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waveform across the switch and at the output are square-
wave and they generally result in higher switching losses
when the switching frequency is increased. Also, the switch-
ing stresses are high with the generation of large electromag-
netic interference (EMI) which is difficult to filter. However,
these converters are easy to control, well understood, and
have wide load and line control range. But to keep up with
the developments in microelectronics, the general trend is to
reduce the size, weight, and cost of power converters. This is
achieved by increasing the switching frequency, which results
in size reduction of magnetics (isolation transformer and filter
inductors) and capacitors, whereas heat sink size is reduced
by increasing the power conversion efficiency. Higher power
efficiency is possible by reducing (or eliminating) the switch-
ing losses with resonant power conversion techniques.

In resonant power converters, an LC tank circuit(s) is
added in the load circuit (or switched with auxiliary switches)
to shape the load (and hence the switch) currents/voltages
sinusoidally. This allows the power semiconductor switches to
turn on or turn off at zero voltage or zero current, resulting
in negligible switching losses. Some other advantages of reso-
nant converters are that leakage inductances of HF trans-
formers and the junction capacitances of semiconductors can
be used profitably in the resonant circuit, and EMI is reduced.
The major disadvantage of resonant converters, in general, is
increased peak current (or voltage).

In the power converters discussed, when the dc input is
converted to an HF ac, we call them resonant inverters. If the
HF ac output is rectified and filtered to get a smooth dc out-
put, then these power converters are called dc-to-dc resonant
converters. Although resonant inverters and resonant dc-to-
dc converters have many operating similarities, their actual
analysis and design differ. Resonant inverters are discussed
first.

LOAD RESONANT INVERTERS

Figure 1(a) shows the half-bridge resonant inverter circuit
with a generalized tank circuit and load (2,3) connected
across terminals A and B. A center-tapped dc source is cre-
ated by two large smoothing capacitors connected across the
dc supply. A square-wave voltage is generated across termi-
nals A and B, by connecting sources V1 and V2 (V1 � V2 �
E � Vs/2) alternately [Fig. 1(b)] using the switch-diode pairs,
S1, D1 and S2, D2. Although MOSFETs are shown as the
switches S1 and S2, other switching power devices (e.g., bipo-
lar power transistors, insulated gate bipolar transistors
(IGBTs), SCRs, gate turn-off (GTO) thyristors are also used.RESONANT POWER CONVERTERS
If SCRs are used as the switching devices, then a forced com-
mutation circuit is needed unless natural or load commuta-Conventional pulse-width-modulated (PWM) switched-mode

power converters (1) are used in many applications in indus- tion takes place. The diodes D1 and D2 provide the path for
the reactive current.trial, aerospace, telecommunications, and consumer products.

In these converters, power semiconductor switches are used If the load (including the tank circuit) across AB is an RLC
type as shown in Fig. 1(c), then the inverter is called a series-as controlled switches to connect or to remove the input DC

supply voltage to the output. With available fast switching resonant inverter or series-loaded resonant inverter. The com-
ponents L and C are part of the load circuit or are addeddevices, high-frequency (HF) magnetics and capacitors, and

high speed control ICs, switching power converters have be- externally. Usually, a HF transformer is added for voltage
scaling or isolation, and Fig. 1(d) shows the series-loaded res-come very popular. In PWM switch-mode converters, square-

wave pulse-width modulation is used for voltage regulation. onant inverter circuit including the HF transformer. There
are several other resonant tank circuit configurations possibleThe output voltage is varied by changing the duty cycle of

the power semiconductor switch. The voltage (and current) which generate many inverter topologies (3). Among them,
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Figure 1. (a) Basic circuit diagram of a half-
bridge load resonant inverter configuration
with a generalized tank circuit. Snubber cir-
cuits are not shown. V1 � V2 � E � Vs/2. (b)
Gating pulses and the voltage vAB. (c) RLC
circuit connected across AB to realize a se-
ries-loaded resonant inverter. (d) High-fre-
quency, transformer-isolated, series-loaded
resonant inverter.
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two more popular configurations are parallel-loaded or par- mately sinusoidal. At t � t1, current goes to zero naturally
and tries to reverse. Switch S1 turns off and diode D1 startsallel-resonant inverters [Fig. 2(a)], and series-parallel (or
conducting providing the path for the reverse current. DuringLCC-type) inverters [Fig. 2(b)]. For high-power applications,
the conduction by D1 (or D2), a reverse voltage from a diodefull-bridge inverters are used. A series-loaded, full-bridge res-
drop is applied across S1 (or S2). This time tq for which theonant inverter is shown in Fig. 3. Its behavior is similar to a
diode conducts must be greater than the turn-off time toff ofhalf-bridge except that the amplitude of output voltage vAB is
the switch for successful operation of the circuit. At the endsupply voltage Vs. Therefore, for the same output power, the
of the half-cycle, that is, at t � Ts/2 (where Ts is the period ofpeak current through the switches is half compared with the
the waveform equal to 1/f s and f s is the switching frequency),half-bridge inverter.
S2 is turned on. In an ideal switch-diode pair, S2 turns on
immediately applying a reverse voltage across D1. Therefore,Operation
D1 turns off and S2 carries the load current. When the current

