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Isolated DC-DC Converters With High-Output
\oltage for TWTA Telecommunication
Satellite Applications

Ivo Barbi, Senior Member, IEEEand Roger Gules

Abstract—Two alternatives for the implementation of an iso- The design difficulty of high-voltage converters is increased
lated dc-dc converter operating with a high output voltage and jn satellite applications due to the severe requirements and spec-
supplied by an unregulated low input voltage are presented in this  ifications that must be attended. The launch cost is very high and

paper. The proposed topologies are especially qualified for the im- th . tint tin effici . tand i
plementation of travelling wave tube amplifiers (TWTA) utilized in ere Is a permanent interest in eflciency improvement and in

telecommunication satellite applications due to their low mass and the reduction of the mass and volume of the satellite’s equip-

volume and their high-efficiency. ment. High efficiency is important, especially since the primary
The converters studied follow different principles and the main  power source of a satellite is a solar array and batteries, which
operational aspects of each topology are analyzed. contributes significantly to the total mass, volume and cost of

A two-stage structure composed by a regulator connected in se

ries with a ZVS/ZCS isolated dc-dc converter is the first topology the satgllite. o )
proposed. The final stage amplifier in the transponder of the communi-

The second topology studied is an isolated single-stage convertercation satellite is the travelling wave tube amplifier (TWTA). In
that continues being highly efficient even with a large input voltage - thjs kind of satellite, the payload mass and power consumption
variation. is mainly given by the presence of the TWTA, which represents

The experimental results obtained from two prototypes, imple-
mented following the design procedures developed, are presented, 220Ut 35% of the total mass and 70% to 90% of the overall dc

verifying experimentally the characteristics and the analysis of the power consumption [1]. Therefore, the design of the TWTA has
proposed structures. been continuously improved in order to realize lighter and more
The prototypes are developed for an application requiring an efficient equipment.

output power of 150 W, atotal outputvoltage of3.2kvVandaninput 1o T\WTA consists of a microwave amplifier tube (TWT),
voltage varying from 26 V to 44 V. The minimum efficiency ob- . . . -

tained for both converters operating at the nominal output power, Which mainly determines the radio frequency (RF) perfor-
is equal to 93.4% for the two-stage structure and equal to 94.1% mance, and an electronic power conditioner (EPC) for power
for the single-stage converter. matching the dc interface. The high voltage dc—dc converter

Index Terms—Active clamping, communication satellite, elec- CaN be considered the most important part of the EPC because

tronic power conditioner, high efficiency, travelling wave tube it is the critical point in the design of a high efficiency and
amplifier. competitive TWTA.

I. INTRODUCTION

T HERE are different applications where the use of high
level dc voltages (thousands of volts) is necessary. Typ-The operation of the isolated converter is influenced by the
ical examples ar€0 laser-based systems, medical and indugresence of the intrinsic elements of the power transformer.
trial x-rays and telecommunications equipments with travelling |ow-voltage applications, the power transformer can be
wave tube (TWT), utilized in communication satellites. Ther%presented by its magnetizing and |eakage inductanceS, when
fore, several high-voltage dc—dc switching power converters &gnsidering its operation without losses. However, in a step-up
used in different types of electronic equipments. The designginsformer for high-voltage applications, there is also an
of high voltage power supplies faces many problems that afguivalent winding capacitance, referred to the primary side,
not present in low voltage designs, and the choosing the m@gt must be included in the transformer’s equivalent model.
adequate solution depends on the design requirements of eggh to the high number of turns in the secondary winding and
specific application. the high transformer turns ratio, this equivalent capacitance
becomes important in the converter’s operation.
_ _ _ o Fig. 1 presents the simplified high-voltage transformer model

by“ﬂasgﬂiﬂ{ﬁtE%?teéyeyc,’.épi'ifG’ 2001; revised March 12, 2003. Recommendgdy iy 1ted by the leakage inductarida), the magnetizing in-
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Fig. 1. Simplified equivalent circuit of the high voltage and high frequenc
transformer.
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There are some operational characteristics that an isolatéd2. Proposed power circuit of the two-stage topology.
topology must present for its utilization in high output voltage

