
19 
Resonant Conversion 

Part V of this text deals with a class of converters whose operation differs significantly from the PWM 
converters covered in Parts I to IV. Resonant power converters [1-36] contain resonant L---C networks 
whose voltage and current waveforms vary sinusoidally during one or more subintervals of each switch­
ing period. These sinusoidal variations are large in magnitude, and hence the small ripple approximation 
introduced in Chapter 2 does not apply. 

Dc-to-high-frequency-ac inverters are required in a variety of applications, including electronic 
ballasts for gas discharge lamps [3,4], induction heating, and electrosurgical generators. These applica­
tions typically require generation of a sinusoid of tens or hundreds of kHz, having moderate or low total 
harmonic distortion. A simple resonant inverter system is illustrated in Fig. 19.1(a). A switch network 
produces a square wave voltage v/t). As illustrated in Fig. 19.2, the spectrum of v,(t) contains fundamen­
tal plus odd harmonics. This voltage is applied to the input terminals of a resonant tank network. The 
tank network resonant frequency f 0 is tuned to the fundamental component of v/t), that is, to the switch­
ing frequency f,, and the tank exhibits negligible response at the harmonics of fs· In consequence, the 
tank current is(t), as well as the load voltage v(t) and load current i(t), have essentially sinusoidal wave­
forms of frequency fs, with negligible harmonics. By changing the switching frequency fs (closer to or 
further from the resonant frequency f0 ), the magnitudes of is(t), v(t), and i(t) can be controlled. Other 
schemes for control of the output voltage, such as phase-shift control of the bridge switch network, are 
also possible. A variety of resonant tank networks can be employed; Fig. 19.1(b) to (d) illustrate the well­
known series, parallel, and LCC tank networks. Inverters employing the series resonant tank network are 
known as the series resonant, or series loaded, inverter. In the parallel resonant or parallel loaded 
inverter, the load voltage is equal to the resonant tank capacitor voltage. The LCC inverter employs tank 
capacitors both in series and in parallel with the load. 

Figure 19.3 illustrates a high-frequency inverter of an electronic ballast for a gas-discharge 
lamp. A half-bridge configuration of the LCC inverter drives the lamp with an approximately sinusoidal 
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Fig. 19.1 A basic class of resonant inverters that consist of (a) a switch network N5 that drives a resonant tank net­
work NT near resonance. Several common tank networks: (b) series, (c) parallel, (d) LCC. 
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Fig. 19.3 Half-bridge LCC inverter circuit, as an electronic ballast for a gas-discharge lamp. 
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Fig. 19.4 Derivation of a resonant de-de converter, by rectification and filtering of the output of a resonant 
inverter. 

high-frequency ac waveform. The converter is controlled to provide a relatively high voltage to start the 
lamp, and a lower voltage thereafter. When the ballast is powered by the ac utility, a low-harmonic recti­
fier typically provides the input de voltage for the inverter. 

A resonant de-de converter can be constructed by rectifying and filtering the ac output of a res­
onant inverter. Figure 19.4 illustrates a series-resonant de-de converter, in which the approximately sinu­
soidal resonant tank output current iR(t) is rectified by a diode bridge rectifier, and filtered by a large 
capacitor to supply a de load having current I and voltage V. Again, by variation of the switching fre­
quency f, (closer to or further from the resonant frequency f0 ), the magnitude of the tank current iR(t), 
and hence also the de load current I, can be controlled. Resonant de-de converters based on series, paral­
lel, LCC, and other resonant tank networks are well understood. These converters are employed when 
specialized application requirements justify their use. For example, they are commonly employed in high 
voltage de power supplies [5,6], because the substantial leakage inductance and winding capacitance of 
high-voltage transformers leads unavoidably to a resonant tank network. The same principle can be 
employed to construct resonant link inverters or resonant link cycloconverters [7-9]; controllable switch 
networks are then employed on both sides of the resonant tank network. 

Figure 19.5 illustrates another approach to resonant power conversion, in which resonant ele-
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Fig. 19.5 Derivation of a quasi-resonant converter: (a) conventional PWM switch network, (b) a ZCS quasi-reso­
nant switch network, (c) a quasi-resonant buck converter is obtained by employing a quasi-resonant switch network 
such as (b) in a buck converter. 

ments are inserted into the switch network of an otherwise-PWM converter. A resonant switch network, 
or quasi-resonant converter, is then obtained. For example, in Fig. 19.5(b), resonant elements Lr and C, 
are combined with the switch network transistor and diode. The resonant frequency of these elements is 
somewhat higher than the switching frequency. This causes the switch network waveforms i 1(t) and vit) 
to become quasi-sinusoidal pulses. The resonant switch network of Fig. 19.5(b) can replace the PWM 
switch network of Fig. 19.5(a) in nearly any PWM converter. For example, insertion of the resonant 
switch network of Fig. 19.5(b) into the converter circuit of Fig. 19.5(c) leads to a quasi-resonant buck 
converter. Numerous resonant switch networks are known, which lead to a large number of resonant 
switch versions of buck, boost, buck-boost, and other converters. Quasi-resonant converters are 
described in Chapter 20. 

The chief advantage of resonant converters is their reduced switching loss, via mechanisms 
known as zero-current switching (ZCS), and zero-voltage switching (ZVS). The tum-on and/or tum-off 
transitions of the various converter semiconductor elements can occur at zero crossings of the resonant 
converter quasi-sinusoidal waveforms. This eliminates some of the switching loss mechanisms described 
in Chapter 4. Hence, switching loss is reduced, and resonant converters can operate at switching frequen­
cies that are higher than in comparable PWM converters. Zero-voltage switching can also eliminate some 
of the sources of converter-generated electromagnetic interference. 

Resonant converters exhibit several disadvantages. Although the resonant element values can be 
chosen such that good performance with high efficiency is obtained at a single operating point, typically 
it is difficult to optimize the resonant elements such that good performance is obtained over a wide range 
of load currents and input voltages. Significant currents may circulate through the tank elements, even 
when the load is removed, leading to poor efficiency at light load. Also, the quasi-sinusoidal waveforms 
of resonant converters exhibit greater peak values than those exhibited by the rectangular waveforms of 
PWM converters, provided that the PWM current spikes due to diode stored charge are ignored. For 
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these reasons, resonant converters exhibit increased conduction losses, which can offset their reduced 
switching losses. 

In this chapter, the properties of the series, parallel, and other resonant inverters and de-de con­
verters are investigated using the sinusoidal approximation [3, 10-12]. Harmonics of the switching fre­
quency are neglected, and the tank waveforms are assumed to be purely sinusoidal. This allows simple 
equivalent circuits to be derived for the bridge inverter, tank, rectifier, and output filter portions of the 
converter, whose operation can be understood and solved using standard linear ac analysis. This intuitive 
approach is quite accurate for operation in the continuous conduction mode with a high-Q response, but 
becomes less accurate when the tank is operated with a low Q-factor or for operation of de--de resonant 
converters in or near the discontinuous conduction mode. 

For de--de resonant converters, the important result of this approach is that the de voltage con­
version ratio of a continuous conduction mode resonant converter is given approximately by the ac trans­
fer function of the tank circuit, evaluated at the switching frequency. The tank is loaded by an effective 
output resistance, having a value nearly equal to the output voltage divided by the output current. It is 
thus quite easy to determine how the tank components and circuit connections affect the converter behav­
ior. The influence of tank component losses, transformer nonidealities, etc., on the output voltage and 
converter efficiency can also be found. Several resonant network theorems are presented, which allow the 
load dependence of conduction loss and of the zero-voltage- or zero-current-switching properties to be 
explained in a simple and intuitive manner. 

It is found that the series resonant converter operates with a step-down voltage conversion ratio. 
With a 1: 1 transformer turns ratio, the de output voltage is ideally equal to the de input voltage when the 
transistor switching frequency is equal to the tank resonant frequency. The output voltage is reduced as 
the switching frequency is increased or decreased away from resonance. On the other hand, the parallel 
resonant converter is capable of both step-up and step-down of voltage levels, depending on the switch­
ing frequency and the effective tank Q-factor. The exact steady-state solutions of the ideal series and par­
allel resonant de--de converters are stated in Section 19.5. 

Zero-voltage switching and zero-current switching mechanisms of the series resonant converter 
are described in Section 19.3. In Section 19.4, the dependence of resonant inverter properties on load is 
examined. A simple frequency-domain approach explains why some resonant converters, over certain 
ranges of operating points, exhibit large circulating tank currents and low efficiency. The boundaries of 
zero-voltage switching and zero-current switching are also determined. 

It is also possible to modify the PWM converters of the previous chapters, so that zero-current 
or zero-voltage switching is obtained. A number of diverse approaches are known that lead to soft switch­
ing in buck, boost, forward, flyback, bridge, and other topologies. Chapter 20 summarizes some of the 
well-known schemes, including resonant switches, quasi-square wave switches, the full-bridge zero-volt­
age transition converter, and zero-voltage switching in forward and flyback converters containing active­
clamp snubbers. A detailed description of soft-switching mechanisms of diodes, MOSFETs, and IGBTs 
is also given. 

19.1 SINUSOIDAL ANALYSIS OF RESONANT CONVERTERS 

Consider the class of resonant converters that contain a controlled switch network Ns that drives a linear 
resonant tank network N r· In a resonant inverter, the tank network drives a resistive load as in Fig. 19 .1. 
The reactive component of the load impedance, if any, can be effectively incorporated into the tank net­
work. In the case of a resonant de--de converter, the resonant tank network is connected to an uncon­
trolled rectifier network NR, filter network NF and load R, as illustrated in Fig. 19.4. Many well-known 
converters can be represented in this form, including the series, parallel, and LCC topologies. 
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In the most common modes of operation, the controlled switch network produces a square wave 
voltage output v,(t) whose frequency f, is close to the tank network resonant frequency f 0• In response, 
the tank network rings with approximately sinusoidal waveforms of frequency fs. In the case where the 
resonant tank responds primarily to the fundamental component!, of the switch waveform v,(t), and has 
negligible response at the harmonic frequencies nfs, n = 3, 5, 7, ... , then the tank waveforms are well 
approximated by their fundamental components. As shown in Fig. 19.2, this is indeed the case when the 
tank network contains a high-Q resonance at or near the switching frequency, and a low-pass characteris­
tic at higher frequencies. Hence, let us neglect harmonics, and compute the relationships between the 
fundamental components of the tank terminal waveforms vs(t), i5(t), iR(t), and vR(t). 

19.1.1 Controlled Switch Network Model 

If the switch network of Fig. 19.6 is controlled to produce a 
square wave of frequency fs = wJ2n as in Fig. 19.7, then its out­
put voltage waveform v,(t) can be expressed in the Fourier series 

4Vg "" 1 v,(t) = 1t ..:.... 11 sin (nw,t) (19.1) 
n =I, 3, 5, ... 

