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Voltage-Clamped Class-E Inverter With Harmonic
Tuning Network for Magnetron Drive

Young-Jin Woo, Sang-Kyung Kim, and Gyu-Hyeong Cho, Member, IEEE

Abstract—A passive lossless snubber utilizing harmonic reso-
nance is proposed for the voltage-driven class-E inverter. This
snubber reduces the peak resonant voltage stress across the
switch in class-E operation by adding the third-order harmonic
current into the fundamental resonant part and can be extended
to a higher-order network for further reduction. Though the
principle is actually equivalent to the class-F operation in RF
power amplifiers, it is first tried for the class-E inverter without a
current source inductor. A series of analyses is performed to find
component values that provide the optimum harmonic condition,
and the experimental results from the inverter power supply for
driving a magnetron are presented.

Index Terms—Class E, class F, harmonic resonance, induction
heating (IH), microwave oven (MWO), snubbers.

I. INTRODUCTION

Asingle-ended quasi-resonant zero-voltage switching
(ZVS) inverter with a single insulated gate bipolar tran-

sistor (IGBT) is usually adopted to drive a magnetron for
household microwave ovens (MWOs) nowadays. This actu-
ally class-E inverter power supply has been evolved from a
ferroresonant step-up transformer to reduce size and weight
and to control the output power for smart cooking [1]. This
type of class-E inverter is also the main topology for the now
popular induction heating (IH) appliances, which have many
advantages over those using conventional heating [2].

As exhibited by the class-E operation in power amplifiers,
which was first introduced in [3], class E features inherent soft
switching, hence, small switching loss, and simple single-switch
configuration. Though throughout years, most of the works re-
lated to class-E have been done on the configuration with a cur-
rent source inductor in the dc-feed line [3]–[6], the circuit be-
comes simpler and more cost effective if more harmonics are
acceptable in their outputs. This class-E circuit is realized with
only one inductor and one capacitor in the load network [7], [8].
The aforementioned MWO and IH seem to be the successful ap-
plications of this type of class-E operation to power conversion.
In the RF field, main discussions are found on its optimum oper-
ating condition—zero-voltage switch and zero-voltage slope at
the instant the switch is turned on. In inverter applications, how-
ever, zero-voltage slope is usually unimportant, whereas ZVS is
crucial to the switching losses.
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This simple and cost-effective inverter does operate well for a
100-V ac line, but its high peak voltage across the switch in reso-
nance is a potential problem, making it difficult to use for higher
ac line voltages. The peak voltage is about four times higher than
the input dc voltage when satisfying ZVS condition. Thus, other
inverter topologies have been proposed to resolve this problem.
Good examples of such are the active clamp class-E (ACCE) in-
verter [2], [9] and the half-bridge-type series resonant inverter
[10]. However, the adoption of these topologies raises the in-
verter cost due to the high price of the additional power switch.

In contrast to these two-switch approaches, other class-E vari-
ants with a passive voltage clamping feature have been recently
proposed for power amplifiers [11]–[13]. However, they are not
acceptable for large power inverters, especially for the voltage-
driven class-E inverters with a loosely coupled leakage trans-
former specifically used for driving a magnetron.

In this brief, a passive lossless snubber utilizing harmonic
resonance is proposed, which makes it possible to sustain the
low-cost single-switch class-E inverter in driving a magnetron.
Though the idea was inspired by the Fourier series expansion
of a square wave, it is actually found in radio engineering
as a class-F or a higher-order class-E power amplifier [14],
[15]. However, it has not been tried yet in power conversion,
especially with this type of class-E inverter that does not have
a current source inductor—RF choke. To construct the snubber
network that gives the optimum harmonics, the theoretical
groundwork is first accomplished as a general form, and then,
simulation and experimental results are presented to validate
the reasoning.

II. SYSTEM OVERVIEW

MWOs are the high-voltage systems that generate microwave
energy that cooks food. The heart of the system is the mag-
netron, which produces the required 2.45-GHz microwave. The
configuration of the inverter power supply for driving the mag-
netron is shown in Fig. 1, with key operational waveforms at
each part.

