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ABSTRACT 

   This paper presents a hybrid optimization methodology 

for the design of high voltage pulse transformers used in 

klystron modulators. The optimization process is using 

simplified 2D FEA design models of the 3D transformer 

structure. Each intermediate optimal solution is evaluated 

by 3D FEA and correction coefficients of the 2D FEA 

models are derived. A new optimization process using 2D 

FEA models is then performed. The convergence of this 

hybrid optimal design methodology is obtained with a 

limited number of time consuming 3D FEA simulations. 

The method is applied to the optimal design of a 

monolithic high voltage pulse transformer for the CLIC 

klystron modulator.  

Index Terms  — Pulse transformer, optimization 

 

1  INTRODUCTION 

    A monolithic pulse transformer based topology is presently 

under study at CERN for the future CLIC solid state klystron 

modulators [1]. The tight pulse specifications defined in 

Figure 1 and listed in Table 1 require a high efficient control 

of the pulse transformer performances during the design 

process. 

    The transformer design methodology needs optimization 

techniques to maximize performance objectives in terms of 

weight and volume while respecting the constraints. Such a 

design approach needs magnetic and electrical dimensioning 

models to derive the transformer equivalent electrical circuit 

parameters with adequate sensitivity to the design parameters 

variations and sufficient accuracy in order to guarantee an 

efficient convergence of the optimization process.  

It has been demonstrated in [1] that the electrical equivalent 

circuit parameters used to compute the objective and 

constraints functions can be directly derived with better 

accuracy from a 2D FEA dimensioning model instead of using 

a simplified analytical dimensioning model. 

But the validation of the final optimal solution by 3D FEA 

simulation of the real transformer structure obtained with the 

2D FEA methodology presented in [1] often shows that some 

specification constraints are not precisely verified. This 

limitation is mainly related to the 2D approximation of the 3D 

transformer structure. 

  
Figure 1: Definition of the specified pulse parameters 

 
Table 1: Specifications of CLIC monolithic pulse transformer  

Transformer and voltage pulse 

specifications 

Value Unit 

Peak output power Pp 29 MW 

Primary nominal voltage V1n 15 kV 

Secondary nominal voltage V2n 180 kV 

Pulse length tp 140 µs 

Settling time tset < 8 µs 

Voltage pulse overshoot <1 % - 

Pulse repetition rate 50 Hz 

Transformer Material specifications 

Insulating material breakdown field Emax 10 MV/m 

Relative permittivity of insulating 

material 
3 

- 

Relative permeability of core magnetic 

material 
4000 

- 

Saturation flux density of core magnetic 

material Bmax 
1.15 

T 

Constraints on Transformer Performance and Size 

Copper losses <3 % of Pp - 

Max. overall dimensions 1 x 0.5 x 1.2 m 

On the other hand, heavy time consuming 3D FEA 

simulations are usually not applicable during the iterative 

optimization process in the case of 3D devices like the 

monolithic transformer structure used in modulators. In this 

paper, a new hybrid optimization methodology is proposed to 
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solve this problem: the optimization process is always using 

simplified 2D FEA design models of the 3D transformer 

structure but each intermediate optimal solution is evaluated 

by 3D FEA simulation. Correction coefficients are derived and 

another optimization process using corrected 2D FEA models 

is performed. With this method, the convergence of the hybrid 

optimal design process is obtained with a limited number of 

time consuming 3D FEA simulations. 

 

2 PULSE TRANSFORMER DESIGN 

OPTIMIZATION 

2.1 DESIGN VARIABLES 

    Because the magnetic and insulating material 

characteristics, the voltage ratio and the pulse parameters are 

imposed by the specifications, the state variables of the 

transformer design optimization problem can be reduced to the 

core width ec, the primary winding turn number n1 and the coil 

height bb (Fig.2). The maximum current density in the 

windings is fixed by the thermal and efficiency constraints. 

The core axial length l is then imposed by the fixed material 

and pulse parameters according to:  

  
           

         

 

 

 
Figure 2: 3D pulse transformer structure 

 

2.2 ELECTRICAL EQUIVALENT CIRCUIT 

IDENTIFICATION 

    The equivalent electrical circuit defined in IEEE standard 

(Fig.3) is used to compute the output voltage pulse imposed to 

the klystron. A specific klystron parameter a defines its non-

linear voltage-current characteristic Uk(ik) according to: 

 

       
 
 
 
 
 

 
Figure 3: Equivalent circuit of the pulse transformer with its klystron load. 