The fundamental component is 

4Vg . . 
v,/t) = 1t sm (wJ) = V,1 sm (w,t) 

(19.2) 

+ 

vs(t) 

L...--+-1---~ 
: ................................... J 

Switch network 

Fig. 19.6 An ideal switch network. 
which has a peak amplitude of (4/rr) times the de input voltage 
Vg, and is in phase with the original square wave v,(t). Hence, the switch network output terminal is mod­
eled as a sinusoidal voltage generator, V51 (t). 

It is also of interest to model the converter de input port. This requires computation of the de 
component !8 of the switch input current igCt). The switch input current igCt) is equal to the output current 
is(t) when the switches are in position 1, and its inverse- i,(t) when the switches are in position 2. Under 
the conditions described above, the tank rings sinusoidally and i,(t) is well approximated by a sinusoid of 
some peak amplitude /51 and phase <ps: 

Fig. 19.7 Switch network output voltage v,(t) and its 
fundamental component v,1(t). 

(19.3) 
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Fig. 19.8 Switch network waveforms i,(t) and i8(t). 
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Fig. 19.9 An equivalent circuit for the switch network, which models the fundamental component of the output 
voltage waveform and the de component of the input current waveform. 

The input current waveform is shown in Fig. 19.8. 
The de component, or average value, of the input current can be found by averaging igCt) over 

one half switching period: 

(19.4) 

Thus, the de component of the converter input current depends directly on the peak amplitude of the tank 
input current Is! and on the cosine of its phase shift <p5 • 

An equivalent circuit for the switch is given in Fig. 19.9. This circuit models the basic energy 
conversion properties of the switch: the de power supplied by the voltage source Vg is converted into ac 
power at the switch output. Note that the de power at the source is the product of V8 and the de compo­
nent of igCt), and the ac power at the switch is the average of v/t)i,(t). Furthermore, if the harmonics of 
v/t) are negligible, then the switch output voltage can be represented by its fundamental component, a 
sinusoid v,1(t) of peak amplitude 4V/n. It can be verified that the switch network de input power and 
fundamental average output power, predicted by Fig. 19.9, are equal. 

19.1.2 Modeling the Rectifier and Capacitive Filter Networks 

In the series resonant de-de converter, the output rectifier is driven by the nearly sinusoidal tank output 
current iR(t). A large capacitor C F is placed at the de output, so that the output voltage v(t) contains negli­
gible harmonics of the switching frequency fs, as shown in Fig. 19.10. Hence, we can make the small-rip-
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pie approximation as usual: v(t)"' V, i(t) "'I. The diode rectifiers switch when iR(t) passes through zero, as 
shown in Fig. 19.11. The rectifier input voltage vR(t) is essentially a square wave, equal to+ v(t) when 
iR(t) is positive and- v(t) when iR(t) is negative. Note that vR(t) is in phase with iR(t). 

If the tank output current iR(t) is a sinusoid with peak amplitude IR1 and phase shift cpR: 

(19.5) 

then the rectifier input voltage may be expressed in the Fourier series 

(19.6) 

where cpR is the phase shift of iR(t), with respect to v,(t). This voltage waveform is impressed on the out­
put port of the resonant tank network. Again, if the tank network responds primarily to the fundamental 
component (j.) of vR(t), and has negligible response at the harmonic frequencies nfs, n = 3, 5, 7 ... , then 
the harmonics of vR(t) can be ignored. The voltage waveform vR(t) is then well approximated by its fun­
damental component vR1(t): 

(19.7) 

The fundamental voltage component vR!(t) has a peak value of (4/n:) times the de output voltage V, and is 
in phase with the current iit). 
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Fig. 19.11 Rectifier network input terminal waveforms: (a) actual waveforms vR(t) and iR(t), (b) fundamental 
components vRI(t) and iRI(t). 
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Fig. 19.12 An equivalent circuit for the rectifier and fil­
ter network, which models the fundamental components 
of the rectifier ac input waveforms and the de components 
of the load waveforms. The rectifier presents an effective 
resistive load Re to the tank network. 
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Re=~R n 
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1f IR! v R 

The rectified tank output current, I iR(t) I, is filtered by capacitor C F. Since no de current can 
pass through CF, the de component of I iR(t) I must be equal to the steady-state load current/. By equat­
ing de components we obtain: 

(19.8) 

Therefore, the load current and the tank output current amplitudes are directly related in steady state. 
Since vRl(t), the fundamental component of vR(t), is in phase with iR(t), the rectifier presents an 

effective resistive load Re to the tank circuit. The value of Re is equal to the ratio of vR1 (t) to iR(t). Divi­
sion ofEq. (19.7) by Eq. (19.5), and elimination of IR 1 using Eq. (19.8) yields 

With a resistive load R equal to VII, this equation reduces to 

Re = ~ R = 0.8106R n 

(19.9) 

(19.10) 

Thus, the tank network is damped by an effective load resistance Re equal to 81% of the actual load resis­
tance R. An equivalent circuit that models the rectifier network input port fundamental components and 
output port de components is given in Fig. 19.12. 

19.1.3 Resonant Tank Network 

We have postulated that the effects of harmonics can be neglected, and we have consequently shown that 
the bridge can be modeled as a fundamental voltage source v,it). In the case of a de-de converter, the 
rectifier can be modeled using an effective resistor of value Re. We can now solve the resonant tank net­
work by standard linear analysis. 

As shown in Fig. 19.13, the tank circuit is a linear network with the following voltage transfer 
function: 

(19.11) 
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Hence, the ratio VRI!Vs 1 of the peak magnitudes 
ofvR1(t) and vs1(t) is given by: 

VRI =II H(s) II . v.<d S=JWs 
(19.12) 

In addition, iR(s) is given by: 

(19.13) 

So the peak magnitude of iR(t) is: 
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(19.14) 

Fig. 19.13 The linear tank network, excited by an 
effective sinusoidal input source and driving an effec­
tive resistive load. 

Thus, the magnitude of the tank transfer function is found, with an effective resistive load. 

19.1.4 Solution of Converter Voltage Conversion Ratio M = V!Vg 

An equivalent circuit of a complete de--de resonant converter is depicted in Fig. 19.14. The voltage con­
version ratio of the resonant converter can now be found: 

Simplification by use ofEq. (19.10) yields: 

Transfer Junction 
H(s) ----------... 

is I (t) 

Z; Resonant 
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4Vg . 
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(19.15) 
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Fig. 19.14 Steady-state equivalent circuit that models the de and fundamental components of resonant converter 
waveforms. 
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~ =II H(s) 11s=Jws (19.16) 
g 

Equation (19.16) is the desired result. It states that the de conversion ratio of the resonant converter is 
approximately the same as the ac transfer function of the resonant tank circuit, evaluated at the switching 
frequency fs· This intuitive result can be applied to converters with many different types of tank circuits. 
However, it should be reemphasized that Eq. (19.16) is valid only if the response ofthe tank circuit to the 
harmonics of vs(t) is negligible compared to the fundamental response, an assumption that is not always 
justified. In addition, we have assumed that the switch network is controlled to produce a square wave 
and that the rectifier network drives a capacitive-type filter network. Finally, the transfer function H(s) is 
evaluated using the effective load resistance Regiven by Eq. (19.9). 

19.2 EXAMPLES 

19.2.1 Series Resonant DC-DC Converter Example 

The series resonant converter with switching frequency control is shown in Fig. 19.4. Current-bidirec­
tional two-quadrant switches are necessary. For this circuit, the tank network consists of a series L-C cir­
cuit, and Fig. 19.14 can be redrawn as in Fig. 19.15. The transfer function H(s) is therefore: 

where 

H(s)=~= Re 
ZJs) R +sL+_j_ 

e sC 

( Q:wo) 

Transfer function H(s) -------------.. 
L c 

Series tank network 

+ 

Fig. 19.15 Steady-state equivalent circuit of the series resonant converter. 
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The magnitude of H(jws), which coincides with the converter de conversion ratio M = V/Vg, is 

(19.18) 

where 

F=f/!0 (19 .19) 

The Bode diagrams of Z;(s) and H(s) are constructed in Fig. 19.16, using the graphical construc­
tion method of Chapter 8. The series resonant impedance Z;(s) is dominated by the capacitor Cat low 
frequency, and by the inductor L at high frequency. At the resonant frequency f 0 , the impedances of the 
inductor and capacitor are equal in magnitude and opposite in phase; hence, they cancel. The series reso­
nant impedance Z;(s) is equal to Re at f = !0 . 

The transfer function II H(jw) II 
is constructed graphically, by division of 11 z; 11 
Re by the II Z; II asymptotes of Fig. 19.16. 
At resonance, one obtains II H II = R/Re 
= 1. At frequencies above or below the 
resonant frequency, II Z; II> Re and hence 
II H II < 1. So the conversion ratio M is 
less than or equal to 1. It can also be 
seen that a decrease in the load resis-
tance R, which increases the effective 
quality factor Qe, causes a more peaked 
response in the vicinity of resonance. 
Exact characteristics of the series reso- 11 H 11 
nant converter are plotted in Fig. 19.45. 

Over what range of switching 
frequencies is Eq. (19.18) accurate? The 
response of the tank to the fundamental 
component of v,(t) must be sufficiently 
greater than the response to the harmon­
ics of v,(t). This is certainly true for 
operation above resonance because H(s) 
contains a bandpass characteristic that 
decreases with a single pole slope for fs 
> f0 . For the same reason, Eq. (19.18) is 

Fig. 19.16 Construction of the Bode diagrams of Z;(s) and H(s) 
valid when the switching frequency is for the series resonant converter. 
below but near resonance. 

However, for switching frequencies fs much less than the resonant frequency f 0 , the sinusoidal 
approximation breaks down completely because the tank responds more strongly to the harmonics of 
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v/f) than to its fundamental. For example, at!,.= f 0/3, the third harmonic of v,(t) is equal tof0 and directly 
excites the tank resonance. Some other type of analysis must be used to understand what happens at 
these lower frequencies. Also, in the low-Q case, the approximation is less accurate because the filter 
response is less peaked, and hence does not favor the fundamental component as strongly. As shown in a 
later section, discontinuous conduction modes may then occur whose waveforms are highly nonsinusoi­
dal. 

19.2.2 Subharmonic Modes of the Series Resonant Converter 

If the nth harmonic of the switch output waveform v,(t) is close to the resonant tank frequency, nf,- j 0 , 

and if the tank effective quality factor Qe is sufficiently large, then as illustrated in Fig. 19.17, the tank 
responds primarily to harmonic n. All other components of the tank waveforms can then be neglected, 
and it is a good approximation to replace v,(t) with its nth harmonic component: 

4V8 • 
v,(t) ~ v,,(t) = l'i'ft sm (nw,t) 

(19.20) 

This expression differs from Eq. (19.2) because the amplitude is reduced by a factor of lin, and the fre-

Fig. 19.18 The subharmonic modes of the series 
resonant converter. These modes occur when the har­
monics of the switching frequency excite the tank res­
onance. 
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quency is nfs rather thanfs. 
The arguments used to model the tank and rectifier/filter networks are unchanged from Section 

19.1. The rectifier presents an effective resistive load to the tank, of value Re = 8R/n2• In consequence, the 
converter de conversion ratio is given by 

V ~ H(jnw,) ~ 
M=v= n 

g 

(19.21) 

This is a good approximation provided that nfs is close to f0 , and that Q. is sufficiently large. Typical 
characteristics are sketched in Fig. 19.18. 