S2

applications, in order to maintain high efficiency, low volume
and mass. The main operational characteristics are: Lai
1) high switching frequency, reducing the reactive element G * Dry
such as inductors, filter capacitors and the power tran Ly TTrf Drs
former; —rYYY < ‘ ‘ G| R
2) soft-commutation in the power switches, avoiding an e I’ i CPzi '%] == 0};
ficiency reduction due to the increment of the switchin T ‘DRZ Dra [
frequency; o
3) incorporation of the intrinsic elements of the circuit ir Vineer CT== L“Zg
the converter’s operation, like the switch capacitance, tt T
leakage inductance and the equivalent capacitance of - % ﬁg \%
high-voltage transformer, thus avoiding the dissipation ¢ CSI‘DSI 51| Co|Ds2| S,

the energy stored in these elements;

4) constant switching frequency, allowing to choose tHeg. 3. First operation stage, — t1).
optimum switching frequency with respect to the mass,
volume and efficiency;

5) voltage source output characteristic, because the multij
high-voltage outputs necessary to supply the TWT mak
the utilization of output filter inductors in the high-voltage
session unfeasible, in order to obtain a current sour
output characteristic; B

6) input current source behavior, because the nonpulsati
input current allows the input filter to be reduced;

P

o

P
7T\

7) astep-up output characteristic, reducing the transforme Vin== CT==
turns ratio and minimizing the effects of the transforme — —
equivalent capacitance referred to the transformer’s pi L %g 4 \‘E
mary side; Cs-ersy Sl} CSIDSFSZ ;
8) good load regulation and operation with a large input '
voltage variation; Fig. 4. Second operation stagg — t2).

9) low di/dt in the high-voltage rectifier diodes, minimizing
the effects of the recovery current of these diodes. A. Proposed Circuit

Considering as criteria for choosing the isolated converters,the first converter of the two-stage structure is a boost dc-dc
all of t_he operational characterlstlcs prese_nted abovej Wenverter composed of input inductdr;, power switchsS),,
topologies were selected and studied for the |mplementat|onc%deDh and filter capacitor’; . The boost converter regulates
a TWTA. the input voltage variations and operates with PWM modulation

and hard switching. However, operating at a low input voltage
and using a schottky diode in the boost output, it is possible to

IIl. TWO-STAGE TOPOLOGY reach high-efficiency operating at a high switching frequency
(see Figs. 3 and 4).

The input voltage presents a large variation range and the firsfThe second stage is an isolated dc-dc converter with a res-
solution proposed for the implementation of the TWTA powesnant operation, generating the different high voltage outputs
stage is composed of two dc-dc converters connected in setiesupply the TWT [4]. In this case, the isolated dc-dc con-
(two-stage topology), presented in Fig. 2. verter operates in at an optimized operation point, with a con-
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stant switching frequency and a fixed duty-ratio. The isolate ¥si
topology is a resonant push-pull current fed dc-dc convert Is:
composed by two power switche$;(andsS,), an input inductor
(Ly), a resonant capacit¢C'r) and the push-pull transformer.
The intrinsic parameters of the transformég{, Lq2, Cp1 and

Cp2) are also presented in Fig. 2. ’;SZ 1

A full-bridge rectifier and a filter capacitor compose the s
output.

The push-pull converter operates with zero current and ze
voltage switching techniques (ZCS/ZVS). The input curret !
source characteristic of the push-pull converter is obtained Ver 4
way of inductorLs.

B. Operation Principles

The push-pull ZVS/ZCS operation principle can be describe
in the two operation stages presented below. To simplify tt
analysis, the components are considered ideal, however
switch capacitance, the leakage inductance and the equival
capacitance of the high-voltage transformer are included in tt

analysis.
The output voltage of the boost regulator is substituted by ¥e1 =
constant voltage sourdé,,. Ve

1) First Operation Stagé€t, —¢1): The currentin the trans-
former center taf7) is initially zero and during the conduc-
tion of switchS;, resonance between center tap capacitéahce
and leakage inductande;; occurs. The currenf) increases, Fig. 5. Main theoretical waveforms.
reaches its maximum value and drops to zero, finishing this op-
eration stage.

