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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

ICROWAVE energy technology is increasingly applied
M 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 Il 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 7.,
and magnetron load. The magnetizing inductance L,,, and the
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Fig. 2. Photograph of the prototype.

leakage inductance Lj as well as L, and C). form an LLC
resonant tank. The secondary terminal (N» and Nop) of the
transformer is integrated with series resonance capacitor C},
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 7y and the cavity anode with electrode-oscillating volt-
age Vp required for 2450 MHz microwave of the magnetron.

In the figure, the filament-heating loop is formed by the
integration of secondary winding Nz and C', with equivalent
inductance Ly and resistance Ry so as to perform the step-down
ratio of high-frequency resonance transfer, thus exhibiting the
low voltage of vy and high current of ¢ ;7 of heating power while
reducing the cost of filament heater and minimizing the use of
magnetic components. By considering that Lz is mainly from
spiral leads and its value may vary between factory batches, it is
important to either use the dc heating current 7z or reduce the
variation of ac heating current  ;; 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 Nsp, 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 Vp in order
to deliver the microwave energy of a magnetron device. While
the LLC resonant tank and transformer 7;.,, are designed to
provide the primary voltage v, for magnetron-driven system,
the heating loop and driving loop provide vy (i) and Vp (Ip)
for filament-heating and cavity-oscillating process, respectively.
Following the filament heating operated at the heating frequency
of fsm, the system subsequently drives the magnetron cavity
at the operation frequency of f;p. This regulation control and
operation further ensures the provision of low dc driving voltage
of Vp to facilitate the driving during the filament heating as well
as the arrangement of low current of ¢ 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
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TABLE II
SPECIFICATIONS OF THE DESIGNED TRANSFORMER

Specifications Symbols Values Specifications Symbols Values
Threshold voltage V. 3.9kV Magnetizing inductance Ly 1.04 mH
Resistance of filament Ry 03Q Leakage inductance Ly 32 uH
Inductance of filament Ly 5 uH Number of turns at primary side N 55
Resistance of non-oscillating state R, 2 MQ Number of turns at secondary side  Nap, Noy 197,18
Resistance of oscillating state R. 40 Q Turn ratio of transformer np, Ny 3.573,0.103
Heating voltage of filament VH.rms 5~30 Vims

Heating current of filament It s 5~15 A

photocoupler isolation circuit (TLP-350, Toshiba) is then
adopted to convert the driving signals of vg1—vs4 of 3.3V to
Vg1—Vg4 Of 15 V. In this system, an input dc voltage V4,5 of 310V
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 Ry and inductance L. 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 iy and Vp are
sufficient to induce the microwave power, the magnetron enters
the oscillating zone, where the cavity load of magnetron amounts
to the connection of diode D, resistance R, and source voltage
V., where the load exhibits negative impedance characteristics.

To activate this magnetron to produce the microwave energy,
the proposed system first applies the alternating current ¢y to
preheat the filament electrode and emit thermal electrons. It
is followed by the high dc low-ripple voltage Vp 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 v ,m.s
is 5-30V and the current ¢ g7 s is 5—-15 A. The cavity-driving
loop of magnetron provides the voltage Vp of 4kV that is larger
than the threshold voltage V., of 3.9kV. The operating power Pp
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 7., is real-
ized in this article. The range of heating frequency f,y and
cavity-driving frequency f,p are both concerned. Note that the
inductances of L,, and L; are operated with external resonant
components of L., C,., C} as well as secondary winding of
N 7 and N p 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 density Bs,¢, a high relative permeability /¢,

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

(Pg + Pp) (1 +1/n) - 104.

