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Pulse Form of Magnetron Anode Current Based Determination
of Microwave Power Transferred to Reactor

Abstract. An important task in designing microwave industrial plants is to determine actual power going into a
process reactor. A part of magnetron power reflects from the microwave reactor into generator due to the pro-
cessed material property changes. It results from dielectric property changes, due to changes of temperature, hu-
midity, variation of boundary conditions in the reactor when moving the product. Moreover, the reflected wave sig-
nificantly changes the magnetron regime of operation. The article shows that the power transferred to the pro-
cessed product can be determined based on changes in the current pulse form when using a classic power supply
(high-voltage transformer and a voltage doubling circuit) and power supply with invertor. Also it is possible to esti-
mate the mutual influence magnetrons on each other in microwave installations with multi generator scheme. The
difference in the operation of the classic power supply and inverted power supply leads to necessity for different
power determining algorithms. Microwave power in the load determined experimentally coincides with the micro-
wave power calculated by the developed method, which confirms the reasoning of the algorithm used
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OnpepeneHne ypoBHA MUKPOBOJIHOBOW MOLLHOCTU, NepefiaHHO B peakTop,
no ¢opme aHOAHOr0 TOKa MarHeTpoHa

AHHOmayus. BaxcHoli 300ayeli npu co30aHUU MUKPOBO/IHOBLIX (CBY) npoMeiuwieHHbIX yCMAHOBOK AeA5iemcs onpe-
deneHue pakmuyeckol MoujHocmu, udyweli 8 mexHosno2u4yeckul peakmop. Mpu 8o3delicmeuu MUKpPo80aHO80U IHepauu
Ha Mamepuasn & peakmope Yacme MOWHOCMU OMPAXAemca 8 2eHepamop U3-3a U3MeHeHull ceolicme obpabameigaemo-
20 MamMepuana, a UMeHHO: U3-3a U3MeHeHUs duanekmpu4eckux ceolicme npu UMeHeHUU memnepamypsl, U3-3a yMeHb-
WIeHUs Maccel U 81A0XCHOCMU 8 npoyecce CywKu, Us-3a U3MeHeHUS 2paHUYHbIX yc108ull 8 peakmope npu nepemewjeHuu
obpabameigaemozo Mmamepuana. Kpome mozo, ompaxeHHas 80/HA CyUeCMBEHHO 8/USem HQA pexcum pabomel MazHe-
mpoHa. Leasto 0aHHOU cmameu A8/139emcs onpedesneHue MUKpO8oaHO80U MowjHoCcmu, udywel 8 Hazpysky, no gopme
QHOOHO020 MOKA 8 HU3KOYAacmomHol yenu numaHuUs Ma2HempoHa. B cmamee nokasaHo, Ymo no UsMeHeHUAM PopMebl
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moka 01 MPAHCHOPMAMOPHO20 (NOCMPOEHHO20 C UCN0/1b308AHUEM BbICOKOBO/LMHO20 MPAHCHOPMAMOPA U CXeMbl
yOB0€HUS HaNpPsA»eHUs) U UHBEPMOPHO20 610KO8 NUMAHUS MOXCHO onpedeansims MOUWjHOCMb, nepedaHHyo ob6pabameil-
saeMomy npodykmy. 10 UsMeHeHUK MOKQ MA2HEMPOHA MOMHO OUeHUBAMb U 830UMHOE 8/AUSHUE MAG2HempoHo8 opy2
Ha Opy2a 8 yCmMaHOBKAX, UCNO/Ab3YHWUX MHO202EHEPAMOPHYH CXeMy NOCMPOeHUs cucmeMsl 8036yx#O0eHus peakmopa.
Omauyvusa 8 pabome mpaHCHopMAmMopPHO20 U UHBEPMOPHO20 610K08 NUMAHUSA NPUBOOSIM K He0H6X00UMOCMU CO30aHUS
POa3HbIX aN20pUMMO8 onpedeneHUs MowHoOcmuU. [lpedcmasneHHsle OaHHbIE 3KCNepUMeHMAbHbIX UCC1e008aHUT No ge-
pupukayuu npednazaemMozo an20pUMMA NOKA3AAU nNpueMaeMoe coomeemcmeue MOWHOCMU, PacCYUMaHHol U 3kcne-
pumeHMansHoO UMepeHHOU npu pasHelx 3HaveHusx KCB Hazpy3ku.

