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ABSTRACT 
 

The design of this new power supply uses a HV single phase leakage flux transformer supplying two cells, 
composed each one of a capacitor and a diode, which multiplies the voltage and stabilizes the current. Each 
cell supplies in turn a single magnetron. This paper treats firstly, a new modeling of this transformer with 
shunts of HV power for N=2 magnetrons. This model is based on the determination of analytical 
expressions of nonlinear storable inductances, from the fitting of the magnetization curve B(H) of the 
material used. The resulting model will be implemented for the first time under MATLAB-SIMULINK® 
tool where we compare the results from this model to those obtained from the old model validated by 
EMTP. In a second step, using the programming tool MATLAB, we discussed an optimization strategy of 
this new HV power supply for the microwave generators with N=2 magnetrons, to envisage the possibility 
of obtaining gains in section, space, and weight, and to reduce the transformer cost, and therefore that of all 
the installation, while respecting the conditions recommended by the constructor: Ipeak < 1.2 A, Imean ≈ 300 
mA. 

Keywords: Electromagnetic Transient Program (EMTP); magnetic circuit ; magnetron ; MATLAB-
SIMULINK ; microwaves; modeling ; optimization ;high voltage (HV). 

 
1. INTRODUCTION  
 

In a microwave installation, the classic HV 
supply for one magnetron 800 Watts - 2450 MHz is 
composed essentially of three parts: a single phase 
leakage flux transformer, a cell composed of a 
capacitor and a diode, which doubles the voltage 
and stabilizes the current [1]-[2]-[11]-[13].  

The modeling of this HV power is based on the 
dimensioning of its HV transformer with shunts, 
which ensures the stabilization of the magnetron 
anodic current thanks to its storable magnetic 
circuit. Contrarily to the traditional transformer, the 
leakage flux in the shunts is of the same order of 
magnitude as the two primary and secondary fluxes.  

The previous works present in literature dealing 
with modeling this special transformer are rare 
contrarily to the conventional transformers which 
are abundant [3-[4]-[5]-[6]-[8]-[9]-[10]. To our 
knowledge, the principal works in this research 

were done by Chraygane when he was developing 
two T and π models quadruples equivalents of the 
transformer with shunts [10]. The complexity of the 
nonlinear inductances expressions of T quadruple 
model has rendered its exploitation difficult by the 
EMTP code. However, each nonlinear inductance 
of a π quadruple model is directly related to the 
corresponding reluctance.  

This π quadruple model retained in this work 
[10] was simulated by the EMTP code by 
introducing point by point the magnetization curve 
B (H) and taking into account the saturation 
phenomena. The simulation results are in a good 
agreement with experimental ones. In another work 
[1], we implemented and validated the same π 
model of transformer with magnetic shunts under 
the MATLAB-SIMULINK® code.  

This tool has allowed us to introduce an 
unlimited number of points on the magnetization 
curve B (H). Contrary to EMTP code that accepts 
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only a limited number of points of this curve. By 
the way, a new device of a global high voltage 
power supply for microwave generators with N 
magnetrons (treated case N = 2) used as an energy 
source in industrial applications has been 
approached [2]. The behavior of the HV equivalent 
circuit of this power was validated by EMTP code, 
by introducing the magnetization curve B (H) point 
by point. Our interest in this paper is firstly, to 
improve a model of transformer supplying N = 2 
magnetrons and, secondly, to optimize this high 
voltage supply. The paper is organized as follows: 

In a first step, we present a new π quadruple 
model of the new HV power supply for a 
microwave generators with N=2 magnetrons. This 
model is based on the determination of analytical 
expressions of nonlinear storable inductances, from 
the fitting of the magnetization curve B (H) of 
material used.  

The resulting model will be implemented for the 
first time under MATLAB-SIMULINK tool where 
we compare the results of this model with those 
obtained by the old model validated by EMTP [2]. 
In a second step, using the programming tool 
MATLAB, we discussed the optimization of this 
new HV power supply for the microwave 
generators with N=2 magnetrons, and to envisage 
the possibility of obtaining gains in section, space, 
and weight, to reduce the transformer cost, and 
therefore that of all the installation, while respecting 
the conditions recommended by the constructor: 
Ipeak < 1.2 A, Imean ≈ 300 mA. 

