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Abstract 

Achieving soft s\vitching in switched-n1ode power supplies is an important design criterion today. Converters like the 
series-loaded resonant topologies are preferred because they easily enable soft switching. However, the soft switching 
range is limited and depends on a number of panuneters that are not directly under the designer's control. Special de­
sign rules are used to arrive at the optin1u1n operating points and thus maintain soft switching over at least a 1najor 
portion of the operating range. This paper deals \Vith the design issues relevant to achieve zero-voltage switching 
(ZVS) for the phase-rnodulated series resonant converter. The ZVS mechanisn1 and the modes of operation for which 
the converter inherently offers ZVS are explained. A circuit modification to extend the ZVS range beyond the natural 
range of the converter is introduced. Further, the design procedure for achieving ZVS is discussed through a design 
example. A phase-n1odulated series resonant converter for high-voltage DC applications is designed and experimen­
tally shown to have ZVS over its entire specified operating range. 

Key~vords: Soft switching, zero-voltage switching, resonant converters~ high-voltage power supplies, phase nlodula­
tion. 

1.. Introductio11 

The series resonant converter (SRC) is a load resonant converter that finds usage in high­
power conversion applications like ship propulsion, electric traction and in special applications 
like high-voltage output DC-DC converters. Large transfortner parasites are typical of these 
converters. For exarnple~ the leakage inductance of the high-voltage transformer in a high­
voltage DC-DC converter is large enough to prevent sufficient power t1ow from the source to 
the load. Introducing a capacitor in series with the parasitic leakage inductance results in a se­
ries LC circuit .. The effective in1pedance offerred to the power flow is then reduced if the con­
verter is operated with a switching frequency close to that of the resonant frequency of the se­
ries LC circuit. The classical SRC is a frequency-controlled converter .. That is, control is 
achieved by varying the switching frequency with respect to the converter's resonant fre­
quency. Control can also be achieved by varying the duty cycle. Such an SRC, having a fixed 
switching frequency but variable duty ratio, is called the phase-modulated series resonant con­
verter (PM-SRC) (Fig. 1). TI1e term PM-SRC is adopted because the PWM inverter output 
voltage is obtained using the phase modulation technique . 

. One of the critical design issues in any switched-mode power supply is achieving soft 
switching over the entire operating range of the converter. A soft-switched converter has lower 
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FIG. 1. Schen1atic of the phase-n1odulated series resonant converter for high-voltage applications. 
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generated EMI, switching losses and stress on the power s\vitches. The lower switching losses 
pro1note higher switching frequency, which further results in overall size and cost reductions. 
Though one of the positive features of the SRC is that it enables soft switching, the soft­
switched operating regions are liinited and depend on a large number of paratneters, including 
the load. Proper design is therefore required to ensure soft switching over the defined operating 
range. 

This paper explains the design issues critical for achieving soft switching in MOSFET­
based PM-SRC operating above the resonant frequency. The paper discusses how zero-voltage 
switching (ZVS) is achieved and its operating zones. A modified circuit to extend the range of 
ZVS is described. Design relations for achieving ZVS are explained through a design example. 
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A PM-SRC used for high-voltage DC generation is designed for ZVS over its entire load range 
and experip1ental results are provided to validate the design. 

2. PM-SRC Circuit description a:nd operation 

The PM-SRC (Fig. 1) is also refen~ed to as the phase-shift-controlled or pulse-width-1nodulated 
SRC in the literature. I. 

2 
The PM-SRC consists of a full bridge inverter feeding a quasisquare 

voltage waveforrn to a series resonant tank. The resonant tank consists of the resonant inductor 
(Lr) and the resonant capacitor ( Cr). The resonant inductor value is the stun of the transformer 
leakage inductance and any external inductor if present. The resulting resonant tank will have a 
resonant frequency (j;.) given by 

J, = 2rc~L,C, . 
1 

(1) 

Another para1neter that characterises the resonant tank is its characteristic impedance, Zc. By 
definition, 

(2) 