The input ac line voltage is rectified by the diode bridge and
the filter. The rectified dc voltage fluctuates as high as the
ac line amplitude since the purpose of the filter is to remove
switching frequency noise. The main power stage is the voltage
source type of class-E inverter, which is the most efficient in-
verter known so far. The on time of the IGBT switch is con-
trolled mainly for power factor correction (PFC) and partly to
limit the peak power and the peak resonant voltage. Conse-
quently, its duty and frequency change according to the dc bus
voltage . The switching frequency decreases in its valley re-
gion and increases in its peak region, but it does not normally
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Fig. 1. Configuration of the class-E inverter power supply driving the magnetron.

exceed 50 kHz because of the reliability degradation with an
increased switching loss in the IGBT. The step-up transformer
boosts the inverted voltage, and the secondary diodes and ca-
pacitors constitute a voltage doubler rectifier. The induced high
dc voltage drives the magnetron. When the voltage between the
anode and the cathode exceeds about 4 kV, the magnetron anode
current begins to flow from the anode to the cathode. On the
other hand, when the voltage between the anode and the cathode
is lower than a certain cutoff voltage, the anode current mostly
does not flow. Hence, the electrical equivalent circuit model of
the magnetron can be simply represented by a Zener diode.

The efficiency of the system is estimated by boiling water in
the MWO and measuring the temperature rise. The main energy
loss occurs in the magnetron whose efficiency is around 80%.

III. CONFIGURATION AND OPERATION PRINCIPLE

The class-E inverter core is composed of an IGBT switch ,
a resonant capacitor , and a step-up high-voltage transformer

with a loose coupling factor . When is on, power is
transferred to the magnetron by forward operation. Next, when

is off, resonates with the equivalent inductance of the
transformer side, and power is transferred by flyback manner.
Furthermore, when the resonant voltage across the switch
drops to zero, turns on again, and the above cycle goes on
and on. Since the switch current and voltage waveforms do not
overlap during the switching time intervals, switching losses are
virtually zero, yielding high efficiency. The input power is con-
trolled by the on time of , which actually determines the input
current waveform and, hence, the power factor. A power factor
near unity is obtained by controlling the on time, which is sim-
ilar to the boost PFC scheme.

The proposed snubber is actually the harmonic tuning net-
work shown in Fig. 2(b). It incorporates single or multiple har-
monic branches into the original class-E inverter circuit. Each
branch connected parallel to is composed of a inductor ,
a capacitor , and a diode . The dominant current compo-
nent in each branch, which is denoted by , flows through .

Fig. 2. (a) Class-E inverter with the proposed snubber. (b) Generalized rep-
resentation of the proposed snubber with the ac equivalent core of the class-E
inverter.

In case only the third harmonic branch is configured (
and ) as shown in Fig. 2(a), when is off, the third har-
monic current mainly flows through , concurrently with the
fundamental current. In addition, it operates oppositely around
the resonant peak, hence, resulting in the reduced peak voltage.

prevents the harmonic resonance from continuing during
the switch-on time, and the residual current in freewheels
through and .
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If the higher harmonic branches are further added, a lower
peak voltage can be obtained. In each branch, the resonant fre-
quency and the characteristic impedance , which are de-
fined in the follows, should be properly determined to lower the
peak value of under the same output power condition:

The proposed snubber does operate without ’s. How-
ever, that makes the snubber more sensitive to the input line
or power variation, because the consequent on time change
directly affects the relationship between the fundamental and
the harmonics, from which rather disastrous result may come.

IV. FORMULATION

Intuitively or by solving the th-order differential
equation, during the resonant period, can be expressed as

(1)

The expression is rather simplified as follows: It is a damped os-
cillatory system, and therefore, it would be natural to encompass
exponential terms, but this is neglected in (1). The operation of
the voltage doubler, which is used for the magnetron drive, re-
sults in the secondary side resonance. This affects the primary
side resonances and complicates the whole operation, but the ef-
fect is not dominant and was also neglected in this formulation.
Furthermore, it sometimes happens that the harmonic currents
leak through the freewheeling diodes out of the resonant tank
even during the switch-off time. It also makes the derivation less
ideal, but the duration is short enough for most cases.

