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Tsong-Shing Lee , Member, IEEE, Shyh-Jier Huang , Senior Member, IEEE, Yu-Ren Lin,
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Abstract—This article proposes the combination of filament-
heating and cavity-driven circuit with gain-frequency regulation
control for magnetrons. This article is motivated because some exis-
tent magnetron-driven systems often adopted two resonant circuits
individually for filament heating and cavity driving, resulting in
limited flexibility of power delivery and modulation. Therefore, this
article develops an integrated resonant power circuit that excels at
the capability improvement of filament heating and cavity driving
in the same time such that the design process and power conversion
can be simplified while the output power is effectively induced.
Meanwhile, by considering that the microwave source emission
in the magnetron is often affected by the variation of internal
impedance, this article includes a gain-frequency tracking control.
Through this way of controller design, both heating power and
cavity power are found to be well regulated and the constant-power
operation can be better achieved. To confirm the effectiveness of this
magnetron-driven design, both circuit simulation and hardware
realization are accomplished. Analysis results and experimental
outcome support the practicality of the approach, benefiting the
realization of microwave energy applications.

Index Terms—Frequency regulation, integrated resonant circuit,
magnetron.

I. INTRODUCTION

M ICROWAVE energy technology is increasingly applied
to industry applications that include healthcare electron-

ics, material surface coating, and thin-film material processing
[1]. Magnetron is a high-power microwave output device that
induces the electromagnetic field through filament heating and
cavity driving. The control and operation of the magnetron is
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known to relate with the resonant structure of cavity and filament
heater [2]. The rise in the operating temperature of magnetron
caused changes in the internal equivalent impedance as well
as unstable output microwaves, leading to an uneven power
distribution on the load-bearing surface.

To solve this problem, a study based on the frequency stabi-
lization in the microwave generation was investigated [3], [4],
and the phase measurements for the improvement of planar mag-
netron were subsequently made [5]. These studies indicate that
the comprehension of resonant behavior and filament-heating
current is crucial to the development of a magnetron-driven
system with stable microwave output.

Most magnetrons are operated with filament heating and
cavity driving at the same time. This way of operation would
lead to unnecessary heating when the magnetron is driven. The
heating power is known to be alternating ac low voltage and large
current, while the driving power is of dc high voltage so as to
stimulate magnetron oscillations. Conventional design of driver
circuit often utilized high-voltage transformer loop and filament
feeder to individually supply the power for cavity driving and
filament heating [6]. The class-E high-frequency resonant struc-
ture was employed to reach the close-loop control for magnetron
drive [7]. The harmonic-tuning network with snubber circuit to
reduce resonant voltage peak stress was meanwhile suggested
[8], which was followed by the use of phase-locked loop or
parallel operation to improve the microwave performance of
magnetrons [9]–[11]. Later on, a method of using two sets of
converters to reheat the filament and supply the driving voltage
was made, and the burst-mode operation was used to adjust the
microwave power [12]. The modified parallel resonance driving
architecture [13], [14], the LLC resonant circuit [15]–[17], and
the bridge converter with resonant tank were all suggested to
boost the output voltage [18]–[20]. With the aid of dual resonant
circuit and pulse frequency modulation, these circuit designs
were proved capable of achieving high voltage gain [21]–[24].
Encouraging results of circuit design were gained from the
aforementioned methods, yet each of them came with some
demerits in certain respects, possibly restricting the scope of
microwave energy application.

In this article, the design and realization of an integrated
resonant system with gain-frequency regulation control for mag-
netron driving is proposed. This method consists of a simplified
single-stage integrated circuit with heating and driving loop
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Fig. 1. Configuration of the proposed integrated magnetron-driven system.

design, in which the load characteristics of cavity are concerned.
Through this way of regulation, the constant-power control for
stable operation of magnetron is reached and the consumption
of unnecessary power loss is largely reduced. This regulation
design is completed through the resonance gain analysis of
frequency response of both heating circuit and driving circuit,
by which the flexible pulse frequency modulation is applied to
adjust the microwave output power when encountering any load
variation. Both circuit simulation for parameter determination
and hardware realization for performance evaluation are made.
The features of the proposed method are listed as follows.

