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Modeling of a new Three-phase High Voltage Power
Supply for Industrial Microwave Generators with a Single
Magnetron per Phase
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Abstract — In this article, a new model of a new three phase
transformer with shunts will be evaluated. This special type of
transformer with shunt is used in industrial microwave power
supply. This original work is part of the development of new
microwaves power supplies generation for several magnetrons.
The trend towards the new three phase power supply device will
thus be a different version of the single-phase model currently
used by microwave ovens manufacturers. The new device has
multiple advantages regarding the reduction of weight, volume,
electrical wiring and the cost of the production and maintenance.
The theoretical model obtained from electric and magnetic
equations has allowed to simulate with MATLAB-SIMULINK
the electrical operation of the new three-phase transformer with
shunt, the obtained results are compared to those obtained
experimentally for single phase power supply.
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I. INTRODUCTION

In this paper, we will study the design of a new three phase
High Voltage (HV) power supply of one magnetron 800 Watts
-2450 Mhz per phase for industrial microwave generators.
This new device then includes one new three-phase HV
transformer with magnetic shunts, supplying by phase one
voltage doublers and current stabilizer, each consisting of a
capacitor and a diode which in turn supplies a single
magnetron. At the level of realization of the new power
system, this new technology provides, for the same
microwave power, a less space, weight and electrical wiring,
which reduce thus the costs of implementation and
maintenance device of magnetrons. This article is proceeds as
follow:

In the first part, we will present the description of the new
three phase transformer with shunts. After that we will
develop the systems of eclectric and magnetic equations for
each phase, the obtained equations system will allow to
establish the electric equivalent model of the new three phase
transformer with shunts in nonlinear regime.

The second part will be devoted to the simulation of the
established model, from this new original model of three-
phase transformer we will simulate the electrical functioning
of the three phase power supply. The results of currents and
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voltages waveforms for each phase of the modeled three-
phase assembly will be compared with those obtained
experimentally of classical single phase system. In the end of
this part, we will check the current regulation process in the
magnetron of each phase [1-6].

II. DESCRIPTION OF THE NEW THREE-PHASE
TRANSFORMER WITH SHUNTS

A. Magnetic Circuit

Figure 1 shows the geometric form of the new three phase
transformer with shunts having magnetic circuit with 3
columns and 4 yokes (Shell form). Its magnetic circuit, which
is supposed laminated to reduce eddy current losses and
supposed realized with type of sheets SF';¢ with tackiness (0,5
mm), isolated from each other.

Phase A

Phase B

o

Situn;

Phase C

Fig. 1. Schema of the new three-phase transformer with shunts
B. The Winging

The six coils presented in the figure 1 of the new three phase
transformer with shunts are placed on the central core. The
primary windings connected to the source of balanced three-
phase alternating voltage, are powered by the mains voltage.
They receive a power close debited by the secondary windings
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which deliver the high voltage to the three receivers each
consisting of a voltage doublers and magnetron. In each
phase, we have a primary winding (n; turns) and a secondary
winding (n, turns).

C. The Shunts

The shunts are inserted between the primary and the
secondary of each phase as shown in the figure 1, are used to
deviate an important portion of the flux its role is to ensure
regulation of the current in the magnetron of each phase [36].
Each phase has two shunts with sizes 4 composed each of n;
sheets with overall gap thickness e.

III. MODELING OF THE NEW THREE-PHASE POWER
SUPPLY FOR ONE MAGNETRON PER PHASE

During the modeling of an ordinary three-phase block, it is
sufficient to develop the model one phase between the three
and then to generalize for remaining two. Contrary to the new
HV three phase transformer with shunts, its new structure
leads us to study the modeling of each phase taking into
account the common circuit between the phases (A-B) and (B-
O).