During this stage, the center tap curréilf flows through
the filter capacitor and the load, by way of the transformer
windings and rectifier diode®gr; and Drg4. F

2) Second Operation Stadé, — ¢2): When the currentin "
switch S; becomes zero, the rectifier diode is blocked and ttfe2
energy stored in the magnetizing inductance is transferred to-
switch capacitance and the equivalent capacitance of the hi
voltage transformer. The voltage in the equivalent capacitan
of the circuit changes in a resonant way and swighurns-on
with soft-commutation. 055 06 065 07 075 08 08 09 095 1

The main theoretical waveforms of the isolated converter a ty
presented in Fig. 5. The commutation loss in the power switches
is very low. The maximum voltage across the switches is eqid- 8- Optimized operation point.
to two times the push-pull input voltage (boost output voltage)
plus the voltage ripple in the center tap capaditer Therefore, The parameters of the implemented circuit are as follows.
this converter is indicated for low input voltage applications. Magnetizinginductance withgap L, = 85 nH.

iR Wkl LR G now
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Leakage inductance Lq = 1.3 uH.
C. Main Mathematical Results and Simplified Design Winding capacitance Cp, = 8.75 nF.
Procedure Switch capacitance C, = 1nF.

The main mathematical results obtained from the theoretical?) OPeration Point of the Push-Pull Converteithe switch
analysis are presented and utilized in a simplified design pro&srreént must be zero at the end of perifg (Fig. 5, instant, )
dure. and the voltage across the switch that will be turned-on must

1) Specifications and Parameter&he following specifica- €ach a low value at the end of peridty (Fig. 5, instantt.)
tions are considered in the design of the two-stage topology.for the push-pull converter to operate optimally. These two con-

Input voltage V. = 26/44 V. ditions are defined mathematically by (1) and (2), respectively.
Boost output voltage Vo = 50 V. The design procedure is simplified by solving (1) and (2) nu-
Total output voltage V., = 3200 V. merically, and the results obtained are plotted in Fig. 6

Output power P, =150 W. m-F-(1=t)

Push-pull switching frequency  F, = 80 kHz. cos(m - Fy - y) = - 9

Boost switching frequency F, = 120 kHz. sin(m-F.-t,)—1=0 (1)
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Load resistances
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e T T ] A TSt A o e b
Input voltage: Vin=26/44 V Lcd + Teomeoov] | | 25w jggk&l 52w | 16w | 0.14W | 18W [033W/
Total output voltage: Vo=3200 V | 1300 e =Smh
i : Po=150 W LC3 L veca=roov
Nominal output power: Po=150 | + s o3 =16mA
Push-Pull switching frequency: Fs=80 kHz | 17500
Boost switching frequency: F=120 kHz | ez + L vea=ssov
Collector 2 Ic2 =30mA |
140 w H 30 uH I
LP] 1 2050V
- ILC] + == VCI=300V
P2 Collector 1 Ic1 =30mA
730 nF ] 2800V
=CrT 4 =
ol | e ho -5ua
J S2 1 3200V
§1=82= APT20M22LVR Ll + T =400V L =SmA
§ 4= IRFP254 il
D= 8TQ100 141 £ vai=100v 100V
Rectifier diodes = MUR 1100 + Anode 1 a1 =100uA
Transformer core ETD39-1P12/Thornton
Fig. 7. Implemented two-stage power circuit.
2-cos(m-Fro-(1—1tr))—m- Fra- The switch turn-on and turn-off periods are calculated by
tr-sin(m-Fu-(1—1r))+2=0 @) t,
T,, = =5pus (8)
2. F
where T
Tog == — Ton = 1.25 ps. 9)
‘ 2-Ton 3) 2
" T 3) Center Tap Capacitand€'r): Fig. 6 also defines the rel-
F. = v 1 ) ative frequencyr;
2.-m-y/Lq-Cp F;
1 1 F,=2.05 (20)
Fo= C— 5
" 2-7-\/2 Ly - Coq Fs ®) F,=F,-F.=164kHz (12)