1) The method includes a gain-frequency regulation control,
by which it ensures to realize the filament heating first, and
then, the cavity driving one. With this flexible preheating
power modulation mechanism, the driving power can be
reduced.

2) This article proposes an integrated single-stage resonant
power circuit with gain-frequency analysis and parameter
calculation for two loops of filament-heating loop and
cavity-driving one.

3) This article presents a systematic design procedure for
the magnetron power system, which can be extended as a
didactic tool to help practitioners become more acquainted
with microwave energy applications.

In this article, Section II describes the configuration of the
proposed magnetron system, Section III addresses the integrated
circuit and its resonance gain analysis, Section IV illustrates
the control strategies of regulation control, Section V gives the
experimental results. Finally, Section VI draws the conclusions.

II. PROPOSED SYSTEM DESIGN

Fig. 1 illustrates the architecture of the proposed integrated
power circuit for magnetron drive, which comprises a full-bridge
inverter, double-voltage circuit, multiwinding transformer Trw,
and magnetron load. The magnetizing inductance Lm and the

Fig. 2. Photograph of the prototype.

leakage inductance Lk as well as Lr and Cr form an LLC
resonant tank. The secondary terminal (N2H and N2D) of the
transformer is integrated with series resonance capacitor Ch

and double-voltage circuit to form a filament-heating loop and
cavity-driving loop, respectively. Through this design, the sys-
tem provides the cathode with high-frequency filament-heating
current iH and the cavity anode with electrode-oscillating volt-
age VD required for 2450 MHz microwave of the magnetron.

In the figure, the filament-heating loop is formed by the
integration of secondary winding N2H and Ch with equivalent
inductanceLH and resistanceRH so as to perform the step-down
ratio of high-frequency resonance transfer, thus exhibiting the
low voltage of vH and high current of iH of heating power while
reducing the cost of filament heater and minimizing the use of
magnetic components. By considering that LH is mainly from
spiral leads and its value may vary between factory batches, it is
important to either use the dc heating current iH or reduce the
variation of ac heating current iH such that the noise affecting the
cavity of magnetron can be better minimized [6]–[8], [11]. As
for the cavity-driven loop, it consists of two sets of secondary
winding N2D, double-voltage circuit with four times voltage
step-up ratio, and cavity equivalent load. This loop comes with
the high dc low-ripple current received from voltage VD in order
to deliver the microwave energy of a magnetron device. While
the LLC resonant tank and transformer Trw are designed to
provide the primary voltage vp for magnetron-driven system,
the heating loop and driving loop provide vH (iH) and VD (ID)
for filament-heating and cavity-oscillating process, respectively.
Following the filament heating operated at the heating frequency
of fsH , the system subsequently drives the magnetron cavity
at the operation frequency of fsD. This regulation control and
operation further ensures the provision of low dc driving voltage
of VD to facilitate the driving during the filament heating as well
as the arrangement of low current of iH to maintain continuous
electron emission during the cavity driving. By comparing with
published articles where the preheating and driving are per-
formed simultaneously with a higher instability [6], the proposed
method is relatively stable with less power loss.

Fig. 2 shows the photograph of the completed power supply
system for magnetron drive. In the hardware realization, the
use of silicon carbide planar MOSFET (SCT2080KE, Rohm) is
to take advantage of its high-voltage resistance, fast switch-
ing, large voltage rating, and low ON-resistance. A gate-driven
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TABLE I
SPECIFICATIONS OF THE MAGNETRON DEVICE

photocoupler isolation circuit (TLP-350, Toshiba) is then
adopted to convert the driving signals of vs1–vs4 of 3.3 V to
vg1–vg4 of 15 V. In this system, an input dc voltageVbus of 310 V
from the power-factor-correction circuit is employed. Detailed
descriptions are discussed in the following.

A. Magnetron Driving

On the upper side of Fig. 1, the equivalent circuit of magnetron
load is observed. The tungsten wire between filament terminal
and cathode is deemed equivalent to the connection between
resistance RH and inductance LH . The resonant cavity between
cathode and anode has oscillating and nonoscillating zones.
When the magnetron is operated in the nonoscillating zone, it
is equivalent to the resistance Rs. Only when iH and VD are
sufficient to induce the microwave power, the magnetron enters
the oscillating zone, where the cavity load of magnetron amounts
to the connection of diodeDz , resistanceRz , and source voltage
Vz , where the load exhibits negative impedance characteristics.