 
Fig 1: New HV power for microwave generator a N = 2 

magnetrons 

The objective function to minimize is the volume 
of iron and copper which are depending of the 
following optimization variables: 

• Size of the magnetic circuit characterized 
by the width of the core unwound a. 

• Number of secondary turns n2 
• Size of each air-gap between each of the 

two shunts and magnetic circuit e. 
• Thickness of each shunt materialized by the 

number of stacked sheets n3. 
 

2. MODELING OF THE NEW HV POWER 
SUPPLY OF MICROWAVE 
GENERATOR WITH N = 2 
MAGNETRONS 

 
The structure cuirassed of transformer with 

magnetic shunts of the new power supply for two 
magnetrons [2] is identical with that on to 
transformer of a classic power supply for a single 
magnetron [10]; all theoretical modeling developed 
in may therefore be applied.  

2.1. Theoretical study of transformer with 
shunts  

2.2. Description 
Fig.2 shows the armored structure of the 

transformer used in the industrial applications using 
the traditional HV supply for one magnetron. 
Magnetic shunts are used to deviate an important 
part of flux circulating between the primary and 
secondary windings. Taking into account the size of 
the residual air-gaps and saturation state of 
materials, the magnetic fluxes in the air can be 
considered negligible compared to the flux through 
the shunts. The geometry of the magnetic circuit is 
symmetrical compared to the central core, having a 
double section of that common to each side core 
and each cylinder head. 
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Fig. 2. Section of cuirassed transformer with shunts 

2.3. Electric and magnetic equations 
The transformer is considered without iron losses 

due to the hysteresis and eddy currents. Only the 
phenomenon of saturation is taken into account. 
The operation of the transformer is characterized by 
the following complete electric and magnetic 
equations system: 

 
ଵݑ ൌ ଵ݅ଵݎ ൅ ݊ଵ

ௗఃభ
ௗ௧

                                   (1) 

ଶݑ ൌ ݊ଶ
ௗఃమ

ௗ௧
െ  ଶ݅ଶ                                   (2)ݎ

ܴ௣ߔଵ ൅ ܴ௦ߔଶ ൌ ݊ଵ݅ଵ െ ݊ଶ݅ଶ                      (3) 
ܴ௣ߔଵ ൅ ܴௌ௛ߔଷ ൌ ݊ଵ݅ଵ                              (4) 
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By transforming the equations (1) to (6), we 

obtain the following equations governing the 
operation of π quadruple model representative of 
transformer referred to secondary [10]: 
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݅ௌ௛
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The advantage of the quadruple model (Fig.3) is 
in its equivalent single-phase scheme referred to the 
secondary which seems more convenient to study 
the operation of this transformer using code 
SIMULINK or EMTP. This model is described as 
natural because each inductance with iron core is 
directly related to the reluctance of a precise part of 
the magnetic circuit. Indeed, inductances LP and LS 
are respectively related to the primary reluctance RP 

and secondary reluctance RS of the portions of 
magnetic circuit. 

Indeed, inductances LP and LS are respectively 
related to the primary reluctance RP and secondary 
reluctance RS of the portions of magnetic circuit. 
The inductance (L’Sh) is related to the reluctance of 
the part of the magnetic circuit including the two 
identical shunts, each of which has two identical 
air-gaps of small thickness (Fig.2). The immediate 
relevance of this model is to be able to assign to 
each inductance a nonlinear "flux-current" relation 
of the form n2Ф (i), from the geometrical 
parameters of a magnetic circuit specific portion of 
the transformer, thus allowing reflecting its real 
behavior in nonlinear mode. 

 
Fig.3: HV circuit supply of the simulated magnetron with a 

SIMULINK code in nominal operation (nonlinear) 
 

3. IMPROVED MODEL 
 

The solution of field problems involving 
ferromagnetic materials is complicated by the 
nonlinear relationship between B and H. One of the 
problems encountered is the absence of single 
mathematical expression, to represent the 
magnetization curve characteristic over a wide 
range of magnetic fields, having a smooth variation 
of the incremental permeability.  

As well in our previous work [1], the B-H curve 
introduced in the π  old model of this special 
transformer and based on a set of measurement data 
is approximated under software tools (EMTP, 
SIMULINK) by several straight line segments 
connecting the points of measurements. But 
apparently, such B-H curve obtained is not smooth 
at the joints of the segments and the slopes of the 
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straight lines representing the permeability are 
discontinuous at these joints [20].  