Switching frequency (j~) of the inverter is kept constant while the duty ratio (D) is varied 
using phase 1nodulation technique. Therefore, the resonant tank is excited by a quasisquare 
waveforn1 having frequency j~ and duty ratio D. The excitation results in a sinusoidal or near­
sinusoidal current in the resonant tanlc The tank current (i(t)) is rectified by a diode bridge 
rectifier and filtered using capacitive filter to get the required output voltage. The magnitude of 
the output voltage depends on the 1nagnitude and wave shape of i(t) and the load (R1oad in Fig. 
1 ). The tnagnitude and wave shape of the resonant tank current depends on fs, D and the load 
factor (Q) of the converter. By definition, Q is the ratio of the resonant tank characteristic im-
pedance and the resistive load as seen fron1 the resonant tank. That is, 

(3) 

where Rpri = R1o:v..1/n
2 is load as seen by the resonant tank and n is high-voltage transfortner turns 

ratio. 

The operating frequency (j~) is generally close to the resonant frequency of the tank. Opera­
tion with .f~ < .f~· is called the below resonant frequency operation. The input voltage then sees a 
net capacitive tank circuit.3 When.f~ > fi·, the operation is tern1ed above resonant frequency and 
the tank presents a net inductive circuit.3 The above resonant frequency operation facilitates 
ZVS for the inverter devices while the below resonant frequency operation promotes ZCS 
(zero-current switching). 

For phase n1odulation,4 a full bridge inverter with fully controlled devices is required .(Fig. 
1). Each device is switched at 50% duty ratio with the high- and low-side devices of the same 
leg being comple1nentary. As shown in waveforn1s of Fig. 1, conduction of switches on the 

leading leg of the inverter (S
1 
~ S

1
) is phase-shifted with respect to the conduction of switches 
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on the lagging leg (S2 , S2 ), resulting in the quasisquare input voltage. Here, the inverter leg 

containing the devices that turn on first (S1, S1) is termed as the 'leading leg' and the other leg 

is tenned as the 'lagging leg.' 

3. Zero-voltage switching in PM-SRC 

As mentioned earlier, \Vhen the PM-SRC is operated such that its switching frequency is 
greater than the resonant frequency of the tank~ zero-voltage turn-on of the inverter devices is 
possible. The latter is prefen·ed over zero-current turn-off in MOSFET -based converters. ZVS 
ensures that the inherent output capacitance in the MOSFET switch is discharged prior to 
switch turn-on, thus preventing turn-on losses and generated EMI. Figure 2 shows how ZVS is 

achieved for the switch S,. The high-side MOSFET S1 is turned off at ti1ne T1_a (Fig. 2(b)) 

when the tank current i(t) still tlows through it. Because of the resonant inductance, i(t) is not 
inteiTUpted. The tank cun .. ent is n1aintained through the snubber capacitors across the switches 
on the leading leg (S1 and S, )"thus charging C11 to Vdc and discharging C 12 • The inherent body 

diode of the MOSFET S
1 

turns on (Fig. 2(c)) once the voltage across C·12 reaches the diode 

forward break over voltage. The tank current presently freewheels through the body diode of 
S1 , the resonant tank and the still conducting lagging-leg switch S2. The voltage across S1 is 

the diode drop and is nearly zero. Applying the gate pulse to turn on S, during this period (at 

tin1e T1_b) results in zero-voltage turn-on. The s\vitch S1 being a MOSFET will conduct i(t) in 

the reverse direction as soon as its gate pulse is applied (as indicated in Fig. 2(d)). 

The turn-on process is therefore lossless and stress-free. Turn-off occurs when a sizeable 
current flows through the s\vitches. But the rate of voltage rise across the switch is lhnited by 
the snubber capacitors across it. The snubber capacitors are subsequently discharged through 
the load (thus preventing snubber losses) prior to the switch turn-on. Therefore, the turn--off 
process also has low losses. 

Zero~voltage turn-on sequ.ence of the other three switches of the converter is similar. The 
basic requiren1ents for achieving ZVS and low loss turn-off are therefore: 

• The device should turn off \Vith a positive cun·ent flowing through it. 

• The turn-off current should be large enough to co"lnpletely charge/discharge the snubber 
capacitors across the devices and subsequently turn on the diode across the device com­
ing into conduction. 