The series resonant converter is not generally designed to operate in a subharmonic mode, since 
the fundamental modes yield greater output voltage and power, and hence higher efficiency. Nonetheless, 
the system designer should be aware of their existence, because inadvertent operation in these modes can 
lead to large signal instabilities. 

19.2.3 Parallel Resonant DC-DC Converter Example 

The parallel resonant de-de converter is diagrammed in Fig. 19.19. It differs from the series resonant 
converter in two ways. First, the tank capacitor appears in parallel with the rectifier network rather than 
in series: this causes the tank transfer function H(s) to have a different form. Second, the rectifier drives 
an inductive-input low-pass filter. In consequence, the value of the effective resistance Re differs from 
that of the rectifier with a capacitive filter. Nonetheless, sinusoidal approximations can be used to under­
stand the operation of the parallel resonant converter. 

As in the series resonant converter, the switch network is controlled to produce a square wave 
vsCf). If the tank network responds primarily to the fundamental component of vs(t), then arguments iden­
tical to those of Section 19.1 can be used to model the output fundamental components and input de 
components of the switch waveforms. The resulting equivalent circuit is identical to Fig. 19.9. 

The uncontrolled rectifier with inductive filter network can be described using the dual of the 
arguments of Section 19.1.2. In the parallel resonant converter, the output rectifiers are driven by the 
nearly sinusoidal tank capacitor voltage vR(t), and the diode rectifiers switch when vR(t) passes through 
zero as in Fig. 19.20. If the filter inductor current ripple is small, then in steady-state the filter inductor 
current is essentially equal to the de load current I. The rectifier input current iR(t) is therefore a square 
wave of amplitude I, and is in phase with the tank capacitor voltage vR(t): 

r··································1 i,(t) r·································-1 iR(t) r-·································: ································ i(t) 

+ 

v(t) R 

l ............. ~~---·············.: L ............ l!..r. ............... : ····--------~r. ............... . 
Switch network Resonant tank network Rectifier network Low-pass filter de 

network load 

Fig. 19.19 Block diagram of the parallel resonant converter. 
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(a) (b) 

<pR 

Fig. 19.20 Rectifier network input terminal waveforms, for the parallel resonant converter: (a) actual waveforms 
vR(t) and iR(t), (b) fundamental components vR1(t) and iR1(t). 

where <pR is the phase shift of vR(t). 
The fundamental component of iit) is 

(19.23) 

Hence, the rectifier again presents an effective resis­
tive load to the tank circuit, equal to 

(19.24) 

The ac components of the rectified tank capacitor 
voltage I vR(t) I are removed by the output low pass 
filter. In steady state, the output voltage Vis equal to 
the de component of I v R(t) I: 

v =f. rr/2 VRll sin (W/- <pR) I dt = ~ VRl (19.25) s Jo 

(19.22) 

I 

+ + 

v R 

nz 
Re=--gR 

Fig. 19.21 An equivalent circuit for the rectifier 
and inductive filter network of the parallel resonant 
converter, which models the fundamental compo­
nents of the rectifier ac input waveforms and the de 
components of the load waveforms. 

So the load voltage V and the tank capacitor voltage amplitude are directly related in steady state. Substi­
tution of Eq. (19.25) and resistive load characteristics V = IR into Eq. (19.24) yields: 

nz 
Re = 8 R = 1.2337R (19.26) 

An equivalent circuit for the uncontrolled rectifier with inductive filter network is given in Fig. 
19.21. This model is similar to the one used for the series resonant converter, Fig. 19.12, except that the 
roles of the rectifier input voltage vR(t) and current iR(t) are interchanged, and the effective resistance Re 
has a different value. The model for the complete converter is given in Fig. 19.22. 

Solution of Fig. 19.22 yields the converter de conversion ratio: 
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Parallel tank network 
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+ + 
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Fig. 19.22 Equivalent circuit for the parallel resonant converter, which models the fundamental components of the 
tank waveforms, and the de components of the converter input current and output voltage. 

(19.27) 

where H(s) is the tank transfer function 

H(s) = z;t) (19.28) 

and 

(19.29) 

The Bode magnitude diagrams of H(s) and Z0 (s) are constructed in Fig. 19.23, using the graphi­
cal construction method of Chapter 8. The impedance Z0 (s) is the parallel combination of the impedances 
of the tank inductor L, capacitor C, and effective load Re. The magnitude asymptote of the parallel com­
bination of these components, at a given frequency, is equal to the smallest of the individual asymptotes 
ffiL, 1/ffiC, andRe. Hence, at low frequency where the inductor impedance dominates the parallel combi­
nation, II Z0 (s) II = wL, while at high frequency the capacitor dominates and II Z0 (s) II = l!wC. At reso­
nance, the impedances of the inductor and capacitor are equal in magnitude but opposite in phase, so that 
their effects cancel. The impedance II Z0 (s) II is then equal toRe: 

II Z(s)ll = 1 =R o s:::: Jms 1 . 1 e 
...,--L + JWoC + -R ]Wo e 

(19.30) 

with 

The de conversion ratio is therefore 



Fig. 19.23 Construction of Bode diagrams 
of Z;(s) and H(s) for the parallel resonant 
converter. 

where F = f/f0 • 

\IHII 

At resonance, the conversion ratio is 
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(19.31) 

(19.32) 

The actual peak value of M occurs at a switching frequency slightly below the resonant frequency, with 
peak M slightly greater than Eq. (19.32). Provided that the load resistance R is greater than the tank char­
acteristic impedance Re, the parallel resonant converter can produce conversion ratios both greater than 
and less than one. In fact, the ideal parallel resonant converter can produce conversion ratios approaching 
infinity, provided that the output current is limited to values less than V/R0 . Of course, losses limit the 
maximum output voltage that can be produced by practical converters. 

19.3 SOFT SWITCHING 

As mentioned previously, the soft-switching phenomena known as zero-current switching (ZCS) and 
zero-voltage switching (ZVS) can lead to reduced switching loss. When the turn-on and/or turn-off tran-
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+ 

Fig. 19.24 A series resonant converter incorporating a full-bridge switch network. 

sitions of a semiconductor switching device coincide with the zero crossings of the applied waveforms, 
some of the switching loss mechanisms discussed in Section 4.3 are eliminated. In converters containing 
MOSFETs and diodes, zero-voltage switching mitigates the switching loss otherwise caused by diode 
recovered charge and semiconductor output capacitance. Zero-current switching can mitigate the switch­
ing loss caused by current tailing in IGBTs and by stray inductances. Zero-current switching can also be 
used for commutation of SCRs. In the majority of applications, where diode recovered charge and semi­
conductor output capacitances are the dominant sources of PWM switching loss, zero-voltage switching 
is preferred. 

19.3.1 Operation of the Full Bridge Below 
Resonance: Zero-Current Switching 

When the series and parallel resonant inverters and 
de-de converters are operated below resonance, the 
zero-current switching phenomenon can occur, in 
which the circuit causes the transistor current to go to 
zero before the transistor is turned off. Let us consider 
the operation of the full bridge switch network of the 
series resonant converter in detail. 

A full bridge circuit, realized using power 
MOSFETs and antiparallel diodes, is shown in Fig. 
19.24. The switch output voltage v,(t), and its funda­
mental component vs1(t), as well as the approximately 
sinusoidal tank current waveform i.(t), are illustrated 
in Fig. 19.25. At frequencies less than the tank reso­
nant frequency, the input impedance of the series reso­
nant tank network Z;(s) is dominated by the tank 
capacitor impedance [see Fig. 19.16(a)]. Hence, the 
tank presents an effective capacitive load to the 
bridge, and switch current i/t) leads the switch volt­
age fundamental component vs1(t), as shown in Fig. 
19.25. In consequence, the zero crossing of the cur­
rent waveform i/t) occurs before the zero crossing of 
the voltage vs(t). 

Conducting 
devices: 

Q, 
Q, 

"Hard" "Soft" "Hard" 
turn-on of tum-off of turn-on of 

Ql' Q. Ql, Q. Q,, Q, 

p, 
!D, 
t 

"Soft" 
tum-off of 

Q,,QJ 

Fig. 19.25 Switch network output waveforms for 
the series resonant converter, operated below reso­
nance in the k = 1 CCM. Zero-current switching 
aids the transistor turn-off process. 



Fig. 19.26 Transistor Q1 voltage and current wave-
forms, for operation of the series resonant converter id,(t) 
below resonance in the k = 1 CCM. 
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For the half cycle 0 < t < TJ2, the switch voltage vs is equal to+ Vg. For 0 < t < t~, the current 
i,(t) is positive and transistors Q1 and Q4 conduct. Diodes D 1 and D4 conduct when i/t) is negative, over 
the interval t~ < t < T,f2. The situation during T,/2 < t < Ts is symmetrical. Since is1 (t) leads vs1 (t), the 
transistors conduct before their respective antiparallel diodes. Note that, at any given time during the D1 

conduction interval t~ < t < TJ2, transistor Q1 can be turned off without incurring switching loss. The 
circuit naturally causes the transistor turn-off transition to be lossless, and long turn-off switching times 
can be tolerated. 

In general, zero current switching can occur when the resonant tank presents an effective capac­
itive load to the switches, so that the switch current zero crossings occur before the switch voltage zero 
crossings. In the bridge configuration, zero current switching is characterized by the half-bridge conduc­
tion sequence Q1-D1-Q2-D2, such that the transistors are turned off while their respective antiparallel 
diodes conduct. It is possible, if desired, to replace the transistors with naturally commutated thyristors 
whenever the zero-current-switching property occurs at the turn-off transition. 

The transistor turn-on transition in Fig. 19.26 is similar to that of a PWM switch: it is hard­
switched and is not lossless. During the turn-on transition of Q1, diode D2 must turn off. Neither the tran­
sistor current nor the transistor voltage is zero, Q1 passes through a period of high instantaneous power 
dissipation, and switching loss occurs. As in the PWM case, the reverse recovery current of diode D2 

flows through Q1• This current spike can be the largest component of switching loss. In addition, the 
energy stored in the drain-to-source capacitances of Q1 and Q2 and in the depletion layer capacitance of 
D 1 is lost when Q1 turns on. These turn-on transition switching loss mechanisms can be a major disad­
vantage of zero-current-switching schemes. Since zero-current switching does not address the switching 
loss mechanisms that dominate in MOSFET converters, improvements in efficiency are typically not 
observed. 

19.3.2 Operation of the Full Bridge Above Resonance: Zero-Voltage Switching 

When the series resonant converter is operated above resonance, the zero-voltage switching phenomenon 
can occur, in which the circuit causes the transistor voltage to become zero before the controller turns the 
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Fig. 19.27 Switch network output waveforms for the 
series resonant converter, operated above resonance in the 
continuous conduction mode. Zero-voltage switching aids 
the transistor tum-on process. 
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transistor on. With a minor circuit modification, the transistor tum-off transitions can also be caused to 
occur at zero voltage. This process can lead to significant reductions in the switching losses of converters 
based on MOSFETs and diodes. 

