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Analysis, Design, and Experimental Results of a
1-kW zZVS-FB-PWM Converter Employing
Magamp Secondary-Side Control

Robert WatsonMember, IEEE,and Fred C. LeeFellow, IEEE

Abstract—The design and breadboard implementation of a than the magnetizing current. The difference is then available
constant-frequency, zero-voltage-switched, full-bridge pulsewidth to charge and discharge the switch capacitances and enable
modulation converter delivering a 12-V-at-1-kW output from a ZVS. This difference may or may not be large enough to

350-450-Vdc input bus is described. The zero-voltage switching - .
characteristic is maintained over a wide operating range by utiliz- achieve ZVS, however, by gapping the transformer the useful

ing the transformer magnetizing inductance as an energy storage ZVS range can be increased at light load at the expense of
element. Output voltage regulation is accomplished entirely on increasing the circulating energy in the converter [2]-[4].

the secondary side through magamp control, thus simplifying the  From the standpoint of achieving ZVS by utilizing the
methods used for maintaining control and isolation. magnetizing energy, a more load-independent situation for
Index Terms—Full-bridge pulsewidth modulation converter, ZVS can be created by incorporating some form of switching

magamps, zero-voltage switching. action in the converter secondary [5], [6]. In this scenario,
secondary switches are used to prevent the magnetizing current
|. INTRODUCTION from exiting the primary through the secondary. Consequently,

- i all the magnetizing energy is available for capacitor charge and
T RADITIONAL methods utilized to achieve zero-voltagedischarge_ No external energy storage element or gapping of

switching (2VS) in full-bridge (FB) constant-frequencyihe transformer is necessary, and ZVS is obtained through the
pulsewidth modulation (PWM) converters typically rely upofise of a minimum amount of circulating energy.
either the energy stored in the isolation transformer leakage, aqgition to achieving a load-independent ZVS character-
inductance and/or the inclusion of a resonant inductor igic the use of controlled switching in the secondary makes
series with the transformer to act as a supplemental ene¥ondary-side output voltage regulation and control very

storage element. This stored energy is used to charge apfacive. Secondary-side control offers several advantages
discharge bridge switch capacitance during a freewheeligge, its primary-side counterpart, including greatly simpli-

stage created by phase shifting the “on” times of 0ppoSigng the circuit implementation necessary to maintain pri-

pairs of transistors in the bridge configuration. Assumin&ary/secondary isolation.
sufficient energy storage, the body diode of the switch is forced,ig paper describes the design and experimental evaluation

into conduction before that particular device is turned OB a 100-kHz 1-kW FB ZVS PWM converter employing

enabling lossless switching. A drawback to this approach dgcqndary-side magamp control. The magamp control enables
the dependency of the ZVS characteristic on load current. A5 9 be maintained above about 10% of full load, utiliz-

the required output power decreases, ZVS is lost because gl st the isolation transformer leakage and magnetizing

enough energy is stored in the resonant inductor to complg{g ctances while simultaneously providing output voltage
a charge/discharge cycle before device switching occurs [}gqyjation. As a result of secondary regulation, the primary

~ A possible way of minimizing the ZVS load dependencys gitched in an open-loop fashion using constant-frequency
is to utilize the energy stored in the isolation tranSform%onstant-phase-shiﬁed PWM.

magnetizing inductance, which is independent of the load

current. However, in normal operation, the magnetizing current

becomes available to the bridge switches only when the Il. THEORY OF OPERATION

reflected load current has decreased to the point where itis lesg¢ 5 point of reference, the basic operation of a PWM phase-

. . _ shifted FB converter employing secondary-side switching is
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Fig. 1. PWM phase-shifted FB converter with secondary-side control.
S4
modulating their turn-on time relative to the bridge switching o