The current wave shape depends on whether the circuit through S2 goes to zero, D2 conducts, and the cycle is complete
across the output AB is underdamped or overdamped. Two when S1 is turned on at the beginning of the next cycle.
types of operation (described for half-bridge) possible are dis- In this type of operation, the switches turn off naturally,
cussed here (2–5). that is, load commutation takes place. This means that SCRs

can be employed provided that the turn-off time condition
Case 1, Zero-Current-Switching or Below-Resonance (Leading mentioned previously (that is, tq � toff) is satisfied. Also note

Power Factor) Mode of Operation. The inverter operates in this the following:
mode when the load across A and B (i.e., the tank circuit to-

1. The switches turn off with zero current. Therefore, thisgether with the load) is underdamped and Fig. 4(a) shows
operation is called zero-current switching (ZCS) andthe typical steady-state operating waveforms. The sequence
there are no turn-off losses.of device conduction is also shown in the same figure. Assume

that the switch S1 is carrying the load current. Because an 2. The load current i leads the voltage across AB, which is
why this type of operation is called the leading PF modeunderdamped RLC circuit is used, the current is approxi-
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of operation. In practice, the switching frequency is usu-
ally below the resonance frequency of the RLC circuit.
Hence, it is also called operation below resonance.

The turn-on time of the switch and the reverse recovery
time of the diode have been neglected in the explanation
given previously. But in practice, this is not true and because
of the reverse recovery time of the diode, when a switch in
the other arm is turned on, the conducting diode does not turn
off instantly. This results in a short interval during which
the turned-on switch and the reverse-conducting diode short
circuit the supply voltage. To take care of this, di/dt limiting
inductors (L1) are connected in series with each switch. Figure
4(b) illustrates this for the series-loaded resonant inverter.
Fast recovery diodes are used to reduce the size of these extra
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inductors and to reduce the losses. If switches with slow re-
Figure 3. Basic circuit diagram of a full-bridge, series-loaded, reso-covery internal diodes (e.g., MOSFETs) are used, then the in-
nant inverter.ternal diodes must be bypassed by connecting external fast

recovering diodes as shown in Fig. 4(b).

The rate of rise of voltage dv/dt is limited by connecting a
snubber capacitor (Csn) across each switch. When a switch is
conducting, the capacitor across the other switch is charged
to the supply voltage Vs. This capacitor discharges when the
switch across it is turned on resulting in a large peak current
through the switch. To limit this peak current, a resistor
(Rsn) is connected in series with each snubber capacitor. The
power rating of these snubber resistors is equal to CsnV2

sf s,
that is, losses in these snubber resistors increase if the
switching frequency or the supply voltage increases.

Case 2, Zero-Voltage-Switching or Above-Resonance (Lagging
PF) Mode of Operation. The gating signals and the steady-
state waveforms for this mode of operation, shown in Fig. 5,
occur when the RLC circuit [Fig. 1(c)] is overdamped. Assume
that D1 is conducting. The current through D1 goes to zero at
t1, and the load current reverses after this. Because the gating
signal is already applied to S1, current is transferred to S1.
Because the antiparallel diode across S1 was conducting just
before S1 turns on, S1 turns on with zero-voltage switching
(ZVS). This means there are no turn-on losses. The switch S1

is turned off at Ts/2, and the current through the load is
transferred to D2. The next half-cycle is similar to the first
half-cycle. When S1 or S2 is turned off, snubber capacitor
across the switch starts charging during the turn-off time of
the switch, whereas the snubber capacitor across the incom-
ing diode starts discharging from the supply voltage. Because
Csn1 and Csn2 are in series and directly across the supply, the
sum of the voltages across these two capacitors must be equal
to the supply voltage at any time. Therefore, the diode across
the discharged capacitor starts conducting when the voltage
across the turned-off switch reaches Vs. The charging and dis-
charging current of the capacitors flow through the load cir-
cuit. By properly choosing these snubber capacitors, the turn-
off losses are minimized.