• There should be a tiine delay (To) between the turn-off of a device and the turn-on of 
the complementary device on the same leg. In the example above, T0 = (T1_b- T1_a). 

• T n should be large enough to allow the complete charging/discharging of the snubber 
capacitors and tun1ing on of the antiparallel diodes but stnall enough to ensure that the 
tank current does not change direction before the device is turned on. 

• Snubber capacitors should be large enough to prevent high dvldt for the largest tum-off 
current, but small enough to be charged/discharged by the smallest turn-off current in 
the given time delay. 
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FIG. 2. Zero-voltage turn-on sequence for MOSFET S 1• The current paths are shown in dark. 

4. Operating modes of tbe PM-SRC 

Under steady state, the PM-SRC operating above the resonant frequency has three n1odes of 
operation as indicated in Fig. 3. Mode 1 is a continuous conduction mode. Its operation results 
for high Q, high D or when the j~~~~ ratio is high. All the four devices turn off when a positive 
cutTent flows through thetn. ZVS is therefore easily achievable over almost the entire range of 
Mode 1. The exceptions are at lower loads when the lagging-leg switches do not turn off 
enough current to con1pletely charge/discharge the snubber capacitors. 
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Fro. 3. The three rnodes of operation of the PM-SRC operating above the resonant frequency. 
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FlG. 4. Sequence showing loss of ZVS and turn~on stress on the lagging leg for a Mode 2 operation. The current paths 
are shov~.rn in dark. 

The leading-leg switches turn off with a positive cutTent for Mode 2 operation. However, 
the lagging-leg switches turn off with a negative cun·ent, i.e. after the tank current has reversed 
direction. Figure 4 gives the sequence of lagging-leg tu111-off for Mode 2 operation. The tank 
current i(t) reverses direction before the lagging-leg switch (S2) is turned off (Fig. 4(b)). Since 
the gate pulse is still present for S2, it conducts in the reverse direction. Once the gate pulse to 
S2 is retnoved, its inherent body diode takes over the tank current (Fig. 4(c)). The switch S2 is 
turned on after a titne delay fro1n the turn-off of S2 (Fig. 4(d)). The S2 body diode is force­
coinmutated arid the snubber across the device turning on ( S2 ) dumps its charge through the 
device. The result is turn-on losses and generated EMI. Further, for high DC bus voltages there 
can be a false tutn-on of S2 due to Miller capacitance, leading to a shoot through. Figure 5 
shows the oscilloscope plot of a lagging-leg switch com1nutation during Mode 2 operation. 
Clearly, Mode 2 operation is to be avoided. 
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Mode 3 is a discontinuous operating n1ode resulting when Q < (2/rc)(//{,.).5 The leading-leg 
switches turn off with a positive current; however, the turn-off cun·ent may be too low to 
charge/discharge even the MOSFET output capacitance. The lagging-leg devices turn off at 
zero cutTent. Lagging-leg turn-off stress and losses are low because of ZCS; however, the lag­
ging-leg snubber capacitors dun1p their charge through the device, leading to generated EMI 
and turn-on losses (Fig. 6). Though not as severe as the Mode 2 turn-off transients, 1vlode 3 
operation too has to be avoided because of the generated EMI. 

Figure 7 gives the operating rnode boundaries5 for different loads (Q) and duty ratios (D) 
when .f~~f;.:::; l.l. The thick line traversing through the plot indicates the operating point for 
tnaintaining a constant non1inal output vo1tage when the load is changing. For the plot consid- · 
ered in Fig. 7 ~ the notninal output voltage is 0.6 Vdc and the maxi1nuin load corresponds to 
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Q = 6. Mode 1 operation is lost below about 60% of the nominal load. If the load is between 
17 .5o/o and 60% of the nominal, the operation falls in Mode 2, while lower load results in 
Mode 3 operation. Figure 8 gives similar mode boundary plots for differentfsifr ratios. As seen, 
Mode 2 region decreases as the switching frequency moves away from the resonant frequency 
(higher fs/fr). 