] ) ) ) w, =2 -7 F,. (12)
The relative frequency:, is the relationship between the res-

onance frequency of the leakage inductance and the centerThp center tap capacitance can be calculated by
capacitance, and the switching frequency. This resonance oc- 1

curs during the conduction of the power switdh; is the rela- Cr = Tz 4 nk. (13
tionship between the resonant frequency of the magnetizing in- d o

ductance and equivalent circuit capacitance, and the switching!) Current and Voltage Stressedhe input current(l) is
frequency. This resonance occurs when both switches are turfigfined by (14), considering an efficiency = 95%

off. P, )
Substituting the specifications and parameters in (7) yields I'= Voon 3.158 A. (14)
Cog =Ca1 + O (6) The switch peak currerit/,;) is calculated by
1 1
— .- —_1~5 - F.-(1—t,
Fre= o T C., F. 15453 (1) ¢ =atan g (%) =0.549  (15)
The frequency;» calculated must be higher than 1.1 to ob- Lyp=1I- {1 + o } = 6.86 A. (16)
tain soft-commutation. The components’ stresses are reduced cos(p)

for a relative frequency, close to 2, and a relative conduc-The switch rms current is
tion time ¢, close to 1. The energy stored in the magnetizing
inductance causes the voltage transitions in the equivalent cir- i Srma = Ty -t _ 3.09 A. (17)
cuit capacitance. Therefore, the magnetizing inductance can be
reduced by inserting a gap in the transformer, which permifhe maximum blocking voltage across the SWit®hyy) is
choosing a good operation point.

With the relative frequency;» calculated, the value of the In = | La —1.34 (18)
switch conduction timét, ) is defined by the use of Fig. 6 T

I-Zn

t, = 0.81. Vepr = cos(@) +2-Vo=105V. (19)



BARBI AND GULES: ISOLATED DC-DC CONVERTERS 979

Tek Stop: 25.0MS/s 7'1r5 ACQS_‘ Tek Stop: 25.0MS/s 689 FAquS
T ) I T
t t el 1 k =

F

‘ i‘ is1 1 f M l o

[ . . -
: 1

W

[ 4

\
A . -\ A\ :
s

F L | |
r L |
(@1 250 By AZ TO0.0m M Z2.00Ms Chii = [Gigh] By Az To.0m 'M > Oons At : 2

Fig. 8. Power switch voltage and currdlt V/2 A/2 ps/div). Fig. 9. Rectifier diode voltage and currgit0 V /50 mA/2 ps/div).
5) Output Voltage Ripple:The parameterized output voltage 95
ripple is calculated by -
I . ; ) 94.5 =
§=atan g # (20) //
2 n (%) 94 ——
— AV, -C,-F, 1 2
AV="rCe 2o 2o o o T (21 o35 L]
I, 7w F,. -cos(6)
where 93
I, average current of each output; 25 30 35 40 45
C, filter capacitor; Vin (V)

AV, output voltage ripple;
Co P 9 PP Fig. 10. Efficiency curve, when operating with nominal output power and

. variable input voltage.
D. Experimental Results P 9

A laboratory prototype was implemented following the opti
mized design procedure developed. Some waveforms obtail Sz IDsolGao
. . . . . a. a.
from this prototype, operating at a minimal input voltage an
nominal output power, are presented. The details regarding
power circuit implemented are shown in Fig. 7. A typical con e
figuration of load resistance representing the TWT, for testirC; < -
of the power supply was used. Th(=T different current and voI'Fa S |Dso| sz Co o Cs1|Dsils,
levels in each output and the nominal output power are defin A 4 j Transformer
T

Csa1|Dsai|Sa1

. . . L -_
by the kind of TWT adopted in the design. m T
The main experimental results of the push-pull converter o
erating with nominal output power are presented in Figs. 8 ana v.
Fig. 8 presents the soft-commutation obtained in the powgg. 11. Proposed power circuit of the single-stage topology.
switch of the push-pull converter. The peak voltage is about

