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Abstract - The present paper presents an exhaustive optimi-

zation method based on screening and zoom techniques and 

its application in two case studies involving electromagnetic 

devices. The method is based on the design of experiments 

technique, combining optimization algorithms with numeri-

cal simulations. The solution of the optimization problem is 

performed in two stages: global modeling (coarse optimiza-

tion) and actual optimization (fine optimization). In the first 

stage, a partitioning of the entire feasible domain is per-

formed, especially in the areas where there are extrema of 

the objective function. Their location is signaled by the sign 

variations of the local effects of the design variables calcu-

lated by a screening technique. In the second stage, the ac-

tual optimization takes place using the zoom technique, ini-

tiated around the point found in the first stage. The paper 

concludes with two case studies in which the application of 

the method on 2-D models of electromagnetic devices is ex-

emplified. The optimization problems are to maximize the 

developed forces while maintaining the overall dimensions 

and the cross-sections of the coils, depending on two geo-

metric parameters. The method was applied up to zoom 

level 5, obtaining a considerable improvement in the per-

formances of the electromagnetic devices. The great ad-

vantage of the exhaustive method is the determination of the 

global extremum of the objective function, which becomes 

all the more expensive the greater the number of design 

variables and the finer the partitioning. 

Cuvinte cheie: optimizare globală, tehnică de screening, pro-

iectarea experimentelor, metoda elementului finit bidimension-

ală. 

Keywords: global optimization, technique of screening, design 

of experiments, bi-dimensional finite element method. 

I. INTRODUCTION 

Modern optimization techniques are directly linked to 
numerical simulations through the Design of Experiments 
(DOE) method [1]-[2], in which real experiments are re-
placed by numerical ones, much cheaper in terms of time 
and resources. Many recent works prove the success of 
these tools [3]-[11]. 

The utility of DOE was demonstrated in [3] for "scan-
ning" a double-cage induction motor to identify the most 
influential parameters on efficiency and starting torque. 

The same technique was applied in [4] to increase the 
efficiency of a boiler by reducing the gas-steam ratio and 
in [5] to adjust design variables to optimize a permanent 
magnet machine. 

The multi-objective optimal design of the geometry of a 
linear switched reluctance motor with segmented motor 
with segmental mover was obtained in [6] using a combi-
nation of DOE and Kriging model. 

In [7], a three-parameter multi-objective optimization of 
graded metal foam under impulsive load was performed, 
correlating the finite element method (FEM) and DOE.  

The paper [8] proposed a robust design for brushless 
DC motors by using DOE in the driving cycles, overcom-
ing the problems related to manufacturing tolerances. 

In [9], DOE was applied to select certain parameters by 
the Taguchi method in order to optimize a switched reluc-
tance motor for ceiling fan design. 

DOE together with genetic algorithms led in [10] to an 
optimized design of a novel line-start permanent magnet 
synchronous with double-squirrel-cage structure and frac-
tional slot concentrated winding and the application of 
FEM was a validation of the obtained solution. 

To investigate the effect of bump structures and loading 
conditions on the electromigration properties of solder 
bumps in Wafer-level chip-scale packaging, in [11] An-
sys, Noesis Optimus, DOE and response surface method-
ology (RSM) were used. In this way, the effect of pas-
sivation opening, thickness of solder surface metallurgy 
and loading conditions on the electromigration perfor-
mance of the solder surface was optimized. 

Relatively recent concerns in the field of electromagnet-
ic device optimization and screening technique can be 
found in [12]-[15].  

MATLAB software was the tool used in [12] for the 
geometric optimization of a guide coil to obtain a maxi-
mum levitation force, based on very accurate semi-
analytical equations, allowing a fast calculation compared 
to 3D-FEM analysis. 

The paper [13] highlights the optimized shape of an 
electromagnetic actuator of a bionic robot fish, using an 
adaptive genetic algorithm. Thus, the noise of the elec-
tromagnetic drive was reduced and its endurance was ex-
tended. 

The efficiency of the screening technique is evident 
from [14] where it was applied to a novel spherical actua-
tor to detect the influence of the main structural parame-
ters on the output torque and on the waveform distortion 
rate of the system. Their improvement was obtained 
through a multi-objective optimization using the genetic 
algorithm. 
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A preliminary screening study was required in [15] for 
the optimization of a micro-electro-mechanical system 
electro-thermal actuator using a multi-objective particle 
swarm optimization algorithm that takes into account mul-
ti-source uncertainties. The effect was to reduce the prob-
lem size and obtain a solution with good robustness. 