cycle @, the shaded regions shown in Fig. 1), the volts-
seconds applied to the output inductor can also be varied to gg
maintain output voltage regulation. In this case, the bridge v
can be switched with constant phase shift (duty cycle) and
the output voltage regulation be accomplished completely on Vpri
the secondary. The range of regulation is determined by the
input voltage, transformer turns ratio, and output voltage.
Since the secondary-side switches can only remove volt- i,
seconds from the output inductor, for a given turns ratio and
desired output voltage the minimum input voltage is then
determined. Similarly, the maximum input voltage is limited
by the maximum volt-secondS5 and S6 can block (all else
being equal). S ;
SwitchesS5and S6 also enable the isolation transformer’s TO‘T‘IT!2‘TE\TE5!\ 7
magnetizing inductance to extend the useful range for ZVS T3T4 T6
of the bridge switches. To illustrate this, Fig. 2 shows a
simplified schematic of an FB ZVS topology incorporatiné:'g' 3
secondary switchingSband S6. The isolation transformer is
shown with its leakage and magnetizing inductances reflectie isolation transformer leakage inductance is insufficient to
to the primary. For the purposes of simplifying the explanatiaralize ZVS forS3 and S4 but the combination of leakage
of converter operation, the output filter inductor is assumeghd magnetizing inductance energy will achieve ZVS $&
large enough so that it can be replaced by a current souarelS4 (In addition, the delay between turn on and turn off of
equal in value to the load current. Because of the preserthe complementary side switches in the bridge is sufficient to
of switches S5 and S§ catch diodeDFW is necessary to allow for ZVS as well). Considering all switching components
maintain a circulating path for the output inductor currento be ideal, the sequence of steady-state topological modes
Fig. 3 shows the key waveforms and Fig. 4 the principlever one-half of a switching cycle is as follows.
topological states. In Fig. 4, the darker lines in the secondaryZy—T171: At Tp, Slis turned off withS3still on. D1 and S5
schematic indicate the load current path. For the descriptiare conducting the load current whilés; and Cs, are being
of the topological states, it is assumed the energy storedcimarged and discharged, respectively/byN +ir.,,,. Because

-Vce

Tpri

Idealized ZVS-FB key waveforms.
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T1-T>: At 11, the body diode oE2starts conducting. Since
Vee the primary current has decreased to something slightly less
o T D1 To than 7o/N, the difference on the secondary is picked up by
Sl the freewheeling diod®FW (S6is open). The slope of the
primary current remains slightly negative, since, ideally, the
voltage across the magnetizing current is clamped to zero by
the secondary. Sometime during this inter8&lcan be turned
on into 0 V.

T,—T5: At T, S3is turned off.Cs3 and Cs4 are charged
and discharged, respectively, by the energy stored in the leak-
age inductance. Because the voltage across the transformer’s
magnetizing inductance remains clamped at 0 V, the leakage
inductance drops all of the decreasing primary voltage. As
a result, the primary current decreases very rapidly. On the
secondary, the freewheeling diode continues to make up the
increasing difference between the reflected primary current and
the load currentZ,.

T3-T4: At T3, the leakage inductor current has decayed to
the point where it is equal in value to the magnetizing current.
D1 unclamps the secondary voltage and all of the load current
commutes to the freewheeling diode. Because of the presence
of S6and the fact that it is open, the (very large) magnetizing
inductance is now free to join the resonance with the switch
capacitance. In this manner, the useful load range for ZVS is
extended below that which could be obtained using only the
leakage inductance.

T.—T5. At T, Dsy is forced into conduction an&4 can
then be turned on into 0 V.

Ts—Ts: At Ty, S6is closed, allowingd2 to start conducting.
This once again clamps the voltage across the magnetizing
inductance to zero and drops the supply voltage across the
leakage inductance. The primary current starts decreasing very
rapidly. The maximum time delay for the closing 86 (i.e.,
the duration of intervals/3-7%) is determined by the volt-
seconds required by the output inductor to maintain the desired
output voltage. The minimum delay is equal to the duration of
the interval between the turn-off &3and the turn-on of S4.

A guantitative analysis is given in the Appendix.

Vee
.Lm S4 | T
T e ] *DFW Te—T%: At T, the primary current has decreased to the
SZM -Vpri h point where it equals the sum of the reflected load current
< lo/N i

and the magnetizing current. WitbhFW turning off, D2 now
carries the full load current. During this interval, positive volt-
seconds are applied to the output inductor (in the normal
manner for a buck converter). Af;, the cycle is repeated,
except with the correspondingly opposite set of bridge tran-
sistors.

The presence of the secondary switches not only provides
a mechanism through which the ZVS range can be increased,
but, as mentioned previously, it provides a convenient means
through which output voltage regulation can be accomplished.
This can be done by modulating the turn-on timeséandSq
which, in turn, varies the applied volt-seconds to the output
inductor. The primary advantage of secondary-side regulation
is the removal of the need to pass a voltage feedback signal
the leakage inductance is much smaller than the magnetizigoss an isolation barrier. Also, secondary-side control can
inductance, the decreasing transformer voltage is droppeale the capability to isolate load faults from the primary or, in
primarily across the magnetizing inductance. Therefore, thiee case of a multiple output converter, from other outp8& (
primary current is relatively constant during this transition. andS6could be left open for the duration of an output short).