To activate this magnetron to produce the microwave energy,
the proposed system first applies the alternating current iH to
preheat the filament electrode and emit thermal electrons. It
is followed by the high dc low-ripple voltage VD employed
for the cavity driving. Once electrons receive sufficient energy,
high-frequency oscillations will be generated in the cavity along
with the production of microwave energy of 2450 MHz. Table I
tabulates the parameters of this proposed system, where an
industrial magnetron (2M410A, Panasonic) served as the mi-
crowave source. In the heating loop, the source voltage vH,rms

is 5–30 V and the current iH,rms is 5–15 A. The cavity-driving
loop of magnetron provides the voltage VD of 4 kV that is larger
than the threshold voltage Vz of 3.9 kV. The operating powerPD

of magnetron cavity is almost 1 kW. These design values enable
the magnetron cavity to operate in an oscillating zone.

B. Realization of Multiwinding Transformer

The high-frequency multiwinding transformer Trw is real-
ized in this article. The range of heating frequency fsH and
cavity-driving frequency fsD are both concerned. Note that the
inductances of Lm and Lk are operated with external resonant
components of Lr, Cr, Ch as well as secondary winding of
N2H and N2D so that voltage decrement in the filament heating
and voltage increment in the cavity driving are individually
reached [11]–[18]. In this circuit, the manganese–zinc ferrite
material is used for the transformer core because it presents a
high saturation flux densityBsat, a high relative permeabilityμr,

TABLE II
SPECIFICATIONS OF THE DESIGNED TRANSFORMER

and low iron loss. The study in this article chooses Ferroxcube
PC40 for the transformer core, and its saturation flux density
Bsat is 510 mT. Care must be taken to ensure that ΔB is within
the appropriate range since excessiveΔB would increase the loss
of transformer core. Following the selection of safety margin of
0.5, ΔB is calculated to be 265 mT while the required area Ap

of a transformer frame is calculated as

Ap =
(PH + PD) (1 + 1/η) · 104
2 ·ΔB · fsD,min · J · ku . (1)

Then, by substituting the winding coefficient ku of 0.2 of
transformer bobbin and the current density J of 4 A/mm2 of
the wire conductor into (1) along with the operating power
PD of 1 kW and the filament-heating power PH of 0.1 kW,
Ap is calculated to be 22.59 cm2 when the energy conversion
efficiency η is assumed 85%. Therefore, the frame type of EE100
is selected, and turn ratios of nD and nH as well as N1 turns of
primary side are computed as follows:

nD =
N2D

N1
=

VD/4
2Vbus

π

√
1− cos(2πDc)

(2)

nH =
N2H

N1
=

vH
2Vbus

π

√
1− cos(2πDc)

(3)

N1 =
2Vbus

π

√
1− cos(2πDc)

Ae ·ΔB · fsD,min
. (4)

By using (2)–(4), nD, nH , and N1 of 3.573, 0.103, and 55 are
calculated with the selection of duty cycle Dc of 0.49. This is
followed by the computation of N2D of 197 turns and N2H of 18
turns. Subsequently, the root-mean-square values of ip,rms, ID,
and iH,rms of 6.541 Arms, 0.275 A, and 5 Arms are obtained by
using the following equations:

ip,rms =
(PD + PH)/η

√
2Vbus

π

√
1− cos (2πDc)

(5)

ID = PD/VD and iH, rms = PH/vH,rms. (6)

At this time, the winding areas of Awp, AwD, and AwH of
1.635, 0.069, and 1.25 mm2 are accordingly calculated. Diam-
eters of dwp, dwD, dwH of 1.443, 0.296, and 1.262 mm are
obtained. According to UEW Class 0 standard, this article selects
the copper conductor for the primary and secondary side and
diameters of 1.5, 0.3, and 1.3 mm are chosen for the winding
of N1, N2D, and N2H, respectively. Table II summarize these
design results.
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Fig. 3. Simplified architecture of the resonant power circuit.