120 V. o _point (nonoptimum) due to the regulation action of the con-
. Fig. 9 shows the voltage and currentin a high-voltage rectifiggrter. Thus, the single stage topology must present all of the
diode of the push-pull. suitable operation characteristics for high-voltage applications

The efficiency curve of the two-stage topology (boost angescriped in Section Il and maintain a high efficiency in the
Push-pull) operating with nominal output power and varlab;%nge of the input voltage variation.

input voltage is presented in Fig. 10. The lowest efficiency ob-
tained, with nominal output power, is equal to 93.4%. A. Proposed Circuit

The proposed topology, presented in Fig. 11, is based on
the current-fed push-pull dc-dc converter operating with PWM

A critical point in the utilization of the two-stage topologymodulation, active clamping and ZVS commutation [5].
is the converter series connection that causes a reduction of th@wo main switches §; and S;), two auxiliary clamping
overall efficiency. Both converters must present very high effswitches §,; and S.2), a clamping capacitofC¢) and a
ciency in order to maintain an adequate efficiency for satellimush-pull transformer composes the converter. The outputs are
communication applications. formed by full-bridge rectifiers and filter capacitors.

The second solution proposed for the implementation of aThe anti-parallel diode and intrinsic capacitance of the
competitive TWTA is a high-efficiency single-stage converteMOSFET are used in the circuit operation. The current source
The isolated dc-dc converter operates with a variable operatioput is provided by the voltage sourég,, in series with the

IV. SINGLE STAGE TOPOLOGY
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Fig. 12. First operation stage( t1). Fig. 14. Third operation stage, t3).
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Fig. 13. Second operation stage (t-). Fig. 15. Fourth operation stage;( t.).

input inductorL;,. The intrinsic parameters of the transformel
are also presented in Fig. 11.

B. Operation Principles

Only operation in continuous conduction mode and with .y, ==
main switch duty ratid D) higher than 0.5 is considered in this
theoretical analysis (boost operation). The converter duty rat
(d) is defined by the period which both main switches are s
multaneously conducting in the switching period.

The seven sequential circuit states that describe the operatii.  Fifth operation stage., t).
principles are presented below:

1) First Stage ({,,#1] Fig. 12): Both main switches are con- :
ducting and the currents flowing through the primary windings S Dsa
have the same absolute value and opposite direction. Thus, t+ !
rectifier diodes are blocked and inputinductgy, stores energy. T
The resonance between the leakage inductance and the paras |
capacitance of the transformer occurs during this stage butdo”s | C indz
not influence the operation of the converter. zx

2) Second Stagef(, t2] Fig. 13): At instantty, switchS, - S2|Ds»
is turned off at zero voltage and the charge and discharge
capacitorsCgs andCg,2 occur linearly with a constant current.
When the currents in the primary windings become differerftid- 17-  Sixth operation stages( ts).
the power is transferred from the input source to the load. This
stage finishes whehcs,2(t) = 0. resonant way. The voltage in the main switch decreases to zero

3) Third Stage (f, 3] Fig. 14): The voltage acros€'s., [6]-[8].
drops to zero and diodBs,» discharge the energy stored in 6) Sixth Stage (f, ts] Fig. 17): When capacitorCs,»
the leakage inductance to the clamping capacitor. The auxiliagaches clamping voltagé&;, diode Dg starts to conduct and
switch S, must be enabled to conduct during the conduction ofirrentiy 4o decreases due to the output voltage referred to the
diode Dg,5. primary side(V;,). The main switchS; must be enabled to

4) Fourth Stage (3, t4] Fig. 15): Currentipgo inverts its conduct during the conduction of diod#ss.
direction and clamping capacito€&; transfers the energy re- 7) Seventh Stage t{, ¢7] Fig. 18): The current flowing
ceived during the third stage, to the load, by waysof. through.S, inverts its direction. When the currents in the pri-

5) Fifth Stage ({4, t5] Fig. 16): Auxiliary switch S,» is mary windings become equal, the rectifier diodes are blocked,
turned off. The energy stored in the leakage inductabge thus returning to the first operation stage.
causes the charge and discharge of capaditorandCs, in a The main theoretical waveforms are presented in Fig. 19.