For the full bridge circuit of Fig. 19.24, the switch output voltage v/(), and its fundamental 
component vs1(t), as well as the approximately sinusoidal tank current waveform i,(t), are plotted in Fig. 
19.27. At frequencies greater than the tank resonant frequency, the input impedance of the tank network 
Z;(s) is dominated by the tank inductor impedance. Hence, the tank presents an effective inductive load to 
the bridge, and the switch current i,.(t) lags the switch voltage fundamental component vs1(t), as shown in 
Fig. 19.27. In consequence, the zero crossing of the voltage waveform v,.(t) occurs before the current 
waveform is(t). 

For the half cycle 0 < t < TJ2, the switch voltage vs(t) is equal to+ V8 . For 0 < t < ta, the current 
is(t) is negative and diodes D 1 and D4 conduct. Transistors Q1 and Q4 conduct when i,(t) is positive, over 
the interval ta < t < TJ2. The waveforms during TJ2 < t < Ts are symmetrical. Since the zero crossing of 
v,.(t) leads the zero crossing of i,.(t), the transistors conduct after their respective anti parallel diodes. Note 
that, at any given time during the D1 conduction interval 0 < t < ta, transistor Q1 can be turned on without 
incurring switching loss. The circuit naturally causes the transistor tum-on transition to be lossless, and 
long tum-on switching times can be tolerated. A particularly significant implication of this is that the 
switching loss associated with reverse recovery of the antiparallel diodes is avoided. Relatively slow 
diodes, such as the MOSFET body diodes, can be employed for realization of diodes D 1 to D4 . In addi­
tion, the output capacitances of transistors Q1 to Q4 and diodes D1 to D4 do not lead to switching loss. 

In general, zero-voltage switching can occur when the resonant tank presents an effective induc­
tive load to the switches, and hence the switch voltage zero crossings occur before the switch current 
zero crossings. In the bridge configuration, zero-voltage switching is characterized by the half-bridge 
conduction sequence D 1-Q1-D2-Q2 , such that the transistors are turned on while their respective anti par-



Fig. 19.28 Transistor Q1 voltage and current wave­
forms, for operation of the series resonant converter 
above resonance in the k = 0 CCM. 
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allel diodes conduct. Since the transistor voltage is zero during the entire tum on transition, switching 
loss due to slow tum-on times or due to energy storage in any of the device capacitances does not occur 
at tum-on. 

The transistor tum-off transition in Fig. 19.28 is similar to that of a PWM switch. In converters 
that employ IGBTs or other minority-carrier devices, significant switching loss may occur at the tum-off 
transitions. The current tailing phenomenon causes Q1 to pass through a period of high instantaneous 
power dissipation, and switching loss occurs. 

To assist the transistor tum off process, small capacitors C 1eg may be introduced into the legs of 
the bridge, as demonstrated in Fig. 19.29. In a converter employing MOSFETs, the device output capac­
itances are sufficient for this purpose, with no need for external discrete capacitors. A delay is also intro­
duced into the gate drive signals, so that there is a short commutation interval when all four transistors 
are off. During the normal Q1, D1, Q2, and D2 conduction intervals, the leg capacitors appear in parallel 
with the semiconductor switches, and have no effect on the converter operation. However, these capaci­
tors introduce commutation intervals at transistor tum-off. When Q1 is turned off, the tank current 
i8 (T/2) flows through the switch capacitances Cleg instead of Q1, and the voltage across Q1 and C 1eg 

increases. Eventually, the voltage across Q1 reaches Vg; diode D2 then becomes forward-biased. If the 
MOSFET tum-off time is sufficiently fast, then the MOSFET is switched fully off before the drain volt­
age rises significantly above zero, and negligible tum-off switching loss is incurred. The energy stored in 
the device capacitances, that is, in Cteg' is transferred to the tank inductor. The fact that none of the semi­
conductor device capacitances or stored charges lead to switching loss is the major advantage of zero­
voltage switching, and is the most common motivation for its use. MOSFET converters can typically be 
operated in this manner, using only the internal drain-to-source capacitances. However, other devices 
such as IGBTs typically require substantial external capacitances to reduce the losses incurred during the 
IGBT tum-off transitions. 

An additional advantage of zero-voltage switching is the reduction of EMI associated with 
device capacitances. In conventional PWM converters and also, to some extent, in zero-current switching 
converters, significant high-frequency ringing and current spikes are generated by the rapid charging and 
discharging of the semiconductor device capacitances during the tum-on and/or tum-off transitions. 
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Fig. 19.29 Introduction of small capacitors C1eg' 

which reduce the turn-off-transition switching loss 
when the series resonant converter is operated above 
resonance: (a) bridge circuit, (b) transistor voltage 
waveform. 
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Ringing is conspicuously absent from the waveforms of converters in which all semiconductor devices 
switch at zero voltage; these converters inherently do not generate this type of EMI. 

19.4 LOAD-DEPENDENT PROPERTIES 
OF RESONANT CONVERTERS 

The properties of the CCM PWM converters studied in previous chapters are largely unaffected by the 
load current. In consequence, these converters exhibit several desirable properties that are often taken for 
granted. The transistor current is proportional to the load current; hence conduction losses become small 
at light load, leading to good light-load efficiency. Also, the output impedance is low, and hence the de 
output voltage does not significantly depend on the load i-v characteristic (at least, in CCM). Unfortu­
nately, these good properties are not necessarily shared by resonant converters. Of central importance in 
design of a resonant converter is the selection of the resonant tank topology and element values, so that 
the transistor conduction losses at light load are minimized, so that zero-voltage switching is obtained 
over a wide range of load currents (preferably, for all anticipated loads, but at least at full and intermedi­
ate load powers), and so that the converter dynamic range is compatible with the load i-v characteristic. 
These design issues are addressed in this section. 

The conduction loss caused by circulating tank currents is well-recognized as a problem in res­
onant converter design. These currents are independent of, or only weakly dependent on, the load cur­
rent, and lead to poor efficiency at light load. In Fig. 19.30, the switch current i/s) is equal to vs(s)/Z;(s). 
If we want the switch current to track the load current, then at the switching frequency II Z; II should be 
dominated by, or at least strongly influenced by, the load resistance R. Unfortunately, this is often not 
consistent with the requirement for zero-voltage switching, in which Z; is dominated by a tank inductor. 



Fig. 19.30 Resonant inverter model. 
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To design a resonant converter that exhibits good properties, the engineer must develop physical insight 
into how the load resistance R affects the tank input impedance and output voltage. 

In this section, the inverter output characteristics, zero-voltage switching boundary, and the 
dependence of transistor current on load resistance, are related to the properties of the tank network 
under the extreme conditions of an open-circuited or short-circuited load. The undamped tank network 
responses are easily plotted, and the insight needed to optimize the tank network design can be gained 
quickly. 

19.4.1 Inverter Output Characteristics 

Let us first investigate how the magnitude of the inverter output voltage II v II depends on the load current 
magnitude II i 11. Consider the resonant inverter system of Fig. 19.30. Let Hjs) be the open-circuit 
(R --> oo) transfer function of the tank network: 

(19.33) 

and let Z00(s) be the output impedance, determined when the source vs1(s) is short-circuited. Then we can 
model the output port of the tank network using the Thevenin-equivalent circuit of Fig. 19.31. Solution 
of this circuit using the voltage divider formula leads to 

(19.34) 

At a given angular switching frequency ffis = 2nfs, the phasor representing the magnitude and phase of 
the ac output voltage is found by letting s = jffi,: 

(19.35) 

The magnitude can be found by noting that 

(19.36) 

where v*(jffis) is the complex conjugate of v(jffi). Substitution of Eq. (19.35) into Eq. (19.36) leads to 
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Fig. 19.31 Thevenin-equivalent circuit that models the output port of the tank network. 

(19.37) 

This result can be further simplified with the assumption that the tank network contains only purely reac­
tive elements, i.e., that any losses or other resistive elements within the tank network have negligible 
effect. Then the output impedance Z00(joos), as well as all other driving-point impedances of the tank net­
work, are purely imaginary quantities. This implies that the complex conjugate Z: 00(joos) is given by 

(19.38) 

Substitution of Eq. (19.38) into Eq. (19.37) and simplification leads to 

(19.39) 

with 

II v(}w,) II 
R=---

11 i(Jw,) II 

(19.40) 

Substitution of Eq. (19.40) into Eq. (19.39) and rearrangement of terms yields 

(19.41) 

Hence, at a given frequency, the inverter output characteristic, that is, the relationship between II v(Joo,) II 
and II i(Joo,) II, is elliptical. Equation (19.41) can be further rearranged, into the form 
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Fig. 19.32 Elliptical output I,c 
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inverters. A resistive matched 
load is also illustrated. 

where the open-circuit voltage Voc and short-circuit current Isc are given by 

V oc = II H =(jm,) 1111 v ,(jm) II 

1 Jl H =(jw,) 1111 v,(jw,) ~ = Voc 

sc II 2 aoUW,) II II 2 ao(jm,) II 

(19.43) 

These inverter output characteristics are constructed in Fig. 19.32. This characteristic describes how, at a 
given switching frequency, the ac output voltage magnitude varies as the circuit is loaded. The equilib­
rium output voltage is given by the intersection of this elliptical characteristic with the load i-v character­
istic. For example, Fig. 19.32 also illustrates a superimposed resistive load line having slope 1/R, in the 
special case where R = II Z00(jm)ll. This value of R corresponds to matched load operation, in which the 
converter output power is maximized. It can be shown that the operating point is then given by 

II v(jwJII 2 = h 
II i(jw,) 11 2 =A 

(19.44) 

Note that Fig. 19.32 can also be applied to the output i-v characteristics of resonant de-de converters, 
since the output rectifier then loads the tank with an effective resistive load Re. 

19.4.2 Dependence of Transistor Current on Load 

The transistors must conduct the current appearing at the input port of the tank network, i,(t). This cur­
rent is determined by the tank network input impedance Z;(jws): 
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(a) L (b) 

Fig. 19.33 Tank network, parallel resonant converter example: (a) tank circuit, (b) Bode plot of input impedance 
magnitude II Z; II for the limiting cases R -> 0 and R -+ oo. 
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(19.45) 

As described previously, obtaining good light-load efficiency requires that II Z;(jw,.) II increase as the load 
resistance R increases. To understand how II Z;(Jws) II depends on R, let us sketch II Z;(Jws) II in the 
extreme cases of an open-circuited (R--+ oo) and short-circuited (R--+ 0) load: 

Z;o(Jw,) = Z;(Jw,) IR->O 

Z;=(jw) = Z;(jw,) IR--+= 
(19.46) 

For example, consider the parallel resonant converter of Figs. 19.19 to 19.23. The Bode dia­
grams of the impedances II ZiO(jws) II and II Zi=(jw,.) II are constructed in Fig. 19.33. Z;o(s) is found with 
the load R shorted, and is equal to the inductor impedance sL. Z;=(s), found with the load R open-cir­
cuited, is given by the series combination (sL + 1/sC). It can be seen in Fig. 19.33 that the impedance 
magnitudes II Z;0CJws) II and II Z;=(Jw,.) II intersect at frequency fm. If the switching frequency is chosen 
such that..t; <fm, then II Zi=(jW8 ) II > II ZiO(Jw,) 11. The converter then exhibits the desirable characteristic 
that the no-load switch current magnitude II v,(Jw,.) II I II Z;=CJw,.) II is smaller than the switch current 
under short-circuit conditions, II v,(Jws) II I II Z;0CJws) If. In fact, the short-circuit switch current is limited 
by the impedance of the tank inductor, while the open-circuit switch current is determined primarily by 
the impedance of the tank capacitor. 