III. ANALYSIS OF RESONANT POWER CIRCUITS

Fig. 3 depicts the simplified resonant power circuit, where
vr,rms represents the root-mean-square value of square-wave
voltage of inverter output, and RDm represents the cavity load
mapped to the primary side based on the turn ratio of n2D. It is
worth mentioning thatRDm can be deemed as the nonoscillating
equivalence resistance of Rs before driving or the oscillating
equivalence resistance of Dz , Rz , and Vz after driving. The
circuit of Fig. 3 resembles the LLC resonant one, where the
quality factor of QLLC varies with the change of load RDm

or RHm. If QLLC increases, then the circuit exhibits series
resonance and the voltage gain becomes smaller than unity,
making it suitable for voltage step-down. However, if QLLC

decreases, then the circuit presents the series–parallel resonance
feature, where the voltage gain is larger than one and suitable
for voltage boosting. The series resonance frequency fr,s and
the series–parallel resonance frequency fr,sp of LLC tank are
expressed as follows:

fr,s =
1

2π
√
LeqCr

and fr,sp =
1

2π
√
(Leq + Lm)Cr

(7)

where Leq is the summation of Lr and Lk. When the circuit
exhibits series–parallel resonance characteristics, it is helpful
for cavity driving. When the circuit is operated at the series
resonance condition, then it is suitable for filament heating.
Therefore, by justifying the resonance frequency points of fr,s
and fr,sp along with the adjustment of voltage transfer charac-
teristics, it facilitates the comprehension of the operating mode
of magnetron cavity driving and filament heating.

A. Resonant Gain Analysis for Cavity-Driving Loop

The cavity-driving loop of integrated resonant circuit is ap-
plied here to increase the voltage step-up ratio. Through the
adjustment ofLeq andCr of LLC tank, it ensures that the system
induces the output dc voltage VD of 4 kV for cavity. The transfer
function GvD of cavity-driving loop is written as follows:

GvD (jωs) =

∣∣
∣∣

vD
vr,rms

∣∣
∣∣

=
(jωsLm ‖ RDm ‖ ZH (jωs)) · nD

jωsLeq +
1

jωsCr
+ (jωsLm ‖ RDm ‖ ZH (jωs))

. (8)

Fig. 4. Simulation results of voltage gain GvD as a function of frequency under
different (a) Leq and (b) Cr conditions.

First, by selecting the series resonance frequency fr,s of
40 kHz for heating loop as well as the series–parallel frequency
fr,sp of 20 kHz for driving loop, Cr is calculated to be 44 nF
when Leq equals 350 μH. Then, following the determination of
voltage gain for stabilizing VD, the suitable values of Leq and
Cr are evaluated.

Fig. 4 shows the simulation results of transfer gainGvD under
different values ofLeq andCr (0.5, 1.0, 1.5, and 2.0 times) along
with a 20% tolerance. The curve indicates that the frequency
of fsD ranging from 25 kHz (fsD,min) to 35 kHz (fsD,max) is
suitable for cavity driving. In Fig. 4(a), through the adjustment of
Leq while maintainingCr as 44 nF, the curve withLeq of 350μH
indicates the sufficient voltage gain of 12.6 dB at fsD,min of
25 kHz as well as that of 7.2 dB at fsD,max of 35 kHz is reached.
Therefore, the curve with Cr of 44 nF as shown in Fig. 4(b)
demonstrates a linear variation of resonance gain and realizes the
constant-power operation, illuminating the effective regulation
of driving power. Moreover, as seen from the right-hand side
of 35 kHz in Fig. 4(a), the voltage gain of cavity-driving loop
decreases when the frequency increases. This feature facilitates
the emission of thermal electron of filament electrode, assisting
in the heating process with a low driving voltage.

B. Resonant Gain Analysis for Filament-Heating Loop

The filament-heating loop of resonant power circuit is de-
signed to reduce the voltage ratio. By way of LeqCr series
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Fig. 5. Simulation curves of voltage transfer gain GvH with different Ch.

TABLE III
PARAMETERS OF RESONANT POWER CIRCUIT

resonance in an LLC resonant tank as well as LHCh series
resonance of filament, the circuit delivers the low heating voltage
of vH and large heating current of iH to filament and cathode
terminal. This voltage transfer function GvH of heating loop is
derived as follows:

GvH (jωs) =
∣
∣∣ vH,rms

vr,rms

∣
∣∣ = (jωsLHm+RHm)(

1
jωsCHm

+jωsLHm+RHm

) ·
(jωsLm‖RDm‖ZH(jωs))·nH

j(ωsLeq− 1
ωsCr

)+(jωsLm‖RDm‖ZH(jωs))
.