Recent works [16]-[18] illustrate the application of op-
timization methods based on DOE technique which aim at 
maximizing the force developed by DC electromagnets.  

Complex versions of the methods by zooms and by 
slidings of designs are applied in [16] to improve the per-
formance of an electromagnetic device with a sufficiently 
good convergence rate by iteratively using second-order 
polynomial models. 

Among the optimization methods based on DOE, ex-
haustive methods are distinguished that allow finding the 
global extremum, in addition to other possible local ex-
trema. They analyze the entire feasible domain, iteratively 
focusing on the areas that locate the sought extrema. The 
ways in which these areas are selected make the difference 
between the methods. 

Paper [17] presents, for a similar electromagnetic de-
vice, the solution of an optimization problem by the ap-
plying of an exhaustive method in which the refinement of 
the global extremum search uses the analysis of variance 
(ANOVA) technique.  

In [18], another exhaustive optimization method based 
on screening and zoom techniques is presented, exempli-
fied on the case study in [16]. 

This paper extends the scope of the method in [18] to 
the case study in [17]. 

II. EXHAUSTIVE OPTIMIZATION METHOD BASED ON 

SCREENING AND ZOOM TECHNIQUES 

Exhaustive (global) optimization methods have the 
great advantage of determining all the extrema of an ob-
jective function (local and global), at the cost of a particu-
larly complex calculation.  

In cases where its analytical expression and implicitly 
its derivatives are not available, but only the values of the 
objective function at the points of the feasible domain, one 
can resort to optimization methods based on the design of 
experiments (DOE) technique [2], which are divided into 
three categories: 

- The method based on 1st order factorial designs; 

- The method based on 2nd order factorial designs 
and response surface methodology (RSM); 

- The method based on 1st order factorial designs 
and screening and zoom techniques. 

All methods have in common the global modeling of 
the feasible domain and are also suitable for constrained 
domains. 

The first method uses a predefined distribution of ex-
perimental points, independent of the objective function 
variations. The accuracy of the result depends on the de-
gree of partitioning of the feasible domain. 

The second method starts as the first and additionally 
calculates for each subdomain a second-order polynomial 
model of the objective function. Depending on the quality 
of these models, evaluated by RSM adjustment coeffi-
cients, it is decided to refine the partitioning in the sub-

domains with poor quality models and the evaluation pro-
cess is resumed. The method is the best for identifying the 
objective function variations, but very expensive for more 
than 4 parameters. 

The last of the methods starts with global modeling and 
a screening analysis performed at the level of each sub-
domain. Where changes in the sign of the objective func-
tion slopes are observed, the partitioning is refined and the 
analysis is resumed, until an acceptable optimum point is 
found.  

The algorithm continues with the actual optimization 
using the zoom technique, which allows for a very precise 
estimation of the optimum point. The interest of the meth-
od increases in the case of a number of parameters greater 
than 3, when fractional factorial designs become effective. 

The third method will be described in detail in the fol-
lowing and will subsequently be exemplified by its appli-
cation in two case studies involving electromagnetic de-
vices. 

A. Global Modeling 

In stage I, the global modeling of the feasible domain 
takes place, which consists of partitioning it into several 
subdomains in which full factorial designs are created [2]. 
If Ni is the number of divisions imposed for dimension i         
(i = 1 ÷ k), the total number of subdomains Ns is: 

 



k

i

iNN
1

s  (1) 

These are called basic subdomains and have the associ-
ated zoom level ζ = 1. 

The partitioning operation defines at the same time a 
regular discretization network that counts 

  

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k
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points. If full factorial designs are performed in each of 
the Ns subdomains, the total number of experiments quick-
ly becomes very large, especially for large values of k, 
which leads to an increase in the cost of the experiments. 
Therefore, it is recommended to use less expensive vari-
ants such as fractional factorial designs, Taguchi designs 
or Placket-Burman designs. 

B. Technique of Screening 

Technically, screening a system is equivalent to ranking 
the effects of input factors on its response [1]-[2]. This 
involves creating a full factorial design, modifying each 
factor with maximum amplitude. The number of experi-
ments required increases rapidly when the number of fac-
tors k becomes large. 