If the switching frequency is chosen such that..t; > fm, then II Z;=(Jw,.) II < II Z;0(Jw,.) If. The no­
load switch current is then greater in magnitude than the switch current when the load is short-circuited! 
When the load current is reduced or removed, the transistors will continue to conduct large currents and 
generate high conduction losses. This causes the efficiency at light load to be poor. It can be concluded 
that, to obtain good light-load efficiency in the parallel resonant converter, one should choose fs suffi­
ciently less than fm· Unfortunately, this requires operation below resonance, leading to reduced output 
voltage dynamic range and a tendency to lose the zero-voltage switching property. 

A remaining question is how II Z;CJws) II behaves for intermediate values of load between the 
open-circuit and short-circuit conditions. The answer is given by Theorem 1 below: II Z;CJW8 ) II varies 
monotonically with R, and therefore is bounded by II ZiO(jw,) II and II Z;=CJw,.) If. Hence, the Bode plots of 
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the limiting cases II Zi0(jwJ II and II Zi=(jws) II provide a correct qualitative understanding of the behavior 
of II Zi II for all R. The theorem is valid for loss less tank networks. 

Theorem 1: If the tank network is purely reactive, then its input impedance II Zi II is a monotonic 
function of the load resistance R. 

This theorem is proven by use of Middlebrook's Extra Element Theorem (see Appendix C). The tank 
network input impedance Zi(s) can be expressed as a function of the load resistance Rand the tank net­
work driving-point impedances, as follows: 

(19.47) 

where ZiO and Zi= are the resonant network input impedances, with the load short-circuited or open-cir­
cuited, respectively, and Z00 and Zo= are the resonant network output impedances, with the source input 
short-circuited or open-circuited, respectively. These terminal impedances are simple functions of the 
tank elements, and their Bode diagrams are easily constructed. The input impedances of the series reso-
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nant, parallel resonant, and LCC inverters are listed in Fig. 19.34. Since these impedances do not depend 
on the load, they are purely reactive, ideally have zero real parts [38], and their complex conjugates are 
given by Z00* =- Z00 , Zo=* =- Zo=' etc. Again, recall that the magnitude of a complex impedance Z(jw) 
can be expressed as the square root of Z(jw)z*(jw). Hence, the magnitude of Z;(s) is given by 

(19.48) 

where Z/ is the complex conjugate of Z;. 
Next, let us differentiate Eq. (19.48) with respect toR: 

(19.49) 

The derivative has roots at (i) R = 0, (ii) R = =, and in the special case (iii) where II Zm II = II Zi= 11. Since 
the derivative is otherwise nonzero, the resonant network input impedance II Z; II is a monotonic function 
of R, over the range 0 < R < =. In special case (iii), II Z; II is independent of R. Therefore, Theorem 1 is 
proved. 

An example is given in Figs. 19.36 and 19.35, for the LCC inverter. Figure 19.35 illustrates the 
impedance asymptotes of the limiting cases II Z;o II and II Zi= 11. Variation of II Z; II between these limits, 
for finite nonzero R, is illustrated in Fig. 19.36. The open-circuit resonant frequency f= and the short-cir­
cuit resonant frequency fo are given by 

f'- 1 
10 - 2n/LC; 

t = 1 
= 2n.j L C,IIC P 

(19.50) 

where Csll CP denotes inverse addition of Cs and CP: 

(19.51) 

For the LCC inverter, the impedance magnitudes II Z;o II and II Zi= II are equal at frequency fm, given by 

(19.52) 
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Fig. 19.36 Variation of tank 
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LCC inverter. As the load 
resistance is increased, II Z; II 
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II Z;o II to II Z;= 11. 
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If the switching frequency is chosen to be greater than fm, then II zi= II is less than II Z;o II- This implies 
that, as the load current is decreased, the transistor current will increase. Such a converter will have poor 
efficiency at light load, and will exhibit significant circulating currents. If the switching frequency is cho­
sen to be less thanfm, then the transistor current will increase with decrease with decreasing load current. 
The short-circuit current is limited by II Z;o II, while the circulating currents under open-circuit conditions 
are determined by II Z;= 11. In general, iff> fm, then the transistor current is greater than or equal to the 
short-circuit current for all R. The inequality is reversed whenf <fm· 

The impedance magnitudes II Z;o II and II Zi= II are illustrated in Fig. 19.34 for the series, parallel, 
and LCC tank networks. In the case of the series tank network, II Zi= II= oo. In consequence, the no-load 
transistor current is zero, both above resonance and below resonance. Hence, the series resonant inverter 
exhibits the desirable property that the transistor current is proportional to the load current. In addition, 
when the load is short-circuited, the current magnitude is limited by the impedance of the series resonant 
tank. For the parallel and LCC inverters, it is desirable to operate below the frequency fm· 

Thus, the dependence of the transistor current on load can be easily determined, using an intui­
tive frequency-domain approach. 
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19.4.3 Dependence of the ZVS/ZCS Boundary 
on Load Resistance 

It is also necessary to determine the critical load resistance R = Rcrit at the boundary between ZVS and 
ZCS. This boundary can also be expressed as a function of the impedances Z;o and Z;=· 

As discussed in Section 19.3, zero-voltage switching occurs when the switch current i,.(t) lags 
the switch voltage v,.(t). Zero-voltage switching occurs when i,(t) leads v,(t). This definition ignores the 
effects of semiconductor output capacitances, and hence gives an approximate ZVS/ZCS boundary. The 
phase between the switch current and switch voltage is again determined by the input impedance of the 
tank network: 

i ( ·w) = v,I(jw) 
st J s z.( ·w) 

I j S 

(19.53) 

Hence, zero-voltage switching occurs when ZJjw,) is inductive in nature, zero-current switching occurs 
when Z;()w,) is capacitive in nature, and the ZVS/ZCS boundary occurs where Z;(jw,) has zero phase. 

It is instructive to again consider the limiting cases of a short-circuited and open-circuited load. 
The Bode plots of ZiO(jws) and Zi=(jw,.) for an LCC inverter example are sketched in Fig. 19.37. Since, in 
these limiting cases, the input impedance Z; is composed only of the reactive tank elements, ZiO(jws) and 
Zi=(jws) are purely imaginary quantities having phase of either- 90° or + 90°. For!,. <J0 , both Z;0(jws) 
and Zi=(jws) are dominated by the tank capacitor or capacitors; the phase of Z;(jws) is therefore- 90°. 
Hence, zero-current switching is obtained under both short-circuit and open-circuit conditions. For 
is> L, both Z;oVWs) and zi=(jw,) are dominated by the tank inductor; hence the phase of Z;()w) is+ 90° 0 

Zero-voltage switching is obtained for both a short-circuited and an open-circuited load. For f0 <fs <L, 
Z;0(jws) is dominated by the tank inductor while Zi=(jws) is dominated by the tank capacitors. This 
implies that zero-voltage switching is obtained under short-circuit conditions, and zero-voltage switch­
ing is obtained under open-circuit conditions. For this case, there must be some critical value of load 
resistance R = Rcrit that represents the boundary between ZVS and ZCS, and that causes the phase of 
Z;(jws) to be equal to 0°. 

The behavior of ZJJws) for nonzero finite R is easily extrapolated from the limiting cases dis-

Fig. 19.37 Use of the input 
impedance quantities Z;o and 
Z;= to determine the ZCS/ZVS 
boundaries, LCC example. 

liZ; II 

fo L 

zcs lzcs: R > R l zvs : cnt: 
for all R izvs:R<R . ! for all R 

: cnt: 
' [---+ 

f 
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cussed above. Theorem 2 below shows that: 
1. If zero-current switching occurs for both an open-circuited load and a short-circuited load [i.e., Z;0(jws) 

and Z;=(jws) both have phase+ 90'], then zero-current switching occurs for all loads. 

2. If zero-voltage switching occurs for both an open-circuited load and a short-circuited load [i.e., Z;o(jws) 
and Z;=(jws) both have phase- 90'], then zero-voltage switching occurs for all loads. 

3. If zero-voltage switching occurs for an open-circuited load and zero-current switching occurs for a short­
circuited load [i.e., Z;0(jws) has phase - 90' and Zi=(jws) has phase + 90'], then zero-voltage switching 
occurs for R > Rcrit' and zero-current switching occurs for R < Rcrit' with Rcrit given by Eq. (19.54) below. 

4. If zero-current switching occurs for an open-circuited load and zero-voltage switching occurs for a short­
circuited load [i.e., Z;0(jws) has phase + 90' and Zi=(jws) has phase - 90'], then zero-current switching 
occurs for R > Rcrir' and zero-voltage switching occurs for R < Rcrir• with Rcrit given by Eq. (19.54) below. 

For the LCC example, we can therefore conclude that, for is <f0 , zero-current switching occurs for all 
values of R. For fs > L. zero-voltage switching occurs for all values of R. For / 0 <is <L, the boundary 
between ZVS and ZCS is given by Eq. (19.54). 

Theorem 2: If the tank network is purely reactive, then the boundary between zero-current switch­
ing and zero-voltage switching occurs when the load resistance R is equal to the critical value 
Rcrit' given by 

(19.54) 

This theorem relies on the assumption that zero-current switching occurs when the tank input impedance 
is capacitive in nature, while zero-voltage switching occurs for inductive input impedances. The bound­
ary therefore occurs where the phase of Z;(joo) is zero. This definition gives a necessary but not sufficient 
condition for zero-voltage switchingwhen significant semiconductor output capacitance is present. 

The result is derived by finding the value of R which causes the imaginary part of Z/}00) in Eq. 
(19.47) to be zero. Since the tank network is assumed to ideal and lossless, the impedances Zo=' Z00 , and 
Zi= must have zero real parts. Hence, 

( 

Z l ( ZooZo=) 1 + __<J(l_ 1 - -2-

( ) ( ) Rcrit ( ) R crit 
Im Z;(Rcr;1) = Im Z;= Re -- = Im Z;= ( 2 ) 0 

1+ 2 o= 1 )lzo=ll 
Rcrir R2. 

cnt 

(19.55) 

where Im(Z) and Re(Z) denote the imaginary and real parts of the complex quantity Z. The nontrivial 
solution to Eq. (19.55) is given by 

(19.56) 

hence, 

(19.57) 

A useful equivalent form makes use of the reciprocity identities 
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Fig. 19.38 ZCS/ZVS boundary, LCC inverter example: (a) variation of tank network input impedance phase shift 
with load resistance, (b) Comparison of Rcrir with matched-load impedance II ZoO 11. 

