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Abstract 

Bggh 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 convener, 
namely, the phase-modulated full-bridge convener (PMC) is presented in this paper. The basic principles of ap- 
eration are briefly discussed. The various trade-offs involved in the design are explained. Expenmental and simu- 
laiion results, obtained on a 560 Wl250 kHz PMC, with a power density of nearly 5 W/inch3 (0.3 W/cm3), are 
presented. 

Keywords: High-frequency switched-mode power supplies, resonant conveners, zero-voltage switching, phase 
modulation. 

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 convertersZ 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 y e  greatly reduced in these 
converters. However, they have the foltowing two serious drawbacks: 

* device voltage/current stress is much larger, typically 3 to 4 times that of the cor- 
responding P W  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 optimz!ly utilised. 
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Resonant transition converters2, 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 lo the square-wave PWM full- 
bridge topology. The design principles for the two sche~nes are hence very similar. ZVS 
in PhlC 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 half-bridge converter shown in Fig. 1. Con- 
sider S2 conducting initially, resulting in the current IL. AS S2 is switched off, the induc- 
tive natuie of the load forces I,. to continue to flow in the same direction, but now corn- 
pleting the path through D, and C1. Since Di is  conducting, the voltage across the switch 
S ,  is zero. Hence, turning on S1 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 turn on 
S, with zero volts across it, i t  is  necessary that it is switched on after Sz is switched off 
and while D1 is conducting. Similarly, S2 should be turned on after S, is turned off and 
D2 is conducting. In a symmetrical half-bridge converter, this implies operating with the 
fixed duty ratio of%%. 



FIG. 2. Phase-modulated converter, a. smpiided schematic, and b. waveformh fo: 90- phare d~fference 

With the duty ratio fixed at 5 0 6 ,  output regulation is not possible. Theiefore, alter- 
native methods have to be employed to achieve regulation. For the full-bridge topology, 
phase modu!ation, expiained with the help of Rg. 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 S4) is operated at 5 0 6  duty ratio. Hence the 
waveforms at points A and B are square waves with 50% duty ratio as shown. Phase 
moduiation 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 vdtage. As the phase difference is reduced, the outpu: reduces propo:tionate!y 
Figure 2b shows the mtput for a phase difference of 90'. The sequence of operation in e 
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 :he parasi:ic elements like the output capacitance ( C , ,  C2, C: and Cc' 
of :he MOSFET and the magnetizing (I,,) and leakage (LLL;) inductances of the trans 
former. Zero voltage suitching demands that. before a .MOSFET is switched on. its out 
put capacitance be completely discharged. This discharge is accomplished by the energ: 
stored in the n a g ~ e t i z i n g  and leakage inductances. Therefo:e. these parameters are c:u 
cia! fro= ?he ZVS viewpoint aii6 have to be considered in the analysis. 

For the purpose of anaiysis. a complete cycle of operztion is divi6ed into eight dis 
tinct intervals for the inverter and four intervals for the secondary side rectifiers. Th 
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-C- 
INVERTER / TRANSFORMER j piiTl j ALTER / LOAQ 

FIG. 3. Schematic dmgram of !he 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 

Fro. 4. PMC in inverter interval I .  a. devices conducting, and b. equivalent circuit. 
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FIG. 5. PMC in inverter interval 2. a. devices conductmg, and b. equivalent circuit 

separately. The inverter intervals are determined by the switching sequence of the de- 
vices. 4 shows the inverter in interval 1, highlighting the devices conducting, and 
the current path. During this interval the diagonal switches Sj and S4 conduct, transfer- 
ring power to the load. This interval ends when S4 is switched off. The governing equa- 
tions for the inverter are 

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

vcL = k> = v!x (4) 

vc, = VC4 = 0 ( 5 )  
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Table ii 
Sequence and gmoraaing equaaims d the inverter intervab 

U Devictr From To Vcl Vn vc3 vm bra 

7 S,D, s, on s, off vm 0 vw 0 0 

8 S4ClCl %off %OD VDC dV _ -Im V r V c l  0 Vc2 
d i  ZC 

The second interval starts when S4 is switched off. The primary current which was ini- 
tially flowing through S,, now begins to flow through C4 and C1 as shown in Fig. 5. 
From the equivalent circuit shown in Fig. 5b, the governing equations valid for this in- 
terval can be derived as 

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 de1ived4. 
Table I lists the start and end of each interval, and the equations vaiid 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 TI) in which diode 

Table II 
&queen= and governing equations of the secondary rectifier interval3 

U Device From To irm I C ~  V.. L* 



D, conducts. The next interval is reached only when the transformer voltage changes 
polarity and D, gets forward biased. From Fig. Sa, the condition for D, to be forward 
biased, can be derived as 

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

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 conside~ations 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 
current in the discharge of the MOSFET capacitance. Hence the left-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 [TD.,,] 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 111. 