First, should satisfy the condition to make an
odd harmonic series. Second, The relative magnitudes of ’s
compared with can be determined from the following rea-
soning: When the Fourier series coefficients of a square wave are
used, the waveform converges too slowly as increases, which
is an important point in physical realization, and has an unde-
sirable effect known as the Gibbs phenomenon. If only the third
harmonic component is used , a coefficient between
1/6 and 1/9 is a better choice, not 1/3. The minimum peak is ob-
tained at 1/6, and the flat-top waveform is achieved at 1/9. When
more harmonics are used , the peak reduces further,
but the coefficients are not easily determined theoretically. One
particular result with , however, is still obtainable—the
flat-top waveform at 1/6 for the third harmonic and 1/50 for the
fifth harmonic, as was already noticed in [16].

Equation (1) can be represented as the summation of each
harmonic current at , i.e.,

(2)

Recognizing that each branch current is almost equal to the
term of , (2) shows that the current ratio of
to should be times the ratio of to . Then, the relative

magnitudes of ’s should be determined correspondingly to
organize the optimum harmonic mixing.

To easily understand the relations between the fundamental
and the harmonics as well as for the convenience of design, the
following normalized values of and are preferred:

Then, the values of and are defined as follows:

The use of primary inductance of is, however, more
preferable since the equivalent inductance is not easily
available in real design. If we define another factor of as

, is approximately for most of the dc
bus voltage fluctuation. When is low, i.e., in the valley
region, there are time periods when the secondary current of
does not flow, and therefore, the voltage doubler circuit oper-
ates in discontinuous mode. As a result, somewhat increases
equivalently, and the harmonics are established away from the
optimum condition. However, it matters little since the resonant
voltage level in the valley region is low enough. For the
purpose of easy manipulation of data, by letting be unity, the
relationships described above are redefined as follows:

Now, we can guess the initial design values for the optimum
harmonic condition under the simplifying assumptions, though
the reasoning should be concluded with SPICE simulation.
Roughly regarded as , each actually deviates from
by the influence of the other branches, which has the form of a
function of all ’s and ’s referring to the solution of the
differential equation.

For , together with , the following equations
are obtained:

(3)

(4)

From (1) and (2), with the assumptions that the fundamental
current is dominant in and that has a flat-top waveform,
we arrive at the following relationship:

(5)

Substituting (5) into (3) and (4) gives a solution of
and . It corresponds to of 4.18 and of 2.19
when of is 0.77. In reality, further tradeoffs are possible
in determining the values of and , considering the ratings
of ’s.
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Fig. 3. (a) Sample waveforms with key parameters under a nonoptimum harmonic mixing. (b)–(d) Characteristics varied with N and N . V = 140 V,
P = 2:5 kW, k = 0:77, L = 36:5 �H, L = 13:4 mH, L = 0:25 �H, C = 0:33 �F, C = 6 nF, and C = 3 nF. (b) Basic inverter characteristics
around the default value of L and C . (c) First-order harmonic tuning network (m = 1). (d) Second-order harmonic tuning network (m = 2) with N = 1:5.

V. SIMULATION AND EXPERIMENTAL RESULTS

Using PSPICE simulation, the operation of the proposed
snubber was confirmed, and their characteristics were mea-
sured and analyzed. Simulation models of IGBTs were created,
referring to Fairchild models of 1000-V/60-A and 900-V/60-A
IGBTs and their data sheets. More accurate models can be
made, but it complicates the work and tends to cause conver-
gence problem in the circuit simulation. The equivalent circuit
model parameters of the magnetron in Fig. 2(a) were deter-
mined by matching the simulation waveforms with the actual
ones. Major concerns are the variation of resonant peak voltage