(19.58) 

Use of Eq. (19.58) to eliminate 2 0<'0 from Eq. (19.57) leads to 
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Rcrit =II Zoo II ff. (19.59) 

This is the desired result. The quantity Z00 is the inverter output impedance, and R = II Z00 II corresponds 
to operation at matched load with maximum output power. The impedances Zi= and ZiO are purely imagi­
nary, and hence Eq. (19.59) has no real solution unless Zi= and Zi0 are of opposite phase. As illustrated in 
Fig. 19.37, if at a given frequency Zi= and ZiO are both inductive, then zero-voltage switching occurs for 
all loads. Zero-current switching occurs for all loads when Zi= and ZiO are both capacitive. Therefore, 
Theorem 2 is proved. 

Figure 19.38(a) illustrates the phase response of Z/jW) as R varies from 0 to =, for the LCC 
inverter. A typical dependence of Rcrit and the matched-load impedance II Z00 II on frequency is illustrated 
in Fig. 19.38(b). Zero-voltage switching occurs for all loads when f > L, and zero-current switching 
occurs for all loads whenf <j0 . Over the range f 0 <f <L, ZiO is inductive while Zi= is capacitive; hence, 
zero-voltage switching occurs for R < Rcrit while zero-current switching occurs for R > Rcrir At frequency 
fm, Rcrit =II Z00 11. and hence the ZVS/ZCS boundary is encountered exactly at matched load. It is com­
monly desired to obtain zero-voltage switching at matched load, with low circulating currents and good 
efficiency at light load. It is apparent that this requires operation in the range f 0 < f < fm. Zero-voltage 
switching will then be obtained under matched-load and short-circuit conditions, but will be lost at light 
load. The choice of element values such that II ZiO II < II Zi= II is advantageous in that the range of loads 
leading to zero-voltage switching is maximized. 

19.4.4 Another Example 

As a final example, let us consider selection of the resonant tank elements to obtain a given output char­
acteristic at a certain switching frequency, and let's evaluate the effect of this choice on Rcrit" It is desired 
to operate a resonant inverter at switching frequency fs = 100kHz, with an input voltage of V8 = 160 V. 
The converter should be capable of producing an open-circuit peak output voltage Voc = 400 V, and 
should also produce a nominal output of 150 Vrms at 25 W. It is desired to select resonant tank elements 
that accomplish this. 

The specifications imply that the converter should exhibit an open-circuit transfer function of 

. voc (4oov) 
II H =(JW,) II = v = ( ) = 1.96 

sl _1160V n 

(19.60) 

The required short-circuit current is found by solving Eq. (19.42) for I,c: 

(19.61) 

The specifications also imply that the peak voltage and current at the nominal operating point are 
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V=15012=212V 

I=__E_I2 = 25W 12 =0.236A 
vrms 150 v 

v 
Rnom = T = 900 Q 

Substitution ofEq. (19.62) into Eq. (19.61) yields 

(0.236 A) 
lsc = -----;~"'7"=~;;= = 0.278 A 

1- (212 V) 2 

400V 

Matched load therefore occurs at the operating point 

v = voc = 283 v 
mat 12 

I 
!mat= jf=0.196A 

II Z 0 o(JW,) II= ioc = 1439 Q 
sc 

(19.62) 

(19.63) 

(19.64) 

Let us select the values of the tank elements in the LCC tank network illustrated in Fig. 
19.39(a). The impedances of the series and parallel branches can be represented using the reactances X, 
andXP illustrated in Fig. 19.39(b), with 

}X,= jw,L + -. -1- = j(w,L- _1_) 
JW,C, w,C, 

}X =-1-=J(--1-) 
P }w,CP w,CP 

The transfer function H 00 (jWs) is given by the voltage divider formula 

X H (. ) 1 P 
= JW, = ·x ·x 

J s + J p 

The output impedance Z00(jw,) is given by the parallel combination 

(a) (b) 

(19.65) 

(19.66) 

Fig. 19.39 Tank network of the LCC inverter example: (a) schematic, (b) representation of series and parallel 
branches by reactances X, and XP. 
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(19.67) 

Solution of Eqs. (19.66) and (19.67) for XP and Xs leads to 

(19.68) 

Hence, the capacitance CP should be chosen equal to 

XP=-1499 Q 

1 H_(jm) -1 (1.96) -1 
C =---= ' = = 1 nF 

P m,XP m,IIZ00(jm,)ll (2n 100kHz)(l439Q)-

(19.69) 

and the reactance of the series branch should be chosen according to 

1-(1.96) 
(-1493Q) ( ) =733Q 

1.96 
(19.70) 

Since Xs is comprised of the series combination of the inductor L and capacitor Cs, there is a degree of 
freedom in choosing the values of Land capacitor Cs to realize Xs. For example, we could choose Cs very 
large (tending to a short circuit); this effectively would result in a parallel resonant converter with 
L = X/ms = 1.17 mH. For nonzero Cs, L must be chosen according to 

L= J (x,+-1-) , m,c, (19.71) 

For example, the choice Cs = CP = 1.06 nF leads to L = 3.5 mH. Designs using different Cs will exhibit 
exactly the same characteristics at the design frequency; however, the behavior at other switching fre­
quencies will differ. 

For the tank network illustrated in Fig. 19.39, the value of Rcrit is completely determined by the 
parameters of the output characteristic ellipse; i.e., by the specification of Vg, Voc and /sc· Note that Z000 , 

the tank output impedance with the tank input port open-circuited, is equal to jXP. Substitution of expres­
sions for 2000 and Z 00 into Eq. (19.57) leads to the following expression for Rcrit: 

Z~0(jm,) 
1-H_(jm,) 

(19.72) 

Since Z00 and Hoo are determined by the operating point specifications, then Rcrit is also. Evaluation of 
Eq. (19.72) for this example leads to Rcrit = 1466 Q. Therefore, the inverter will operate with zero-volt­
age switching for R < 1466 Q, including at the nominal operating point R = 900 Q. Other topologies of 
tank network, more complex than the circuit illustrated in Fig. 19.39(b), may have additional degrees of 
freedom that allow Rcrit to be independently chosen. 

The choice Cs = 3CP = 3.2 nF leads to L = 1.96 JIH. The following frequencies are obtained: 
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f== 127kHz 

fm = 100.6 kHz 

fs = 100.0 kHz 

fo= 64kHz 

Regardless of how Cs is chosen, the open-circuit tank input impedance is 

Therefore, when the load is open-circuited, the transistor peak current has magnitude 

_ V,1 _ ~(160V) 
I,r-IIZ;=II- 760Q 0.268A 

When the load is short-circuited, the transistor peak current has magnitude 

V,1 V,1 ~ ( 160 v) 
I,r =II Z;o II= rx:r (733 n) = 0.278 A 

(19.73) 

(19.74) 

(19.75) 

(19.76) 

which is nearly the same as the result in Eq. (19.75). The somewhat large open-circuit switch current 
occurs because of the relatively-high specified open-circuit output voltage; lower values of Voc would 
reduce the result in Eq. (19.75). 

19.5 EXACT CHARACTERISTICS OF THE SERIES 
AND PARALLEL RESONANT CONVERTERS 

The exact steady-state behavior of resonant converters can be determined via methods such as state­
plane analysis. A detailed analysis of resonant de-de converters is beyond the scope of this book. How­
ever, the exact steady-state characteristics of ideal series [1, 13-20] and parallel [6, 22-25] resonant 
de-de converters (Fig. 19.40) are summarized in this section. Small-signal ac modeling has also been 
described in the literature; several relevant papers are [27-30]. 

19.5.1 Series Resonant Converter 

At a given switching frequency, the series resonant de-de converter can operate in one continuous con­
duction mode, and possibly in several discontinuous conduction modes. The mode index k is defined as 
the integer that satisfies 

or (19.77) 

where F = fslfo is the normalized switching frequency. The sub harmonic numbers is defined as 
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&f 
Fig. 19.40 Transformer-isolated resonant de-de converters: (a) series resonant converter, (b) parallel resonant 
converter. 

~-k+l+C-Il 
..,- 2 

(19.78) 

Values of k and~ as functions offs are summarized in Fig. 19.4l(a). The subharmonic number~ denotes 
the dominant harmonic that excites the tank resonance. When the converter is heavily loaded, it operates 
in type k continuous conduction mode. As the load is reduced (i.e., as the load resistance R is increased), 
the converter enters the type k discontinuous conduction mode. Further reducing the load causes the con­
verter to enter the type (k- 1) DCM, type (k- 2) DCM, ... , type 1 DCM. There is no type 0 DCM, and 
hence when the converter operates above resonance, only the type 0 continuous conduction mode is pos­
sible. 

In the type k continuous conduction mode, the series resonant converter exhibits elliptical out­
put characteristics, given by 

(19.79) 

For the transformer-isolated converters of Fig. 19.40, M and J are related to the load voltage V and load 
current I according to 

(19.80) 

Again, R0 is the tank characteristic impedance, referred to the transformer primary side. The quantity y is 
the angular length of one-half of the switching period: 
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Fig. 19.41 Continuous conduction modes of the series resonant converter: (a) switching frequency ranges ove1 
which various mode indices k and subharmonic numbers S occur; (b) tank inductor current waveform, type k CCM, 
for odd k; (c) tank inductor current waveform, type k CCM, for even k. 
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WoT, 1t (19.81) 
y=-2-=F 

Equation (19.79) is valid only fork satisfying Eq. (19.77). It predicts that the voltage conversion ratio M 
is restricted to the range 

(19.82) 

This is consistent with Eq. (19.21). 
Typical CCM tank current waveforms are illustrated in Fig. 19.41. When k is even, the tank 

inductor current is initially negative. In consequence, the switch network antiparallel diodes conduct 
first, for a fraction of a half resonant cycle. If k is odd, then each half switching period is initiated by con­
duction of the switch network transistors. In either case, this is followed by (~- 1) complete tank half­
cycles of ringing. The half-switching period is then concluded by a subinterval shorter than one complete 
resonant half-cycle, in which the device that did not initially conduct is on. The next half switching 
period then begins, and is symmetrical. 

The steady-state control-plane characteristic can be found for a resistive load R obeying V = IR, 
by substitution of the normalized relation J = MQ into Eq. (19.79), where Q = n2R0/R. Use of the qua­
dratic formula and some algebraic manipulations allows solution forM, as a function of load (via Q) and 
switching frequency (via y): 

(19.83) 

This is the closed-form relationship between the conversion ratio M and the switching frequency, for a 
resistive load. It is valid for any continuous conduction mode k. 