    The parameters of the equivalent circuit are directly 

identified by 2D FEA identification tests based on 

magnetostatic and electrostatic field computations according 

to the procedure already detailed by the authors in [1]. Three 

electrostatic identification tests are required for the 

determination of the capacitances: test 1 with primary 

supplied at rated voltage V1n, and secondary short circuited & 

grounded, test 2 with secondary supplied at rated voltage V2n 

and primary short circuited & grounded, test 3 with primary 

supplied at V1n, and secondary supplied at V2n. The 

capacitances are computed from the three total electrical 

energy values derived from the electrostatic FEA simulations. 

Two magnetostatic identification tests are required for the 

determination of the inductances: test 1 at no-load operation 

with opened secondary, test 2 under short-circuit operation at 

rated current. The inductances are computed from the total 

magnetic energy value derived from each magnetostatic FEA 

simulation. The symbols and definitions of these energy 

values are listed in Table 2. 

Table 2. Nomenclature of the energy symbols of equivalent circuit FEA 

identification tests: 2D model, 2D corrected with Cg, and 3D  

FEA Identification 

Tests 

2D model 

Computed 

on length l 

2D model 

Corrected 

with Cg 

3D FEA 

model 

Electrostatic test 1 Wel12D Wel12Dcg Wel13D 

Electrostatic test 2 Wel22D Wel22Dcg Wel23D 

Electrostatic test 3 Wel32D Wel32Dcg Wel33D 

Magnetostatic test 1 Wmag12D Wmag12Dcg Wmag13D 

Magnetostatic test 2 Wmag22D Wmag22Dcg Wmag23D 

    According to the two-dimensional finite element modelling 

assumption, the energy of each 2D FEA test can be only 

computed on a fixed axial length of the transformer structure 

in the third dimension. In order to take into account the 

transformer end-winding region, the energy values are first 

computed from the 2D FEA solver for an axial length equal to 

l and then corrected by a geometrical factor Cg. With such an 

approach, each energy value is not measured on the length of 

the transformer but on a virtual length that includes the length 

and the core width ec:  

     
  

 
 

    According to the symbols of Table 2, the corrected energy 

values used to identify the equivalent circuit parameters are: 
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2.3 OPTIMIZATION METHODOLOGY 

    An efficient Generalized Reduced Gradient (GRG2) 

algorithm is used to perform the transformer design 

optimization. The objective function to minimize is the 

transformer volume and the non-linear constraints functions 

are built from the transformer and voltage pulse specifications 

listed in Table 1. For each iteration of the optimization 

procedure, the objective and constraint functions are derived 

from the three state variables ec, n1 and bb by the 2D FEA 

identification procedures, followed by the simulation of the 

electrical equivalent circuit of Fig.3. Such a design approach 

has been successfully applied by the authors in [1], with the 

limits of the two-dimensional finite element modelling 

assumption that is using a geometrical correction factor Cg. It 

is now interesting to evaluate the sensitivity of the optimal 

design to the limitation of the 2D approximation by 3D FEA 

simulation. 

 

3 COMPARISON OF 2D AND 3D FEA 

MODELLING  

    To investigate the influence of the two-dimensional finite 

element modelling assumption on the transformer 

characteristics, several 3D FEA simulations of the five 

identification tests have been performed for a transformer with 

a fixed cross section and a variable axial core length l in the 

third dimension. For each identification test, the three different 

estimations of the total electrical (or magnetic energy) are 

plotted in Fig.4 according to the terminology of the energy 

symbols listed in Table 2. When the core length l goes to 

infinity, the energy values computed by 2D and 3D FEA 

converge because the contribution of the transformer end-

winding region is becoming negligible. One can notice from 

the five energy-core length characteristics that the ratio 

between the energy values obtained by 2D and 3D FEA are 

not identical for each identification test. Fig. 5 presents the 

electrical field distribution in a horizontal half transformer 

cross section. One can verify that the average length of the 

inter-winding space where the most important amount of 

electrical energy is stored is different from one test to the 

other.  