Mode 2 operation can be avoided by selecting high values for the nominal Q or by operat­
ing the converter farther away from the resonant frequency. The former results in large peak 
currents and voltages and lower voltage gain. The latter solution decreases the converter re­
sponse time, the power delivered and the voltage gain, and has lower efficiency because of the 
relatively higher switching frequency. 

Achieving ZVS for the lagging-leg devices is a more critical issue than the leading-leg de­
vices. As seen above, the leading-leg devices turn off with a positive current under all operat­
ing conditions. ZVS can then alrnost always be designed except when the tutn-off current is 
too low. On the other hand, the lagging-leg devices turn off with negative or zero cun·ent in 
Mode 2 and Mode 3, respectively. Thus, circuit modifications are necessitated to ensure ZVS 
in these operating modes. 

5. Extending ZVS range using external inductor 

A Inethod of increasing the ZVS range of phase-modulated resonant transition converter by 
including an external inductive circuit6 was introduced earlier. This method can be extended to 
the PM-SRC and the disadvantages of Mode 2 and Mode 3 operations as discussed in the pre­
vious section can be eliminated5 (Fig. 9) .. An external inductor Lex is connected between point 
B of the lagging leg and point E, which is a node with stiff voltage Vdc/2 n1aintained by the 
large divider capacitors Cexl and Cex2· Since s2 and s2 are C0ll1plernentary to each other, the 
voltage VEs across Lex is a square-wave switching between +Vdc/2 at the switching frequency of 
the converter (j). The su1n of the exten1al inductor current iex(t) and the tank cutTent i(t) flows 
through the lagging-leg S\Vitches. The peak negative turn-off current and the peak external in­
ductor current (lex(peak)) coincide and by proper design, the net cutTent flowing through the 
switches can be tnade non-negative. 
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The ideal design to restore ZVS is: fcx(peak) =1naximun1 negative turn-off cun·ent plus the 
minin1um current needed to discharge the snubber capacitors across the switch coining into 
conduction and charge the one across the switch turning off. For a given tum ... off delay time 
ToJug and snubber capacitance C1ag, the current required (asstuned constant during the delay 
time) for cotnplete charge/discharge of the snubber capacitance is 

1, = 2Clll~vtk 
ofUag T. 

DJag 

(4) 

Then for an original turn ... off current of Iorr_tag (which is negative for Mode 2 and zero for Mode 
3), the peak external inductor current to restore ZVS is 

2C V 
J = 1/ I + /' == 1/ I + lag clc 

t~'I.I{Wah) ••fUag nfUn.g ufU;tg T • 
D_lag 

(5) 

Using (5) and the basic inductor equation, the value of the external inductor is 

L = ~k 
ex • 
. 8 .l'i I ex <.re•t.k) 

(6) 

The original tum-off current lnrctag is detern1ined fron1 the mathematical analysis or nu­
merical siinulation of the PM""SRC. Capacitor Ctag is chosen depending on the maximutn turn­
off current possible for the Mode l operation. The actual design is treated in the following sec .. 
tions. 

SPICE sin1ulation \Vaveforms for a typical circuit with the external inductor ZVS aid are 
given in Fig. l 0. The switch current is now the sun1 of the tank and external inductor currents. 
Figure 11 shows noticeable in1provetnent in the oscilloscope plot of switch tum-off transients 
for Mode 2 operation when the external inductive circuit is included. 

Inclusion of the external inductor does not influence the tank current and thus the analysis 
for the modified PM-SRC remains the sa111e. Since there are ideally no lossy components in the 
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FIG. 11. Oscilloscope plot of the in1proved lagging leg 
S\vitch transients on including the new modification. 

path of iex(t), there is no power loss associated with the modification. Peak current through the 
switches s2 and s 2 increases, leading to slight increase in conduction loss. But this is Inore 
than offset by the in1proved commutation. 

6. Designing for ZVS 

The actual design for ZVS is explained here through an example design for a PM-SRC for 
high-voltage DC output Converter specifications are as given in Table L The converter nomi­
nal operating points, currents and switch tu111-off currents are an·ived at through mathetnatical 
analysis. Device output capacitance indicated in Table I corresponds to the selected MOSFET 
switch. 