To

Fig. 4. Idealized ZVS-FB primary and secondary topological states.
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The choice of the type of switch implementation ®6and IREZ14 Er;f;r

S6 depends on the application, but, if high output current is
required, saturable reactors (magamps) make a good ChOIB€.D2: PBYR16045TV 1 Vref
The operation of an ideal square-loop core magamp acting PFW: 50HQ045 T+ 12 V GND

as switch S6 is illustrated in Fig. 5. The operating point
locations shown on the B—H curve in the figure correspond to

the topological states outlined in Fig. 4, except for the poiftd- & Simplified schematic of the 1 kW FB-ZVS-PWM converter.
markedZ’}. This is equivalent to the topological state starting

at Ty (as shown in Fig. 4) that occurs during tbppositehalf B. Power Stage Design

cycle of bridge operation, i.e., whdd2 is turning off. Reset
of S6occurs betweefl’;y and the turn off ofS1(which occurs
at To)

The simplified schematic for the power stage and primary
side control signals is shown in Fig. 6. Except for the magamp
portion, the process of selecting the power stage components
is identical to that which would be done for a standard phase-
shift-controlled FB converter designed to similar power and
voltage levels. In the interests of brevity, this is not included
in the paper. The isolation transformer (T1) design consists of

To provide experimental verification of the operating princithe following:
ples described in the previous section, a 1-kW FB-ZVS-PWM 1) core: Toshiba PC40ETD49-Z;

I1l. CIrRcuUIT DESIGN

A. Specifications

converter was built to the following specifications: 2) primary winding: 22 turns of 7 strands of 26 AWG;
e Vin, = 350-450 Vdc; 3) secondary windingl turn of 4 paralleled sheets of 5
e V, =12 Vdc at 83 A maximum £, max.= 1 kW); mil x 1-in wide Cu foil;
e F, = 100 kHz. 4) winding pattern: 1/2 primary—secondary—1/2 primary

The input voltage range was selected to match the output  (i-e., interleaved);
range from a typical off-line power factor correction (PFC) 5) magnetizing inductance2.2 mH;
boost converter operating from a universal line input. This 6) leakage inductance (referred to the primaryy4.2 pH.
would be the case, for example, if the dc/dc converter wade transformer was wound with the intent of minimizing
operated as a load module in a power distribution systetaakage inductance and the core was not gapped. Copper foil
Because of the high output current required, switcl¥&s was used for the secondary winding due to the high output
and S6 are realized using magamps. Additionally, magaurrent.
mps are well suited for use in this particular application Ideally, for phase-shifted constant-frequency operation, the
because of the relatively narrow range of input voltageate drive signals for the bridge transistors are operated with
enabling the use of small cores. One disadvantage to as50% duty cycle and transistor pairs are switched 180 of
ing square-loop core magamps, however, is increased cphase. However, as discussed in Section I, in order to allow
loss as the switching frequency is increased. The switchitfte resonant transitions to occur delays are deliberately in-
frequency of 100 kHz was selected to help minimize thisoduced between the turn-on/turn-off of switches in the same
problem. bridge leg. This has the benefit of preventing cross-conduction
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problems, but reduces the secondary-side maximum duty cycle
(see the Appendix). This delay circuitry is not shown in Fig. 6. :

The “phase-shift delay” shown in Fig. 6 is used to introduce aqov | B - 4A
a delay in the drive signal of th®3 S4transistor pair relative Voltage .
to the S1, S2 pair. Since closed-loop control is accomplished
entirely on the secondary side, this delay is held constant. 20\ | EEEEEE—G_—=w_. HN_. SN W —"—"" - -
Ideally, the delay would be near zero in order to maximize the
primary-side duty cycle. However, for experimental purposes, i
the bridge transistors in the breadboard were switched with a  ov A 0A
duty cycle of about 85% to more clearly illustrate the converter
operation. Also, a high-frequency blocking capacitor is used
to keep the volt-seconds on the transformer balanced. -200V]§ RS o I R S | 2A

