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1. INTRODUCTION

The Figure 1A indicates a microwave power supply for industrial application requiring 4800 Watts
of power for N=6 magnetrons (each magnetron needs a power of 800 Watts to generate a high frequency
wave of 2.4GHz). These magnetrons are powered by 6 ordinary transformers with magnetic shunt, through
six cell voltage doublers. In Figure 1B, the configuration of this microwave supply system is improved by
reducing the number of transformers to 3 transformers, newly dimensioned, each of which is capable of
supplying the power of two magnetrons simultaneously. Last but not least a new three phase microwave
power supply is developed in order to be able to provide the useful power required for the 6 magnetrons. This
new power supply is more optimal in terms of its mass and its volume; also it reduced the wiring congestion,
which reduces the costs of manufacturing and maintenance.

Figure 2 shows the schematic diagram of the new three-phase character high voltage power supply
for N=2 magnetrons. It is a star connection of three high voltage leakage field transformers that each one
supplies two doublers cells voltage and current stabilizers.
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Figurel. (A) Classical single phase microwave power supply for N=6 magnetrons
(B) The new single phase microwave power supply for N=6 magnetrons
(C) The new three phase microwave power supply for N=6 magnetrons

This article consists of two main parts: In the first part, we present an equivalent circuit diagram of
the new character three-phase high voltage power supply constituted of three identical models star-connected
of single-phase high voltage power supply for N=2 magnetrons [1]-[3]. The simulation of the new three-
phase high voltage power supply electrical operation allowed to observe its different time dependent curves
of different currents and voltages.And that to compare with those obtained experimentally [4]-[6] in
conventional single-phase high voltage power supply for single magnetron (Figure 6.B). Finally, the anode
current regulation process in each magnetron has been completely verified.
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Figure 2. Character three phase high voltage power supply for two magnetrons per phase

Concerning this new character three-phase high voltage power supply for two magnetrons per phase,
the second part of this article was devoted to studying the influence of one or more magnetrons failures on
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the electric operation of the rest of the other functional magnetrons. In this failure’s study; we will
successively analyze the following cases:

- One faulty magnetron and five magnetrons in service.

- Two faulty magnetrons and four magnetrons in service.

- Three faulty magnetrons and three magnetrons in service.

- Four faulty magnetrons and two magnetrons in service.

- Five faulty magnetrons and one magnetron in service.

- Six faulty magnetrons.

2. PROPOSED METHOD FOR THE MODELING OF THE NEW THREE PHASE HIGH
VOLTAGE POWER SUPPLY FOR TWO MAGNETRONS PER PHASE

The equivalent circuit diagram should reflect the behavior of the entire power supply circuit
including the magnetron and the transformer with magnetic shunt. On the one hand the solving of the electric
and magnetic equations of the whole system is too complicated, and the solution could be only numeric using
the EMTP simulation software, with the possibility of studying the selection of materials and dimensions of
the transformer for further optimization. On the other hand the EMTP software [7]-[9] takes into account the
nonlinearities of the system, by accepting the data relating to the saturable inductors.

The advantage of the second model of quadrupole in m [10]-[12] is in its single phase equivalent
circuit which would be more convenient for studying the transformer’s functioning with EMTP. This model
is natural, because each iron core inductor is a function of its reluctance, so it’s a function of the permeability
of a specific part in the magnetic circuit, that is assumed fictively closed on which are wound n, secondary
turns. The immediate benefit of this model, is being able to assign to each inductor a nonlinear relationship
“current-flow” in the form of n2®(i), from the geometrical parameters of a specific portion of the
transformer’s magnetic circuit, which allows to interpret its reel operation in nonlinear regime.

There is another equivalent electrical model of the transformer with magnetic shunt, named the
model in T [13],[14], but it doesn’t reflect the nonlinearity of the inductors, associated to each portion of the
transformer.

2.1. Single-phase high voltage power supply for two magnetrons: Equivalent circuit model

The transformer in Figure 3 is considered without iron losses due to hysteresis and Foucault
currents; only the saturation phenomenon is taken into account. The functioning of the transformer is
characterized by the following system of magnetic and electric equations:

U, = ryly + my ddy, At (D
U = —rely + 1 dsde At (2
R + Ryp®y = ngi, 3)
R.®:— Ry @ = — mls 4)
@y = B+ (5)

After the transformation of the five above equations (1) to (5), we obtain the six following equations
(6) to (10), which reflect the equivalent electric model in & of the transformer with magnetic shunt.