With this type of operation, lossy snubbers and di/dt in-
ductors are not required, that is, only a capacitive snubber is
used across the switch. Because there is enough time for the
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diodes to recover, internal diodes of MOSFETs, IGBTs (if
antiparallel diodes are built in), and bipolar transistors areFigure 2. (a) Parallel-loaded resonant inverter. (b) Series-parallel-

loaded (or LCC-type) resonant inverter. also used. Because the switches are turned off forcibly, how-
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Figure 4. (a) Operating waveforms of the half-bridge
configuration [Fig. 1(a)] for below resonance (or leading
PF) mode of operation. (b) Half-bridge configuration with
the di/dt inductors (L1, L1) and snubber components suit-
able for below resonance operation.
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ever, a forced commutation circuit is required if SCRs are 1. At full load and minimum input voltage, the switching
frequency is slightly below resonance but enough turn-used as switches.

Power control for resonant inverters is achieved either by off time for the switches is provided. As the load current
decreases or the input voltage increases, the invertervariable-frequency control or fixed-frequency control. Fixed-

frequency control is not applicable to the half-bridge configu- switching frequency is decreased below this value. If the
switching frequency is reduced below a certain value,ration (but is used in a full-bridge inverter, as discussed

later), and therefore, only variable-frequency control is ex- the resonant current becomes discontinuous (Fig. 6). In
addition to the disadvantages of below-resonance opera-plained next.

The inverter operates near the resonance frequency at full tion mentioned earlier, this control method has an addi-
tional disadvantage, namely, the magnetics and input/load and minimum input voltage. In this case, the switching

frequency is varied for power control. The following two possi- output filters have to be designed for the lowest fre-
quency of operation, which increases the inverter size.bilities exist:
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approach is complex when the order of the load circuit is
higher.

Frequency-Domain Analysis. Under steady-state conditions,
the Fourier series expressions are written taking into account
all of the harmonics or using only the fundamental componet
in the simplified approximate analysis.

Fourier-Series Approach. In this approach (3), the square-
wave voltage across AB is represented by the Fourier series
(note: E � Vs/2 for half-bridge and E � Vs for full-bridge;
�s � 2�f s):

vAB = (4E/π)

∞∑
n=1,3

[sin(nωst)/n] (1)

The nth harmonic phasor equivalent circuits across AB for
the series-loaded and series-parallel-loaded resonant invert-

E

—E

t

t
Ts

vAB

i

t1

Device
conducting

G1

G2

D1 S1 D2 S2

0

Ts/2

ers are shown in Fig. 7(a) and (b), respectively. Using this
Figure 5. Operating waveforms of the half-bridge load resonant in- circuit, the nth harmonic voltage and current equations canverter [Fig. 1(a)] for above resonance (or lagging PF) mode of oper-

be written. Then the effect of all the harmonics are super-ation.
posed to obtain the total response. In Fig. 7, the nth harmonic
of the output voltage and the load resistor are referred to the
primary side (using the turns ratio nt of the transformer) and

2. At full load and minimum input voltage, the switching are denoted by V�on (� ntVon) and R�L (� n2
t RL), respectively.

frequency is slightly above the resonance frequency. The current at the output of the inverter is given by
Power is controlled by increasing the switching fre-
quency above this value. This method has all of the ad-
vantages of above-resonance operation explained ear-
lier. Also, the inverter always operates in a continuous

i = [4E/π]
∞∑

n=1,3

[sin(nωst − φn)/(nZn)] (2)

current mode. SCRs cannot be used in this case because
forced commutation or gate turn-off capability is re-
quired. The switching frequency required is also very
high at light load conditions, which increases the mag-
netic core losses and makes the control circuit design
difficult.

Analysis

Differential Equations (or Time-Domain Analysis) Approach.
In this method, differential equations for the load circuit dur-
ing different intervals are written and they are solved to ob-
tain solutions for various state variables. This method is use-
ful when the transient response of the inverter has to be
predicted. Steady-state solutions are obtained by matching
the boundary conditions at the end of various intervals. This
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where Zn is the impedance across terminals A and B. For ex- and
ample, for a series-loaded resonant inverter

ωp = 1/(LsCp)1/2

Zn = {R′2
L + [nωsLs − 1/(nωsCs)]2}1/2 (3)

and, for a series-parallel resonant inverter,
and

φn = tan−1{[nωsLs − 1/(nωsCs)]/R′
L} (4)

M = 1/{[1 + (Cp/Cs )(1 − F2)]2 + (QsF − Qs/F )2}1/2 p.u.