(9)

Fig. 5 illustrates the simulation curves in which both Leq

of 350 μH and Cr of 44 nF are selected based on the above
discussion. In this figure, for the gain curve with Ch of 880 nF,
the voltage gain is−8.0 dB atfsH,max of 45 kHz and−13.2 dB at
fsH,min of 35 kHz. Based on the selection of these parameters by
use of microcontroller unit (MCU), the initial filament heating
(operated at fsH,max of 45 kHz) and low-current continuous
heating to induce electron emission for constant heat generation
(operated at fsH,min of 35 kHz) can be both realized.

Next, when the system is operated at cavity-driving mode
within the operable range of fsD, the voltage gain of GvH

becomes −18.1 dB at 25 kHz, which is good at reducing the
heating current to avoid disturbing the operating voltage VD of
the cavity. The gain of GvH is, meanwhile, sufficient to induce
the heating current of iH continuously without extra preheating
current loss. This gain value ofGvH can be also flexibly adjusted
to decrease the heating current or shut down the operation, hence
reducing the noise interference to the cavity. Table III lists the
parameters of resonant circuit for this article.

C. Input Impedance and Phase Characteristics

The section is aimed at analyzing the input impedanceZin and
phase characteristics of the resonant circuit of Fig. 3, validating
the merit of switching loss reduction. The input impedance Zin

Fig. 6. Simulation curves of total input impedance Zin and phase angle.

Fig. 7. Gain-frequency regulation of filament-heating and cavity-driving
resonance.

of the resonant circuit is expressed as

Zin (jωs) = j(
ω2
sLeqCr − 1

ωsCr
) + (jωsLm ‖ RDm ‖ ZH (jωs)) .

(10)
Fig. 6 delineates the relation between the input impedance

Zin and phase of the integrated resonant circuit. The inductive
feature is observed when the system is operated at the right-
hand side of 25 kHz (fsD,min), and the zero-voltage switching of
MOSFETs is realized. This curve implies that the lower operating
frequency would result in smaller impedance, forming a larger
driving current of ID. The smooth variation of linear impedance
ranging from 25 to 35 kHz further ensures an achievement of
constant-power operation for magnetron drive.

IV. CONTROL OF GAIN-FREQUENCY REGULATION

By combining the filament-heating loop with cavity-driven
loop as a single-stage circuit, this article goes to investigate the
gain-frequency regulation control for magnetrons. Fig. 7 illus-
trates the gain-frequency curves of both heating (Gh) and driving
(Gd) resonances. The figure indicates that the frequency of fsD
and fsH ranges from 25–35 kHz to 35–45 kHz. In the figure, the
low-gain curve of Gh is used to reduce the voltage ratio of vH
for filament heating, and the high-gain curve of Gd is to increase
the voltage ratio of VD for cavity driving. The system initializes
with MCU starting at fo of 45 kHz (fsH,max) for high current
of iH to speed up the heating. This is followed by the tuning
of fo from fsH,max to fsH,min for the regulation control of
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Fig. 8. Block diagram of gain-frequency control.

Gh, hence decreasing the heating current of iH gradually. Only
when the filament heating is finished, the system will operate
at cavity-driving mode. At this time, fo is operated between
fsD,max and fsD,min so that the voltage gain ofGd can be better
maintained. This way of gain-frequency regulation provides a
systematic way of adjusting the operating voltageVD and current
ID of the cavity, achieving the goal of constant-power control.

Fig. 8 depicts the block diagram of gain-frequency control
method. In this figure, the MCU (PIC24FJ256GB106, Mi-
crochip) includes timer module, analog-to-digital converter, in-
terrupt control, and output comparator. The sampling circuit is
responsible for acquiring the heating current iH , the capacitor
voltage Vo1 of double-voltage circuit, and the driving current
ID. Following the signals of iH , ID, and Vo1 converted to
voltage signals of VIH-fb, VID-fb, and Vo1-fb, they are delivered
to the MCU to perform the filament heating and constant-power
control of gating driver. The driving power of PD of the cav-
ity is grasped based on the measured Vo1 and ID, where iH
is applied to ensure a continuous electron emission from the
filament cathode. Note that through the adjustment of operating
frequency fo ranging from fsH to fsD, the amplitude of VD

and iH can be effectively tuned. Distinctive features of this
gain-frequency regulation control for magnetron drive includes:
1) the active adjustment of operating frequency to preheat the
filament and then drive the cavity; 2) the extension to a wider
range of operating frequencies for voltage modulation; and 3) the
achievement of constant-power control for microwave stability.