and current , freewheeling current at each diode in
harmonic branches, and ZVS failure voltage according to
the values of and . They are illustrated in Fig. 3(a).
is the voltage across the switch when it turns on— turns
on with some time delay after crosses over a predefined
value. The results are plotted versus for several values of

under the same input power as shown in Fig. 3(b)–(d).
Without the proposed snubber, as Fig. 3(b) shows, cannot
be lowered much because it is inversely proportional to .
The added harmonics do not have much effect on and are,
hence, omitted in Fig. 3(c) and (d). Near-optimum values of

and for the minimum are found as 2.6 and 1.5,
respectively, for . Rather lower values, compared with
the theoretically expected values, could be mainly attributed to
the lowered slope of the fundamental current around the peak
region of by the load effect—more accurately, the secondary
resonance. Fig. 3 shows that the peak stress can be reduced by
about 23% without ZVS failure for .

The efficiency of the inverter little changes with the adoption
of the proposed snubber. Our simulation result shows that the
efficiency reduces to 92.0% from 92.8% under the same input
power of 1.3 kW when only the third-order harmonic branch

Fig. 4. Measured waveforms at the peak of the dc bus voltage. V = 100V ,
P = 1:3 kW, P � 2:5 kW, L = 36:5 �H, L = 13:4 mH, L =
0:25 �H, C = 0:33 �F, k = 0:77,C = 6 nF, and C = 3 nF; N =
2:6 and N = 1:8 (L = 24:1 �H and C = 69 nF); and N = 2:6 and
N = 1:5 (L = 21:2 �H and C = 84:5 nF).

was constituted near the optimum condition. A sine wave of
100 V/60 Hz was applied to the input diode bridge, and the
power consumption at the equivalent magnetron model was
measured as the output power. The ZVS and PFC controllers
were also implemented in the circuit level, which is actually
the same as in the experimental setup. A default diode model
in PSPICE was used for the input bridge rectifier and the
high-voltage diodes in the voltage doubler rectifier. A built-in
diode model in the Fairchild IGBT model was used for the
diodes ’s in the harmonic tuning network. Series resistances
of the transformer windings were neglected.

Fig. 4 shows the experimental result under the following
conditions: ac line input of 100 V, input power of 1.3 kW, input
peak power of 2.5 kW, and power factor of about 0.98. The
SGL60N90DG3, a 900-V/60-A Fairchild IGBT device, was
used as the main switch. The turn ratio of the three-winding
high-voltage transformer is . The
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switching frequency changes roughly from 50 kHz in the peak
region to 20 kHz in the valley region of the dc bus voltage.
The operational waveforms of the basic class-E inverter with
only the fundamental component is shown in the left part of the
figure. The remaining two figures show the changed waveforms
after the third-order harmonic component is added .
The middle part of the figure shows that the harmonic mixing
is near optimum ( and ), and the right
part of the figure shows that the third-order harmonic current is
excessive ( and ). Notice that shows
the opposite slope to around the peak region. Compared
with the original waveform, the peak voltage is lowered by
about 20%.

One drawback with this snubber in reality comes from an
extremely stiff nonlinear characteristic of the magnetron, par-
ticularly before and after it starts. The input average power is
slightly over 100 W before it starts and up until the anode-to-
cathode voltage reaches about 8 kV. It starts within a few
seconds, and then it acts like a Zener diode in the normal oper-
ation mode. Hence, the value of varies approximately from

to before and after the magnetron starts, which
deviates the harmonics from the optimum condition. In IH ap-
plications, the proposed harmonic mixing can be free from this
problem.

VI. CONCLUSION

The proposed harmonic tuning network is simply configured
and effectively reduces the resonant peak voltage stress of the
voltage-driven class-E inverter. It uses only low-cost passive el-
ements instead of a costly IGBT, compared with an active clamp
or a half-bridge approach, and is free from the troublesome work
of floating gate control. To find the optimum harmonic condi-
tion, basic mathematical reasoning was followed by intensive
computer simulation up to the second order, which is thought
be a practically useful range. It was successfully tested for the
magnetron drive and could find other applications based on this
voltage source type of class-E operation.
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