Hence, the accuracy of permeability computed 
using such an approximation of the B-H curve is 
limited by the number of the straight-line segments. 
In order to improve this π  model of this special 
transformer, we present a more accurate modeling 
of the nonlinear B-H curve of ferromagnetic 
material.  In fact, the nonlinear B-H curve are 
represented by analytic expressions considering two 
parts of this curve:  the first one is the linear region 
which is fitted by a non integer power series and 
the second one representing saturation region is 
approximated by polynomial representation [23]. 

3.1. Fitting H-B by an hybrid method 
A set of N discrete measurement data In and Фn 

or Hn-Bn of this special transformer (n=1, 2, 3,…N) 
is given as depicts Fig.4. Two parts are considered 
for this analytic representation:  

• The linear region is fitted by a non integer 
power series. It is based on selected 
powers of B (not generally integer) with 
positive coefficients giving a power series. 
This linear part of this curve can be 
expressed by the power curve :  

H ൌ ∑ k୧ . B୬౟ With   k୧ ൐ 0 , n୧ ൐ 0 for all i.    

An adequate procedure of determination initial ki 
values and ni values from logarithmic plots is 
adopted ensuring that these initial estimates of the 
parameters will be positive. Once an initial estimate 
of parameters (ki, ni) has been obtained, the 
parameters are optimized using regression analysis 
to get the best fit which is defined as corresponding 
to the minimum sum of squares of absolute errors. 
The resulting analytic expression of H is given by 
choosing i=2:  

for H ൑ Hଵ଼  HሺBሻ ൌ 220.65B଴.ଽ଺ ൅ 19.5Bଵଵ   

• The saturation region is fitted by a 
polynomial representation based on the 
method of least squares. 

for H ൐ Hଵ଼ 

H ൌ aଵ. B ൅ aଷ. Bଷ ൅ aହ. Bହ … . ൅aଶ୮ାଵBଶ୮ାଵ       

Using the “polyfit” function in MATLAB boxes, 
we determine all parameters ai. The resulting 
expression of H is given, getting the best fit by 
choosing p=3: 

HሺBሻ ൌ 62967B െ 59157Bଷ ൅ 17475Bହ

െ 1409B଻ 

The choice of a hybrid method consisting on two 
analytic expressions is more adequate than one 
analytic expression for fitting the whole 
magnetizing curve, according to our tests to 
estimate their coefficients, because the fitting is 
better and it uses a small number of terms in 
analytical expressions to identify. To illustrate the 
accuracy of this procedure for modeling nonlinear 
characteristic of this ferromagnetic material (SF19), 
we superpose in Fig.4 the simulate curve B-H 
obtained by the two analytic expressions and data 
measurements. It shows no discrepancies between 
the two curves. 

 
Fig.4. Magnetization curve SF19: ° ° ° data measurements,         
curve represented by power series non integer, - - - - curve 

represented by polynomial. 

3.2. Analytical expressions of inductances of the 
improved model 

Finally, the improved model is derived from the 
old one by determining analytic expressions of 
inductances from this analytic approach for 
modeling nonlinear characteristic and the 
transformer’s data.  Two analytic expressions 
deduced of each inductance of this new model are 
given using this formula [23]: 

For H ൑ Hଵ଼ 

L୮
ᇱ ൌ Lୗ ൌ

nଶФ୔

i୔
ൌ

nଶ
ଶBSଵ

Hl୔
ൌ

nଶ
ଶSଵ

l୔
.

B
HሺBሻ  

L୮
ᇱ ൌ Lୗ ൌ 53169.23

B
220.65B଴.ଽ଺ ൅ 19.5Bଵଵ  

For H ൐ Hଵ଼,   

L୮
ᇱ

ൌ 53169.23
B

62967B െ 59157Bଷ ൅ 17475Bହ െ 1409B଻ 
It is the same for the shunt inductance: 
For H ൑ Hଵ଼ 
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Lୗ୦
ᇱ ൌ