From the equations valid for the fourth inverter interval (left-leg transition which is 
the crucial one for ZVS) the foilowing expression can be derived4, for the voltage Vc, 

across the MOSFET to be turned on 
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Table 111 
Parameters affecting ZVS and thar qualita:ive effects 

bFawer~ing cunm 

Leakage induc- 
tance 

Capacmncr acrobs 

the MOSFET~Cm 

where 

Pnsinre effect 

Aids ZVS 
Alds ZVS, by reducmg the rate of rever- 
sal of the pnmary current m the ~ntervals 
4 and 8 

Large T,,,, aids ZVS at I l g l  loads and 
affects adversely at high loads 

Large Cns aid3 in loss-less turn-off 

Nqntnve effect 
-- 

Higher cunent ilrcis m d  conduction l o r ~  

Rcdnce5 maxlnmm effective duty ra1.o; 
hence pool VA u r ~ l ~ s a l m  and more cnn- 
duction lois Results In hlgher ringmg 
and dissipation m secondary rect~fiers. 
Large To,,, reduces the effective duty 
ratio and is particularly undesirable at 
very h ~ g h  cw~tching frequencm. 

Large Cob demands more energy to be 
stored m the transformer mductances, to 
be fully discharged, hence bad for ZVS. 

L,, = LL~ IL, , (LL, leakdge inductance referred to the prtrnq)  

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

2C 
(12) 

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

the MOSFET is switched on when Vc2 is zero. Hence the design strategy is to 

a select TD,,,, cons~dering the switching frequency and the MOSFET characteristics. 

* calculate the value of LLL from eqn (13), with the above value of TDelny. 

* with the above value of L L ~ ,  calculate from eqn (12), the peak magnetizing current 
required at any load down to which ZVS is requ~red. 

The full system may be numerically simulated with the help of equations listed in 
Tablrs I and 11, and using the above values for delay time, magnetizing current and 
leakage inductance as initial estimates. From repeated simulatiou runs, inore satisfactory 
design values for all the parameters may be found. 

5.  Deveiopnleot OF a 250 kHz1560 W offline converter 

The design and development of a PMC of the following specifications are discussed. 

Input : 150-270 V ac, 50 Hz 
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Output voltage : 28 V 

Maximum output current : 20 A (nominal power = 560 W) 

Output regulation : 0.1% 

Output ripple (peak to peak): 0.5% 

Switching frequency : 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 MOSWT loss curves at various ZVS limits, correspond- 
ing to the given specifications and for the chosen MOSFET (IRFP 460) with Rns of 
0.3 4. 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 T,,,,, 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. 

0 

FIG. 6. Loss curves for ranam ZVS i l m m  
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a. b 

FIG. 7. Phase difference at 150 V ac input a. VA and VB and b V A ~  (Vcrt: 125 Vldiv; Ho~ i :  0.66 pddiv). 

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 To,,,,. 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 converters5. 

6. Experimental results 

6.1. Output regulation by phase modulation 

Output voltage regulation, better than 0.1% over the entire line and load ranges, is ob- 
tained by phase modu!ation. 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. 

FIG. 8. Phase difterence at 270 V ac input. a. Vk and VB, and b. V,. (Vert: 125 Vldtv Hori: 0.66 pS/&v) 
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b 

~ ; c  9 Pnnai) voltage and cu;rent at 6.4 load, ahawing The turn-on tianilznti.  a s~muivrea wavcfomr (1, 2 ,  3 
and 4 itprescni the lnsrants when SI, S2, S, and 5: are switchtd on) and h, cxpeiirnenrai resulrs (V,B. 125 Vlaiv: 
I+#. 2.5 Vdiv. Hon: 0 5 psidlv) 