The type k discontinuous conduction modes, for k odd, occur over the frequency range 

(19.84) 

In these modes, the output voltage is independent of both load current and switching frequency, and is 
described by 

M=t (19.85) 

The type k discontinuous conduction mode, for odd k, occurs over the range of load currents given by 

2(k+ 1) >]> 2(k-1) 
y y (19.86) 

In the odd discontinuous conduction modes, the tank current rings for k complete resonant half cycles. 
All four output bridge rectifier diodes then become reverse-biased, and the tank current remains at zero 
until the next switching half-period begins, as illustrated in Fig. 19.42. Series resonant converters are not 
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~+--------- k complete half-cycles ----+ 

y----------
Fig. 19.42 Tank inductor current waveform, type k DCM, for odd k. 

.. 
- vg 

normally purposely designed to operate in odd discontinuous conduction modes, because the output volt­
age is not controllable. Nonetheless, when the load is removed with.fs <f0 , the series resonant converter 
operates in k = 1 DCM with M = I. 

The type k discontinuous conduction mode, fork even, also occurs over the frequency range 

'<!J!. Js k 
(19.87) 

Even discontinuous conduction modes exhibit current source characteristics, in which the load current is 
a function of switching frequency and input voltage, but not of the load voltage. The output relationship 
is: 

Operation in this mode occurs for 

J - 2k - y 

1 1 
k-1>M>k+1 

(19.88) 

(19.89) 

In the even discontinuous conduction modes, the tank current rings for k complete resonant half-cycles 
during each switching half-period. All four output bridge then become reverse-biased, and the tank cur­
rent remains at zero until the next switching half-period is initiated. Tank current waveforms are illus­
trated in Fig. 19.43 for even DCM. 

The series resonant converter possesses some unusual properties when operated in an even dis­
continuous conduction mode. A de equivalent circuit is given in Fig. 19.44, consisting of a gyrator with 
gyration conductance g = 2k/gn2Ro- The gyrator has the property of transforming circuits into their dual 
networks; in the typical de-de converter application, the input voltage source V8 is effectively trans­
formed into its dual, an output current source of value gV8 • Series resonant converters have been pur­
posely designed to operate in the k = 2 DCM, at power levels of several tens of kW. 

The complete control plane characteristics can now be plotted using Eqs. (19.77) to (19.89). 
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Fig. 19.43 Tank inductor current waveform, type k DCM, for even k. 
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Fig. 19.44 Steady-state equivalent circuit model for an even dis­
continuous conduction mode: an effective gyrator. The converter 
exhibits current source characteristics. 

~ 
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YRo ; ___________________________________ ] 

v 

The result is shown in Fig. 19.45, and the mode boundaries are explicitly diagrammed in Fig. 19.46. It 
can be seen that, for operation above resonance, the only possible operating mode is the k = 0 CCM, and 
that the output voltage decreases monotonically with increasing switching frequency. Reduction in load 
current (or increase in load resistance, which decreases Q) causes the output voltage to increase. Anum­
ber of successful designs that operate above resonance and utilize zero-voltage switching have been doc­
umented in the literature [7,21]. 

Operation below resonance is complicated by the presence of subharmonic and discontinuous 
conduction modes. The k = 1 CCM and k = 2 DCM are well behaved, in that the output voltage increases 
monotonically with increasing switching frequency. Increase of the load current again causes the output 
voltage to decrease. Successful designs that operate in these modes and employ zero-current switching 
are numerous. However, operation in the higher-order modes (k = 2 CCM, k = 4 DCM, etc.) is normally 
avoided. 

Given F and Q, the operating mode can be evaluated directly, using the following algorithm. 
First, the continuous conduction mode k corresponding to operation at frequency F with heavy loading is 
found: 

(19.90) 

where INT(x) denotes the integer part of x. Next, the quantity k1 is determined: 
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Fig. 19.45 Complete control plane characteristics of the series resonant converter, for the range 0.2 :::; F:::; 2. 
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Fig. 19.46 Continuous and discontinuous conduction mode boundaries. 



19.5 Exact Characteristics of the Series and Parallel Resonant Converters 747 

6-r------- F = 1.01 

4 

J 
3 

2 

F= 1.30 

0 0.2 0.4 0.6 0.8 

M 

Fig. 19.47 Output characteristics, k = 0 CCM (above resonance). 

(19.91) 

The converter operates in type k CCM provided that: 

(19.92) 

Otherwise, the converter operates in type k1 DCM. A simple algorithm can therefore be defined, in which 
the conversion ratio M is computed for a given F and Q. First, Eqs. (19.90) to (19.92) are evaluated, to 
determine the operating mode. Then, the appropriate equation (19.83), (19.85), or (19.88) is evaluated to 
findM. 

Output I-V plane characteristics for the k = 0 CCM, plotted using Eq. (19.79), are shown in Fig. 
19.47. The constant-frequency curves are elliptical, and all pass through the point M = 1, J = 0. For a 
given switching frequency, the operating point is given by the intersection of the elliptical converter out­
put characteristic with the load I-V characteristic. 

Output plane characteristics that combine the k = 1 CCM, k = 1 DCM, and k = 2 DCM are 
shown in Fig. 19.48. These were plotted using Eqs. (19.79), (19.85), and (19.88). These curves were 
plotted with the assumption that the transistors are allowed to conduct no longer than one tank half-cycle 
during each switching half-period; this eliminates subharmonic modes and causes the converter to oper­
ate ink= 2 or k = 1 DCM wheneverfs < 0.5f0 • It can be seen that the constant-frequency curves are ellip­
tical in the continuous conduction mode, vertical (voltage source characteristic) in the k = 1 DCM, and 
horizontal (current source characteristic) in the k = 2 DCM. 
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Fig. 19.48 Output characteristics, k = l CCM, k = l DCM, and k = 2 DCM (below resonance). 

19.5.2 Parallel Resonant Converter 

For operation in the frequency range 0.5f0 <fs <=,the parallel resonant de-de converter exhibits one 
continuous conduction mode and one discontinuous conduction mode. Typical CCM switch voltage v/t), 
tank inductor current iL(t), and tank capacitor voltage vc(t) waveforms are illustrated in Fig. 19.49. The 
CCM converter output characteristics are given by 

<p= 

- y <p---M _ (2)( sin (<p)) 
cosG) 

-COS- I (COS m + J sin m) 
+ COS- I (COS m +} sin m) 

for 0 < y < n (above resonance) 

for n < y < 2n (below resonance) 

(19.93) 

(19.94) 

and where M, J, andy are again defined as in Eqs. (19.80) and (19.81). Given the normalized load current 
J and the half-switching-period-angle y, one can evaluate Eq. (19.94) to find Q), and then evaluate Eq. 
(19.93) to find the converter voltage conversion ratio M. In other words, the output voltage can be found 
for a given load current and switching frequency, without need for computer iteration. 



Fig. 19.49 Typical waveforms of 
the parallel resonant converter, 
operating in the continuous conduc­
tion mode. 
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A discontinuous conduction mode mechanism occurs in the parallel resonant converter which is 
the dual of the discontinuous conduction mode mechanism of the series resonant converter. In this mode, 
a discontinuous subinterval occurs in which all four output bridge rectifier diodes are forward-biased, 
and the tank capacitor voltage remains at zero. This mode occurs both above and below resonance when 
the converter is heavily loaded. Typical DCM tank capacitor voltage and inductor current waveforms are 
illustrated in Fig. 19.50. The condition for operation in the discontinuous conduction mode is 

where 

J > JcrJY) 

J < JcriY) 

forDCM 

forCCM 

The discontinuous conduction mode is described by the following set of equations: 

(19.95) 

(19.96) 
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Fig. 19.50 Typical waveforms of the parallel resonant converter, operating in the discontinuous conduction mode. 
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Fig. 19.51 Exact output characteristics of the parallel resonant converter, for F > 0.5. Solid curves: CCM, dashed 
curves: DCM. 
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Fig. 19.52 Exact control characteristics of the parallel resonant converter, with a resistive load. Both CCM and 
DCM operation is included, for 0.5 :o; F :o; 3. 

M co = 1 -cos (~) 
J w = J + sin (~) 

cos (a+~)- 2 cos (a)= -1 
-sin (a+~)+ 2 sin (a)+ (8-a) = 2J 

~+8=y 

M=1+(t)(l-8) 

(19.97) 

Unfortunately, the solution to this set of equations is not known in closed form, because of the 
mixture of linear and trigonometric terms. In consequence, the equations must be solved iteratively. For a 
given y and J, a computer is used to iteratively find the angles a, ~. and 8. M is then evaluated, and the 
output plane characteristics can be plotted. The result is given in Fig. 19.51. The dashed lines are the 
DCM solutions, and the solid lines are the valid CCM solutions. Figure 19.51 describes the complete de 
behavior of the ideal parallel resonant converter for all switching frequencies above 0.5j0 . For given val­
ues of normalized switching frequency F = fslf0 = n/y, the relationship between the normalized output 
current J and the normalized output voltage M is approximately elliptical. At resonance (F = 1), the CCM 
ellipse degenerates to the horizontal line J = 1, and the converter exhibits current source characteristics. 
Above resonance, the converter can both step up the voltage (M > 1) and step down the voltage (M < 1). 
The normalized load current is then restricted to J < 1, corresponding to I< V/nR0 . For a given switch­
ing frequency greater than the resonant frequency, the actual limit on maximum load current is even 
more restrictive than this limit. Below resonance, the converter can also step up and step down the volt-
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age. Normalized load currents J greater than one are also obtainable, depending on M and F. However, 
no solutions occur when M and J are simultaneously large. 

In Fig. 19.52, the control plane characteristics are plotted for a resistive load. The parameter Q 
is defined for the parallel resonant converter as Q = R!n2R0 • The normalized load current is then given by 
l=MIQ. 

19.6 SUMMARY OF KEY POINTS 

1. The sinusoidal approximation allows a great deal of insight to be gained into the operation of resonant 
inverters and de-de converters. The voltage conversion ratio of de-de resonant converters can be directly 
related to the tank network transfer function. Other important converter properties, such as the output char­
acteristics, dependence (or lack thereof) of transistor current on load current, and zero-voltage- and zero­
current-switching transitions, can also be understood using this approximation. The approximation is 
accurate provided that the effective Q factor is sufficiently large, and provided that the switching frequency 
is sufficiently close to resonance. 

2. Simple equivalent circuits are derived, which represent the fundamental components of the tank network 
waveforms, and the de components of the de terminal waveforms. 

3. Exact solutions of the ideal de-de series and parallel resonant converters are listed here as well. These 
solutions correctly predict the conversion ratios, for operation not only in the fundamental continuous con­
duction mode, but in discontinuous and subharmonic modes as well. 

4. Zero-voltage switching mitigates the switching loss caused by diode recovered charge and semiconductor 
device output capacitances. When the objective is to minimize switching loss and EMI, it is preferable to 
operate each MOSFET and diode with zero-voltage switching. 

5. Zero-current switching leads to natural commutation of SCRs, and can also mitigate the switching loss due 
to current tailing in IGBTs. 

6. The input impedance magnitude II Z; II, and hence also the transistor current magnitude, are monotonic 
functions of the load resistance R. The dependence of the transistor conduction loss on the load current can 
be easily understood by simply plotting II Z; II in the limiting cases as R--> = and as R--> 0, or II Z;= II and 
II Z;o II. 