nଶФଷ

iୗ୦
ᇱ ൌ

nଶ. 2. Фୗ୦

Hlୗ୦
ൌ

nଶ. 2ሺB. Sଷሻ
Hlୗ୦

ൌ
2nଶB. Sଷ

Hlୗ୦
 

Lୗ୦
ᇱ ൌ 69346.5

B
HሺBሻ 

Lୗ୦
ᇱ ൌ 69346.5

B
220.65B଴.ଽ଺ ൅ 19.5Bଵଵ  

For H ൐ Hଵ଼ 

Lୗ୦
ᇱ

ൌ 69346.5
B

62967B െ 59157Bଷ ൅ 17475Bହ െ 1409B଻ 

3.3. Simulation curve of the new HV power 
supply for microwave generator with N = 2 
magnetrons 

In the simulation of our new model, the three 
nonlinear inductances (primary, secondary and 
shunt) as shown Fig.3 are function of induction or 
flux. The implementation of each nonlinear 
inductance with its analytic expressions under 
MATLAB-SIMULINK software was realized by 
using the blocks shown in Fig. 5. The other 
simulation data of the model are given in Fig.3 and 
Appendix.  

 
Fig. 5. Implementation of each nonlinear inductance under 

MATLAB-SIMULINK 
 

We superpose in Fig.6.A and Fig.6.B the 
simulation results of this new model, obtained by 
MATLAB-SIMULINK code with those obtained 
from old one by EMTP under the same conditions. 

These shapes resulting from the two codes under 
nominal operation (U1=220 V, f=50 Hz) are 
consistent each other (Fig.6), especially the 
magnetron current curves which respect the 
maximum current magnetron constraint (Ipeak < 
1.2A) recommended by the manufacturer.   
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Fig. 6. B. Simulation with EMTP (- - -) and MATLAB-

SIMULINK (      ) code: Forms of current waves (nominal 
operating) 

 
 
 

4. OPTIMIZATION OF HV POWER FOR 
THE MAGNETRON 

4.1. Principle of the optimization 
The idea is to exploit the improved π quadruple 

model of this transformer cited previously by 
MATLAB SIMULINK, in order to reveal 
compared to the case of references (see Appendix) 
the sensitivity of the magnetron current with respect 
to the variations of one or several geometrical 
parameters of construction of the transformer. We 
want in present paper to consider an optimization of 
the parameters of the transformer presenting a 
minimum volume of iron and copper. To do this, 
we carry out sets of simulations in which we target 
the following objectives: 

The first one is to show, by exploiting the π 
quadruple model by MATLAB SIMULINK, the 
influence of the variation of each geometric 
parameter of the transformer (see Appendix) on the 
magnetron current. The geometric parameters of the 
transformer considered as variables are: 

• The size of the magnetic circuit a (mm). 
• The number of secondary turns n2. 
• The size of the shunt materialized by the 

number n3. 
• The width of the air gap e (mm). 

The second objective is to present a strategy 
which allows the simultaneous variation of 
parameters. This strategy allows to optimize the 
storable transformer with shunts of HV power, and 
can lead to different solutions that respond to the 
criteria recommended by the constructor (Ipeak < 1.2 
A, Imean ≤ 300 mA).  

4.2. Influence of different parameters 
Being aware that all the inductances of π 

quadruple model are dependent on the geometric 
parameters of the transformer, the variation of such 
parameter changes the overall operation of the 
equivalent circuit of the HV power supply (Fig.1). 
Therefore, the study of its influence leads us to 
perform a series of simulations in order to respond 
to the first objective. In each simulation, we 
observe the waveforms of the various electrical 
quantities of the HV circuit and especially those 
giving the shape of magnetron current, by recording 
each time its maximum and average values.  

To meet to second objective, our approach is 
based on an iterative method based on the study of 
the sensitivity of the current magnetron with respect 
to the simultaneous variation of these parameters. 
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This strategy pushes us to study the simultaneous 
influence of one or several parameters on the 
various characteristics of HV circuit for N=2 
magnetrons and particularly those of the current 
magnetrons, thus leading to several solutions of 
searched parameters using the MATLAB function 
"fmincon" as described in paragraph V. In the 
following, we include non-exhaustive examples 
that show the influence of some of these parameters 
on the maximum and average current magnetron. 

4.2.1. Influence of “a” on magnetron current 
The unique variation of the width "a" of the 

unwound core of the transformer in a definite range 
(between 40 and 60 mm), maintaining other fixed 
parameters, modifies the maximum and average 
values of magnetron current obtained by 
simulation. In fact, by recording the maximum and 
average values of the current magnetron we obtain 
Fig.7 which presents the variations of these values 
according to “a”. 