C. Magamp Circuit Design

A simplified version of the secondary-side magamp and _400\/'% { A
control circuitry is also shown in Fig. 6. Because of the N —
physical layout of the secondary, the magamps were placed
on the cathode side of the rectifier diodes. This necessitaﬁ?
using the reset scheme shown. The MOSFET pass transist
“on” resistance is modulated by the control loop, providing
the necessary amount of reset voltage to the magamps in order .
to maintain output voltage regulation. Magamp reset <:urreI € an_d load C‘?”d'“o'f‘ under_ closed-lo_op OUtpL.'t volta_lge
flows through each output rectifierRC snubber network (not regulation. ZVS s easily obtained at this operating point,

shown in Fig. 6) and the transformer secondary. In the abseﬁgedemonstrated in the oscillogram. With the secondary-side

of rectifier snubber networks, diode parasitic capacitance c%W'tCh'ng' the ZVS range extends down to about 15% of full

be used to complete the current path. As explained previoué ’Itd (150 W)I otyer t_hedl_meb:aggg. Astg compar(ljson, 'deUtgutt
individual core reset can occur only during the opposite hal Iage regg at;:)n 'St 'f"?‘ de t("e." € tsecton aryl—S| % | Uty
cycles of bridge operation. cycle seen by the output inductor is constant—no closed loop

Because of the high secondary current, the maximum nufitput _voltage feedback is utilized) achieviqg Z.VS requir_es
ber of primary turns available for the magamp core is on pproximately 60% of full-load current. This difference is

This limits somewhat the maximum blocking time availabl lustrated In Fig. 8. _BOth. osqllograms show the primary
from the core, which is given by voltage waveform at identical input voltage and load current

operating points. In Fig. 8(b), closed-loop control enables the
NA.(Bsat — Breset) (1) resonant transition to reach the supply voltage as the switch

is turned on, while maintaining output voltage regulation.
ZVS could be extended to even less load by further delaying
S3s turn-on/turn-off time (relative to the turn-off/turn-on time
of S4 see Fig. 3). However, the effective duty cycle on
the secondary is correspondingly reduced, potentially creating
problems in obtaining closed-loop regulation during operation

L 5 f—  10us

7. Transformer primary voltage and current waveform¥;gt= 450
SandP, = 1 kW. Time scale is 1us/div.

thlock(SEQ =
block(S€9 Wolock

whereA. is the core cross section (in*p and the flux density

B is in tesla. Maximum blocking time occurs at high-line
light load and is about 1.ps in this application. The magamp.
design implemented in the 1 kW breadboard is as follows:

1) core: 2x Allied Signal METGLAS #MP1906; at low line, high load. A quantitative discussion is provided
2) primary winding: 1 turn of 7 strands of 150/33 AWG j, the Appendix. For the breadboard constructed, regulation

Litz wire; at full output power was lost when the input voltage dropped
3) reset winding:1 turn of 26 AWG. below about 360 Vdc.

To meet the maximum blocking time, two cores were required Table | illustrates a comparison between the power dissipa-
to realize a single magamp. Maximum core loss can W@n savings incurred due to light-load ZVS $8andS4versus
estimated from [7] the core loss introduced by the magamps used to realize the
170 ZVS mechanism. A load current of 8 A (10% of full load) was
Bsat - Breset H H
—> used as the point of comparison. The table shows the losses as
2 a function of both supply voltage and switching frequency. For
the magamp loss calculations, the induction lev®l3) was
held constant for the three different frequencies (although the
volts-seconds required to be blocked increase as the switching
frequency is decreased). As is shown in the table, the overall
net gain in power dissipation is about break-even until the
switching frequency is increased to 200 kHz, at which point
Transformer primary voltage and current waveforms atbe high-line magamp core loss will dominate. However,
shown superimposed in Fig. 7. Operation is at the maximuah 100 kHz and high-line, a significant reduction $8S4

Pcore(W/kg) =~ 9.93 % 10_6 P Fg157 . <

where B is in tesla andF’s is in hertz. This gives a total of
about 1.76 W maximum per magamp.