(10)

The voltage and current through other components are ob- In the case of a series resonant inverter, Ls includes the leak-
tained similarly. age inductance of the HF transformer. For parallel and se-

Approximate Analysis Approach. In this method, all of the ries-parallel resonant inverters, leakage inductance is made
harmonics except the fundamental are neglected (2,4,6,7). Al- part of Ls by placing the resonant capacitor Cp across the sec-
though the method is an approximate approach, it is used to ondary winding of the HF transformer.
design an inverter simply. The fundamental voltage across The equations previously derived were used in MATHCAD
AB is given by to obtain the plots of inverter gain versus frequency ratio F

for the three resonant inverters and are shown in Fig. 8. ThevAB = (4E/π)[sin(ωst)] (5)
figure shows that the frequency variation required for load
regulation is very wide for a series-loaded inverter, whereasThen the current at the output of the inverter is expressed as
it is very narrow for a parallel-loaded resonant inverter. But
the inverter’s switch-peak current decreases with the loadi = [4E/(πZ1)][sin(ωst − φ1)] (6)
current for a series-loaded inverter, whereas it does not de-
crease with the load current in a parallel-loaded resonant in-The value of �1 determines whether the inverter is operating
verter. The series-parallel resonant inverter combines the ad-in the lagging or leading PF mode (2). If �1 is negative, the
vantages of series-loaded and parallel-loaded resonantinitial current (i at t � 0) is positive, and the inverter is op-
inverters. Also, with proper selection of the Cs/Cp ratio, a nearerating in the leading PF mode. If �1 is positive, the initial
sine-wave output waveform almost load-independent is ob-current is negative and the inverter is operating in the lag-
tained.ging PF mode, and forced commutation is necessary.

The resonant inverters previously discussed use voltage-Using the approximate analysis, the gain of resonant in-
source input and are therefore voltage-source resonant invert-verters is derived easily. The following base quantities are
ers. If a constant current-source input is used, then one canused for normalizing the equations:
implement a current-source resonant inverter. This type of

Base voltage: VB � E where E � Vs/2 for half-bridge and inverters is discussed in (5).
Vs for full-bridge Resonant inverters are particularly useful in generating

high-frequency voltage waveforms. They are used in induc-Base impedance: ZB � R�L � n2
t RL

tion heating, fluorescent lamp electronic ballasts, and otherBase current: IB � VB/ZB
applications. In electronic ballasts, HF ac (of the order of 20
kHZ) is used to feed the fluorescent lamp instead of 60 Hz ac.For a series loaded resonant inverter, considering only the
This approach reduces the ballast size and also gives morefundamental component and neglecting all the harmonics,
light output. Induction heating is used for surface hardening[Fig. 7(a), with n � 1],
or annealing. In Fig. 1(d), if the material to be heated forms
the secondary coil (the inductance on primary side is re-
moved), then HF currents are induced in the metal piece

M( jωs) = V ′
O1/VAB1 = R′

L

R′
L + j[wsLs − (1/wsCs )]

(7)

forming the secondary circuit. The skin depth or penetration
M = |M( jωs)| = 1/[1 + (QsF − Qs/F )2]1/2 p.u. (8) depth � is given by

where δ = k(ρ/ fs)
1/2 (11)

where � is the resistivity of the material, f s is the HF supply
frequency (i.e., the switching frequency of the inverter), and

Qs = (Ls/Cs )
1/2/R′

L, F = ωs/ωr

ωs = 2π fs

k is a constant. If low frequency is used, then the metal piece
and can be melted. A current-fed parallel resonant inverter is

more popular in this application.
ωr = 1/(LsCs )

1/2
Another application is induction cooking. Here, a metal

pan replaces the metal piece of the induction heating, and theSimilarly, for a parallel-loaded resonant inverter,
switching frequency is approximately 20 to 40 kHz.

M = 1/[(1 − F2)2 + (F/Qp)2]1/2 p.u. (9)

LOAD-RESONANT DC-TO-DC CONVERTERS
where

A load-resonant dc-to-dc converter is realized by rectifying the
HF ac output of the resonant inverter and then filtering to
obtain a smooth dc output. The three most popular half-

Qp = R′
L/(Ls/Cp)1/2

F = ωs/ωp
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Figure 8. Load resonant inverter gain vs
switching frequency ratio F for (a) series-
loaded inverter, (b) parallel-loaded in-
verter, and (c) series-parallel inverter
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bridge versions of dc-to-dc load-resonant converter configura- cause of the filter inductance at the output and low ripple
current requirements for the filter capacitor. The major disad-tions (4–6), namely, the series-resonant converter (SRC), the

parallel resonant converter (PRC) and the series-parallel res- vantage of the PRC is that the device currents do not decrease
with the load current which reduces efficiency at reducedonant converter (SPRC) (also called LCC-type PRC) are

shown in Figs. 9(a–c). A capacitive output filter (CF) is used load currents.
The SPRC [Fig. 9(c)] combines the characteristics and de-in the case of the SRC, and an inductive output filter (LF) is

used for the PRC and the SPRC. For power levels of more sirable features of SRC and PRC.
Higher order resonant converter topologies with improvedthan 500 W to 1 kW, full-bridge configurations are usually

used. characteristics have been realized and many of them are pre-
sented in (6). Recently, modified series resonant convertersLoad voltage is regulated in such converters for input sup-

ply variation and load changes by varying the switching fre- (8,9) have been proposed and have drawn the attention of
many researchers. These configurations give almost thequency or using fixed-frequency (variable pulse width) con-

trol. The latter type of control is easy to implement (2) with same performance as the PWM converters but with re-
full-bridge converters. duced losses.