Uy, = ¢ + Al Mpyde (6)
U = — iy + dfli0/dt (7)
dfL'p M ifde = dfly 1) de+ dfLip 1) de (8)
iy =1 + ' )
i =&+ b (10)
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ny : primary coil's turns

n, : secondary coil's turns

U, : primary voltage

U, : secondary voltage

ry . resistance in the primary windings

r, . resistance in the primary windings

i1 : primary current

i : secondary current
U, T i's ,Rp ,Lp : current, reluctance and inductance associated with de party [ ABC]

i'sh ,Rsh ,L'sh : current, reluctance and inductance associated with de party [ AC]
is ,Rs ,Ls : current, reluctance and inductance associated with de party [ ADC]

3a

Figure 3. Geometrical characteristics of magnetic and electric circuit of the transformer with magnetic
shunt

The figure 4 shows the scheme © of this power supply. We note that each of the three saturable
inductors is a function of its own reluctance [15],[16], so it’s also a function of its own permeability in a
précised part of the correspondente magnetic circuit, which is supposed fictitiously closed, and in which n,
secondaries turs are rolled. This model was successfully verified [17]-[19] and showed that each magnetron
delivers its full desired power.

n=224 L

3800V

Magnetron 1

Ul=(n/m)U, 3500

C2 3800

Magnetron 2

Figure 4. Electrical equivalent model of the single phase high voltage power supply for two magnetrons

2.2. New three-phase high voltage power supply for two magnetrons per phase

To achieve the new three-phase system in the two Figures 2 and 5, we have just to star couple three
models (identical to that described in Figure 3 that will be supplied respectively by single-phase voltages
with a phase difference of 120 degrees. It should be recalled that each model of the secondary side comprises
a high voltage transformer with appropriate sized shunts which drives two identical loads in parallel that are
composed by a voltage doubler (capacitor and diode) and magnetron.

3.  RESULTS AND DISCUSSION

The simulation under EMTP of the electrical operation of the three-phase character HV power
supply for N=2 magnetrons per phase was performed for each case of breakdown. The observation of the
obtained waveforms from the currents and voltages allowed making the corresponding analysis of the
different characteristics of its high voltage circuit and particularly that of the magnetron current.

3.1. The simulation in EMTP of the equivalent circuit model of the new character three-phase high
voltage power supply
The electrical operation of the new three-phase power supply described in Figure 5 of microwave
generator with six magnetrons in total (two magnetrons per phase) was simulated in EMTP, which allowed
us to obtain the time curves (Figure 6.a) of voltages (Condenser, diode and magnetron) and currents (diode,
magnetron and secondary). The three primaries nominals voltages of the studied power supply have the same
rms 220V - 50Hz and are phase shifted 120 degrees.
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Figure 5. Character three phase high voltage power supply for two magnetrons per phase (Equivalent circuit
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Figure 6. Simulation and experimental results, a). The simulation’s results with EMTP of a character
three phase high voltage power supply for two magnetrons per phase, b). The experimental waveforms
of currents and voltages of a single phase high voltage power supply for one magnetron (nominal mode)

For each of the two magnetrons of same phase in nominal operation (220V and 50Hz in primary
side), the electric current’s signals (diode, magnetron and secondary side) and voltages (capacitor, magnetron
and secondary side) may constitute an assembly which have the same form as that of single magnetron’s
conventional feeding. These signals are periodic variable quantities (but they are not sinusoidal), globally for
all three phases simultaneously feeding two magnetrons, therefore there are three successive sets of signals
which are phase shifted by 120 degrees. It can be concluded that the curves obtained through simulation in
EMTP of new simultaneous power supply’s three-phase device of two magnetrons per phase (in non-linear
regime), are in accordance with the experimental waveforms recorded in the case of single magnetron’s
single-phase power supply (Figure 6.b).

We observe that the maximum value of current magnitude in each of both identical magnetrons in
each of three phases remains less than the limit (<1,2A), which respects the constraints imposed and
recommended by the manufacturer of magnetrons thus ensuring the correct operation of the microwave tube.
Taking into account the foregoing, the informations mentioned before, the electrical current stabilization
process in each magnetron is completely verified, as shown in Figure 7.
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+10% of the nominal voltage

3.2. Case of one faulty magnetron and five magnetrons in service

The simulation results under EMTP code of the assembly of Figure 8.a are indicated in Figure 8B.
We observe that the magnetron breakdown of phase 1 reduces the operation of the corresponding voltage
doublers which supplies it, composed of one diode D; and one condenser C; having 0.9uF. The latter has to
be charged through the diode D, at the secondary peak voltage delivered by the high voltage transformer.

