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Abstract

High power densities can be achieved in switched-mode power supplies, by switching at very high frequencies.
The resonant transition converters have many desirable features at such high frequencies. One such converter,
namely, the phase-modulated fuli-bridge converter (PMC) is presented in this paper. The basic principles of op-
eration are briefly discussed. The various trade-offs involved in the design are explained. Experimenta} and simu-
{ation results, obtained on a 560 W/250 kHz PMC, with a power density of nearly 5 W/inch® (0.3 W/em®), are
presented.
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1. Introduction

The increasing demand for higher power densities in switched-mode power supplies is
pushing the switching frequencies into the MHz region. Since the size of the power
transformer and the energy storage elements are a strong function of the switching fre-
quency, significant savings in size and weight are possible with such high frequencies.
However, with conventional PWM topologies, the switching losses also increase propor-
tionately with the frequency of operation. The larger heatsinks thus required totally off-
set the above-mentioned savings. In order to realise the high power densities possible
with high switching frequencies, it is therefore essential to reduce the switching losses.

Resonant load converters' and resonant switch convesters® with either zero-current
switching (ZCS) or zero-voltage switching (ZVS) have been proposed to address these
problems. In these converters the switch current or the voltage is made sinusoidal by
adding an extra resonating LC tank circuit. In ZCS, the device is switched off at the
zero-crossing of the sinusoidal current and in ZVS, it is turned on when the sinusoidal
voltage across it reaches zero. Thus the switching losses are greatly reduced in these
converters. However, they have the following two serious drawbacks:

» device voltage/current stress is much larger, typically 3 to 4 times that of the cor-
responding PWM topologies. The conduction losses are hence much larger.

® output control is by varying the operating frequency. The output filters, therefore,
have to be designed for the lowest frequency and hence are not optimally utilised.
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F16. 1. Half-bridge converter.

Resonant transition converters?, being proposed recently, combine the low switching
loss characteristics of the resonant converters and the low conduction loss and constant
frequency characteristics of the PWM converters. The phase-modulated full-bridge con-
verter, presented in this paper, belongs to this class of converters and offers ZVS charac-
teristics. Except for the resonant transitions, it is identical to the square-wave PWM full-
bridge topology. The design principles for the two schemes are hence very similar. ZVS
in PMC is obtained relying mainly on the parasitic components like the magnetizing and
leakage inductances of the power transformer and the output capacitance of the
MOSFET switch. These features make PMC the preferred topology for high-voltage and
high-frequency applications.

2. Basic principle of operation

In any double-ended converter, like the push-pull, half-bridge, etc., it is possible to de-
sign for zero-voltage switching, if the duty ratio is kept fixed at 50%. This basic princi-
ple may be brought out by considering the haif-bridge converter shown in Fig. 1. Con-
sider S, conducting initially, resulting in the current f;. As S, is switched off, the induc-
tive nature of the load forces /;, to continue to flow in the same direction, but now com-
pleting the path through D, and C;. Since D; is conducting, the voltage across the switch
S 1s zero. Hence, turning on Sy now results in ZVS. The duration for which D; conducts
depends on the nature of the load and the energy stored in it. Hence to reliably tura on
S; with zero volts across it, it is necessary that it is switched on after S, is switched off
and while D, is conducting. Similarly, 8, should be turned on after S, is turned off and
D, is conducting. In a symmetrical half-bridge converter, this implies operating with the
fixed duty ratio of 50%.
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F1G. 2. Phase-moduiated converier, a. sumplified schematic, and b, waveforms for 90° phase difference.

With the duty ratio fixed at 50%, output regulation is not possible. Therefore, aiter-
native methods have to be employed to achieve regulation. For the full-bridge topology,
phase modulation, explained with the help of Fig. 2, is one such alternative.

Figure 2a shows the simplified schematic of the phase-modulated full-bridge con-
verter. Each of the four devices (S, to Si) is operated at 50% duty ratio. Hence the
waveforms at points A and B are square waves with 50% duty ratio as shown. Phase
modulation simply refers to varying the phase difference between these two square
waves, to achieve output control. Phase difference of 180° corresponds to the maximum
output voltage. As the phase difference is reduced, the output reduces proportionaiely.
Figure 2b shows the output for a phase difference of 90°. The sequence of operation in z
complete cycle is explained in the next section.