Series-loaded resonant converters [Fig. 9(a)] are highly ef-
ficient from full load to part load. Transformer saturation is Variable Frequency Operation
avoided because of the series-blocking resonating capacitor.

As explained for resonant inverters, depending on whetherThe major problems with the SRC are (1) it requires a very
the switching frequency is below the natural resonance fre-wide change in switching frequency to regulate the load volt-
quency �r or above �r, the converter can operate in two differ-age and (2) the output filter capacitor must carry high ripple
ent operating modes: (1) Below-Resonance (Leading PF) Modecurrent (a major problem especially in low-output voltage,
and (2) Above-Resonance (Lagging PF) Mode. The operatinghigh-output current applications).
principles, the advantages and disadvantages are the same asParallel-loaded resonant converters [Fig. 9(b)] are suitable

for low-output voltage, high-output current applications be- those explained previously.
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Figure 9. Dc-to-dc load resonant converter
(half-bridge version) configurations suitable
for operation above resonance. Csn1 and Csn2

are the snubber capacitors. (a) Series reso-
nant converter. (b) Parallel resonant con-
verter. (c) Series-parallel (or LCC-type) reso-
nant converter. The capacitor Cp is placed on
the secondary-side of the HF transformer in
(b) and (c) so that the leakage inductances
of the HF transformer are part of resonant
inductance. For operation below resonance,
di/dt limiting inductors and RC snubbers are
required. For operation above resonance,
only capacitive snubbers are required as
shown.
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Some of the problems associated with variable-frequency Fixed-Frequency Operation
control technique are that variation in switching frequency

Some of the problems associated with the variable-frequencyrequired for power control is wide for some configurations
control of resonant converters are overcome by fixed-fre-(e.g., SRC); design of magnetics and filter elements is difficult;
quency operation (9,10). A number of configurations and con-and the size of magnetics becomes large when operated be-

low resonance. trol methods for fixed-frequency operation are available in the
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literature [Ref. 10 gives a list of papers]. Among them, most voltage source [for SRC, Fig. 11(a)] or a square-wave current
source [for PRC and SPRC, Fig. 11(c) shows the constant cur-popular method of control is phase-shift control (also called

clamped mode or PWM operation). Figure 10(b) illustrates the rent models for the PRC] as explained next.
Because of the use of full-wave rectifier at the outputclamped mode fixed-frequency operation of the SPRC shown

in Fig. 10(a). Load power control is achieved by changing the (therefore, this type of resonant converter is also called a dou-
ble-ended resonant converter), the lowest harmonic frequencyphase-shift angle � between the gating signals to vary the

pulse width � of vAB. Depending on the load current and pulse component at the output is twice the switching frequency
(2f s). In the case of SRC, the resonant current is rectified andwidth �, the converter operates in several modes: (a) All

switches operate with ZVS. (b) Two switches operate with filtered by CF. The output filter capacitor CF, is large enough
to assume that the load voltage is constant. Therefore, theZVS and two switches operate in ZCS [Fig. 10(b)]. (c) All

switches operate in ZCS (at very light load conditions). The rectifier input voltage is a square-wave of amplitude VO.
When the resonant current i is positive, output diodes DH1fixed-frequency LCL-type resonant configuration proposed in

(9) operates in ZVS for all switches over a very wide load vari- and DH2 conduct. Similarly, DH3 and DH4 conduct for the
negative cycle of i. For analytical purposes, the rectifier, filter,ation.

Exact analysis of resonant converters is difficult because and load can be replaced by a square-wave voltage-source v�O
[Fig. 11(a)] whose phase with respect to square-wave voltageof the nonlinear loading on the resonant tanks. The rectifier-

filter-load resistor block can be replaced by a square-wave vAB is not known and has to be determined analytically.