Fig. 9 shows the flowchart of regulation control that consists
of heating control mode and cavity-driving mode. When the
system is activated, the controller is initialized and operated at
the heating mode. The operating frequency of inverter starts
at 45 kHz, by which the system delivers power to provide the
heating current iH and convert it to the direct current signal of
VIH−fb. The signal of VIH−fb is then compared with that of
VIH−ref . If VIH−fb > VIH−ref , then the switching frequency
of fsH is deducted from kH |EH |, whereEH represents the error
between feedback voltage of VIH−fb and reference voltage of
VIH−ref , and kH is the current multiplication ratio. In this way
of voltage comparison, the system error can be reduced while
the transient response is accelerated. Yet, ifVIH−fb < VIH−ref ,
then fsH and kH |EH | are added to increases the output current
iH and speed up the filament heating. Once VIH−fb equals
VIH−ref , then the timer module is activated. Only when the
counting time of Tc amounts to the predetermined timer of Tref ,

Fig. 9. Flowchart of the proposed gain-frequency regulation control.

the operating frequency of the inverter becomes fsD while MCU
is operated at cavity-driving mode.

Next, following the acquisition of dc feedback voltages of
Vo1-fb andVID−fb, the cavity-driving powerPD−fb is calculated
and compared with the reference power PD−ref . If PD−fb <
PD−ref , then fsD and kD|ED| are deducted, where ED denotes
the error between PD−fb and PD−ref , and kD denotes the
gain coefficient; yet, if PD−fb > PD−ref , then fsD is added
to kD|ED|. The switching frequency range of fsH and fsD of
this article are 45 kHz (fsH,max) down to 35 kHz (fsH,min) and
35 kHz (fsD,max) down to 25 kHz (fsD,min), respectively. It is
worth mentioning that parameters of frequencies of fsH,max,
fsH,min, fsD,max, and fsD,min can be flexibly selected based
on the specification of the magnetron. Meanwhile, the control
mechanism can be designed to tune the current multiplication
ratio kH of heating control as well as the gain coefficient kD
of cavity-driven control so as to decrease the operation error of
kH |EH | and kD|ED|, hence improving the stability of filament
heating and cavity operation. After the aforementioned control,
the design of magnetron-driven system with feedback control
is completed. Hardware realization along with its experimental
results will be detailed in the next section.

V. EXPERIMENTAL RESULTS

To validate the feasibility of the proposed system for mag-
netron drive, a hardware circuit is constructed. The high-voltage
probe (P6015A, Tektronix), high-voltage differential probe
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Fig. 10. Block diagram of the test setup.

Fig. 11. Measured waveforms with (a) filament-heating operation and
(b) cavity-driving operation. (vH: 60 V/div, iH: 20 A/div, VD: 2 kV/div, ID:
500 mA/div, vg1: 10 V/div, and vg3: 10 V/div.)

(P5210, Tektronix), and current probe (TCP312, Tektronix) with
an amplifier (TCPA300, Tektronix) are employed to measure the
magnetron voltage and current. Fig. 10 shows the block diagram
of the test setup that consists of power factor-correction (PFC)
circuit, integrated magnetron-driven circuit, chamber, detector,
data-acquisition (DAQ) card, and personal computer. The data
collected through the DAQ card along with the data received
from the probe are sent to the computer for the test analysis. The
5-Ω and 16-kΩ resistors serve as the dummy load individually
for heating and driving loop, by which the voltage Vbus of 310 V
is adopted. The power circuit reaches an efficiency of 93.1%
with PD of 1 kW. Then, the system efficiency of 87.2%, 88.4%,
89.9%, and 91.5% is also recorded when the operating power
PD is 0.2, 0.4, 0.6, and 0.8 kW with the corresponding operating
frequency fo of 29.65, 28.21, 26.98, 26.32, and 25.90 kHz,
respectively.