 
Figure 5: Electrical field distribution in a horizontal half cross section of the 

transformer, (a) Electrostatic test 1, (b) Electrostatic test 2 

    Moreover, in the case of the short-circuit test related to the 

identification of the total transformer leakage inductance, the 

energy differences are higher even with use of the basic 

geometrical correction factor Cg. One can conclude from this 

comparative analysis that different correction factors must be 

adopted to compute the stored energy in each identification 

test. The correction mechanism of the hybrid optimization 

methodology proposed in the next paragraph is taking this 

conclusion into account. 

 

4 HYBRID DESIGN OPTIMIZATION 

METHODOLOGY 

    The basic optimization methodology using 2D FEA 

identification procedures with the geometrical correction 

factor Cg described in paragraph 2.3 can be associated to an 

error compensation mechanism illustrated by the flowchart of 

Fig.6. For each intermediate optimal design solution, one 

compares the five energy values given by the 2D FEA to those 

obtained by a 3D FEA simulation and corrected by Cg. If there 

is a difference between these two sets of parameters, this 

solution is not acceptable. One must apply five specific 

correction factors to the 2D FEA results to improve its 

accuracy. 

 
Figure 4: Energy-core length characteristics derived from 2D FEA, 2D FEA 

with geometrical correction factor Cg and 3D FEA for the 5 identification tests 

According to the terminology of the energy symbols listed in 

Table 2, these correction factors are computed from: 

      
       
         

           

     
      
        

             

 

The corrected energy values used to compute the equivalent 

circuit parameters are then:  

                                           

                                         

Another optimization process using 2D FEA identification 

procedures with these corrected energy values is then initiated. 

The correction factors are initialized to 1 for the first 

intermediate optimization step. After each intermediate 

optimization step, a 3D FEA simulation is performed. 
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Figure 6: Flowchart of the hybrid design optimization method using a 3D 

FEA correction mechanism. 

  The correction factors are then computed. The final optimal 

solution is obtained when both set of parameters are identical. 

 

5 HYBRID DESIGN OPTIMIZATION 

EXAMPLE 

    The hybrid optimization methodology has been applied to 

the design of the monolithic pulse transformer for the CLIC 

klystron modulator with the specifications listed on Table 1. 

The objective function to minimize was the transformer 

volume. Three intermediate optimization steps are sufficient to 

minimize the 2D FEA model errors and to validate the final 

optimal solution. The main transformer dimensions and the 

output voltage pulse settling time are listed (in Bold) in Table 

3. The optimal result of the basic optimization methodology 

using 2D FEA identification procedures with the geometrical 

correction factor Cg and no 3D FEA correction is also 

presented and normalized to the hybrid optimization solution. 

The output voltage pulse rise time and settling time obtained 

with the basic optimization methodology using 2D FEA and 

the hybrid design optimization methodology are presented on 

Fig.7. 

 

 

 
Figure 7: Output voltage pulse rise time and settling time obtained with the 

basic optimization methodology using 2D FEA and the hybrid design 
methodology 

6 CONCLUSION 

This study shows that it is possible to compensate the 

influence of the two-dimensional finite element modelling 

errors due to the contribution of the transformer end-winding 

region in the third dimension with a limited number of time 

consuming 3D FEA simulations by using a hybrid 

optimization methodology. The overall convergence of the 

process is very fast and the 3D FEA software always validates 

the optimal solution. The convergence of this method is 

verified in the case of the optimal design of a monolithic high 

voltage pulse transformer for the CLIC klystron modulator. 
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Table 1: Optimization results with basic 2D FEA optimization and hybrid optimization methods for CLIC specifications. 

Optimization methodology 
Transformer 

Volume  

Settling time 3D 

FEA model [µs] 
Core width 

Coil height 

 [%] 

Number of turns 

[%] 

Basic 2D FEA optimization  96% 9.6 µs 93% 92% 97% 

Hybrid optimization  
100%  

0.069m
3
 

8.0 µs 
100% 

ec =0.094m 

100% 

bb =0.453m 
100% 

n1=36 

 