$2|Ds2 Csa
|

Dsj S
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Fig. 20. Equivalent circuit of the auxiliary switch turn-off.
Fig. 18. Seventh operation stage,(t7).
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e S R e
‘ 81 s || 08 »¢t C. Main Mathematical Results and Simplified Design
- m Ll [N .
s |]se || IR | ,, Procedure
T a. 1-d T dr | tdq, | dr | . . . . . .
R SR i v VP e S i i RO RIS SN A simplified design procedure is presented using the main
- T o' st equations obtained from the theoretical analysis of the proposed
L e converter.
1) Specifications and Parameters:he following specifica-
Fig. 19. Main theoretical waveforms. tions are considered in the design.
Input voltage Vin = 26/44 V.
Total output voltage V, = 3200 V.
Output power P, = 150 W.

The active clamping allows operation with soft-commutatioRush-pull switching frequency F, = 80 kHz.
in all of the switches until a minimal load, where the energy The parameters of the implemented circuit are as follows.
stored in the leakage inductance is not enough to complete Magnetizing Ly = 85 pH.
voltage transitions in the commutation capacitor. The voltageductance
across the blocked switch is limited to the clamping voltage. Leakage inductance  Lq = 6 uH.

An important characteristic of this structure is its operatiowinding capacitance  C}, = 8.75 nF.
with a main switch duty-rati¢éD) higher than and lowerthan 0.5 2) Operation Point of the Push-Pull Convertehe output
(with overlapping and no overlapping). The auxiliary switchegoltage referred to the primary sid¥,,,) adopted in the design
operate in a complementary way in relation with the respeis-equal to 50 V, considering the main switch duty-ratio higher
tive main switch. For a main switch duty-ratio lower than 0.8han 0.5 and a step-up output characteristic.
the converter operates like a sepic dc-dc converter and withThe static gains, operating with minimum and maximum
a step-down output characteristic. For operation with a maimput voltages, are determined, respectively, by
switch duty-cycle higher than 0.5, the converter operates like

an isolated boost converter with a step-up output characteristic. _ Vo 50 _ 19231 22)
Therefore, this converter does not present inrush current for a Im =i — =26
progressive variation of the duty-cycle and endures a large input Vop 5

voltage variation. Qe = Vinew — 44~ 1.1364. (23)
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Load resistances

Input voltage: Vin=26/44 V Cahode ____ ~ -~ - \
+ A/ 1o rn § i $ siyrasetar 03 sem D Sed0nh §aoma
. — = 75k O . . 4 33MQ|
Total output voltage: Vo=3200 V Lc4 Couecf;oo:)z/ AR o R T T e DY
Nominal output power: Po=150 W ) 1200V Ice=SmA
Switching frequency: Fs=80 kHz LC3 + = VC3=700V
Collector 3 Ic=16mA
S, 1 1750V
_] Sal a2 | Lc2 + == V2550V
Collector 2 [c2=30mA |
L GCs - 2050V
0.22 LCI + == VC1=300V
W Collector 1 Loi=30mA |
_] N 1 SZ_I I — 2800V
i‘[ LAO + = VA0=750V
i Anode 0 1A0=50uA
i’ — 3200V
Si= S5 APT20M22LVR :ILH,X I
Sai= Spp- IRFP254 | Helix Luesma
Rectifier diodes = MUR 1100 100V
Transformer core ETD39-1P12/Thornton LAl + == VAI=-100V .
Anode 1 Jar=100uA

Fig. 22. Implemented single stage power circuit.

The nominal input currents, operating with minimum and max- Thus, the clamping voltage varies from 100 V until 147 V and
imum input voltages, considering the operation without lossahjs is the maximum blocking voltage across the active switches.

are 4) Current Stresses Operating With the Minimum Input
. P, \oltage: Main switch
Ting, = — =5T7TA (24)
V'anin \/6
Ti P, 3.41 A o5 iSrms = LTy, - 12 \/15’}’m+13_7dm:3672A
e Vit (25) (33)