III.1. MODELING PRINCIPLE

The new transformer cannot be separated from the external
circuits, including each of the three magnetrons, because the
equivalent diagram must reflects the real functioning of the
whole device. It is therefore necessary to find a formulation
that will allow to the simultaneous resolution of the electric
and magnetic equations of the entire system. The obtained
equivalent model from the electric and magnetic equations
should take into account the non-linearity of the system. The
construction under SIMULINK code of the no-linear
inductance using the predefined functions in the SIMULINK
library will finally allow establish the overall model of the
three phase transformer.

I11.2. NOTATION

The three phases are named A, B and C. The capital letters
are reserved for primary quantities (A, B and C) while for
lowercase letters for secondary values (@, b and c¢). Notations
and sign conventions used during the modeling are shown in
the Fig. 2.

The flux distribution in the magnetic circuit of the new
three-phase transformer with shunts is done according to the
following ordinary configuration:

- Primary — Secondary

- Primary — Secondary

- Primary — Secondary

Designate by:
* Ty and ro Primary resistances windings of the

phases (A, B and C).

e 1, : Number of primary winding turns in the phase (A,
B and C).

* i, and i Primary currents coils of the phases
(A, B and C).

* u,,u, and y_: Supply voltages of primary coils of
the phases (A, B and C).

* 1, and r Resistances of secondary windings of
the phases (A, B and C).

e 1,: Number of secondary winding turns in each phase
(A, B and C).

* i, i, and j
phases (A, B and C).

* u,u, and 34 : Supply voltages of secondary coils

of the phases (A, B and C).

Secondary currents coils of the

i

ul

T
i
i
2

Fig. 2. Magnetic circuit of the new three phase transformer with
shunts

In the proposed study, we consider the new three phase
transformer without iron losses (hysteresis losses and eddy
current) and we assume the leaks that exist are only channeled
into the shunts of each phase. The dispersion leaks in the air
are negligible.
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I11.3. MODELING OF THE PHASE A R,=R,, = _ L : Reluctance of the path EA traversed

¢ HIISG

A.Magnetic Equations (phase A) by the flux ¢a (Fig. 2).
We consider the magnetic circuit of Fig. 2 which the R, =R, = Laa : Reluctance of the path CD

millimeter dimensions are identified by the letters A, B, C, D
and E which are relative to the mean force line of the flux in
the different portions of the circuit, the numerical values of
various geometric quantities are listed in the appendix.

According to Hopkinson law, we obtain for the different
contours of the phase A (Fig. 2):

- For the contour ABCA
¢ ¢S s
R, +R,, o+ R, o mi,
2 2
with:
R,=R,, = L4 : Reluctance of the path AB traversed by
S

the flux @, (Fig. 2).

R, =R, =IA+A Reluctance of the path BC

sS4
traversed by the flux %‘ (Fig. 2)

R — lsh.A

i : Reluctance of the path AC traversed

M, S 4

by the flux % (Fig. 2).

R R .
[RA + ;A j¢A + B 4 ;C =y
R
We put R,, =R, +# and R, , = R;C , we get:

Rp s + Ry Poya =111,
Multiplying the last equation by 1/,

RP.A ¢A 4+ Rsh A Psh.A — i i
n2 n2 n2 !

According to the relation ni =R¢ the quantities [ Rp a9, j

n,

and [R:M M_A] correspond respectively to the following
n,

electric currents

o _[Rpati | and 0 _[ Roufus
lpa = bga =
I’lz n2

Thus we obtain the equation (1)

Ipgtig =1y 0]
- For the contour ACDEA

4, 2 2 .
Ra¢a + Raa ? - RCA ;{.A + RDE % = _nZZa

with :

#HG Sqa
traversed by the flux % (Fig. 2).

leas : Reluctance of the path DE traversed

R,y =
'uC.ABSC»AB

by the flux %% (Fig. 2).

Raa R R .
(Ra + 5 j% - ;C ona T §E Peap = Mo,
Weput p =R + Ry andRC = Rop , we get:
s.a a 2 . 2

R540¢a _Rsh.A sh.A + RC,AB¢C4AB = _n2la

Multiplying the last equation by 1/n,

Rs.a¢a _ Rsh.A sh.4 + RCAAB¢C.AB =
n2 n2 n2 !