 

Fig.7. Influence of “a” on magnetron current (maximum and 

average values) 
The results of Fig.7 show that the maximum 

current of the magnetron decreases when “a” 
decreases as well as its average value. We can thus 
diminish “a”, reducing the volume of transformer 
magnetic circuit, while respecting the constraints 
recommended by the constructor and without 
damage to the magnetron tube. 

4.2.2. Influence of “n2” on magnetron current 
The single variation in the number of secondary 

turns n2 was conducted between 2000 and 3000 for 
all simulations, adapting each time the number of 
turns of the primary winding as necessary to ensure 
that the transformation ratio remains constant. The 
other parameters were kept constant.  

Fig.8 shows the average and maximum current 
magnetrons deducted from each simulation for the 
different values of n2. We note that the maximum 
value decreases as the number of secondary turns 
decreases, as well as the average value. It is 

possible to diminish the volume of copper by 
reducing the number of turns in a way that the 
current remains in the range of magnetron current 
recommended by the constructor. 

 

Fig.8. Influence of n2 on magnetron current (maximum and 

average values) 
4.2.3. Influence of “n3” on magnetron current 

The electrical operation of the new HV power 
supply under nominal conditions was simulated for 
different sizes of each shunt of the transformer; the 
other parameters were unchanged. By varying the 
number of stacked sheets of each shunt between 12 
and 20, it changes the overall operation of the HV 
circuit. In each simulation, we observed for each 
size of the shunt the different characteristics of the 
circuit mainly HV and that of the magnetron 
current; this allows us to trace the results shown in 
Fig.9. 

In this figure, we find that the maximum current 
magnetron decreases when the number of sheet 
constituting each shunt increases, while the average 
value of current magnetron remains within 
acceptable limits. So, there is benefit in minimizing 
the size of shunts without damage to the magnetron 
tube. 

 

Fig.9. Influence of n3 on magnetron current (maximum and 

average values) 
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5. OPTIMIZATION STRATEGY 
 

From the results obtained in the preceding 
paragraph, which show the sensitivity of current 
magnetron towards the change of the various 
geometrical parameters of the transformer, we 
defined a strategy based on the algorithm SQP 
which can be easily used in the MATLAB toolbox 
optimization using the function “fmincon”.  

This strategy aims to select a simultaneous 
reduction in the number of turns n2, the width a, the 
air gap e and the number of sheets stacked in the 
shunts n3, which turns the volume minimum of 
magnetic circuit. The effect of the simultaneous 
change of parameters, compared to the case of the 
reference transformer [2] may change in more 
accentuated way the electric operation of the HV 
circuit of power supply, in particular the waveform 
of the magnetron current, its maximum and average 
values. 

• Algorithm of optimization 

To carry on the optimization of the HV power 
generator for microwave magnetron N = 2, we 
decided to implement the Sequential Quadratic 
Programming (SQP) method. This gradient-based 
algorithm is considered one of the most efficient 
approaches to obtain the optimal solution in Non 
Linear Programming (NLP). Similarly to Newton’s 
unconstrained optimization method, SQP creates in 
each step towards the objective a local model of the 
problem and solves it. Then, based on that result, it 
continues its path to an optimal solution.  

The main difference of SQP relative to other 
methods is that the former tries to solve the 
nonlinear program directly instead of transforming 
it in a sequence of unconstrained minimization 
problems. Furthermore, SQP is widely applied in 
engineering problems and it can be easily handled 
in MATLAB using the ‘fmincon’ function in the 
optimization toolbox [7]. 

This algorithm minimizes a given objective 
function within the constraints determined by the 
user. To fit our model to this algorithm, we defined 
our objective function, which is the volume (in 
Cm3) of iron and the copper of the transformer with 
shunts: 

VሺXሻ  ൌ ሺ24 כ aଶ כ 1e െ 6 ൅ 0.00134 כ n3
כ ሺa െ 2 כ eሻ כ 1e െ 3ሻ כ 0.03

൅ 4 כ ൬
pi
2 ൰ כ 1e െ 8

כ ൬n2 ൅
n2

10.7143൰
כ ሺ2 כ 1e െ 3 כ a ൅ 0.03ሻ 

Where X the vector which is composed of the 
geometrical parameters of construction of the 
transformer 

X ൌ ሺa, nଶ, nଷ, eሻ  with an initial value  

X଴ ൌ ሺ50, 2400, 18, 0.55ሻ which represents the 
values of reference case. 