KnioueBble c/10Ba: MarHeTPOoH, aHOAHbI TOK, MVKPOBO/IHOBAsi MOLLHOCTb, COTlacoBaHWe C Harpyskoi,
TPaHCPOPMATOPHbIN 610K MUTaHWS, MHBEPTOPHLIA 610K MUTaHWS

Jast umtupoBanusi: Poroxun K. B., BanoB B. A., Cunopenko JI. C. Omnpenenenue ypoBHsI MUKPOBOJIHOBOI MOIIHOCTH, Iepe-
JaHHOIl B peakTop, o (opMe aHOAHOrO Toka marHerpona // M3B. By3oB Poccuu. Pammosnexkrponuxa. 2018. Ne 4. C. 24-31.

doi: 10.32603/1993-8985-2018-21-4-24-31

Introduction. Nowadays commercial microwave
plants are increasingly used in various fields: for
thermal processing of food products [1], disinfection
of medical wastes and instruments [2], obtaining new
materials [3], etc. Alongside with technical term "mi-
crowave power" Russian authors often use "super-
high frequency power" (SHF) as its synonym.

Microwave power application benefits include
short-time heating response, absence of coolant and
no need for temperature gradient. Special feature of
microwave heating is also selectivity of affecting
process material due to the difference in its dielectric
properties. It induces the difference in depth of field
penetration into different materials as well [4].

To achieve required power density in the process
material design engineers often combine of mid-size
power magnetrons (of about 1 kW) together with
power supply units included in configuration of do-
mestic microwave ovens. Lifetime of magnetrons pro-
duced in millions makes about 5000 hours charging
€200...300 for 1 kW of electric power. Such approach
allows to reduce the cost of microwave equipment and
makes reliability excellence of the entire system.

Technological requirements to the modes of ma-
terial processing are ensured by the right choice of
operation frequency of generators, their number, and
optimal design of microwave reactor. It is known that
energy efficient operation regime is realized when it
matches up with the transmission line and reactor in
the chosen frequency range. At that, the voltage
standing-wave ratio (VSWR) in the transmission line
is equal to unity. However, during processing the
product (or material) changes its dielectric properties,
mass, moisture content, density and position which
results in change of matching adjustment. Some
amount of energy bounces off and enters the micro-
wave generator that causes change of generator fre-
quency and its output capacity. Considerable reflection
might lead to generator failure or magnetron break-
down. This phenomenon is commonly referred to as

generator pulling. In this case, processing mode con-
trol goes down, as the load power of the generator and
frequency of its operation are unknown. As a result, it
is impossible to forecast heating temperature and to
estimate properly energy dose received by the product.

Use of coupler together with measuring equip-
ment for determination of VSWR [5] increases the
bottom-line price of microwave equipment as well as
manufacturing complexity. During the development of
equipment for producing high-level power the difficul-
ty in operational evaluation of magnetron and load
matching adjustment is caused by the magnetron
mounting directly onto the reactor without any regular
transmission [6]. In this case incoherent source power
combining occurs directly in the microwave reactor
and at the same time there might take place cross ef-
fect of magnetrons with similar operating frequency.
It might give rise to the pulling effect even with good
load matching adjustment. Operational tracking of
magnetron cross effect is quite a complicated engi-
neering task. The method developed provides one of
options for its solution.

The purpose of this paper is to define evaluation
criteria for the power transferred by the magnetron to
the load based not on the VSWR but on the current
pulse form in the magnetron supply line.

Magnetron anode current pulse form analysis.
To determine the energy given up by the magnetron
we make analysis of the magnetron power supply
unit parameters and in particular the anode current
waveform in relation to matching adjustment condi-
tions. To obtain operating voltage of the magnetron
included in household microwave ovens two types of
power supply units are mostly used: inverter and
transformer (with saturated high voltage transformer
and voltage doubling circuit).

Experimentally measured anode voltage and an-
ode current oscillograms are obtained by means of
digital oscilloscope Agilent Technologies DSO3102A.
The magnetron anode voltage is measured with the
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use of oscilloscope and high voltage bleeder DNV-40,
the anode current is measured with the use of Ohm
resistor and power dissipation of 5 W. The measure-
ments are made at the special laboratory bench [7].

The current oscillograms (at different VSWR
level) and anode voltage for transformer power sup-
ply unit are provided in fig. 1, a, b. As it is shown in [7],
the availability of current in local points (points 1
and 2 in anode current pulse form) is determined by
nonlinear characteristics of saturated high voltage
transformer [8] and magnetron itself.

As computer simulation (LTSpice) of nonlinear volt-
age doubling circuit with a saturated high voltage trans-
former shows, the current in local points 1 indicates a
moment of core saturation [7]. When matching adjust-
ment degrades, the current magnitude changes from 7,

to /5. The authors relate occurrence of the local points 2

with VSWR degradation to physics of the process of
sorting electrons passing inside the magnetron.