IV. EXPERIMENTAL RESULTS
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TABLE |
Loss ComMPARISON—S3S4 ZVS VERSUS MAGAMP LOSSES
400V o Fs Vee (V) | Pp Savings in 53 and 54| - Magamp Core Loss
- Due to ZVS Introduced
450 26W 2.1W
200V 50 kiiz 400 oW 21w
350 135w 05 W
ov 450 52W 6.2W
100 kHz 400 38W 32W
-200V | g2 350 27TW 1.5W
450 104 W 184 W
-400VIg 200 kHz 400 7.6 W 95W
H 350 54W 44W
0 2 4 6 f—= 10us
(@)
.......... Efficiency (%)
400V % N
..... 90
200/ | MR- 85
...... 80| .
ov 750
70 L —
100 250 500 750 1000
-2 00V | e e e S R GRS o Output Power (Watts)
"""" Vin=350Vde Vin=400Vdc Vin=450 Vdc
-400V| & - T
H H : Fig. 9. Experimental efficiencies versus output power.
0 2 4 6 t—= 10us
(b) Reset Current (mA)
Fig. 8. Transformer primary voltage &, = 375 Vdc and P, = 150 W. 500
(a) “Open loop.” (b) “Closed loop.” Voltage scale: 100 V/div; current scale: -
1 A/div. Time scale is 1us/div. A0 e T
300 : e —
power dissipation can be had by shifting the transistor loss Tl
. ) : 200 —
to the magamps. This would typically be desirable from the
viewpoint of thermal management and reliability. 100 \
Fig. 9 shows experimental efficiencies versus load at dif- 0
ferent input voltages. The efficienajecreasesas the input 10 100 250 500 750 1000
voltage increases (the primary is switched with constant duty Output Power (W)
cycle, leading to increased circulating energy and magamp Vin=350 Vde  Vin=450 Vdo

core loss as the input voltage increases). The disparity becomes

more evident at lighter loads where the required volt-seconds

to be blocked are greatest. These efficiency measurementd do

not include the gate drive or magamp control circuitry power

811

10. Magamp reset current as a function of load and input voltage.

dissipations. The measured gate drive power dissipation wasrent) are displayed in Figs. 11 and 12. The rectifier voltage
about 3 W. Fig. 10 illustrates the required magamp contrid very clean, with no overshoot at all. The exponential-like
current as a function of line and load. These curves includecay in the rectifier voltage (when the opposite rectifier
both magamp reset currents. is conducting) is due to the magamp reset current flowing

Oscillograms showing the voltages across the output rébrough the parallel combination of the rectifier parasitic
tifier (D1) and magamp SR (together with the primary capacitance an&kC snubber.
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40V

ing to about 15% of full load when operating under closed-loop
control (a factor of four improvement). Isolation transformer
design is done to minimize leakage effects, and it was not

i sov necessary to add any external resonant inductor in the primary.
D1 20V Experimental efficiencies between 85%-91% were obtained
Voltage|§ E oy above an output power of about 250 W.
R RS RIS L o, i OV
APPENDIX
...... This appendix derives the conditions required to achieve
ZV/S by utilizing the energy stored in the isolation transformer
) " magnetizing inductanceL(,). To simplify the analysis, the
T1CPr|matry SRE O A WL NE Y <O -0A  following assumptions are made (refer to Figs. 1-4).
urren

0 73

12 us

e ¢ — 0 (i.e., the primary side duty cycle approaches
100%).

* The delay between turn on/turn off of switches on the
same bridge leg is small compared®s/2.

e Ly &< L,,.

Fig. 11. Output rectifierD1 voltage and transformer primary current at The energy stored in the leakage inductandg: is

Vin = 450 V, P, = 1 kW. Voltage scale: 10 V/div; current scale: 2 A/div;

time scale: 2us/div.

SR1 |l
Voltage| &

T1 Primary
Current |

0 4 6 8 t—

Fig. 12. MagamgBR1voltage and transformer primary currenfig; = 450

12 us

insufficient by itself to realize ZVS.

First, for ZVS to be realized utilizing the energy stored in
the magnetizing inductance, the following inequality must be
satisfied:

. 1
iz | > =
M Lm|S3or S4 turn-off = 2

1
=5CeVic (A1)

ir

2 (%Coss)vfc + %fornrv?c

where C.y = (8/3)Chss + Cufmr. Coss IS the value of
MOSFET output capacitance determined at a drain-to-source
voltage ofV_. and C, s, is the isolation transformer’s wind-
ing capacitance. The factor of 8/3 results from the fact that
the value of output capacitance is a nonlinear function of the
MOSFET drain-to-source voltage [1], [4], [8]. At the point
whereS3or S4turns off, the magnetizing current is given by

V..T.
= m — cC S A2
ir AL (A2)

V, P, = 1 kW. Voltage scale: 10 V/div; current scale: 2 A/div; time scaleWhere T is the switching period for the bridge switches.