Figure 10. (a) Basic circuit diagram of the
series-parallel (LCC-type) resonant con-
verter suitable for fixed-frequency opera-
tion with PWM (clamped-mode) control
(from Ref. 10,  1992 IEEE). (b) Typical
waveforms to illustrate the operation of a
fixed-frequency PWM LCC-type resonant
converter working with a pulsewidth �
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Figure 11. (a) Voltage source model for
the SRC of Fig. 9(a). (b) Waveforms at dif-
ferent points in the PRC circuit of Fig.
9(b) for operation above resonance (from
Ref. 11,  1989 IEEE). (c) Constant cur-
rent models for different operating modes
used to analyze the PRC: (i) mode A oper-
ation; (ii) mode B operation (from Ref. 11,
 1989 IEEE).
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In the case of the PRC and SPRC, the voltage across the and mode A) is shown in Fig. 11(c). Using these models,
it is possible to obtain closed-form solutions for the PRCcapacitor Cp is rectified and filtered, and the current through

the filter inductor LF can be assumed to be constant. With the as presented in (11). However, closed-form solutions
cannot be obtained for higher order topologies or forsame logic used for the SRC, the output rectifier, filter induc-

tor, and load for the PRC and SPRC can be replaced by a various modes of operation (for example, the discontinu-
ous capacitor voltage mode for SPRC).square-wave current source [shown for the PRC in Fig.

For transient analysis, the output voltage/current11(c))].
cannot be assumed constant and the output filter ele-Resonant converters are analyzed by the following three
ments are also treated as state variables, which in-methods:
creases the number of differential equations. Large-sig-
nal analysis is useful for predicting the transient1. Differential equations (or state-space) approach: This
behavior of resonant converters for large step changesmethod is difficult for higher order circuits, but gives
in variables like supply voltage or load. The behavior ofmore exact results. This method is also useful for dy-
resonant converters for small perturbations in variablesnamic analysis [large-signal (12) and small-signal anal-
(for example, switching frequency) is studied by small-ysis (13–15)] of resonant converters. In this method, dif-
signal analysis.ferential equations for different intervals of operation

are written using the constant current model or con- 2. Fourier Series Approach: In this method, the inverter
stant voltage model discussed earlier. These equations output voltage and the rectifier input square-wave volt-
are solved for the various state variables. Closed-form age (or current) are expressed in the Fourier series
solutions are possible by matching the boundary condi- form. A generalized analysis of resonant dc-to-dc con-
tions of the state variables. For example, Fig. 11(b) verters using a two-port model and the Fourier series
shows the typical operating waveforms for the PRC of approach is given in (16). The various waveforms for the
Fig. 9(b), and the constant current model that can be converter are predicted more accurately (compared with

approximate analysis) by this method.used for the analysis during the two intervals (mode B
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3. Approximate Analysis: Using fundamental components where
of the waveforms, an approximate analysis (4,6,7,8,10)
with a phasor circuit gives a reasonably good design ap- B1 = (8/π2)(Cs/Cp)2(Qs/Fs)

2 (18)

proach. This analytical approach is illustrated for the
SPRC in the next section.

B2 = Qs[Fs − (1/Fs)][1 + (8/π2)2(Cs/Cp)2(Qs/Fs)
2]

− (Cs/Cp)(Qs/Fs)
(19)

Methods 2 and 3 give only steady-state analysis. The de- and
scribing function method (15) is an approximate but powerful
method for the small-signal analysis of resonant converters. B3 = 1 + (8/π2)2(Cs/Cp)2(Qs/Fs)

2 (20)
Approximate Analysis of SPRC. Using the fundamental

The value of the initial current I0 is given bywaveforms, the rectifier-filter-load block in Fig. 9(c) is re-
placed by an equivalent ac resistance Rac (� (�2/8)R�L). Figure

I0 = Ip sin(−φ) p.u. (21)12 shows the equivalent circuit at the output of the inverter.
Now the analytical method using this phasor circuit is same where
as that discussed previously. The same base quantities given
there are used for normalization. φ = tan−1(B2/B1) rad. (22)

For an SPRC, the converter gain [normalized per unit
(p.u.) output voltage] referred to the primary side is given by The converter is operating in the lagging PF mode if the ini-
(4,6) tial current I0 is negative. The peak voltage across the capaci-

tor Cp (on the secondary side) is given by

Vcpp = (π/2)Vo V (23)
M = sin(δ/2)/{(π2/8)2[1 + (Cp/Cs)(1 − F2

s )]2

+ Q2
s [Fs − (1/Fs)]2}1/2 p.u.