Thus we obtain

ish.A = is.a + ia + iC.AB (2)
with

R ' Ry, 49, , R
bya :[A;(paj’ L :[”"zm‘A] and i 4p [C«AZ%MJ
2 ) ,

Equations (1) and (2) and are complemented by the
additional relation reflecting the flux conservation in the
phase A, namely:

+ ¢S/1.A

4 =9,

Putting the last expression in the form

d d d
E(ﬂﬂ%) = E(nz%) + E(n sh.A)
and writing
. R —
ng, = " Red, = Lp,ip,
RP.A nZ ) .
. R
n2¢tl = [’12 Sa¢”] = LS uisa
Rr.a n2 ' .
2
nZ Rsh.A sh.A ] ! .
n S/ = = LS . l)' .
27¥sh.A [RXILA n2 h.A" sh.A
we have thus
d . . d . d .
dt (Lp 4ip ) = E( cabsa) T E (Lyy 4y, 4) ®)

B.Electrical Equations (phase A)

The application of Ohm's law to the primary of the phase A
lead to the following electrical equation
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de,
dt

u, =r,i, +n,
we obtain thus

d . .
+ E (Lp 4ip.4) 4

2
— 2 Po— 1|y — 2
re=|—=%\|r,i,=|—lijandu, =| = |u,
n ) n

We apply Ohm's law to the secondary of the phase A, we
get the following equation:

U, =ryy

dg
u,=—ri, +n “
a a®a 2 drt
and we get
d
U, = _raia +7(Lv aiva) (5)
dt - 7

111.4. MODELING OF THE PHASE B

A.Magnetic Equations (phase B)

We consider the same magnetic circuit of Fig. 2 which the
millimeter dimensions are identified by the letters F, E, D, G,
H, I which are relative to the mean force line of the flux in the
different portions of the circuit, The numerical values of
various geometric quantities are listed in the appendix.

The application of Hopkinson law to the different contours
of the magnetic circuit of phase B (Fig. 2) gives the following
equations:

For the contour FEDGF
R,¢,+R,, ¢7B+ R 5’%;3 -R,, ¢C2AB =ni,
with
R, =R, = Ly : Reluctance of the path FE traversed
T Sy
by the flux ¢B (Fig. 2).
R, =R, = Lop : Reluctance of the path DG
HppSpy

traversed by the flux [ (Fig. 2).
2

R _ lxh .B

GF
K, 35S 5

traversed by the flux % (Fig. 2).

Reluctance of the path FG

This allows writing directly:

Ig Tl 3 =lpptigp (6)
with
_ RP.B¢B - R:hB 'sh.B and _RC‘AB¢C.AB
PB shB ~ leag =
n, m, ny

- For the contour FGHIF
R,4, +R,, ?h_RGF ;B +Ry, 6'2“ =Ty,
with
R,=R, = l, : Reluctance of the path IF traversed by
S,
the flux ¢, (Fig. 2).
Ry, = Ls : Reluctance of the path FG traversed by
Ko 5S 15

the flux % (Fig. 2)

/
Ry, =Rgy = ——
Hyy Sy

: Reluctance of the path GH traversed

by the flux ¢b (Fig. 2),

R = lC,BC

HI

: Reluctance of the path FG traversed by
He cSc pe

the flux %TBC (Fig. 2).