6.1. Leading-leg snubber CaJJacitor and tinze delay 

The leading-leg snubber capacitor (C1ead = C11 or C12 + MOSFET output capacitance) is chosen 
large enough to slow down the voltage rise for the largest turn-off current, thereby reducing 
turn-off losses. At the same time it should be small enough to be cotnpletely charged/ 

Table I . 
Specifications of the experimental converter 

Variable 

Input voltage 
Output voltage 

Switching frequency (/s) 
N aminal output power 
Minimum output power 
Nominal voltage gain (primary side) 
Frequency ratio !Jfr 
Nominal load factor (Q) 

Inverter device output capacitance 

Non1inal value 

40VDC 
1000 V DC 
100kHz 

200W 
20 w (10%) 
0.625 
l.l 
4 
1.1 nF 
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discharged within the prefixed delay time by the smallest tutn-off current. The maximum turn­
. off current occurs at the maximum load condition: 

I off_lead(max) = 13.6 A. 

For the short duration coiTesponding to the turn-off transient, it is assumed that the turn-off 
cun·ent will remain constant. Data sheets of the selected MOSFET give the typical device cur­
rent fall time, tr. Using the basic capacitor equation, the snubber capacitor value is obtained as 

c . = I off_lcad (max) tf = 13.6 X 50 ns = 8 5 F 
lead 2Vdc 2 X 40 . n . (7) 

C11 = C12 = 7.4 nF (tl1e rest provided by the MOSFET output capacitance). 

The minin1um turn-off current corresponds to the minimum load (chosen here as 10% of 
the maxiinum load, Q = 0.4, Mode 3 operation). Below this, ZVS is lost for the leading-leg 
switches. 

forf_lead(min) = 2.25 A. 

The time required to discharge C1ead is the delay time for the leading leg. Again, using the basic 
capacitor equation, this is detern1ined as 

2C V T = lead ttc .::::: 3 00 ns 
D !Cild - 1... 

- I t••) I' '. n L cat lnun) 

(8) 

Iarf_Iead is assun1ed to re1nain constant over the delay time T D_Iead and the actual charge available 
to charge/discharge Ctcact is the shaded area in Fig. 12. An amount of charge equalling the 
hatched area is now not available. Tin1e T2 is the crossover time for Mode 3 and is available 
from the mathen1atical analysis data or from numerical sin1ulation. Approximating the area 
KLM to be a right triangle, 

available charge== (lr)(Tn_Icad) + 0.5(/off.Jead<minl- lr)(To_Ieact) = 600 nC. (9) 

On the other hand, the charge required = 2C1cad Vctc == 680 nC. The selected delay time is there­
fore increased slightly to Tn_Ieau = 350 ns. 

6.2. Lagging-leg snubber capacitor and tinze tlelay 

For the lagging leg, the maxin1u1n turn-off current for the untnodified converter is 

loff_lag{mnx) = 3.4 A. 

However, this value will be later revised to a higher value because of the additional current 
from the extt?rnal inductor circuit. The external inductive circuit adds an extra current so as to 
make the negative turn-off currents of Mode 2 positive. Once again from the analysis data, the 
maxin1um negative turn-off current occurs for Q = 3 and D = 0.3 (this does not correspond to 
the notninal gain of 0.625, but is chosen so as to eliminate the detrimental negative tum-off 
current for any operating condition). 

lloff_lag(neg)l = 1.73 A. 
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FIG. 12. Leading leg switch turns off at T 1 with a cmTent lnrueau· For the design, it is assumed that the turn-off current 
remains constant for the duration To teaL!· However, an mnount of charge equalling the hatched area is actually not 
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Refen·ing to eqn (5) and the capacitor equation 

C 
_ ~I oti_Iag (neg) I + I ot{_lag (nulX)) t f [ TD_Iag .l = 3 ? ·p 

::::::} lag - - • 11 · · 
2 ""Jc T D _lag - ff 

(10) 

C21 == C22 == 2.6 nF. 

Therefore, the m.inimum cutrent required to charge/discharge C1ag is 

1 = 2CingVdc == 2x3.7 nFx40 =O 85 A 
nff:_Iag (ruin) T 3 50 ns . . 