A. Integrated Resonant Power Circuit Test

Fig. 11 shows the measured waveforms of vH , iH , VD, and
ID. After the cathode filament heating of Fig. 11(a) with fsH
of 41.8 kHz, VD and ID are measured to be 29.7 Vrms and
14.3 Arms as Fig. 11(b) delineates. These results support the fea-
sibility of the method for filament heating (41.8 kHz) and cavity
driving (32.6 kHz), validating the completion of gain-frequency
regulation and operation current control. The sequential opera-
tion of this proposed approach for heating and driving is stable
as well when compared with the previous published method [6].

Fig. 12 shows the measured waveforms of phase angle θ be-
tween vr and ip under various operating conditions. In Fig. 12(a),
the phase angle θ is 54° when the cavity is initially operated at
200 W. By adjusting the operating power of cavity to be 400,

Fig. 12. Measured waveforms of vr and ip with the operating power of
(a) 200 W, (b) 400 W, (c) 600 W, and (d) 800 W. (vr: 200 V/div, ip: 20 A/div.).

Fig. 13. Waveforms of (a) MOSFETs (T1 and T2) and (b) MOSFETS (T3 and
T4) when the circuit reaches zero-voltage switching and PD is operated at 200 W.
(Vds1–Vds4: 200 V/div, Ids–Ids4: 2 A/div.).

Fig. 14. Waveforms of (a) MOSFETs (T1 and T2) and (b) MOSFETS (T3 and
T4) when the circuit reaches zero-voltage switching and PD is operated at 1 kW.
(Vds1–Vds4: 200 V/div, Ids–Ids4: 2 A/div.).

600, and 800 W, the phase angle θ becomes 43°, 35°, and 27°,
respectively. These results reveal that the resonant circuit can be
operated at inductive feature, exhibiting the practicality of the
resonant tank for magnetron drive.

Following the confirmed inductive features of Fig. 12, Figs. 13
and 14 depict the waveforms of voltage (vds1–vds4) and current
(ids1–ids4) of MOSFETs T1–T4 as shown in Fig. 1, where PD

is individually operated at light load of 200 W and heavy load
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Fig. 15. Experimental results of (a) filament heating and (b) cavity driving
under power PD of 200 W. (vH: 40 V/div, iH: 10 A/div, VD: 2 kV/div, ID:
500 mA/div, vg1: 10 V/div, and vg3: 10 V/div.).

Fig. 16. Experimental results of (a) filament heating and (b) cavity driving
under power PD of 600 W. (vH: 40 V/div, iH: 10 A/div, VD: 2 kV/div, ID:
500 mA/div, vg1: 10 V/div, and vg3: 10 V/div.).

Fig. 17. Experimental results of (a) filament heating and (b) cavity driving
under power PD of 1 kW. (vH: 40 V/div, iH: 10 A/div, VD: 2 kV/div, ID:
500 mA/div, vg1: 10 V/div, and vg3: 10 V/div.).

of 1 kW. In these figures, when those waveforms of vds1–vds4
are measured at low level because T1–T4 are turned ON, the
negative current waveforms of ids1–ids4 are simultaneously
observed. This observation reveals that the currents of ids1–ids4
run through the body diode of MOSFETs (SCT2080KE, Rohm).
The zero-voltage switching is achieved, benefiting the reduction
of switching loss.

B. Gain-Frequency Regulation Control Test

Figs. 15 –17 depict the measured results of cavity driving with
constant-power control under different operating conditions.VD

and ID are controlled through the tracking of voltage transfer
gain of GsD so as to ensure that the cavity power of PD is well
maintained. In Fig. 15, when the driving power PD is 200 W, fo,
VD, and ID are 29.77 kHz, 4.19 kV, and 49.59 mA, respectively.
Then, in Fig. 16, fo, VD, and ID becomes 27.11 kHz, 4.114 kV,

Fig. 18. Measured results of operating frequency fsD, voltage VD, and current
ID obtained under different operating power.