Similarly
L =l T, 1o pe (7
with
_ RS.b¢b . _ Rsh.B sh.B and ;' _ RC,BC ¢C,BC
Lip = lgp = lepe =
n2 nZ n2

Equations (6) and (7) are complemented by the additional
relation reflecting the flux conservation in the phase B,
namely:

b = 4, +
d
E(n2¢3)

posing
PB¢B =1
- PBlPB

Y .
n,$, = {RM J[ nbz v = Lt

nf j[R-hB 'hB] ' '
nZ sh. = } N = Lsh. ish.
' [Rsh.B n, re

sh.B

(n2¢b) + (nZ .vh.B)

replacing
d . . d . d . .
E (LP.BlP.B) = E (Ls.bls.b) + E (Lsh,Blsh,B) (8)

B.Electrical Equations (phase B)

The application of Ohm's law to the primary of the phase B
gives the following electrical equation:

dey
dt

Upg =Tzl + N

we obtain thus
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Uy = Fylp +

%(L'P.Bi;.g> ©)

2
. n . n . n
— 2 s 1 - _ 2
ry=|—=| 1y, iy=|— |i; and u, =| —= |u,
n n, n

We apply Ohm's law to the secondary of the phase B, we
get the following equation:
. dg,
U, =—1yl, +n, —=-
b blo T2 T

and we get

(10)

d
u, =—ni, +— (LI
b ) dt(s.bs.b)

II1.5. MODELING OF THE PHASE C

A. Magnetic Equations (phase C)

We consider the magnetic circuit of the same Fig. 2 which
the millimeter dimensions are identified by the letters J, I, H,
K, L which are relative to the mean force line of the flux in
the different portions of the circuit, The numerical values of
various geometric quantities are listed in the appendix.

The application of Hopkinson law to the different contours
of the magnetic circuit of phase C (Fig. 2):

- For the contour JIHKJ
[ P, ?, ,
Repe + R ?C + Ry, gc - Ry CZBC =nl
with
R.=R, = e . Reluctance of the path JI traversed by

HcSe
the flux @, (Fig. 2).
Reluctance of the path HK

/
Rec =Ry = ——

HeeSec
traversed by the flux % (Fig. 2).

/

— sh.C
Ry, = S
Hop.cPsnc

: Reluctance of the path KJ traversed by

the flux % (Fig. 2).

which allow directly to the following equation

Ie +icpe =lpe+ige (1D
with
Rt _RycBue and Rt s
lpc = > lge = lepe =
n2 n2 nZ
- For the contour JKLJ
é Pn.c ,
Rc¢c + Rcc == RKJ = _n216

2 2

with

Avgust 2016.
R =R = L, : Reluctance of the path IF traversed

c LJ ILIL, SC

by the flux ¢, (Fig. 2).
R_=R, = l_: Reluctance of the path KL traversed

u.S

by the flux % (Fig. 2).

which allow to the following the equation
ish.C = is.c + ic

12)
with : i = Rs.c¢c

s.c

On the other hand, the flux conservation in phase C gives:

b = 4 + Dy

We obtain by development the following equation

d . . d ) d . .
E (LP.CZP.C) = E (L:.cls.c) + E (L.vh.Clsh.C)

(13)

B. Electrical Equations (phase C)

The application of Ohm's law to the primary phase C gives
the following electrical equation:

dgc
dt

Us =¥l t 1,
we obtain thus
(14)

We apply Ohm's law to the secondary of the phase C, we
get the following equation:

S 4
Ue =Tcle +Z(LP4CZP,C)

u, =—r.i, +n, 9.
dr
thus
u,=-ri +i(L i) (15)
C c’c d[ s.c’S.c
II1.6.CONNECTING EQUATIONS
- Nodes law in the point D (Fig. 2)
Py _eun P
2 2 2
we thus obtain
d . d, . . d . .
I (L g = ar (L agic ap) + I (Lp 3lp5) (16)
- Nodes law in the point H (Fig. 2)
b, _ P e 4 P
2 2 2
d . d . . d . .
a (Lyyip) = i (L pelcpe) + a (L clpc) (17
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I11.7. ELECTRICAL EQUIVALENT CIRCUIT OF THE
NEW THREE-PHASE TRANSFORMER WITH SHUNTS

The electric and magnetic obtained equations during the
modeling of phases A, B and C (1:17) allowed to find the
global electrical model referred to secondary of the new three
phase transformer with shunts (Fig. 3).