D_lag 

(11) 

Since the minimum turn-off cun·ent can be selected by suitably designing the external indue .. 
tive circuit, one has the freedom to choose the delay time for the lagging-leg switches. In (10) 



DESIGNING FOR ZERO-VOLTAGE SWITCHING 359 

Table II 
Comparison of the calculated and tbe fine-tuned values 

Cleau* Clag * Lex. T D_lead & T D_lag 

(nF) (nF) (JlH) (ns) 

Initial calculation 8.5 3.7 19 350 
Alteration after SPICE sitnulation 7.8 2.2 13 380 
Final fine-tuned value 6.1 2.1 12.2 360 

*includes MOSFET output capacitance of 1.1 nF 

and ( 11) above, T D_Iag == To_leud == 350 ns. In case the control circuit has provision for setting 
different values for the delay times, T o_lag can be chosen as a smaller value. 

The external inductor (Fig. 9) value is calculated frorn (5), (6) and (10) as 

L = V:k 
ex 8 ~~ J 

. s ex (peak) 

40 
-----------------=19~H 
8x100 kHzx (1.73 + 0.85) · 

(12) 

Lex is decreased by a sn1all atnount to increase the n1inimum turn-off cun .. ent so that the error 
due to the constant cutTent turn-off assun1ption is eliminated. 

6.3. Fine-tuning the designed values 

The design done above assumes ideal conditions and the values for the snubber capacitors, 
delay times and the external inductor have to be fine-tuned. The factors contributing to the 
non-idealities are: 

• The circuit parasitics which change the switch currents and operating points. 

• Parasitic transfortner capacitance of the high-voltage transformer, which has a signifi­
cant influence on the switch turn-off cutTents. 

e Lower voltage across the external inductor circuit owing to conduction drop across the 
devices. 

• Limited values for the snubber capacitors and their tolerance levels. 

The converter with ZVS aiding components designed above is simulated using circuit­
based sin1ulation tools. Besides using tnodels of the selected components, the measured circuit 
non-idealities are included. Based on this, the actual values used in the prototype are listed in 
Table II. 
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FIG. 13. Oscilloscope plots. (a) Lagging leg turn-on without the external inductor circuit~ (b) with the external inductor 
circuit and (c) External inductor circuit current, resonant tank current and input voltage waveform. 
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FIG. 14. Oscilloscope plots. Tank current waveform for (a) 100% (c) SOo/o and (e) lOo/o loads; Lagging-leg turn-on 
(b, d, f) showing ZVS at these loads. 

7. Expe1·imental waveforms 

Figure 13 gives the oscilloscope plot of the lagging-leg turn-off transient for a Mode 2 opera­
tion with and without the external inductor circuit. Current through the external inductor circuit 
is also recorded. As seen from the plots~ there is a vast improve1nent in the turn-on transients 
by including the external inductor circuit. 

Figure 14 shows the tank cutTent and input voltage corresponding to 100%, 50% and 10% 
loads. Lagging-leg turn-on transients under the three load conditions indicate that ZVS is 
maintained throughout the operating range. 

8. Conclusions 

Soft switching is a desirable, if not an essential feature, in any power converter. This is more so 
for high-power switching converters where the power devices have to switch large currents at 
high-voltage levels. Soft switching is also needed for realizing high efficiency and low gener­
ated EMI specifications. The SRC is a preferred topology for high-power applications. Though 
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the SRC facilitates soft switching, the soft switching zones of operation are limited and depend 
on a number of parameters. 

This paper addresses the design issues required for maintaining ZVS for the PM-SRC over 
the desired operating range. The different operating modes for the PM-SRC operating above 
resonance have been· introduced and those modes which inherently facilitate ZVS have been 
identified. It is found that of the three modes of operation, only one facilitates natural ZVS. A 
modified PM-SRC circuit with a few extra passive components is introduced. The modification 
allows ZVS in all the modes of operation. Design relations obtained for ZVS are explained 
through a design example. The experimental results confirm that the modified circuit improves 
ZVS range. ZVS from 100% load to 60% load for the unmodified converter was improved to 
an extended range of 100% load to 10°/o load. Further, the ZVS feature enables stress-free op­
eration in the otherwise undesired Mode 2 operation. 
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