In addition, the constraints in the following table 
have been redefined as inequality constraints ≤ 0. 

Parameter Name Variation range 
a(mm) : core width 
unwound 

40 ≤ a ≤ 50 

n2 : number of secondary 
turns 

2000 ≤ n2 ≤ 3000 

n3 : number of stacked 
sheets of a shunt 

12 ≤ n3 ≤ 20 

e(mm) : thickness of the 
air gap 

0.25 ≤ e ≤ 1 

Table.1. Range of parameter variations 
 

Our study has resulted in practically the 
following procedure: 

For each iteration, we simulated the π quadruple 
model by using the “sim” function in the MATLAB 
toolbox which respects the following conditions: 

If     [The maximum value of the current (Ipeak) in 
each magnetron < 1.2 A,   and   

The average value of current (Imean) in each 
magnetron ≤ 300 mA   ] 

The program shows us the results:  
Ipeak Imean, X, V (X). 
    Else   the program continues to the next iteration. 

 
The advantage of this method makes it possible 

for the industrial decision maker to choose 
themselves the solution which interests them 
among the optimal solutions of the multicriteria 
problem contrary to the methods of evolutionary 
optimization which can lead to only one optimal 
solution. The validation of this procedure was 
carried out for all the possible configurations of the 
geometrical parameters of the transformer, by 
running simulations necessary by MATLAB 
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making it possible to predict the electric behavior 
of circuit HV of this nominal mode supply.  

 

6. RESULTS 
 

Table 2 recapitulates the selected solutions that 
can to give the best operation of the magnetron. We 
selected the solutions in Table 2 that meet the 
criteria recommended by the constructor and which 
can operate in nominal state the HV supply for N = 
2 magnetrons. 

 
 

a 
(m
m) 

n2 n3 e 
(m
m) 

V 
(cm3) 

Ipeak    
(A) 

Imean 
(mA) 

A 50 2300 17 0.55 1837.5 1.015 280 

B 44 2150 16.9 0.6 1454 0.745 241 

C 40 2150 16.8 0.646 1181.6 0.813 230 

D 40 2150 16 0.65 1181 0.81 230 

Table 2: Selected solutions responding to the specifications 

 
We find that the solution D allows 

simultaneously the best compromise between the 
gains of section iron and copper so the best gain in 
space and cost of the transformer with shunts. 
Simulations resulting from this optimized solution 
give currents wave forms in each magnetron (which 
are identical) simulated by MATLAB in nominal 
mode under 220V. They show that these results 
don’t present any oscillations affecting the tube 
magnetrons and respect the constraints 
recommended by the constructor: Ipeak < 1.2 A, Imean 
≈ 300 mA (Fig.10). 
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7. CONCLUSION 
 

A new π quadruple model of the transformer 
with shunts supplying N = 2 magnetrons used in 
industrial applications has been presented and 
validated. It is based on a determination of analytic 
inductances deduced by a new analytic approach of 
fitting the nonlinear B-H curve.  

We have proved also under MATLAB code, the 
influence of one or more parameters on the 
magnetron current by realizing simulations in 
which we observe their influence on the magnetron 
current. In order to optimize the size of this 
transformer, we have used the “fmincon” function 
in MATLAB toolbox that is based on the SQP 
algorithm. This method allowed us to optimize the 
transformer shunts while respecting the conditions 
recommended by the constructor Ipeak <1.2 A, Imean 
≈ 300 mA. This optimization enables us to reduce 
the volume of iron and copper of this transformer, 
thus the weight, and the cost of all the installation. 

 

8. APPENDIX 

During this work, we took as references the 
parameters of the model of the transformer with 
magnetic shunts whose values are: 

a: width of the core unwound = 50 mm. 
b: width of the magnetic circuit corresponding 
to the number of stacked sheets of material 
SF19 = 30 mm. 
n2: number of secondary turns = 2400. 
n3: number of stacked sheets of a shunt = 18. 
e: thickness of air gap = 0.55 mm. 
h=0.5*n3 

 
Fig.11. geometric parameters of the transformer (reference case)  
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