. L

b
Lsh.A i

lA lA r: iS;.A ra
<«
D
w
<
=
-
[=-]
D
w
<
=
[~
Q
D
w
<
=
-
n;
u ’C= W Uc

Fig. 3. Global electrical model referred to secondary of the new
three phase transformer with shunts

The shunt of each phase consists of an iron part and a air
gap part, therefore the equivalent inductance is given by:

() (B0)

(L) (L)
(L) (£
(Lys) +(Ls )

'sh.A , f N e
(Lsh.C) + (L:h.C)
Similarly we get for the currents:
K SN (s
l.vh.A = (lxh.A ) + (l.rh.A)
K SN sV
g = (lxh.B ) + (l.vh.B )
K s (Y
bype = (lsh.C) t (l;h.C )

'sh.B

Thus the model of Fig. 3 is slightly changed it is replaced
with that presented of Fig. 4 in which we have integrated the
model of the new three-phase transformer in the power supply
circuit from the source to the magnetrons.

:f Ls{4

lS’l.A

Voltage

..... 2
o
09
=
[}
=1
=)
=
>
AT Voltage
Lih.B i:, Iy .fi_o.u.lzl_e: peeee-- :
| """ tias0) & 2
TR
U( :E 'E =
¥ ik g
e )
i Zf -
Tt
Voltage
doubler
£
o
0
=
(¢}
=1
=
=
a

Fig. 4. Global electrical model of the new three phase_ power supply
for one magnetron per phase (star-star connection)

IV. SIMULATION OF THE MODEL OF THE NEW
THREE-PHASE POWER SUPPLY

The simulation study of electrical functioning of this new
device was performed with a new three-phase transformer
correctly sized (appendix) supposedly on its nameplate
characteristics Y V7Y V' : 220/2200, f'= 50Hz/3ph., 3 x 1650 =
9450V A.

The nonlinear inductances are depending to the flux and
current [7], [8]. The implementation of each nonlinear
inductance (Fig. 5) with its polynomial expressions under
Matlab Simulink-code was presented in Fig. 6.

Subsystem

[]

(]

'

(]

.

'

¢ (]
L Ry MATLAB- o~ H
S FUNCTION _Se "
'

’

(]

'

(]

.

.

[ Jo]

[ 1%}

Voltage Integrator Current
Measurment R T U CTION] Source

Fig. 5. Block diagram of a nonlinear inductance under Matlab-
Simulink code
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Secondary (& dansator!
current A

voltage A
A r

Magnetron
current A

| Secondary <
i )
| voltage A g E g
‘ isl i
2 S0
> = Magnetron
voltage A
L =
= Secondary Condansator:
¢ current B
, i voltage B
Ab— 12 I
B
C

Magnetron
current B

; Secondary
i voltage B

Pporq

Magnetron
voltage B

Y iCondansator
current C

voltage C

Magnetron
current C

Y
voltage C

Ls.c

Magnetron C

Magnetron
voltage C

Fig. 6. Global electrical model of the new three phase power supply
for one magnetron per phase under Matlab-simulink

The simulation with Matlab-Simulink of the new three-
phase transformer model (Fig. 6) allowed finding the
waveforms of currents and voltages of each phase (A, B and
C), the simulation results are shown in the Figs. 7.A and 7.B)
[9-13].