3. Analysis of a complete cycle of operation

Figure 3 shows the schematic of PMC used for analysis and simulation. As may be seen
the figure includes the parasitic elements like the output capacitance (C,, Cz, Cs and C.’
of the MOSFET and the magnetizing (L) and leakage (Liy) inductances of the trans
former. Zero voltage switching demands that, before 2 MOSFET is switched on, its out
put capacitance be completely discharged. This discharge is accomplished by the energ:
stored in the magnetizing and leakage inductances. Therefore, these parameters are cru
cial from the ZVS viewpoint and have to be considered in the analysis.

For the purpose of analysis, a complete cycie of operation is divided into eight dis
tinct intervals for the inverter and four intervals for the secondary side rectifiers. The



366 A.RAJAPANDIAN AND V. RAMANARAYANAN

[+7] C4 ¢
iy §T
—
}-—

g
: INVERTER i TRANSFORMER | RECTI! FiLTER | LoAD
1 i 1 1

FiG. 3. Schematic diagram of the PMC.

inverter and rectifier intervals are interdependent. The transformer primary currents are
determined by the secondary side diode currents which in turn depend on the magnitude
and polarity of the inverter voltages. However, for ease of analysis they are considered
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FiG. 4. PMC in inverter interval 1. a. devices conducting, and b. equivalent circuit.
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F1G. 5. PMC in inverter interval 2. a. devices conducting, and b, equivalent circait.

separately. The inverter intervals are determined by the switching sequence of the de-
vices. Figure 4 shows the inverter in interval 1, highlighting the devices conducting, and
the current path. During this interval the diagonal switches S; and 8, conduct, transfer-
ring power to the load. This interval ends when S, is switched off. The governing equa-
tions for the inverter are

d

Engpin =V (1
fpre = (i + i) 2
g =iy ~ipa 1. 3)

The above three equations are general and are valid in 2ll the intervals. The equations
valid in interval 1 alone are,

Vc, = ch =Vpe Y
Ve, =V, =0 (53

Vors = Ve ©)
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Table i

Sequence and governing equations of the inverter intervals

U Devices From To Vou Vo Vs Vea Vire
on

1 88 Sson  Sioff  Voc Voc 0 .0 Vac

2 S5:CC Sioff  Sion VYoc—Ves Ve 0 v _ Tl Veu

e 2

3 SDy Sion Szoff O 175 o Vo 0

4 DIGC, Soff S;on O Vir— Vs Voo —Ves

5 8% Szon  Sjoff 0 Voc Vbe

6 S;CiCy Sioff Sgon v _ Vo Ve ~Veu

& TC
7 8D Sson S;off Ve [ Vi 0 0
8 S4GCC  S:off  S;on Ve & _ T VoeVar 0 Ver

The second interval starts when S, is switched off. The primary current which was ini-
tially flowing through S4, now begins to flow through C, and C; as shown in Fig. 5.
From the equivalent circuit shown in Fig. 5b, the governing equations vatid for this in-
terval can be derived as

d ip” .
EVC‘ =EE’(C:C‘ =C,=C;=C,), ©)
V=V, =(Vpe -V, ) (8)

Interval 2 ends when S; is switched on. The equivalent circuit for the other inverter in-
tervals can be established by similar analysis and the corresponding equations derived*.
Tabte I lists the start and end of each interval, and the equations valid in them.

The rectifier intervals are determined mainly by the transformer voltages. In the two
inverter intervals (1 and 2), discussed above in detail, the transformer voltage remains
positive. This period corresponds to the first rectifier interval (Table II) in which diode

Table I

Sequence and governing equations of the secondary rectifier intervals

U Device From To inp in Vin L=

1 b i S0 V}SL—;*-TE;!‘DP i, 0 Vi L+ly
2 Dnb Ly 4. - iy i P

PDe oy ckeda <o i g0 b
N -L, i -]

3 D iy <0 Vo2 % i O i Y L+Ly
4 DpDe Ly

d i <0 d_ Vs i~ ] L
V.2 < = D
s 2 ipn ‘oo T
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D, conducts. The next interval is reached only when the transformer voltage changes
polarity and D, gets forward biased. From Fig. 5a, the condition for D, to be forward
biased, can be derived as

, d.
—V, 2V, -Ly i %)

During interval 2, known as the overlap interval, both D; as well as D, conduct, result-
ing in zero voltage across P and Q. The current through D, decreases at the rate given
by,

¢ Y

—

a7,

(10)

and when it reaches zero, the next interval begins where D, alone conducts. The equa-
tions valid in each of the four rectifier intervals are listed in Table II. The next section
outlines the design strategy for achieving ZVS.