A =
P 2- AB : st,Inin : J ku

ey

Then, by substituting the winding coefficient k,, of 0.2 of
transformer bobbin and the current density J of 4 A/mm? of
the wire conductor into (1) along with the operating power
Pp of 1kW and the filament-heating power Py of 0.1kW,
A, is calculated to be 22.59 cm? when the energy conversion
efficiency 7 is assumed 85%. Therefore, the frame type of EE100
is selected, and turn ratios of np and ny as well as Ny turns of
primary side are computed as follows:

Nap Vp/4
np = = ’
VTN T e /T cos(2nD,) v
ng = NQH — il (3)

Ny Zhus /T — cos(2mD,)

—2‘:‘;“" 1 —cos(27D,)

N =
! Ae . AB : st,rnin

“

By using (2)—(4), np, ng, and Ny of 3.573, 0.103, and 55 are
calculated with the selection of duty cycle D, of 0.49. This is
followed by the computation of N2 p of 197 turns and Ny 7 of 18
turns. Subsequently, the root-mean-square values of i, s, Ip,
and g rms Of 6.541 Arpg, 0.275 A, and 5 A,y are obtained by
using the following equations:

. B (Pp + Pp)/n

Ip,rms = NG ©)
Y2Vhus | /1 — cos (27 D,.)

ID = PD/VD and Z’H,I‘IIIS = PH/UH,rms~ (6)

At this time, the winding areas of A, Ayp, and A,z of
1.635, 0.069, and 1.25 mm? are accordingly calculated. Diam-
eters of dyyp, dyp, dwr of 1.443, 0.296, and 1.262mm 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, Nop, and N3y, 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
Uy rms Tepresents the root-mean-square value of square-wave
voltage of inverter output, and R p,, represents the cavity load
mapped to the primary side based on the turn ratio of na p. It is
worth mentioning that R p,,, can be deemed as the nonoscillating
equivalence resistance of R before driving or the oscillating
equivalence resistance of D,, R., and V, after driving. The
circuit of Fig. 3 resembles the LLC resonant one, where the
quality factor of Q¢ varies with the change of load Rp,,
or Rym. If Qo increases, then the circuit exhibits series
resonance and the voltage gain becomes smaller than unity,
making it suitable for voltage step-down. However, if Qrrc
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 f, , and
the series—parallel resonance frequency f, s, of LLC tank are
expressed as follows:

1
.fT,s =

1
— — and f,p =
27\/LeqChr Jran = 50 (Loq + L) C,

where L is the summation of L, and L. 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 f;
and f, s, along with the adjustment of voltage transfer charac-
teristics, it facilitates the comprehension of the operating mode
of magnetron cavity driving and filament heating.

(N

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 of L.y and . of LLC tank, it ensures that the system
induces the output dc voltage Vp of 4kV for cavity. The transfer
function G, p of cavity-driving loop is written as follows:

UD

G’UD (.jws) =

Ur rms

_ (jwsLm H RDm H ZH (]ws)) *Np
JwsLeq + ﬁ + (jwsLn || Rom || Zn (jws))

®)
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Fig.4. Simulation results of voltage gain G, p as a function of frequency under
different (a) Leq and (b) C;- conditions.

First, by selecting the series resonance frequency f, s of
40kHz for heating loop as well as the series—parallel frequency
fr.sp of 20kHz for driving loop, C) is calculated to be 44 nF
when L4 equals 350 H. Then, following the determination of
voltage gain for stabilizing Vp, the suitable values of L., and
C,. are evaluated.

Fig. 4 shows the simulation results of transfer gain G, p under
different values of Loq and C,. (0.5, 1.0, 1.5, and 2.0 times) along
with a 20% tolerance. The curve indicates that the frequency
of fsp ranging from 25kHz (fsp min) to 35kHZ (fsp maa) 18
suitable for cavity driving. In Fig. 4(a), through the adjustment of
Ly while maintaining C;. as 44 nF, the curve with L., of 350 uH
indicates the sufficient voltage gain of 12.6dB at fsp in Of
25kHz as well as that of 7.2dB at fsp mqs of 35kHz is reached.
Therefore, the curve with C,. of 44nF 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 35kHz 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 L.,C) series
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TABLE III
PARAMETERS OF RESONANT POWER CIRCUIT

