferred to the load. Therefore, the duty cycle is

reduced.

Substituting (6) in (7) yields

fs'n'-[o'LT'(2_D)

AD =
Vi

(8)
lll. THEORETICAL ANALYSIS AND RELEVANT DESIGN CURVES

In (8), I, and L, are, average output current, and inductance
of the commutation inductor.

Substituting (3), (5), and (6) in (4), the average output voltage
obtained is given by (9)

The duty cycle D) and commutation period{,) for the pro-
posed converter are defined by (1) and (2)

t'll)

D=77 (1) D forLnon-1,
’ V,=n.V- _ )
1 2-(2-D) 2-V;

The graph of output voltagé, as a function of the output cur-

In (1) and (2)7., and, are, gate pulse width of switc$ or rent,, known as output characteristic, is shown in Fig. 10(b).

S2, and commutation frequency. ) )
C. Commutation Analysis
A. Clamping Characteristic This converter presents soft turn-on and turn-off

. . - commutations.
The clamping voltagéc. can be obtained by determining the Turn-On: For analytical purposes, the commutations of

average voltage across the main switghand applying Kirch- switch S, (fifth interval) is considered.

h;)ifrilzrlavz toatZz‘r/neiT];‘(r);r;?S by, the transformer's upper The displacement angle at resonant frequency during turn-on
P Yr Lt o ’ for a no-load (critical) condition is given by (10)

2 —7-(1— D)
— V. _ —1
VCC (2 — D) ‘/z (3) 90,,, = tan [T}
In (3), V; is input voltage. -2.7-(2-D)
The graph of clamping voltagé-., as a function of the duty +cos™? (10)

cycle D, is shown in Fig. 10(a). D- \/[7r (1=D)*+4-f2
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Fig. 4. Normalized discharge time interval,, as a function off, during Fig. 5. Normalized charge time interval,;, as a function off, during
turn-on. turn-off.

The normalized frequencyf}, displacement angle at reso-

08

nant frequencyé,,), and, angular resonant frequency,), are Liayg
defined by (11), (12) and (13) Jims S
Fo jj_ (11) o T~
0 ] D=1
Oon =wo + t (12) 03 AR 8
on — e} on / ‘ D=0/9
wO:Z-W-fO:ﬁ. (13) M/ \D=os\ \\
V&t 03 r/’—— AN
In (12),t.y4 is discharge time interval of the resonant capacitor / D107
(Cr it C(1‘2)- 02 / (. M D=016 \ \\ \\
From (10)—(13), the normalized discharge time interval is ob- i "\@.s N \ \\
tained and represented by (14) and (15) o ~
E — _f .tan~ ! R (1__ D) % ot o2 03 04 o5 o5 o7 08 03 1
2.7 2. f AD
. ? — _9 ? (2 _ D) (1) Fig. 6. Average and rms input current ratio.
2. —2
g D. \/[7r 1-D)+4-F In no-load condition {, = 0), the charge and discharge cur-
¢ rents of commutation capacitofs.; andC,.», are given by (20)
fon = —. 1
¢ TS ( 5) I — ‘/z ’ Dmin ’ (1 - Dmin) ) (20)
_ The normalized discharge time interg],, as a function of AL f, - (2 — Dyuin)
f, during turn-on is shown in Fig. 4. From (9), the minimum duty cycle is
Turn-Off: The turn-off of switchS;, which happens in the 1.V
second and third intervals, is analyzed. During this commuta- Dyin = 2 (22)

tion, capacitorC,.; is charged. nVit2V .
The displacement angle at resonant frequency during turn-offn the proposed convertet.,, permits to charge and

for a no-load (critical) condition, is given by (16) and (17)  discharge the commutatiop capacitors ir)'no-load co.nd?tion.
Therefore, ZVS commutation of the auxiliary and principal

B = % +sin_1|: 21' fD } (16) switches is guaranteed. The converter presents such features
m-D-(1-D) m-(1-D) due to the magnetic coupling of the forward converters using a
Oott =W, - toft. (17) single transformer.