4, Design considerations to achieve ZVS

From the analysis of the PMC, it is important to note that there are two types of transi-
tions. One is from the power transfer mode to the freewheeling mode (inverter intervals
2 and 6) and the other from the freewheeling to the power transfer mode (intervals 4 and
8). From the ZVS viewpoint, these two transitions are quite different. In the transition
from power transfer to freewheeling mode, referred to as the right-leg transition, the
reflected load current is always in the proper direction to discharge the capacitance of
the MOSFET to be turned on. Hence the load current aids the magnetizing current in
achieving ZVS. In the other transition, referred to as the left-leg transition, the reflected
load current begins to reverse direction, the rate of reversal being determined by the
leakage inductance. Once the load current reverses direction, it opposes the magnetizing
corrent in the discharge of the MOSFET capacitance. Hence the lefi-leg transition is
more critical from the ZVS standpoint. The design equations are, therefore, derived to
achieve ZVS in this transition, which automatically ensures ZVS for the other transition
too.

Apart from the magnetizing and leakage inductances, the other parameter which af-
fects ZVS, is the dead time {Tpe1ay] allowed between the turn-off of a MOSFET and the
subsequent turn-on of the other MOSFET in the same arm. All the parameters along
with their qualitative effects on ZVS are given in Table III.

From the equations valid for the fourth inverter interval (left-leg transition which is
the crucial one for ZVS) the following expression can be derived®, for the voltage Ve,

across the MOSFET to be turned on

L
Ve, = Vo ~(in * iy 5 S000? an
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Table 11{

Parameters affecting ZVS and their qualitative effects

Varable Pasitive effect Negatwe effect

Magnetizing current  Aids ZVS Higher curtent siress and conduction loss

Leakage induc-
tance

Thelay

Capacitance across

Aids ZVS, by reducimng the rate of rever~
sal of the pnimary current in the ntervals
4 and 8

Large Tpe.y aids ZVS at light loads and
affects adversely at high loads

Large Cps aids in loss-less turn-off

Reduces maximum effective duty ratio;
hence poor VA utilisation and more con-
duction loss. Results in higher ringing
and dissipation in secondary rectifiers.
Large Toewy reduces the effective duty
ratio and is particularly undesirable at
very high switching frequencies.

Large Cps demands more cnergy to be

stored 1 the transformer inductances, to
be fully discharged, hence bad for ZVS.

the MOSFET-Cps

where

Ly = LL\’ 1Lm ; (LU( , leakage inductance referred to the primary}.

The above expression gives the following two conditions to achieve ZVS at any given

load.
L
1 (i i)y ECi 2 Vpe (12
T
2 Ty == 2C L, . (13)

The first condition ensures that the peak of the sinusoidal component of egn (11) is at
least equal to V¢, so that V,, eventually reaches zero. The second condition ensures that

the MOSFET is switched on when V¢, is zero. Hence the design strategy is to

8 select T,y considering the switching frequency and the MOSFET characteristics.

o calculate the value of Ly from eqn (13), with the above value of Tpeiay.

o with the above value of Ly, calcuiate from eqn (12), the peak magnetizing current
required at any load down to which ZVS is required.

The full system may be numericaily simulated with the help of equations listed in
Tables I and II, and using the above values for delay time, magnetizing current and
leakage inductance as initial estimates. From repeated simulation runs, more satisfactory
design values for all the parameters may be found.

5. Development of a 250 kHz/560 W offline converter
The design and development of a PMC of the following specifications are discussed.

Tnput 1 150-270 V ac, 50 Hz



A CONSTANT FREQUENCY RESONANT TRANSITION CONVERTER 37

Qutput voltage : 28V

Maximum output current  : 20 A (nominal power = 560 W)
Output regulation 1 0.1%

Output ripple (peak to peak): 0.5%

Switching frequency 1 250 kHz

ZVS right down to no load, though possible, results in very high conduction losses.
The reasons for the increased conduction losses are:

1. High magnetizing current.
2. Large leakage inductance resulting in reduced turns ratio.

3. Circulating peak primary currents during the freewheeling interval. This source of
loss is particularly severe at very low duty ratios encountered in wide-input appli-
cations.