The obtained results by simulation with Matlab-simulink
are in perfect agreement with the experimental results for a
classic single-phase power supply with single magnetron [4].
We see that the maximum amplitude value of the magnetron
current in each phase remains less than an acceptable limit
(Lnax < 1.2A). Moreover, we see from Fig. 7.A that the forms
of the currents in the magnetrons (A, B and C) respects the
constraints imposed by the manufacturers for full-power
operation (/,,, = 300mA and /,,~1A). The operating points
of these magnetrons are therefore not disturbed which is
essential for a current stabilized power supply [14-20].
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Fig 7.A. Theoretical and experimental waveforms of currents
New three phase power supply for one magnetron per phase
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Fig. 7.B. Theoretical and experimental waveforms of voltages
New three phase power supply for one magnetron per phase
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V. VERIFICATION OF THE CURRENT CONTROL
PROCESS IN THE MAGNETRONS

During the simulation of the new three-phase power supply
for one magnetron per phase, we have successfully observed
the stability of the current variations in each magnetron
according to the line voltage variation. The figure 8 shows the
same waveform of the current in each magnetron for the
respective cases of 200V and 240V (+ 10% of the supply
voltage).

_
T U=200v | <12 U=240V
z =
5 06 5 o6
£ 5
2 00 S oo
g g
£ 05 £ 06
: 2

12 12
s s

0,60 0,61 0,63 0,64 0,60 0,61 0,62 0,63 0,64

0,62
Time (s) Time (s)
Fig. 8. Current stabilization in each magnetron according to the
variations of line voltage ( + 10% of nominal voltage)

We see that the maximum amplitude of the current has
never exceeds the permissible limit recommended by the
manufacturer. We can confirm that with this model of the new
three-phase transformer with shunt, the current stabilization
process in each magnetron is completely checked .

VI. CONCLUSION

The modeling study of the new three phase power supply
for one magnetron per phase was successfully completed. The
simulation results showed good superposition with those
obtained for the classical single phase power supply currently
used in microwave ovens. For each magnetron, the current
regulatory process is completely assured as recommended by
the manufacturer of the tube generating microwaves.

Finally, this work will significantly contribute to the
development of technological innovation in the industrial
manufacturing supplies, and understanding the physical
phenomena related to the complex electrical operation of
these power circuits types.

APPENDIX

The geometric characteristics of each of magnetic circuit
portion of a three phase transformer with shunt.
In the figure below we present the following parameter
values.
a : Width of unwound core.
b : Width of magnetic circuit
n; : Number of primary windings in each phase.
n,: Number of secondary windings in each phase.
n3: Number of stacked sheets of a shunt in each phase.
e : Thickness of the air gap in each phase.
We consider the magnetic circuit of Figure below which
millimeter dimensions are identified by the letters A, B, C, D,
..., L as:

Phase A

1nase A

-Primary turns n,=224
-Airgap teckness e=0.75mm
-n;=18

-Secondary turns 7,~2400

Phase B

-Primary turns n,=224
-Airgap teckness e=0.75mm
-n;=18

-Secondary turns 7,=2400

Phase C

-Primary turns n,=224
-Airgap teckness e=0.75mm
-n;=18

-Secondary turns n,=2400

AB=JL=[,=]=2a=50mm

AE=CD=l,,~1,,~2.5a=62.5mm
EF=DG=l3=l3p=2.5a=62.5mm
FI:GH:l,,:lb,,:2 .5a=62.5mm
J=HK=/=lc=2.5a=62.5mm

lP.A:lA+lAA =6.5a=162.5mm
lAs.a:la‘i‘laa:Sa:lZSmm
Ipp=Ip+Igp=5a=125mm

L p=l,=lp;=5a=125mm
Ip.c=lctlcc=5a=125mm
l.=1.+1..,=6.5a=162.5mm

X

BC=KL=1,,=,=4.5a=112.5mm

15a

AC=FG=IK=ly, =L p=lg.c=2.5a=62.5mm
ED:IH:lC,AB:chCZZ.Sa:62.Smm

The values of the areas of different magnetic circuit parts
are :

S,=S,=2*a*b=3000mm’
Sp=S,=2*a*b=3000mm’
Sc=S.=2*a*b=3000mm’

Sc.as=Sc.sc=2*a*b=3000mm’

Son4=Ssn 5=Se.c=0.5*n3*b=540mm’
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