7. The ZVS/ZCS boundary is also a simple function of Zi= and Z;o· If ZVS occurs at open-circuit and at 
short-circuit, then ZVS occurs for all loads. If ZVS occurs at short-circuit, and ZCS occurs at open-circuit, 
then ZVS is obtained at matched load provided that II Z;= II > II Z;o 11. 

8. The output characteristics of all resonant inverters considered here are elliptical, and are described com­
pletely by the open-circuit transfer function magnitude II H= 11. and the output impedance II Z00 11. These 
quantities can be chosen to match the output characteristics to the application requirements. 
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PROBLEMS 

19.1 Analysis of a half-bridge de-de parallel resonant converter, operated above resonance. In Fig. 19.53, 
the elements Ch, LF, and CF are large in value, and have negligible switching ripple. You may assume 
that all elements are ideal. You may use the sinusoidal approximation as appropriate. 

(b) 
v,(t) 

0 

0 0.5T, 

Fig. 19.53 Half-bridge parallel resonant converter of Problem 19.1: (a) schematic, (b) switch voltage 
waveform. 

(a) Sketch the waveform of the current igCt). 

(b) Construct an equivalent circuit for this converter, similar to Fig. 19 .22, which models the funda­
mental components of the tank waveforms and the de components of the converter input current 
and output voltage. Clearly label the values and/or give expressions for all elements in your 
model, as appropriate. 

(c) Solve your model to derive an expression for the conversion ratio V/V8 = M(F, Qe, n). 

At rated (maximum) load, this converter produces I= 20 A at V = 3.3 V. 

(d) What is the converter switching frequency f, at rated load? 

(e) What is the magnitude of the peak transistor current at rated load? 

At minimum load, the converter produces I= 2 A at V = 3.3 V. 
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(f) What is the converter switching frequency J; at minimum load? 

(g) What is the magnitude of the peak transistor current at minimum load? Compare with your 
answer from part (e)-what happens to the conduction loss and efficiency at minimum load? 

19.2 A de-de resonant converter contains an LCC tank network [Fig. 19.l(d)], with an output filter contain­
ing a filter inductor as in the parallel resonant de-de converter. 

(a) Sketch an equivalent circuit model for this converter, based on the approximate sinusoidal anal­
ysis method of Section 19 .1. Give expressions for all elements in your model. 

(b) Solve your model, to derive an expression for the conversion ratio M = V!Vg. Express Mas a 
function ofF= J;IL, Qe = R.fR0, and n = C/Cp, wherefoo is defined as in Eq. (19.50) and R0 is 

(c) Plot M vs. F, for n = 1 and Qe = 1, 2, and 5. 

(d) Plot M vs. F, for n = 0.25 and Qe = 1, 2, and 5. 

19.3 Dual of the series resonant converter. In the converter illustrated in Fig. 19.54, LFl' Ln, and CF are large 
filter elements, whose switching ripples are small. Land Care tank elements, whose waveforms iL(t) and 
v c(t) are nearly sinusoidal. 

LFI 

Fig. 19.54 Dual of the series resonant converter, Problem 19.3. 

(a) Using the sinusoidal approximation method, develop equivalent circuit models for the switch 
network, tank network, and rectifier network. 

(b) Sketch a Bode diagram of the parallel LC parallel tank impedance. 

(c) Solve your model. Find an analytical solution for the converter voltage conversion ratio 
M = V!Vg, as a function of the effective Qe and the normalized switching frequency F = J;/f0 . 

Sketch M vs. F. 

(d) What can you say about the validity of the sinusoidal approximation for this converter? Which 
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parts of your M vs. F plot of part (c) are valid and accurate? 

19.4 The converter of Problem 19.3 operates below resonance. 

(a) Sketch the waveform v cU). For each subinterval, label: (i) which of the diodes D 1 to D 4 and tran­
sistors Q1 to Q4 conduct current, and (ii) which devices block voltage. 

(b) Does the reverse recovery process of diodes D1 to D4 lead to switching loss? Do the output 
capacitances of transistors Q1 to Q4 1ead to switching loss? 

(c) Repeat parts (a) and (b) for operation above resonance. 

19.5 A parallel resonant converter operates with a de input voltage of V8 = 270 V. The converter supplies 5 V 
to a de load. The de load power varies over the range 20 W to 200 W. It is desired to operate the power 
transistors with zero voltage switching. The tank element values are L =57 ~-tH, CP = 0.9 nF, referred to 
the transformer primary. The parallel resonant tank network contains an isolation transformer having a 
turns ratio of 52: l. 

(a) Define F as in Eq. (19.19). Derive an expression for F, as a function of M and Qe. 

(b) Determine the switching frequency, peak transistor current, and peak tank capacitor voltage at 
the maximum load power operating point. 

(c) Determine the switching frequency, peak transistor current, and peak tank capacitor voltage at 
the minimum load power operating point. 

19.6 In a certain resonant inverter application, the de input voltage is V8 = 320 V. The inverter must produce 
an approximately sinusoidal output voltage having a frequency of 200 kHz. Under no load (output open­
circuit) conditions, the inverter should produce a peak-to-peak output voltage of 1500 V. The nominal 
resistive operating point is 200 Vrms applied to 100 Q. A nonisolated LCC inverter is employed. It is 
desired that the inverter operate with zero-voltage switching, at least for load resistances less than 200 Q. 

(a) Derive expressions for the output open-circuit voltage Voc and short-circuit current l,c of the 
LCC inverter. Express your results as functions ofF= !,If~, V8 , R~ = UC,IICP and n = C,ICP. 
The open-circuit resonant frequency f~ is defined in Eq. (19.50). 

(b) To meet the given specifications, how should the short-circuit current l,c be chosen? 

(c) Specify tank element values that meet the specifications. 

(d) Under what conditions does your design operate with zero-voltage switching? 

(e) Compute the peak transistor current under no-load and short-circuit conditions. 

19.7 A series resonant de-de converter operates with a de input voltage of V8 = 550 V. The converter supplies 
30 kV to a load. The de load power varies over the range 5 kW to 25 kW. It is desired to operate the 
power transistors with zero-voltage switching. The maximum feasible switching frequency is 50 kHz. 
An isolation transformer having a 1: n turns ratio is connected in series with the tank network. The peak 
tank capacitor voltage should be no greater than 2000 V, referred to the primary. 

(a) Derive expressions for the peak tank capacitor voltage and peak tank inductor current. 

(b) Select values for the tank inductance, tank capacitance, and turns ratio, such that the given spec­
ifications are met. Attempt to minimize the peak tank inductor current, while maximizing the 
worst-case minimum switching frequency. 

19.8 Figure 19.55 illustrates a full-bridge resonant inverter containing an LLC tank network. 

(a) Sketch the Bode diagrams of the input impedance under short-circuit and open-circuit condi­
tions: II Z;o()w) II and II Z;=()w) 11. Give analytical expressions for the resonant frequencies and 
asymptotes. 

(b) Describe the conditions on switching frequency and load resistance that lead to zero-voltage 
switching. 

(c) Derive an expression for the frequency fm' where II Z;0 II= II Zi= 11. 
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~ Dl ~ I 

+ 

vg + 
R v 

~ D2 ~ 
Fig. 19.55 LLC inverter of Problem 19.8. 

(d) Sketch the Bode plot of II H~Uro) 11. Label the resonant frequency, and give analytical expres­
sions for the asymptotes. 

19.9 You are given the LLC inverter circuit of Fig. 19.56. Under nominal conditions, this converter operates 
at switching frequency f.= 100kHz. All e1ements are ideal. 

~ Dl ~ + 

vg + 
12 v v 

~ D2 ~ 
Fig. 19.56 Transformer-isolated LLC inverter, Problem 19.9. 

(a) Determine the numerical values of the open-circuit peak output voltage Voc and the short-circuit 

peak output current lsc· 

(b) Sketch the elliptical output characteristic. Over what portion of this ellipse does the converter 
operate with zero-voltage switching? Does it operate with zero-voltage switching at matched 
load? 

(c) Sketch the Bode plots of II Zi~ II and II ZiO 11. and label the numerical values off0.f~,f ... and f.. 

(d) What is the numerical value of the peak transistor current when R = 0? When R--+ oo? 

(e) The inverter operates with load resistances that can vary between 500 Q and an open circuit. 
What is the resulting range of output voltage? Does the inverter always operate with zero-volt­
age switching? 

19.10 It is desired to obtain a converter with current source characteristics. Hence, a series resonant converter 
is designed for operation in the k = 2 discontinuous conduction mode. The switching frequency is chosen 
to be f.= 0.225/0, wheref0 is the tank resonant frequency (consider only open-loop operation). The load 
R is a linear resistance which can assume any positive value: 0 :>: R < oo, 

(a) Plot the output characteristics (M vs. 1), for all values of R in the range 0 :>: R < oo. Label mode 
boundaries, evaluate the short-circuit current, and give analytical expressions for the output 
characteristics. 
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(b) Over what range of R (referred to the tank characteristic impedance R0 ) does the converter oper­
ate as intended, in the k = 2 discontinuous conduction mode? 

The parallel resonant converter as a single-phase high-quality rectifier. It is desired to utilize a trans­
former-isolated parallel resonant de-de converter in a single-phase low-harmonic rectifier system. By 
properly varying the converter switching frequency, a near-ideal rectifier system that can be modeled as 
in Fig. 18.12 is obtained. You may utilize the results of Section 19.5.2 to answer this problem. The paral­
lel resonant tank network contains an isolation transformer having a 1: n turns ratio. You may use either 
approximate graphical analysis or computer iteration to answer parts (b) and (c). 

(a) Plot the normalized input characteristics (normalized input voltage mg = nvglv vs. normalized 
input currentjg = ignR0/v) of the parallel resonant converter, operated in the continuous conduc­
tion mode above resonance. Plot curves for F = f/fo = 1.0, 1.1, 1.2, 1.3, 1.5, and 2.0. Compare 
these characteristics with the desired linear resistive input characteristic v /ig = Remulated. 

(b) The converter is operated open-loop, with F = 1.1. The applied normalized input voltage is a rec­
tified sinusoid of unity magnitude: m/t) =I sin (wt) 1. Sketch the resulting normalized input cur­
rent waveformjg(t). Approximately how large is the peak current? The crossover dead time? 

(c) A feedback loop is now added, which regulates the input current to follow the input voltage such 
that i/t) = v/t)/Remutared' You may assume that the feedback loop operates perfectly. For the case 
Remulared = R0, and with the same applied mg(t) waveform as in part (b), sketch the switching fre­
quency waveform for one ac line period [i.e., show how the controller must vary F to regulate 
i/t)]. What is the maximum value ofF? Note: In practice, the converter would be designed to 
operate with a smaller peak value ofjg, so that the switching frequency variations would be bet­
ter behaved. 

(d) Choose element values (tank inductance, tank capacitance, and transformer turns ratio) such tbat 
the converter of part (c) meets the following specifications: 

Ac input voltage 120 Vrms, 60Hz 

De output voltage 42 V 

Average power 

Maximum switching frequency 

soow 
200kHz 

Refer the element values to the primary side of the transformer. 