The first step in design is to decide the ZVS limit, i.e., the load down to which ZVS
is preferred. Figure 6 gives the MOSFET loss curves at various ZVS limits, correspond-
ing to the given specifications and for the chosen MOSFET (IRFP 460) with Rps on of
0.3 Q. The decision on ZVS limit may be made either to achieve the minimum possible
heatsink size or to minimize the losses at any particular load or range of loads consid-
ered as nominal. In this design, the ZVS limit is chosen as 16 A (80%). The values of
magnetizing and leakage inductances and Tpe.y are then chosen according to the proce-
dure outlined previously. They are listed in the section on experimental results. The de-
signed values of magnetizing and leakage inductances are realised through separate ex-
ternal inductors initially. It is possible to integrate them into the power transformer by
introducing appropriate air gap.

The transformer turns ratio is selected considering the maximum duty ratio available.
High-frequency ferrite core materials are chosen for the transformer and the inductors.

T T 1

= -

\ ZVS-limit= 04 -

. 7oA
. -

Total losses (W)

Load curreat (A)

Fic. 6. Loss curves for various ZVS limits.
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FiG. 7. Phase difference at 150 V ac input 2. V4 and Vs and b Vg (Vert: 125 V/div; Hori: 0.66 us/div).

They are operated at low-flux densities (< 0.1 T) to reduce the core losses. The windings
are made with copper foils to reduce losses.

The phase-modulation controller IC, ML4818 is used to obtain the control signals. It
features a programmable Tpey. The driver stage consists of external P- and N-channel
MOSFETs and is designed for fast turn-off (< 100 ns) to reduce the turn-off losses. The
turn-on is made relatively slower, as it is a loss-less transition. The design of output LC
filters and closed loop compensators is similar to that of PWM converters’.

6. Experimental results
6.1. Qutput regulation by phase modulation

Qutput voltage regulation, better than 0.1% over the entire line and load ranges, is ob-
tained by phase modulation. Figures 7 and 8 show how the phase difference is controlled
to regulate the transformer primary voltage, as the input varies from 150 to 270 V ac.

a b.
Fie. 8. Phase difference at 270 V ac input. 2. Va and Vg, and b. Vg (Vert: 125 V/div Hori: 0.66 pS/div).
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a b.

FiG. 9 Primary voltage and current at 6A load, showing the turn-on transients. a. simulated waveforms (1, 2, 3
and 4 represent the 1nstants when Sy, Sa, Sy and S. are switched on) and b. experimental results (Vap: 125 Vidiv:
1391 2.5 A/div: Hor: 0.5 Hs/div).

6.2. ZVS and non-ZVS turn-on

The transformer primary volage gives information about the turn-on transitjons of all
the four MOSFETSs. Figure 9 shows the simulated and experimental waveforms of the
transformer primary voltage (Vag} and current ({4z) corresponding to a load current of
& A. As can be seen, the turn-on in the freewheeling to power transfer mode, takes place
with about 180 V across the switch, This loss of ZVS 1s due 1o the insufficient energy
stored in the transformer inductances. However, the turn-on in the other transition
is ZVS. Figure 10 shows the same waveforms for a load current of 18 A. As seen, the
increased reflected load current results in ZVS rurn-on for all the transitions. Figure 11

500V,
10A

=500V
-10A
0

s are ZVS a. Simulated waveforms and b.
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FiG. 11. Vs and Vps waveforms for ZVS transition.
Vs raises from ~12 V towards +12 V. Note that Vps
drops to zero volts even before the gate voltage
reaches the threshold (Vpg: 60 V/div; Vgs: 5 V/dw;'
Hori: 50 ns/dwv).

shows the waveforms of the gate voltage and drain-source voltage, corresponding to ZVS
turn-on. As can be seen, the drain-source voltage reaches zero, even before the gate volt-
age becomes positive. (Note that the gate voltage rises from ~12 to +12 V).

6.3. ZVS limit and MOSFET losses

The ZVS limit chosen in the design is 16 A (80% load). The values obtained from
simulation for the various parameters to obtain the chosen ZVS limit are listed below:

Tpetay © 17508

Cps @ 600 pF (intrinsic = 380 pF; external = 220 pF)

L. :140uH

Ly t7uH

With these values, ZVS is obtained from full load down to 16.6 A. By varying the
magnetizing inductance, the performance of the converter under various ZVS limits is

400V
10A

0A

a b

FIG. 12. Vig vs [ for left-leg MOSFETS, Tap 18 equal to the device current when Vps is zero. Note that the device
voltage falls to zero, before the current through it becomes positive a. simulated resulis and b. experimental results
(Vps: 60 Vidiv; 1ap: 2.5 Afdiv; Hori: 0.5 ps/div).
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400V
1CA

0A: -

oV
-10A

4 b.