Specifications Symbols Values
Equivalent resonance inductance Ly 350 uH
Capacitance of LLC resonance tank C, 44 nF
Series resonance capacitance Ch 880 nF

resonance in an LLC resonant tank as well as Ly C), series
resonance of filament, the circuit delivers the low heating voltage
of vy and large heating current of iy to filament and cathode
terminal. This voltage transfer function G,z of heating loop is
derived as follows:

(wsLam+Ram) X
J'wscl‘Hm +stLHm+RHm) (9)
(wsLml|Roml|Zr (jws))-nm
j(wSLeq*;)+(jw-€LmHRDMHZH (Jws)) "

wsCr

VH,rms

GUH (jws) =

U, rms

Fig. 5 illustrates the simulation curves in which both Lcq
of 350 uH and C,. of 44nF are selected based on the above
discussion. In this figure, for the gain curve with C}, of 880nF,
the voltage gainis —8.0dB at fs 7, ymqq 0f 45kHzand —13.2dB at
fst,min of 35kHz. Based on the selection of these parameters by
use of microcontroller unit (MCU), the initial filament heating
(operated at fsp maz Of 45kHz) and low-current continuous
heating to induce electron emission for constant heat generation
(operated at fs g mqn Of 35kHz) can be both realized.

Next, when the system is operated at cavity-driving mode
within the operable range of fsp, the voltage gain of G,y
becomes —18.1dB at 25kHz, which is good at reducing the
heating current to avoid disturbing the operating voltage Vp of
the cavity. The gain of G, is, meanwhile, sufficient to induce
the heating current of ¢y continuously without extra preheating
current loss. This gain value of G, iy 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 impedance Z;,, and
phase characteristics of the resonant circuit of Fig. 3, validating
the merit of switching loss reduction. The input impedance Z;,,
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of the resonant circuit is expressed as

ngerr —1

Zin (jws) :]( w.C

)+ (Gwslm | Rom || Zu (jws)) -
(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 (fs p, mmin), 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 /. The smooth variation of linear impedance
ranging from 25 to 35kHz 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 (G,) and driving
(G ) resonances. The figure indicates that the frequency of fsp
and f,p ranges from 25-35kHz to 35-45kHz. In the figure, the
low-gain curve of GGy, is used to reduce the voltage ratio of vy
for filament heating, and the high-gain curve of G is to increase
the voltage ratio of Vp for cavity driving. The system initializes
with MCU starting at f, of 45kHz (fsH, maz) for high current
of ¢z to speed up the heating. This is followed by the tuning
of fo from fsi maz tO fsi,min for the regulation control of
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G, hence decreasing the heating current of iz gradually. Only
when the filament heating is finished, the system will operate
at cavity-driving mode. At this time, f, is operated between
fsD,maz and fsp min S0 that the voltage gain of G4 can be better
maintained. This way of gain-frequency regulation provides a
systematic way of adjusting the operating voltage Vp and current
Ip 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 ¢z, the capacitor
voltage V,1 of double-voltage circuit, and the driving current
Ip. Following the signals of iy, Ip, and V,; converted to
voltage signals of Viy_p, Vip-p, and V1 _p, they are delivered
to the MCU to perform the filament heating and constant-power
control of gating driver. The driving power of Pp of the cav-
ity is grasped based on the measured V,; and Ip, where i
is applied to ensure a continuous electron emission from the
filament cathode. Note that through the adjustment of operating
frequency f, ranging from fsy to fsp, the amplitude of Vp
and iy 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 45kHz, by which the system delivers power to provide the
heating current ¢z and convert it to the direct current signal of
Vim—yp. The signal of Vig_g is then compared with that of
Vidg—rer- ¥ Vig_ry > Vig_reys, then the switching frequency
of fsp is deducted from k| E'y |, where E'y represents the error
between feedback voltage of Vi _ s, and reference voltage of
Vit —res, and kg is the current multiplication ratio. In this way
of voltage comparison, the system error can be reduced while
the transientresponse is accelerated. Yet,if Vig_r, < Vig_rey,
then fsp and k| Ey| are added to increases the output current
i and speed up the filament heating. Once Vig_ gy equals
Vit —res, then the timer module is activated. Only when the
counting time of 7, amounts to the predetermined timer of T}f,
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the operating frequency of the inverter becomes fsp while MCU
is operated at cavity-driving mode.