The power supply unit high voltage transformer
operates in saturation mode and restricts power
transmitted to the magnetron. Hence, the transformer
restricts the magnetron current but according to
measurement results, when matching adjustment is
changing its average value remains constant. Current
pulse form change is connected with the change in
proportion of useful electrons and harmful electrons
under non-optimal conditions of magnetron genera-
tion caused by the load changes ("sorting" process).
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Fig. 2

Inverter power supply has a high-voltage trans-
former and a voltage doubling circuit (similar to
transformer power supply) with an output half-wave
rectifier. The magnetron generation voltage is about
4000 V. To downsize the inverter power supply (high
voltage transformer in particular) the transformer
input frequency is increased up to 20...40 kHz in-
stead of 50 Hz for a typical transformer unit. Con-
trolling device of the inverter power supply assigns
PWM modulation that specifies magnetron genera-
tion period from 4 to 14 ms. Control PWM signal
modulated by the frequency of 20...40 kHz (depend-
ing on the power supply unit manufacturer) [9] arrives
at the power transistor input and switches voltage to
the high-voltage transformer input winding.

The inverter power supply benefits include mag-
netron power adjustability by change of duty ratio.
With the decrease of PWM duty ratio, discharge of
high-voltage power supply unit decreases. It results
in the magnetron average current variations that in its
turn results in the output power variations. Fig.2
shows the magnetron current line 1 and voltage
waveforms line 2 at maximum power output.

As is shown in [10], the magnetron average cur-
rent (for each value of PWM duty ratio) increases
with the increase of VSWR owing to the increase of
the amount of harmful electrons in magnetron inter-
action distance. By means of measuring bench, cur-
rent value was defined for each PWM level with unit
VSWR. In contrast to transformer power supply
where the magnetron current and hence its power is
restricted by high-voltage transformer, in inverter
power supply the value of current in the magnetron
anode circuit is specified by the magnetron properties.

Processes taking place within magnetron inter-
action distance. To explain the increase of anode cur-
rent when PWM level decreases we consider the pro-
cesses taking place within magnetron interaction dis-
tance at the steady state condition of generation, when
magnetron operates with the transformer power supply.
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In the magnetron interaction distance under sta-
tionary operation condition, in the presence of high
frequency electric field between adjacent resonators
there are two types of electrons: useful electrons and
harmful electrons. The useful electrons transfer part
of their kinetic energy to decelerating high-frequency
electric field and moving along cycloidal path arrive
at the anode. As for the harmful electrons, in the pro-
cess of interaction with high-frequency electric field
they accelerate taking the energy from the field, ar-
rive at the cathode and drop out of the process of
interaction with high-frequency field. Such electrons
cause the cathode excess heating and increase of the
magnetron current. Loss electrons residence time in
the interaction gap is significantly shorter in compare
with recoil electrons. This phenomenon is called sort-
ing of electrons. The recoil electrons transmit more
energy to SHF field than loss electrons can take. This
gives rise to high efficiency of the magnetron [11].

When matching up becomes worse, some part of
SHF power bouncing off of the load reaches the in-
teraction distance, changes the high-frequency field
amplitude and phase at the magnetron coupled cavity
gaps. This causes changes in the process of sorting
and increase of the number of loss electrons that in
its turn increases current in the second local points in
the form of the magnetron current.

The conclusions presented above are valid when the
magnetron operates with inverter power supply as well.

For quantitative assessment of operation pro-
cesses, we made analysis of generation conditions for
the device under test taking into consideration the
size, supply voltage, the standing-wave ratio load
level. Current waveform processing (local maximum
relation analysis) and the magnetron generation pow-
er rating were performed by means of the developed
microprocessor board integrated into the magnetron
operating system [6]. Processing algorithm makes it
possible to determine position of the magnetron cur-
rent local points, as well as the average current over
a period. When the magnetron generation power rat-
ing is performed, the time required for the cathode
glow and the magnetron reaching the rated operating
conditions, as well as possible changes in the cathode
thermal emission is not taken into account.

The magnetron generation condition is defined as
the ratio of the anode voltage value U, and the per-

manent magnets density value B . For every magne-
tron design, the mode of generation is specified by
the condition of SHF power generation [11]:

B2 Byit; Ug 2 Uy crit»

where B is critical density; U, . is critical an-

ode voltage.

The range of possible values of U, and B (fig. 3)

used in magnetrons is specified on the one side by
critical-voltage parabola and on the other side by
Hartley equation, that is a threshold line specifying
the magnetron self-excitation condition [11]. In order
to determine the magnetron mode of operation and
the operating-point position we specify the resonator
gap for the magnetron 2M214 [12] used in micro-
wave commercial plants. The values U, . and

B¢ are defined on account of the size of the mag-

netron anode and cathode assemblies, number of cav-
ities and generation frequency. The size of the mag-
netron anode pack and the cathode is given in fig. 4.
The anode pack of the magnetron consists of ten
cavities. The anode radius is 7, =2.5 MM, the cath-

ode radius is 7, =1.5 Mm.