FiG. 13. Vps vs [ag for right-leg MOSFETs. The intrinsic diode conducts {negative current with Vps zero) for the
major part. 2. simulated results, and b, experimental results (Vos. 60 V/div; Ias: 2.5 A/div; Hort: 0.5 ps/div).

studied. The results thus obtained for two ZVS limits—60 and 80% load—are listed in
Table IV and are compared with the simulation results.

6.4. Left- and right-leg transitions

As explained earlier, the left- and right-leg transitions are quite different from the ZVS
viewpoint, In the lefi-leg MOSFETs, the intrinsic dicde conducts only during the tran-
sients. In the right-leg MOSFETs, the diode conducts for almost as much time as the
MOSFET channel. Achieving ZVS for these MOSFETs is relatively easier. Figures 12
and 13 show the MOSFET voliages and the primary current (which is equal to the device
current when it is on) for the left- and right-leg MOSFETSs, respectively.

6.5. Turn-off transition

The turn-off losses depend on the capacitances across the devices (intrinsic and external)
and the fall time. Figure 14 shows the gate voltage and drain-source voltage waveforms

s vs Vo during turp-off. Vg fails from
2V {Vpst 80 V/div: Vgs: 5 V/div; Hori:

PN
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Table IV

Converter performance for two different ZVS limits at the maximum input voltage

Parameters ZVS limit= 12 A ZVS imi= 16 A

Experimental Simulation  Experimental Simulation

Peak device voltage stress 400V 380V 400V 380V

Peak current stress T3 A 7A 674 6A

Vs 8t turn-on

Left-leg MOSFETs

@ Min. load(2A) 215V 188V 280V 276V
Half load 80V T4V 153V 146V
Full load 0 0 ] 0

Right-leg MOSFETs

@ Min. load(24) 120V 100v 195V 190V
Half load 0 Q 0 0
Full load 0 0 0 0

Total power lost in all the MOSFETs

@ Full load 2TW 29.5W 2W 231w
Half load 14w 132w 155W 142W
Min. load (2A) 13W 18w MW 282W

Full load efficiency 80 6% — 82% —

during the turn-off transition, at full load. The gate voltage falls from 12 to —12 V. By
the time the gate voltage falls below the threshold of 2 V (representing zero device cur-
rent), the Vg rises only by about 30 V. Hence the turn-off losses are small,

6.6. Power density

Commercial power supplies with specifications similar to the one developed, but operat-
ing at 50 kHz, have power densities typically around 2 W/inch®. The developed phase-
modulated converter operating at 250 kHz, has a power density close to 5 W/inch®. The
major volume, as expected in high-frequency converters, is occupied by the heatsinks for
the rectifier diodes and the primary MOSFETs. About 20% of the volume is used for the
EMI filters, to meet the stringent specifications. The size of the magnetic components
reduce by a factor of about 2.5 compared to 50 kHz converters. With the latest high-
frequency core material, further reductions are possible.

Power densities above 30 W/inch® have been reported in literature. However they
cannot be readily compared with the commercial power supplies like the one developed,
since the specifications in the two cases are quite different. Wide input ranges, stringent
EMI specifications, many protection and menitoring requirements and the overrating of
the components to increase reliability are some of the reasons for the low power densities
in the commercial power supplies. However, if the components are chosen to optimise
power density rather than cost, and with better engineering, power densities of 10 to
15 W/inch® can be achieved with the phase-modulated topology.
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7. Conclusions

With its ZVS characteristics and constant-frequency control, the phase-modulated full-
bridge converter is well suited for high-voltage and high-power applications. Results
obtained on a 560 W/250 kHz offline phase-modulated converter are presented to sub-
stantiate this claim.

The advantages of PMC are more siriking in applications where the range of input
variation is not too wide. One such important applcation area is in high-power convert-
ers with front-end power factor control (PFC) scheme.

ZVS limit, defined as the load down to which ZVS is obtained, is an important factor
to be considered in the design. The optimum choice depends on many parameters like
operating frequency, MOSFET characteristics like Rpg gn, input voltage variations, etc.,
apart from cost and size considerations. Digital simualation is a very useful tool in decid-
ing and then designing for the most satisfactory value of ZVS limit, for any particular
application,
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