From (11), (13), (16), and (17), the normalized charge time ,
interval is obtained and given by (18) and (19) D. Relevant Design Curves

(2_ D). 2. F In Fig. 6, the ratio between the average and the rms input cur-
—_ Je-D)F T i 18 _ dhe
tof = 2D (1-D) 2.7 - Sl T (1-D) (18) rents, as a function of the duty cycle reduction, is represented,
for one forward converter. For a given duty cycle, the maximum
tog = tost ) (19) point of the curve represents the smallest amount of reactive en-
T ergy circulating in the primary side of the transformer. In prac-

The normalized charge time inten@al;, as a function off, tice, once a maximum duty cycle is assumed, the corresponding
during turn-off is shown in Fig. 5. curve provides the reductiolyD.
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Fig. 7. Voltage and current waveforms in full-load condition: (a) main switct{scales: 100 V/div., 10 A/div., 10 us/div.), (b) auxiliary switSh (scales: 100
V/div., 10 A/div., 10 us/div.).
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Fig. 8. Voltage and current waveforms in no-load condition: (a) main svfitcfscales: 100 V/div., 10 A/div., 10 us/div.), (b) auxiliary swith (scales: 100
V/div., 10 A/div., 10 us/div.).

IV. SIMPLIFIED DESIGN EXAMPLE /\ t /\
Wl P ] W
A methodology and design procedure is presented in this ;o /’r
section. R“"V (o yd "\
A. Input Data
/\ ol //\
V=200V (input voltage) R2 - \i /,
V,=60V (output voltage)
I,=50A (output current)
P, =3kwW (output power) Fig. 9. Currents through inductofs., andZ  in full-load condition (scales:

fs = 25kHz (switching frequency). 20 Aldiv, 10 usfdiv.).

1) Commutation Inductorg,.; and L,»: Once the value of

A D, is known, the inductance can be calculated from (8) as
Assuming ideal switches, ideal diodes and maximum dugy|iows:
cycle Dy, = 0.8, the maximum duty cycle reductiodD,,, .,
is obtained from Fig. 6. Therefore Vi ADpax
L= Lo = =20.7 pH.
' 2 fs'n'Io'(2_Dma.x) a

B. Design of the Passive Components

ADp. = 0.18.

o 2) Clamping CapacitoreC,; and C.»: To determine the
The transformer turns ratio is calculated from (9) as fo”o""%apacitance, the resonance period of the clamping capacitor

Nsg 2-(2=Dyax) Vs and commutation inductor is considered correspondent to three
" Ny T Doe = ADw) Vi 1.16. times the switching period];. Therefore
The clamping voltage is calculated from (3) as follows: 2.7-+y/L. -C.q =3-T,
2 2.25
Vee= ——— . V; =333.34 V. Ca=Co=—H5—F—F% =176 uF.
e (2 - Dmax) / ! 2 7T2 " L?‘ ) f52 s
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Fig. 10. Experimental curves of (a) clamping characteristic and (b) output characteristic.
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Fig. 11. Experimental curves of (a) measured efficiency of the converter and (b) voltages across input cépaaihais. .

3) Commutation Capacitor§’,.; and C,2: To designC,.; imum voltage rippleAV, = 0.48 (0.8% ofV,) across the output
andC,.s, the minimum duty cycleD,.;,,, and an assumed com-capacitor,C,. The values are
mutation time interval, during turn-on or turn-off, are required.

At no-load, usually a critical sit_uation, the currents during Loy =L, = 2-V, - (1 = Dyin) — 153.6 uH
turn-on and turn-off are approximately of the same value. Js - Alp,
Therefore, either turn-on or turn-off commutation analysis can N

be used to determine the resonant capacitance. From expression Co= 4.7 fs AV, = 66.3 pF.
(21) the minimum duty cycleD,,;, = 0.68, is obtained.
From (19) taking the commutation time interval equal to 1% The maximum allowable series resistance for the output ca-
of T,(tes = 400 - 1079 s), the normalized commutation timepacitor,C,,, must be
interval is calculated as follows
2. AV,
Rsg

=2 ="2—-0.096 .
=0.01. Alpor

t off
T

tott =

Using the curves of Fig. 5 and takidg = 0.7 as a parameter,

X o V. EXPERIMENTAL RESULTS
the normalized frequency i = 0.104.

From (11), the resonant frequengy, is To verify the practical aspects of the proposed converter, a
prototype of 3 kW was built in laboratory. The experimental
f, = & — 940.4 kHz results obtained from prototype are described as follows.