TABLE IV
MEASURED RESULTS OF MAGNETRON DRIVE

and 149.6 mA when PD is operated at 600 W. Next, when PD

amounts to 1 kW, the curves of Fig. 17 indicate that fo, VD, and
ID are 26.12 kHz, 3.963 kV, and 254.1 mA. These waveforms
solidify the capability of constant-power control of the proposed
system.

Fig. 18 shows the operation frequency fo, voltage VD, and
current ID under various cavity-driving power PD. Table IV
lists the experimental results of driving and heating for this test.
When the operating powerPD of the cavity is increased from 0.2
to 1.0 kW, its operating frequency fo is gradually adjusted from
29.77 kHz down to 26.12 kHz with the aid of gain-frequency
regulation control. As an example, with the operating power of
400 W increased to 800 W, fsD, VD, and ID vary from 28.4 kHz,
4.125 kV, and 93.12 mA to 26.44 kHz, 4.043 kV, and 194.8 mA.
These measurements confirm the frequency-tracking operation,
which also indicates that the current grows when the voltage
of VD drops following the increased operating power, hence
demonstrating the negative impedance feature.

To better comprehend the microwave output power PM , the
IEC60705 is referred here for the calculation of microwave
output power, by which the microwave power PM is computed
based on the temperature rise of one-minute water heating. The
results indicate that the microwave output power PM is 0.139,
0.289, 0.445, 0.611, and 0.789 kW after one-minute heating
when PD is operated at 0.2, 0.4, 0.6, 0.8, and 1.0 kW, respec-
tively. The conversion efficiency of microwave output from PD

toPM is about 69.5%–78.9%, which is related with antenna loss
of cavity, waveguide loss, and space environment of chamber.

Fig. 19 shows the operating curves of magnetron cavity with
and without gain-frequency tracking control mechanism. As
depicted in the figure, when the cavity is operated without
constant-power control, an unstable condition is observed, as the



LEE et al.: COMBINATION OF FILAMENT-HEATING AND CAVITY-DRIVEN CIRCUIT WITH GAIN-FREQUENCY REGULATION CONTROL 1929

Fig. 19. Measured results of operating power PD obtained with and without
constant-power control mechanism.

Fig. 20. Output power PD obtained with constant-power control during 10 min
operation.

Fig. 21. Photograph of a real load operated (a) without magnetron-driven
heating and (b) with magnetron-driven heating after 30 s.

red dot indicates. Then, following the employment of constant-
power control through an effective parameter tuning of heating
control as well as cavity-driven control, the microwave output
is seen to be maintained at 800 W of higher stability.

Fig. 20 shows the operating power curves of magnetron cavity
for the duration of 10 min under gain-frequency tracking control.
The curve indicates that the cavity achieves constant-power
operation after the first 29-s driving, where the subsequent
operating power comes with only ±3 W deviation, supporting
the advantage of the proposed control method.

Fig. 21 is the photograph of a real load (a glass cup of wa-
ter) operated with and without the proposed magnetron-driven
system. The infrared camera (FLIR-E5) is employed to measure
the thermal image of this load. In Fig. 21(a), the temperature
is measured to be 27.3 °C. Then, in Fig. 21(b), by activating
the magnetron oscillation for 30 s, the load temperature rises
to 90.3 °C. At this time, the surface temperature is evenly

distributed, assisting in the emission of microwave energy to
increase the heating temperature swiftly. By comparing the
proposed method with the previously reported approach [6],
the distinctive features of this article lie in: 1) the realization
of constant-power control which is less affected by the variation
of magnetron impedance; 2) the combination of heating loop
and driving loop as a single-stage power circuit; and 3) the
achievement of gain-frequency regulation control with filament
heating first and cavity driving next. Experiences gained from
these practical tests may serve useful references for microwave
industry applications.

VI. CONCLUSION

This article presents an integrated single-stage resonant
power circuit and gain-frequency regulation mechanism for
a magnetron-driven system. Resonant analysis and operation
frequency characteristics are individually made for magnetron
cavity-driving loop and filament-heating loop, which accom-
panies with the investigation of circuit parameters and multi-
winding transformer design. The proposed method effectively
performs filament heating and cavity driving with constant-
power control, where the zero-voltage switching is meanwhile
achieved. Experimental outcomes validate the practicality of the
proposed circuit and control method, benefiting electric power
applications of magnetron systems.
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