The magnetron generation voltage (see fig. 1)
equals to 3800 V and it is enough for the magnetron
stable operation. To determine the permanent magnet
density we used Hall sensor SS495A [13]. The sensor
measures the density value and gives voltage propor-
tional to its value. The measured density made 1.42T.
These values of the magnetron voltage and field den-
sity specify the operating point of generation A.

In fig. 3, line 1 corresponds to critical-voltage pa-
rabola; line 2 corresponds to Hartley equation specify-
ing condition for the magnetron self-excitation.
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Fig. 3 indicates that the operating point A is lo-
cated in the magnetron resonator gap.

Calculation of load power when operating
with transformer power supply. We define the
power transferred to the load when the magnetron is
operating with transformer power supply. It is known
[11] that with VSWR equal to one, the magnetron
generated power makes:

Pload =Ua Iy M (1
where U, is anode voltage; [/, is the average anode

current; m is the magnetron efficiency factor.

The magnetron efficiency rate with SWR equal to
one is provided in documentation for each magnetron.
For the magnetron used n = 0.7 [12].

As it is shown in [7], on change of VSWR the
level of power bounced off of the load changes as
well. This leads to the change of relation of local
maximum of the magnetron current marked with dig-
ital symbols in fig. 1. We define power transferred
(fig. 1). We define power transferred to the load by
the change of the anode current waveform introduc-
ing a correction factor k; into (1):

Ul

Pioag =U, I I k1 (2)

where /] is current magnitude in point 1; /, is cur-
rent magnitude in point 2; k; is a factor connecting

the anode current waveform with power transferred
to the load. It is defined by equality of experimental-
ly measured power and corresponding waveform
with VSWR equal to one.

Experimental and design power transferred by the
magnetron to the load on change of VSWR are demon-
strated in fig. 5. Current measurement on change of
SWR was performed on measuring test bench [7] with
calorimetric technique. In fig. 5, line / indicates load
power defined experimentally; line 2 indicates power
transferred to the load and calculated by (2).

Pload= kv
0.7
0.6

0.5

0.4 I S N IR B
1
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Hence, design power transferred to the load cor-
responds to the level of power measured with calo-
rimetric technique to a precision of < 10 %.

Calculation of load power when operating
with inverter power supply. We define the change
of power transferred to the load according to the
magnetron average current magnitude when PWM is
constant:

PloadZPI_(Il_Ia)kb 3)
where P, is level of power corresponding to the set
value of PWM; [ is the magnetron current magnitude,

with SWR = 1; k, is a factor connecting the average

value of the anode current with the load power. This
factor is defined by comparison of experimental and
design data in the point of VSWR = 1.

Change of the magnetron average current with
the increase of VSWR is demonstrated in fig. 6 for
three different levels of the output power.

In fig. 6, line / indicates load power defined ex-
perimentally, line 2 — indicates power transferred to
the load and calculated by (3).

Power transferred to the load when operating
with inverter power supply, determined by calcula-
tion corresponds to the level of power measured on a
measuring test bench using calorimetric technique.
The average error rate of the design value of load
power at any level of the power supply unit installed
capacity does not exceed 50 W.

=~

P load> kY

VSWR



The proposed analysis of the magnetron current wave-
form in multi-generator plants makes it possible not only
to define power transferred to the load by each magnetron,
but to assess the magnetrons’ cross-effect as well [14].

Conclusions. Determination of microwave pow-
er transferred to the processed material makes it pos-
sible to control the material processing technological
parameters. Forecasting of power going to micro-
wave reactor according to the anode current wave-
form in the inverter and transformer power supply
units makes it possible to automate the process con-
trol, to simplify maintenance operation and to reduce
the bottom-line cost of microwave equipment.

The developed control algorithm is implemented
in a control board specific for each particular genera-
tor. Preprocessed information on the magnetron
mode of operation goes from this board to the central
processor of the whole plant.

Use of adaptive control system [15] and a technique
to specify power generated by each magnetron allows
increase the plant energy efficiency in several ways:

M3Bectusa By30oB Poccuun. PaguoanekTpoHuvka. Ne 4/2018

— use of automatic matching system [16];

—magnetron shutdown with matching deterioration;

— change of power generated by magnetron
(when operating with inverter power supply);

— magnetron switching on / shutdown with the
change of processed material parameters leading to the
change of matching (when operating with transformer
power supply).

Besides, the analysis of the magnetron anode
current pulse form allows te implements virtual sen-
sors of product availability in reactor, movement
(mixing) of the product in microwave reactor, boiling
of water, microwave discharge inception, etc.

The use of the developed algorithm of anode cur-
rent analysis and adaptive control system makes it
possible to improve automation of entire system, to
control more precisely the required radiant exposure
of the processed product, to decrease the duration of
debugging mode for new products and materials.
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