The operating point of each running magnetron is not disturbed. The breakdown of one between six
powered magnetrons does not change the operation of the five remaining magnetrons in service. For the
phase containing two magnetrons, a magnetron in breakdown and a running magnetron, we observe at the
commutation time of the diode the presence of transient oscillations, at the level of the voltages across the
functional magnetron and the secondary of the transformer (Figure 8.b). This is simply due to the change of
the nominal operating point of the magnetron running of this phase. Each of the two other phases containing
two running magnetrons, the absence of transient oscillations at the level of voltages indicates the correct
electrical operation of these two magnetrons.

For the phase containing two magnetrons, a magnetron in breakdown and a running magnetron, we
observe at the commutation time of the diode the presence of transient oscillations, at the level of the
voltages across the functional magnetron and the secondary of the transformer (Figure 8.b). This is simply
due to the change of the nominal operating point of the magnetron running of this phase. Each of the two
other phases containing two running magnetrons, the absence of transient oscillations at the level of voltages
indicates the correct electrical operation of these two magnetrons.
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Figure 8. Circuit Models: case of one faulty magnetron and five magnetrons in service a). Circuit model of a
character three phase HV power supply for N=2 magnetrons per phase, b). Waveforms of currents and voltages of
the circuit in Figure 8.a.

3.3. Case of two faulty magnetrons and four magnetrons in service
3.3.1. Case of two faulty magnetrons in the same phase

The simulation’s results with EMTP code of the assembly in Figure 9.a are shown in Figure 9.b. It is
noted that each of the two faulty magnetrons of same phase 1 reduces the operation of its corresponding
voltage doubler, consisting of one diode and one condenser having 0.9 pF. This condenser has to charge
through the diode D1 at the secondary peak voltage supplied by the high voltage transformer.
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For each of the other two phases, the operating point of each of the two magnetrons in service is not
disrupted. The failure of both magnetrons of the same phase doesn’t affect the operation of the remaining
four magnetrons in service of the other two phases. The two faulty magnetrons of same phase (phase 1) have
no interaction effect on the operation of the four other functional magnetrons (phase 2 and phase 3). Given
that their operating points are not disturbed.
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Figure 9. Circuit model: Case of two faulty magnetrons in the same phase, a). Circuit model of a character three
phase HV power supply for N=2 magnetrons per phase, b). Waveforms of currents and voltages of the circuit in
Figure 9.a.

a.

3.3.2. Case of two faulty magnetrons that each one is placed in different phase
The simulation’s results with EMTP of the assembly in Figure 10.a are shown in Figure 10.b.
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Figure 10. Circuit models : Case of two faulty magnetrons that each one is placed in different phase, a).
Circuit model of a character three phase HV power supply for N=2 magnetrons per phase, b). Waveforms of
currents and voltages of the circuit in Figure 10.a.
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It is noted that one faulty magnetron of phase 1 reduces the operation of its corresponding voltage doubler,
consisting of diode D1 and condenser C1 having 0.9 pF. This capacitor has to charge through the diode D1
with the secondary peak voltage supplied by the high voltage transformer. The operating point of the
functional magnetron of same phase is not disturbed. In the same way, the faulty magnetron of the phase 2
reduces the operation of its corresponding voltage doubler, consisting of one diode D; and one condenser Cs
having 0.9 pF. This condenser has to charge through the diode D; with the secondary peak voltage supplied
by transformer. The operating point of the functional magnetron of this phase is not disturbed. For each one
of the three phases which contains two magnetrons: one faulty magnetron and one magnetron in service, we
observe in the diode switching time, the presence of transient oscillations at the level of the voltages across
the functional magnetron and the transformer’s secondary (Figure 10.b). This is simply due to the change of
the nominal operating point of the functional magnetron in this phase.

For one of the three phases which contains two functional magnetrons, the absence of transient
oscillations at the voltages indicates that the electrical operation of two magnetrons is perfectly nominal. At
the level of this phase, the waveform’s temporal characteristic obtained from the secondary current presents,
in every instant, double amplitude than that of the same current in the case of two faulty magnetrons that each
one is placed in different phase. This is due to the fact that these two magnetrons debit their full power
simultaneously in a proper manner. From the study of the two cases, we conclude that the failure of two of
the six powered magnetrons doesn’t change the operation of the other four magnetrons in service.

3.4. Case of three faulty magnetrons and three magnetrons in service
3.4.1. Case of Three faulty magnetrons which everyone is in each phase

On the one hand, the simulation’s results through EMTP of the assembly in Figure 11.a are shown in
Figure 10.b. It is noted that each faulty magnetrons (in one of the three phases) reduces the functioning of its
corresponding voltage doubler, consisting of one diode and one condenser having 0.9 pF. This condenser has
to charge through the diode D, at the secondary peak voltage supplied by the high voltage transformer.