In this section, experimental waveforms obtained for 3 kW
and for 0 W output power are presented.
The waveforms obtained fd?, = 3 kW are shown in Fig. 7,
1 and those concerning, = 0 W are shown in Fig. 8. These
Crp=Cra= m =2lznk results confirm the soft commutation of the switches.
" ¢ The currents flowing through.,; and L, are shown in
4) Output Filter: This filter is designed for a maximum in- Fig. 9. The clamping characteristic, the output characteristic

ductor current rippleAf;,; = 10 A (20% of I,) and a max- and the efficiency of the converter are shown in Figs. 10 and

Finally, from (13) capacitanc€.; is obtained:



TORRICO-BASCOPE AND BARBI: DOUBLE ZVS-PWM ACTIVE-CLAMPING FORWARD CONVERTER 751

11(a), respectively. These experimental waveforms confirm thes] B. Carsten, “Design techniques for transformers active reset circuits at
theoretical predictions. high frequencies and power levels,” Rroc. High Freq. Power Conv.

(HFPC) Conf, 1990, pp. 235-246.

In Fig. 11_(b) are shown voltages across the input capacitors[G] C. M. C. Duarte and I. Barbi, “A family of ZVS-PWM active-clamping
The theoretical value of these voltagesiis= 200 V. In the DC-to-DC converters: Synthesis, analysis, design, and experimenta-

prototype, a maximum unbalance of 5V is observed, which rep-

tion,” IEEE Trans. Circuits Systvol. 44, pp. 698-704, Aug. 1997.
[7] R. T. Bascopé and |. Barbi, “A double ZVS-PWM active-clamping

0 g .
resents 2.5% ov;. forward converter,” inProc. IEEE Appl. Power Electron. Conf. Expo.

(APEC) 1999, pp. 596-601.
VI]. CONCLUSIONS [8] P. Imbertson and N. Mohan, “Asymmetrical duty cycle permits zero
switching loss in PWM circuits with no conduction loss penalty,”

A dc—dc converter for high input bus voltage application in Proc. IEEE Ind. Applicat. Soc. Annu. Meeting (IASP91, pp.

1061-1066.

based on two single Z_VS'PWM active-clamping forwar(_j 9] R. Watson, F. C. Lee, and G. C. Hua, “Utilization of an active-clamp
converters was proposed in the paper. Analyzes of the clamping ~ circuit to achieve soft switching in flyback converters,”Rmoc. IEEE
process, of the output characteristic, and of the commutation  Power Electron. Spec. Conf. (PESAP94, pp. 909-916.

10] I. D. Jitaru, “Constant frequency, forward converter with resonant

charaf:tenstlc along with a simplified design example an transition,” inProc. High Freq. Power Conv, (HFPC) Conll991, pp.
experimental results were presented. 282-292.

Experimental results show that the converter presents the fol-
lowing features.

1)

2)

3)

4

~

5)

6)

[1] T. S. Key and J. S. Lai, “IEEE and international harmonic standar

[2

(3]

[4]

Soft commutation of all the controlled switches for any

load Current'_ René Torrico-Bascopé (M'00) was born in
Only two switchesS; and.S,, control the power flow Cochabamba, Bolivia, in 1967. He received the
from the input to the output causing low conduction losse (B:-ET]g-b degfeerflf?m S,anlgsg';m” é”;'r:’erf\;ltYE of
. " ochabamba, Olivia, In , an e .ENng.
of '_[he converter. T_he current flowing through auxiliary = and Dr.Eng. degrees from the Federal University of
switchesSs and Sy is very low. & Santa Catarina, Floriandpolis, Brazil, in 1994 and
Voltage overshoots across the switches caused by ene — 2080,_resgggtévelya 1996. 1 . b Enai
. . P uring an , Né was researc ngineer
st_ored n tranSformer Ieakage 'nQUCt.a'nceS are elimina o ] in the Power Electronics Institute, Federal University
with the use of active clamping circuits. of Santa Catarina. Since March 2001, he has been an
A good distribution of currents through the coupled cir- _ _ Assistant Professor at the Univali University of Itajai,
its is ob d Santa Catarina, Brazil. His main interests include telecommunication power
Cults Is observed. o . . supplies, power factor correction techniques, and no-break systems.
A good voltage division among the input capacitors is
observed.
The efficiency of the converter is 92.8% in full load.
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