Next, following the acquisition of dc feedback voltages of
Voi-pand Vi p_ pp, the cavity-driving power Pp_ r;, is calculated
and compared with the reference power Pp_,cr. If Pp_p <
Pp_yey,then fsp and kp|Ep| are deducted, where Ep denotes
the error between Pp_ys;, and Pp_,.r, and kp denotes the
gain coefficient; yet, if Pp_¢, > Pp_rcy, then fyp is added
to kp|FEpl. The switching frequency range of fsy and fsp of
this article are 45 kKHz (fs i, maz) down to 35KkHZ ( fs i min) and
35kHz (fsp maz) down to 25kHz (fsp min), respectively. It is
worth mentioning that parameters of frequencies of fsy maz,
fst,mins fsDmaz. and fsp 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 kg of heating control as well as the gain coefficient kp
of cavity-driven control so as to decrease the operation error of
kg |Ep|and kp|Ep|, 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. 12.  Measured waveforms of v, and i, with the operating power of
(a) (b) (a) 200W, (b) 400 W, (c) 600 W, and (d) 800 W. (v,: 200 V/div, ip,: 20 A/div.).

Fig. 11. Measured waveforms with (a) filament-heating operation and
(b) cavity-driving operation. (vg: 60 V/div, ig: 20A/div, Vp: 2kV/div, Ip:
500mA/div, vy1: 10 V/div, and vy3: 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-Q and 16-k2 resistors serve as the dummy load individually
for heating and driving loop, by which the voltage V4,5 of 310V
is adopted. The power circuit reaches an efficiency of 93.1%
with Pp of 1 kW. Then, the system efficiency of 87.2%, 88.4%,
89.9%, and 91.5% is also recorded when the operating power
Ppis0.2,0.4, 0.6, and 0.8 kW with the corresponding operating
frequency f, of 29.65, 28.21, 26.98, 26.32, and 25.90kHz,
respectively.

A. Integrated Resonant Power Circuit Test

Fig. 11 shows the measured waveforms of vy, iz, Vp, and
Ip. After the cathode filament heating of Fig. 11(a) with fsx
of 41.8kHz, Vp and Ip are measured to be 29.7 Vs and
14.3 A5 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 6 be-
tween v, and 7, under various operating conditions. In Fig. 12(a),
the phase angle 6 is 54° when the cavity is initially operated at
200 W. By adjusting the operating power of cavity to be 400,

igs s L] .
o . h_fi_ 1\ ‘ﬂ‘v‘\/‘vd\lkva AN AL __h_lf} \5 A V)(}’dj\zr
IR A S AT e e | y " | _—
e / { . { {
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(@) (b)

Fig. 13. Waveforms of (a) MOSFETs (77 and T3) and (b) MOSFETS (7’3 and
T.4) when the circuit reaches zero-voltage switching and P is operated at 200 W.
(Vas1=Vdsa: 200 V/div, 1gs—1 gsa: 2 A/div.).

| 0
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Fig. 14.  Waveforms of (a) MOSFETs (77 and T2) and (b) MOSFETS (73 and

T4) when the circuit reaches zero-voltage switching and Pp is operated at 1 kW.
(Vas1—Vasa: 200V/div, 1 35— gsa: 2 A/div.).