(12)

The peak voltage across Cs and the peak current through
Cp are given bywhere � � � for variable-frequency operation,

Vcsp = (Qs/Fs).Ip p.u. (24)
Qs = (Ls/Cs )

1/2/R′
L (13)

Icpp = Vcpp/(Xctpu.RL) A (25)
Fs = fs/ fr (14)

where
f s � switching frequency, Ls includes leakage inductance of

Xcppu = (Cs/Cp)(Qs/Fs) p.u. (26)the HF transformer, and

Using Eq. (12), the plot of converter gain versus the switching
frequency ratio Fs is obtained. If the ratio Cs/Cp increases,fr = series resonance frequency = ωr/(2π) = 1/[2π(LsCs )

1/2]
(15) then the converter takes the characteristics of SRC and the

load voltage regulation requires very wide variation in the
The peak inverter output (same as the resonant inductor switching frequency. Lower values of Cs/Cp takes the charac-

and the switch) current is given by teristics of a PRC. Therefore, a compromise value of Cs/Cp �
1 is usually chosen to design such converters (4,6).

The previous approach to derive converter gain and otherIp = 4/[π |Zeq|] p.u. (16)
equations can be repeated (6,7) for the SRC, PRC, and other
resonant converters.where Zeq is the equivalent impedance looking at the termi-

The load resonant converters previously described formnals AB given by
one class of soft-switching resonant converters. There are two
more members of this family, quasi-resonant converters and

Zeq = [B1 + jB2]/B3 p.u. (17) resonant transition converters, discussed in the next two sec-
tions, respectively.

QUASI-RESONANT CONVERTERS

Double-ended, half-bridge or full-bridge load resonant con-
verter configurations discussed earlier are usually used for
power levels above 300 W. For lower power levels, quasi-reso-
nant converters (QRC) generated by adding LC elements in
single-ended PWM converters (for example, buck, boost, fly-
back) are used.

E0 E0 = [  /(2  2)]π  V0

Rac = (  2/8)RLπ

ICp

Zeq

Ein
jXLs – jXCs

A

B

–jXcp

′

′

I

Single-Ended or Quasi-Resonant Converters
Figure 12. Phasor circuit model used for the approximate analysis

These converters generate quasi-sinusoidal voltage (or cur-of the SPRC converter. Rac � (�2/8)R�L where R�L � n2
tRL. For voltage-

source load [e.g., SRC of Fig. 10(a)] Rac � (8/�2)R�L. rent) waveforms and hence the name quasi-resonant convert-
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Figure 13. (a) Zero-current resonant switch (i) L-type
(ii) M-type. (b) Half-wave configuration using L-type
ZC resonant switch. (c) Full-wave configuration using
L-type ZC resonant switch. (d) Implementation of ZCS
QR buck converter using L-type resonant switch. (e)
Operating waveforms for half-wave mode. (f) Op-
erating waveforms for full-wave mode (from Ref. 17, 
1985 IEEE).
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Figure 14. (a) Zero-voltage resonant switches. (b) Half-
wave configuration using ZV resonant switch shown in
Fig. 14(a)(i) (c) Full-wave configuration using ZV reso-
nant switch shown in Fig. 14(a)(i). (d) Implementation of
ZVS QR boost converter using resonant switch shown in
Fig. 14(a)(i). (e) Operating waveforms for half-wave
mode. (f) Operating waveforms for full-wave mode (from
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ers (QRC). They operate with zero-current switching (ZCS)
or zero-voltage switching (ZVS). The QRC configurations are
generated by replacing the switches in conventional PWM
switch-mode converters by the resonant switches shown in
Figs. 13(a) and 14(a). A number of topologies are realizable.
Basic principles of ZCS and ZVS are explained briefly here.

Zero-Current-Switching QRCs

Smain

D V0

Vin

Lr

L

RL

Cr

SA DA

An example of a ZCS QR buck converter implemented with a
ZC resonant switch is shown in Fig. 13(d) (17). When a half- Figure 15. Zero-current-transition PWM boost converter. Elements
wave type resonant switch [Fig. 13(b)] is used, the resonant shown in dashed lines are added to the original PWM boost converter
current (iLr) is a half sine-wave [Fig. 13(e)] and a full-wave (from Ref. 19,  1993 IEEE).
type resonant switch [Fig. 13(c)] generates a full sine-wave
[Fig. 13(f)]. The switching device currents are sinusoidal, and
therefore, the switching losses are almost negligible with low high power converters when IGBTs or bipolar transistors are
turn-on and turn-off stresses. ZCS QRCs operate at frequen- used as the switching devices.
cies of the order of 2 MHz, but they suffer from high peak
currents through the switch and capacitive turn-on losses. Zero-Voltage Transition PWM Converters (20)
IGBTs are the preferred devices in ZCS converters because of

An example of a zero-voltage transition boost converter istheir low on-state voltage drop.
shown in Fig. 16. The function of auxiliary switch SA is to
create a ZVS condition for the main switch at turn-on. Some