6.2. ZVS and non-ZI'.S rum-on 

The transformer primary voltage gives informarioa about the turn-on transir~ons of all 
<he four MOSFETs. Figure 9 shows the simulated and experimental uaveforrns of the 
transformer primary voltage (Vha) and current (/,a) corresponding to a load current of 
6 A. 4 s  can be seen. the turn-on in the freeil'heeling to power transfe; mode, takes place 
w t h  about i80 V across the switch. This lobs of ZVS I S  due to the insufficient energy 
scored in the transformer inductances. However, the tu-n-on in the other transition 
is  ZVS. Figwe 10 shows the same waveforlns for a load curren: of !8 A. 4s seen, the 
:ncreased reflected load current resuits In 2VS run-on for a11 ;he transitions. Figure 11 

Fa. 10 ?i.marg vo!iage e:l,j curzenr a; !and 1!1 .~rin,,t~ons 9ie ZVS 8 Simlaizd aavelbrns ma b. 
cxpenmcnta. :elu)ti ( I  ,,B- i:i V d l t .  I,, 2 5 .4/d:v. Ha:, O 5 i:s,d'\ 1 
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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 + l i  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: 

TM,, : 175 ns 
CDS : 600 pF (intrinsic = 380 pF; external = 7.20 ?F) 
L, : 140pH 
L j  17 pH 

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 

FIG. 12. Rlr vs IAB for left-lag MOSFETs. IAB is equal to the devlce current when Voi is zero. Note that the device 
voltage falls to zero, before the current through i t  becomes positive a. s~mulated results and b. expenmental results 
(VDS: 60 Vldiv, IAB: 2.5 Aldiv; Hori: 0.5 ~ s l d w ) .  



A CONST-lYT FREQUENCY RESONANT TRANS!TIOU COYVERTEX 375 

b 

F.G. 13. VDS Lr I<s for rlght-leg MOSFETs. The mcriniic dmde condusis (negatnc clirrent w r h  zero) for the 
major pa r .  a s~rnuiated results, a7.d b. experimental results i h s .  60 Vidlv; I d  2.5 Aldiv. Hon: 0.5 pi/&\). 

studied. The resu!ts thus obtained for two ZVS l imi t s -60  and 80% load-are iisted in 
Table IV and are compared with the simulation results. 

6.4. Left- and right-leg tl-ansitions 

4 s  explained earlier, ;he left- and right-ieg transitions are quire different from the ZVS 
viewpoint. In the left-leg MOSFETs, the intrinsic diode conducts only during the tran- 
sients. In the right-lep hlOSFETs, the diode conducts for almost as much time as the 
MOSFET channel. .Achiebing ZVS for these MOSFETs is ~elat ively easier. Figures 12 
and 13 show the MOSFET voltages and the prlmary current (which is equal to the device 
current when it is on) for the left- and right-ieg MOSFETs. respectively. 

The turn-off losses depend on the capacitances across the devices (intrinsic and exrernal) 
and the fall rime. Figure 14 shows the pate voitage and drain-source voltage waveforms 
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Table IV 
Converter performance for two different ZVS lhnits at the maximum Input voltage 

Pnrnmerers NS iirnii = I2 A NS hmii = 16 A 

fipxpsnmmiol Simulaaon Experimenrai Simulation 

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

Peak current smss 7.8 A 7 A 6.7 A 6 A  

VDS at tum-on 
Left-leg MOSFETs 
@ Min. load(2A) 215 V 188V 280V 276 V 

Half load 80 V 74V 153V 146 V 
Full load 0 0 0 0 

Rlaht-lee MOSFETs 
@ - ~ i . - l o a d ( 2 ~ )  

Half load 
Full load 

Total mwer lost in all h e  MOSFETs 
Q Full load 

Hdf load 
Min. load (2A) 

Full load effictency 80 6% 82% - 

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

6.6. Power densit) 

Commercial power supplies with specifications similar to the one developed, but operat- 
ing at 50 kHz, have power densities typically around 2 w/inch3. The developed phase- 
modulated converter operating at 250 kHz, has a power density close to 5 w/inch3. 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 
EM1 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/inch3 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 
EM1 specifications, many protection and monitoring requirements and the overrating of 
the components to increase reliability are some of the reasons for the lous 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/inch3 can be achieved with the phase-modulated topology. 



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 
obrained on a 560 Wl250 kHz offline phaee-modulated converter are p~esented to suh- 
stantiate this claim. 

The advantages of PMC are more siriking in applmtions where the range of input 
variation is not too wide. One such important application area is in high-power conver:. 
ers u,itii front-end power factor control (PPC) scheme. 

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