600, and 800 W, the phase angle § 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 (v 51—V 4s4) and current
(igs1—i4sa) of MOSFETs T1-T,4 as shown in Fig. 1, where Pp
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 Pp of 200W. (vg: 40V/div, ig: 10A/div, Vp: 2kV/div, Ip:
500mA/div, v41: 10 V/div, and v43: 10 V/div.).
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Fig. 16.  Experimental results of (a) filament heating and (b) cavity driving

under power Pp of 600W. (vg: 40V/div, if: 10 A/div, Vp: 2kV/div, Ip:
500mA/div, vg1: 10 V/div, and v43: 10 V/div.).
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Fig. 17.  Experimental results of (a) filament heating and (b) cavity driving
under power Pp of 1 kW. (vg: 40V/div, if: 10A/div, Vp: 2kV/div, Ip:
500mA/div, v41: 10 V/div, and v43: 10 V/div.).

of 1kW. In these figures, when those waveforms of v 51—V 4s4
are measured at low level because 77-74 are turned ON, the
negative current waveforms of igs1—igs4 are simultaneously
observed. This observation reveals that the currents of i j1—i4s4
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. Vp
and Ip are controlled through the tracking of voltage transfer
gain of Gsp so as to ensure that the cavity power of Pp is well
maintained. In Fig. 15, when the driving power Pp is 200 W, f,,
Vp, and Ip are 29.77kHz, 4.19kV, and 49.59 mA, respectively.
Then, in Fig. 16, f,, Vp, and Ip becomes 27.11kHz, 4.114kV,
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Ip obtained under different operating power.

TABLE IV
MEASURED RESULTS OF MAGNETRON DRIVE

Pp(w) fo (kHz) Vp(kV)  Ip(mA)  vu(Vims)  in(Ams)
200 29.77 4.190 49.59 21.7 8.80
400 28.36 4.127 98.12 16.7 8.02
600 27.11 4.114 149.6 13.8 7.28
800 26.69 4.043 197.7 12.6 6.84
1000 26.12 3.963 254.1 11.3 5.95

and 149.6 mA when Pp is operated at 600 W. Next, when Pp
amounts to 1 kW, the curves of Fig. 17 indicate that f,, Vp, and
Ip are 26.12kHz, 3.963kV, and 254.1 mA. These waveforms
solidify the capability of constant-power control of the proposed
system.

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

To better comprehend the microwave output power Py, the
IEC60705 is referred here for the calculation of microwave
output power, by which the microwave power P, is computed
based on the temperature rise of one-minute water heating. The
results indicate that the microwave output power Py is 0.139,
0.289, 0.445, 0.611, and 0.789kW after one-minute heating
when Pp is operated at 0.2, 0.4, 0.6, 0.8, and 1.0kW, respec-
tively. The conversion efficiency of microwave output from Pp
to Py 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
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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-ES) 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 30s, the load temperature rises
to 90.3°C. At this time, the surface temperature is evenly
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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.

REFERENCES

[1] R.Scapaticci, P. Kosmas, and L. Crocco, “Wavelet-based regularization for
robust microwave imaging in medical applications,” IEEE Trans. Biomed.
Eng., vol. 62, no. 4, pp. 1195-1202, Apr. 2015.

[2] R. K. Verma, S. Maurya, and V. V. P. Singh, “Study of mode control
in long-anode high-power pulse magnetron,” IEEE Trans. Plasma Sci.,
vol. 42, no. 12, pp. 4010-4014, Dec. 2014.

[3] A. Sayapin, U. Dai, and Y. E. Krasik, “S-band relativistic magnetron
operation with multichannel radial outputs of the microwave power,” IEEE
Trans. Plasma Sci., vol. 45, no. 2, pp. 229-234, Feb. 2017.

[4] M. A. Franzi et al., “Recirculating-planar-magnetron simulations and ex-
periment,” [EEE Trans. Plasma Sci., vol.41,n0.4, pp. 639-645, Apr.2013.

[5] M. A. Franzi et al., “Microwave power and phase measurements on a
recirculating planar magnetron,” IEEE Trans. Plasma Sci., vol. 43, no. 5,
pp. 1675-1682, May 2015.

[6] D. Martin, A. Jianu, and D. Ighigeanu, “A method for the 2.45-GHz
magnetron output power control,” IEEE Trans. Microw. Theory Techn.,
vol. 49, no. 3, pp. 542-545, Mar. 2001.