2 psldiv. Solving (A1) and (A2) forL,, yields
V. 2
- -SUMMARY - | L. < T ' (A3)
This paper has described the analysis, design, and exper- 16Cq

imental results of a 100-kHz 1-kW FB ZVS PWM con-

verter incorporating secondary-side control. Operation is froRor the power stage design described in Sectiorll}, ~ 400

a 350-450-Vdc input with a 12-Vdc output. Utilization ofpF, resulting in a maximum magnetizing inductance of 15.6

secondary-side switching accomplishes two important tasks:miH, significantly greater than the 2.2-mH value used in the

extending the useful load range for ZVS by enabling the trandesign.

former magnetizing inductance to join the resonance betweer-or ZVS, in addition to the constraint required by (A1), the

the leakage inductance and the bridge switch capacitance dndation of thels—7; interval must be of sufficient length to

2) providing output voltage regulation for the secondary. Faidlow the resonance df,, andC., to reach the point where

a low voltage, high current output magamps are the preferr&€g (see Fig. 2) equal¥.. or ground. If S3or S4is turned

choice for realizing the secondary switches. on before thel;—T} interval is completed, ZVS is lost. The
Experimental results demonstrate the range of ZVS is eduration of the interval is dependent on the valuelgf at

tended from about 60% of full load without secondary switctis, and this, in turn, is dependent on the energy stored;in



WATSON AND LEE: 1-kW ZVS-FB-PWM CONVERTER EMPLOYING MAGAMP SECONDARY-SIDE CONTROL

and the duration of th&ds—15 interval. TheT,—13 interval

813

Under the assumptions outlined above, defira¢p be the

terminates when the current in the leakage inductance decaym of the durations of th#,—73 and 737} intervals (A6
to the point where it equals the magnetizing current. Durirgnd A9), the maximum conversion ratio is

this interval, the voltage az is given by

I

VB (t)|T2—T3 interval — <N

Ly t

le Ceq '
(A4)

‘/CCTS
4L,

1 2A
v, N
— = — Al10
VVCC max N ( )

The minimum conversion ratio is determined by the maximum

The current in the leakage inductance during this interval ﬂ)?ocking time ofS5 and S6

then

) 1
LIk (t)|T2—T3 interval — <NO

VeeTs ) t
+ Ccos

4L, VIiCof
(A5
Therefore, the duration of th&—T15 interval is

NV..T.
_ _ ] —1 ccts .
A(TQ Tg) \/leCeq COSs 4LmIO T NVCCTS

(A6)

The value ofVg at T3 is then

1, L

N Tk

Ve, < + c.,
NV, T,

. sl -1
sin |:COS <4LrnIo —i—NY/ccTs)} (A7) )
2

For the73-T} interval, the magnetizing inductance is free to
resonate withC., . Therefore,

N

‘/CCTS
4L,

(1]

(3]
‘/CCTS
4L,,

L, . t

C’F,,I S1n LrnOeq .
(A8)

For zZVS, Vg = V.. and this marks the completion of the [5]

T5-T, interval. The duration of th&s3—T} interval is then

given by

Vi (t)|T3—T4 interval = VB|T3 + 4]

(6]

(7]

‘/cc _V

A(Ts=Ty) = /L, Coy sin™! Vee = Vislzs (A9) [8]
‘/CCTS Lrn
4L, \l C.,

Equations (A3) and (A9) serve to define the conditions for
achieving ZVS using the magnetizing inductance.

The total duration of interval$,—1> andT3;-1} also serves
to set an upper limit on the conversion ratio by limiting th
maximum duty cycle seen by the secondary. In particul
during the73-T interval, the freewheeling diod®FW, see
Fig. 4) is conducting the output inductor current, so the long
the duration of this interval, the greater the loss of seconda
side volt-seconds that could otherwise have been applied to §
inductor. Of course, this assum86(SH was being controlled
such that it would be turned on simultaneously with the turn-cﬁi

Z(A + tblock, max)
I
N

v, 1=

Vee

(A11)

min

The maximum blocking time ofS5 and S8 tuiock, max, IS
obtained from (1)

NA.(2B,,
tblock, max(seq = # . (A12)
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