On the other hand, we observe in the diode switching time the presence of transient oscillations at
the level of the voltages across the functional magnetron and the transformer’s secondary (Figure 11.b). This
is simply due to the change of the nominal operating point of the functional magnetron. The failure of this
magnetron doesn’t disturb the functioning of the other magnetrons in service. The three faulty magnetrons
have no interaction effect on the functioning of the three other functional magnetrons. Given that their
operating points are not disturbed.

3.4.2. Case of Three faulty magnetrons which two are in the same phase

The simulation’s results with EMTP of the assembly in Figure 12.a are shown in Figure 12.b. It is
noted that each of the two faulty magnetrons of same phase reduces the operation of its corresponding
voltage doubler, consisting of one diode and one condenser having 0.9 pF.
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Figure 12. Circuit model: Case of Three faulty magnetrons in each phase, a). Circuit model of a character
three phase HV power supply for N=2 magnetrons per phase, b). Waveforms of currents and voltages of the
circuit in Figure 11.a.
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This condenser has to charge through the diode D, at the secondary peak voltage supplied by the high voltage
transformer. The failure of these magnetrons doesn’t disturb the functioning of the other magnetrons in
service.

Concerning the phase which contains two magnetrons: one faulty magnetron and one magnetron in
service, we observe in the diode switching time, the presence of transient oscillations at the level of the
voltages across the functional magnetron and the transformer’s secondary (Figure 12.b). This is simply due to
the change of the nominal operating point of the functional magnetron. The failure of this magnetron doesn’t
disturb the functioning of the other magnetrons in service. The three faulty magnetrons have no interaction
effect on the functioning of the three other functional magnetrons. Given that their operating points are not
disturbed.
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Figure 12. Circuit model: Case of Three faulty magnetrons which two are in the same phase, a). Circuit model
of a character three phase HV power supply for N=2 magnetrons per phase, b). Waveforms of currents and
voltages of the circuit in Figure 12.a

3.5. Case of four faulty magnetrons and two magnetrons in service
3.5.1. Case of Two faulty magnetrons in the two of the three phases (phasel and phase2)
The simulation’s results through EMTP of the assembly in Figure 13.a are shown in Figure 13.b.
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Figure 13. Circuit model: Case of Two faulty magnetrons in one phase (phase 1 or phase 2), a). Circuit model
of a character three phase HV power supply for N=2 magnetrons per phase, b). Waveforms of currents and
voltages of the circuit in Figure 13.a.
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It is noted that each of the two faulty magnetrons (in one among the two phases 1 and 2) reduces the
functioning of its corresponding voltage doubler, consisting of one diode and one condenser having 0.9 uF.
This condenser has to charge through the diode at the secondary peak voltage supplied by the high voltage
transformer. Each faulty magnetron doesn’t disturb the functioning of the other magnetrons in service.

The two faulty magnetrons of same phase (phase 1 and phase 2) have no interaction effect on the
functioning of the two other functional magnetrons (of phase 3). Given that their operating points are not
disturbed.

3.5.2. Case of Two faulty magnetrons in one phase and one faulty magnetron in each of the other two
phases

The simulation’s results through EMTP of the assembly in Figure 14.a are shown in Figure 14.b. It
is noted that each of the two faulty magnetrons of same phase (phase 1) reduces the functioning of its
corresponding voltage doubler, consisting of one diode and one condenser having 0.9 pF. This condenser has
to charge through the diode at the secondary peak voltage supplied by the high voltage transformer. The
failure of these two magnetrons doesn’t disturb the functioning of the other magnetrons in service.

For each one of two other phases ( phase 2 and phase 3) which contains two magnetrons: one faulty
magnetron and one magnetron in service, we observe in the diode switching time, the presence of transient
oscillations at the level of the voltages across the functional magnetron and the transformer’s secondary
(Figure 14.b). This is simply due to the change of the nominal operating point of the functional magnetron in
this phase. The failure of one magnetron in each phase does not disturb the functioning of the other
magnetrons in service. The four faulty magnetrons have no interaction effect on the functioning of the other
two functional magnetrons, given that their operating points are not disturbed.
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Figure 14. Circuit Model: Case of Two faulty magnetrons in one phase and one faulty magnetron in each of
the other two phases, a). Three phase HV power supply for N=2 magnetrons per phase, b). Waveforms of
currents and voltages of the circuit in Figure 14.a
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3.6. Case of five faulty magnetrons and one magnetron in service

The simulation’s results through EMTP of the assembly in Figure 15.a are shown in Figure 15.b. It
is noted that each of the two faulty magnetrons (in one among the two phases 1 and 2) reduces the
functioning of its corresponding voltage doubler, consisting of one diode and one condenser having 0.9 uF.
This condenser has to charge through the diode at the secondary peak voltage supplied by the high voltage
transformer. The failure of these two magnetrons doesn’t disturb the functioning of the other magnetrons in
service.