[71 Y.J. Woo, M. C. Lee, K. C. Lee, and G. H. Cho, “One-chip class-E inverter
controller for driving a magnetron,” /[EEE Trans. Ind. Electron., vol. 56,
no. 2, pp. 400-407, Feb. 2009.

[8] Y. J. Woo, S. K. Kim, and G. H. Cho, “Voltage-clamped class-E inverter
with harmonic turning network for magnetron drive,” IEEE Trans. Circuits
Syst. II, Express Briefs, vol. 53, no. 12, pp. 1456-1460, Dec. 2006.

[9] I Tahir, A. Dexter, and R. Carter, “Noise performance of frequency- and

phase-locked CW magnetrons operated as current-controlled oscillators,”

IEEE Trans. Electron Devices, vol. 52, no. 9, pp. 2096-2103, Sep. 2005.

H. L. Bosman, M. L. Fuks, S. Prasad, and E. Schamiloglu, “Improvement

of the output characteristics of magnetrons using the transparent cathode,”

IEEE Trans. Plasma Sci., vol. 34, no. 3, pp. 606-619, Jun. 2006.

S.R.Jang, H.J. Ryoo, S. H. Ahn, J. S. Kim, and G. H. Rim, “Development

and optimization of high-voltage power supply system for industrial

magnetron,” IEEE Trans. Ind. Electron., vol. 59, no. 3, pp. 1453-1461,

Mar. 2012.

[12] M. J. Kim, W. S. Choi, I. W. Jeong, H. C. Park, and K. H. Park, “A new

driving method of the magnetron power supply for a sulfur plasma lamp,”
IEEE Trans. Ind. Electron., vol. 63, no. 9, pp. 5416-5424, Sep. 2016.

[10]

(11]



1930

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

D. G. Bandeira, T. Brunelli, and I. Barbi, “High voltage power supply
using a T-type parallel resonant DC-DC converter,” IEEE Trans. Ind. Appl.,
vol. 54, no. 3, pp. 2459-2470, Jan./Feb. 2018.

J. M. Alonso, J. Garcia, A. J. Calleja, J. Ribas, and J. Cardesin, “Analysis,
design, and experimentation of a high-voltage power supply for ozone gen-
eration based on current-fed parallel-resonant push-pull inverter,” IEEE
Trans. Ind. Appl., vol. 41, no. 5, pp. 1364-1372, Sep. /Oct. 2005.

S. Chudjuarjeen, A. Sangswang, and C. Koompai, “An improved LLC
resonant inverter for induction-heating applications with asymmetrical
control,” IEEE Trans. Ind. Electron., vol. 58, no. 7, pp.2915-2925,
Jul. 2011.

J.W.Kim, M. H. Park, B.H. Lee, and J. S. Lai, “Analysis and design of LLC
converter considering output voltage regulation under no-load condition,”
IEEE Trans. Power Electron., vol. 35, no. 1, pp. 522-534, Jan. 2020.

M. Li, Z. Ouyang, and M. A. E. Andersen, “High-frequency LLC resonant
converter with magnetic shunt integrated planar transformer,” IEEE Trans.
Power Electron., vol. 34, no. 3, pp. 2405-2415, May 2018.

V. Kinnares and P. Hothongkham, “Circuit analysis and modeling of a
phase-shifted pulsewidth modulation full-bridge-inverter-fed ozone gener-
ator with constant applied electrode voltage,” IEEE Trans. Power Electron.,
vol. 25, no. 7, pp. 1739-1752, Jul. 2010.

T. Mishima, S. Sakamoto, and C. Ide, “ZVS phase-shift PWM-controlled
single-stage boost full-bridge AC-AC converter for high-frequency in-
duction heating applications,” IEEE Trans. Ind. Electron., vol. 64, no. 3,
pp- 2054-2061, Mar. 2017.

T. Mishima, C. Takami, and M. Nakaoka, “A new current phasor-controlled
ZVS twin half-bridge high-frequency resonant inverter for induction heat-
ing,” IEEE Trans. Ind. Electron., vol. 61, no. 5, pp. 2531-2545, May 2014.
H. Sarnago, 0. Lucfa, M. P. Tarragona, and J. M. Burdio, “Dual-output
boost resonant full-bridge topology and its modulation strategies for high-
performance induction heating applications,” IEEE Trans. Ind. Electron.,
vol. 63, no. 6, pp. 3554-3561, Jun. 2016.