The parametey represents a reduction of the effective converter Auxiliary switch

duty ratio due to the presence of the active clamping circuit. ) ) V3

This characteristic is common in most ZVS-PWM converters.  iSarms = i« 5o - V1 = dpy = 0.945 A. (34)
This parameter is proportional to the leakage inductance ands) Current Stresses Operating With the Maximum Input
the output current. Considering minimum and maximum i”p%ltage: Main switch

voltages;y results in

o = Iz’nm‘-/Ld s _ 0.083 08 (26) iSrms = Iinz-g-\/lf) e +13-7-d, =2.432 A. (35)
Tin, z’; T Auxiliary switch
Vo= = 0.04909. (27) V3
op iSarms = ling - — /1 —d, = 0.435 A. (36)
The nominal converter duty-ratio, for minimum and maximum 12
input voltages are 6) Soft-Commutation Rangethe auxiliary switches are
to. 1 turned-off when the energy is transferred from the clamping
d,, = Gm T2 0m T 2 _ () 646 (28) capacitors to the load and only the energy stored in the leakage
Im inductance is available to cause the charge and discharge of
d, = Get2- 7 =1 _ 0.218. (29) he commutation capacitors. Thus, the soft-commutation is
= maintained until a minimal input current, when the energy

3) Voltage StressThe clamping voltages, operating withstored in the leakage inductance is lower than the energy stored
nominal output power and minimum and maximum inpuh the commutation capacitors. The auxiliary switch turn-off
voltages are is considered to be the critical commutation and defines the

, 2 soft-commutation range of the converter. The equivalent circuit
Vem = mei“m =TV (30)  of this commutation is presented in Fig. 20.
, ) The voltage and current variations in the commutation equiv-
Ve = meaxq =125V (31)  alent circuit are
When the converter operates without a load, the clamping ira(t) = (2 Vop — V) - sin(w, - t)
voltage is zn

Iin
Ve=2V,,=2-50=100V. (32) - (7)  005(wo - 1) (37)
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Fig. 26. Auxiliary switch voltage and current operating with maximum input
voltage(25 V/2 A/2 psldiv).

Fig. 24. Auxiliary switch voltage and current operating with minimum input

voltage(50 V/2 A/2 usldiv).

Vos(t) =2 Vop — (2 Vop — Vi) - cos(w, - t)

- <Iz7n) - Zn - sin(w, - t) (38)
where:
1
= 39
“= UL 39)
Lq
Zn =] — 40
n =/ s (40)
Ls=Lg + La2 (41)
Cs =Cs2 + Csa2 = Cs1 + Csar- (42)

The state plane of the commutation is presented in Fig. 2

As can be seen in this Figure, distangemust be higher than

2. V,p to maintain ZVS commutation. Substituting (43) in (44)mi
the soft-commutation criterion is obtained. Equation (45) allowls.n

the determination of the soft-commutation range

R>2-V, (43)
2
R*=(Vg—2-V,,)? {j-Zn-(—Z")] (44)
‘ 4.V2 — (Vg —2-V,,)?
() R

7) Output Voltage Ripple:The parameterized output voltage
ripple is variable with the static gaigj(and calculated by

V_2~AVCO~CO~FS_(2-q—1)2

o I 4-q2 (46)

where
I, average current of each output;
C, filter capacitor;
AV g,output voltage ripple.

D. Experimental Results

A laboratory prototype was implemented following an opti-

ized design procedure. The details regarding the power circuit
Pﬁplemented are presented in Fig. 22.

The main experimental results obtained when operating with
nimum input voltage (26 V) are presented in Figs. 23 and 24.
e main switch current and voltage waveforms are shown in
Fig. 23. Soft-commutation is obtained and the maximum switch
voltage is equal to the clamping voltage.

The auxiliary switch voltage and current waveforms are pre-
sented in Fig. 24. The auxiliary switch also presents soft-com-
mutation and the rms current and the conduction losses are very
low.

The main experimental results obtained when operating with
maximum input voltage (44 V) are presented in Figs. 25 and
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input voltage (26/44 V) and with a 3.2 kV total output voltage.
The lowest efficiency obtained, operating with nominal output
power, is equal to 94.1% for the single-stage topology and equal
to 93.4% for the two-stage topology.
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