Concerning the other remaining phase (phase 3) which contains two magnetrons: one faulty
magnetron and one magnetron in service, we observe in the diode switching time, the presence of transient
oscillations at the level of the voltages across the functional magnetron and the transformer’s secondary
(Figure 15.b). This is simply due to the change of the nominal operating point of the functional magnetron in
this phase. The failure of one magnetron in this phase does not disturb the functioning of the other
magnetrons in service. The five faulty magnetrons have no interaction effect on the functioning of the other
magnetron, given that its operating points are not disturbed.

Breakdowns' Diagnosis of A New Character Three Phase High Voltage Power Supply for.... (R. Batit)



1258 0O ISSN: 2088-8708

L% s ugs < is3
,,,,,,, 8 / 2 /
2 &
...... G2_i Y3500 : AN/ /1 Ve 7
, L e e g /7 8
=) S U D.¥ in breakdown [ N~ A N~ g \ / \
: z / g S
2 ugi=ugh=0V is=is=0A
09uF ;3500 g s 8
= L & &
3800-V-5 0,62 0,63 0,64 0,60 0.61 0.62 .64
D b TIME (s) TIME (s)
- s
B Ues o idg
@ 2 u / A\
g <
‘‘‘‘‘ ¢ 7 T X 71 ¢, /[ \/ [\
g ANV BN YA / /
& 3
§ - 70 /
2 0] YcE (UgqiiUe2iUe3ilca)] & A
3 8 idq=idy=idy=id=id5=0A
S 2.,
g
8
0,62 3 0,64 “"(L 0 0, 0,62 0, 0,64
TIME (s) TIME (s)
o 1.5
""" 54 20 =imp=img=im4=img=0A
i 090/ 3500 8 U o
..... o 13
3800 V35 Magnetron S 5 / g
vl D % in breakdown g P
:
L g L]\ A
09uF 350 Q g - o \ / \ /
iF 5 z 2 i
3800 V£ Magnetron 6 K Um1 7 Um2 7 Um3 5 Um43 Um5) 2 - 'ms
De n servics 062 o =% 0,61 0.62 0,63 0,64
TIME (s) TIME (s)
a b.

Figure 15. Circuit model: Case of five faulty magnetrons and one magnetron in service, a). Circuit model of a
character three phase HV power supply for N=2 magnetrons per phase. Case of five faulty magnetrons, b).
Waveforms of currents and voltages of the circuit in Figure 15.a.

3.7. Case of two faulty magnetrons per phase (or six faulty magnetrons)

All magnetrons are defectives; the microwave generator’s system does no longer fulfill its function.
It is necessary to change the six faulty magnetrons by new ones; each magnetron has a useful power of
800watts at 2.45 GHz.

4. CONCLUSION

We have described in this article a study of the nominal operation’s feasibility using EMTP of a new
character three-phase high voltage power supply for microwave generators with two magnetrons 800 Watts
per phase which can deliver up to 4800 Watts useful power at 2450MHz. Then a study on fault diagnosis
magnetrons was also envisaged. The simulation with the EMTP code of the new power supply with two
magnetrons per phase allowed us to verify the current control process in each magnetron; which ensures the
protection of all magnetrons against any possible variation in voltage entrance of the three-phase supply
network. The feasibility test of the electrical operating under nominal conditions of the new three-phase
character power supply system with two magnetrons per phase has been proved conclusive. It can be
extended without any problem in the case of a power supply with N=10 magnetrons per phase at nominal
conditions. On the other hand, the failure of M among the N powered magnetrons does not change the
functioning of the (N-M) remaining functional magnetrons (M <= N). By replacing the faulty magnetron by a
functional one (or by a new one), this power supply for six magnetrons (with five magnetrons in service and
one faulty magnetron) has similar electrical functioning to that with six functional magnetrons. The study of
feasibility of the new three-phase power supply with multi magnetrons per phase (2 magnetrons per phase in
our case), led us to initiate the study of the real three-phase power supply with multi magnetrons per phase by
modeling and dimensioning adequately its new own correspondent three-phase shunts transformer, which
reduces the size, volume, weight and electrical wiring then reduce the cost of implementation and
maintenance of microwaves generators.
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