H. Ma, G. Chen, J. H. Yi, Q. W. Meng, L. Zhang, and J. P. Xu, “A single-
stage PFM-APWM hybrid modulated soft-switched converter with low
bus voltage for high-power LED lighting applications,” IEEE Trans. Ind.
Electron., vol. 64, no. 7, pp. 5777-5788, Jul. 2017.

V. Talla and J. R. Smith, “Design and analysis of a high bandwidth
rectifying regulator with PWM and PFM modes,” IEEE Trans. Circuits
Syst. I, Express Briefs, vol. 63, no. 12, pp. 1121-1125, Dec. 2016.

X. Sun, Y. Shen, W. Li, and H. Wu, “A PWM and PFM hybrid modulated
three-port converter for a standalone PV/battery power system,” /EEE J.
Emerg. Sel. Topics Power Electron., vol. 3,n0. 4, pp. 984-1000, Dec. 2015.

Tsong-Shing Lee (Member, IEEE) received the
Ph.D. degree in electrical engineering from National
Cheng Kung University, Tainan, Taiwan, in 2015.
From 2004 to 2016, he was with AU Optron-
ics Corporation, Hsinchu, Taiwan. Since 2016, he
has been with the Department of Electrical Engi-
neering, Southern Taiwan University of Science and
Technology, Tainan, Taiwan, where he is currently
an Associate Professor. His research interests in-
clude power electronic converters, inductively cou-
pled power transfer systems, display power supply,

resonant circuit, and piezoelectric transformer power application.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

Shyh-Jier Huang (Senior Member, IEEE) received
the Ph.D. degree in electrical engineering from the
University of Washington, Seattle, WA, USA, in
1994.

He is a Distinguished Professor with the Depart-
ment of Electrical Engineering, National Cheng Kung
University, Tainan, Taiwan. His current research in-
terests include electric power quality, power delivery,
and signal-processing applications.

Dr. Huang was the recipient of the Outstanding
Research Award from the National Science Council

of Taiwan in 2004, and the Outstanding Technical Achievement Award from
IEEE Tainan Section in 2016. He was the IEEE Taipei Chapter Chair of the
IEEE Power Engineering Society from 2002 to 2003.

Yu-Ren Lin was born in Tainan, Taiwan, in 1993.
He received the B.S. degree from the National Yunlin
University of Science and Technology, Yunlin, Tai-
wan, in 2015, and the M.S. degree from National
Cheng Kung University, Tainan, Taiwan, in 2017,
both in electrical engineering.

He is with MediaTek, Inc., Hsinchu, Taiwan. His
research interests include power electronics, wireless
power transfer, and power management IC design.

Te-Chun Hung (Member, IEEE) received the Ph.D.
degree in electrical engineering from National Cheng
Kung University, Tainan, Taiwan, in 2016.

From 2013 to 2018, he was with Delta Electronics,
Inc., Tainan, Taiwan. Since 2018, he has been with the
Department of Electrical Engineering, Southern Tai-
wan University of Science and Technology, Tainan,
Taiwan, where he is currently an Assistant Professor.
His research interests include power electronics cir-
cuit design and power electronics applications.

Chien-Chang Chen (Member, IEEE) was born in
Kaohsiung, Taiwan, in 1977. He received the M.S.
and Ph.D. degrees in electrical engineering from Na-
tional Cheng Kung University, Tainan, Taiwan, in
2007 and 2014, respectively.

He is currently an Assistant Professor with the De-
partment of Automation Engineering, National For-
mosa University, Huwei, Taiwan. His research inter-
ests include electromagnetic measurement and con-
trol system, Al fast and precise calculation system,
microwave and radio frequency application system,

power electronics system, and bioelectronic instrumentation.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