Zero-Voltage-Switching QRCs of the problems are that the auxiliary switch turns off like a
PWM switch, and the inductor Lr and the switched-capaci-In these converters, the power semiconductor switch turns on
tance of SA generate ringing when Smain is on. The latter prob-at zero voltage (18). This condition is created by shaping its
lem is solved by a saturable inductor or a damping circuit.off-time voltage waveform by adding the auxiliary LC ele-

In spite of some of the disadvantages mentioned, these con-ments. An example of ZVS QR boost converter implemented
verters have the following advantages: fixed-frequency ZCS orusing a ZV resonant switch is shown in Fig. 14(d). The circuit
ZVS PWM operation with characteristics closer to the PWMoperates in the half-wave mode [Fig. 14(e)] or in the full-wave
converters; operation in ZCS or ZVS for both the switches andmode [Fig. 14(f)] depending on whether a half-wave [Fig.
rectifier diodes for wide load and line voltage variations. But14(b)] or full-wave [Fig. 14(c)] ZV resonant switch is used, and
the leakage inductance of the HF transformer must be mini-the name comes from the capacitor voltage (vCr) waveform.
mized in the isolated version of the converters. Extra compo-The full-wave mode ZVS circuit suffers from capacitive turn-
nents and drive circuits are also required.on losses. The major problem with ZVS QRCs is the increased

A widely used full-bridge, fixed-frequency ZVS PWM con-voltage stress across the switch. However, ZVS QRCs are op-
verter (21,22) operates with ZVT during the switching in-erated at much higher frequencies compared with ZCS QRCs.
stants. In Fig. 10(a), if Cp is removed and Cs is large, thisVariable frequency control is used for power control in QRCs.
configuration results. This converter has characteristics simi-Fixed-frequency control is realized by adding extra power
lar to a PWM converter with approximate square-wave cur-switches.
rents, but operates with ZVS. The gating signals are phase-
shifted as shown in Fig. 10(b) to generate a quasi-square

RESONANT TRANSITION CONVERTERS wave across AB. Similar to the load-resonant ZVS converters,
the snubber capacitor is discharged and the inverse-parallel

From the principles presented in the earlier sections, it can diode across the switch is turned on before turning on the
be observed that the resonant converters suffer from high cur- switch. The function of Cs is to block any dc current flowing
rent (or voltage) stress across the switches caused by the gen- through the HF transformer. The inductance Ls is the leakage
eration of sinusoidal currents (and voltages). To overcome this inductance of the HF transformer plus any external induc-
problem, recently, resonant transition converters have been tance added. Inductor Ls plays an important role. The stored
proposed (19,20). These converters use LC elements together energy in this inductor must be larger than the snubber ca-
with an auxiliary switch (whose rating is much lower than
the main switch) in parallel with the main switching device.
Resonant transitions are used only during switching instants.
The following are two possible types of converters:

Zero-Current Transition PWM Converters

An example of a zero-current transition boost converter is
shown in Fig. 15. More details of operation are in reference
(19). A major problem is the switch capacitance discharge cur-

Smain

D V0

Vin

Lr

L

RL

Cr

SA
DA

rent through the switch at turn-on, which is common for ZCS
converters. In addition, at turn-on, there is an extra current Figure 16. Zero-voltage-transition PWM boost converter. Elements
due to the stored energy in the LC circuit. Because the turn- shown in dashed lines are added to the original PWM boost converter

(from Ref. 20,  1992 IEEE).off tail current is removed, this configuration is attractive in
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16. A. K. S. Bhat, A generalized steady-state analysis of resonantpacitive energy to charge/discharge the snubber capacitors
converters using two-port model and Fourier series approach,and to ensure ZVS for wide load range. On the other hand, if
IEEE Applied Power Electron. Conf., Dallas, March 1995, pp.the inductor is too large, it may take too long to reach the
920–926.required load current within the switching cycle. This also

17. K. H. Liu, R. Oruganti, and F. C. Lee, Resonant Switches—reduces output voltage because of the duty ratio loss. Based
Topologies And Characteristics, IEEE Power Electron. Specialistson these constraints, design methods are given in (21,22). It
Conf. Record, Toulouse, France, 1985, pp. 106–116.is difficult to achieve ZVS at light load conditions. Recently,

this configuration has drawn the attention of researchers and 18. K. H. Liu and F. C. Lee, Zero-Voltage Switching Technique In dc/
many improved versions have been published. There are some dc Converters., IEEE Power Electron. Specialists Conf. Record,

Vancouver, 1986, pp. 58–70.integrated circuits available for generating the gating signals
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UC3875 (22). transition PWM converters, IEEE PESC, Seattle, WA, 1993, pp.
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