The matrix of experiments is a square matrix X of order 
2k. For k = 2 we have: 
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If we denote by Nnk the number of levels taken by the 
factor k, we have Nn1 = Nn2 = 2 (the values +1 and -1 in the 
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experiment matrix). The number of experiments of the full 
factorial design will be N = 22 = 4. 

The set of corresponding responses is described by a 
column vector Y with 2k = 22 = 4 elements: 
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The effect of factor i on response Y is calculated: 
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(5) 

In stage I of the optimization method, the screening 
technique is applied for each of the Ns basic subdomains. 
Adjacent subdomains between which there are sign varia-
tions of the effects are searched for and if there are, these 
will be partitioned into 2k subdomains and the screening 
analysis will be resumed for the new subdomains with      
ζ = 2.  

The process can continue until a zoom level imposed by 
the experimenter is reached, when the optimal experi-
mental point is chosen from the set of obtained points. 
Stage I represents the coarse optimization stage. 

C. Technique of Zoom 

In the second stage, the actual optimization takes place 
through the zoom technique initiated from the point found 
in the first stage [2]. 

The simplest version of the zoom methods involves 
creating a full factorial design around the initial point, 
delimited by 4 neighboring diagonal points and comparing 
the values of the objective function in the 5 points, fol-
lowed by choosing the point with the best value and re-
peating the action around it. 

If the central point offers the best value, the next facto-
rial design will have a zoom level ζ higher by one unit. If 
not, the same zoom level is maintained. 

Stage II represents the fine optimization stage which 
leads to a very precise estimate of the global maximum of 
the optimization problem. 

III. APPLICATION OF THE OPTIMIZATION METHOD ON 

ELECTROMAGNETIC DEVICES 

In the following, the application of the exhaustive opti-
mization method based on the screening and zoom tech-
niques on DC electromagnetic devices will be exempli-
fied. 

A. Case Study I (CS I) 

As follows from the design methodology from [19], the 
initial geometry shape and the values of the main geomet-
ric parameters of the device 1 can be followed in Fig. 1 
and Table I. 

The air gap for which the study was made is δ = 41 
mm. The coil has w = 1269 turns and the supply voltage is 
Ur = 110 V DC. 

The optimization problem has as objective function the 
actuation force F to be maximized and as design variables 
the support angle ratio, kβ, and the coil aspect ratio, kb: 

 

Fig. 1. Initial geometry shape of electromagnetic device 1 (CS I) [16]. 

TABLE I.  
MAIN GEOMETRICAL PARAMETERS OF DC PLUNGER-TYPE 

ELECTROMAGNET 1 (CS I) [16] 

r1 (mm) 29.80 gb (mm)   19.83         δg (mm)       2.00 
r2 (mm)   0.00 hb (mm) 138.90 Sb=gb·hb (mm2) 2752.27 
r3 (mm) 29.80   s (mm)     2.00 rmax     65.70 

  βin ( º ) 45.00   v (mm)   24.29 hmax   172.60 
a0 (mm)   9.07 hp (mm) 192.00 Hmax   231.19 
a1 (mm) 14.90 b (mm)   10.00   
a2 (mm)   14.90    δp (mm)     1.00   
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The optimization is subject to four equality constraints 
that ensure the conservation of the overall dimensions of 
the device (the external radius rmax, the height of carcass 
hmax, the height of plunger + support Hmax) and the coil 
cross-section (Sb = gb∙hb). The standard form of the opti-
mization problem (OP1) is written: 
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At each iteration n, the gain gn is calculated compared 
to the initial value (n = 0): 

 [%]100
0

0 



F

FF
g n

n
 (9) 

The results obtained are presented iteratively in Table 
II, which also mentions the variation of some 
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TABLE II.  
VARIATION OF PARAMETERS ALONG THE OPTIMIZATION ALGORITHM 

(CS I ) [18] 

It. ζ Ntot Nrec kβ kb 
F 

(N) 

gn 

(%) 

β 

(°) 

gb 

(mm) 

hb 

(mm) 

0 - 1 - 1.000 7.000 656.52 - 45.00 19.83 138.80 

1 1 64 40 1.566 6.500 775.32 18.09 70.50 20.58 133.75 

2 2 128 98 1.425 6.500 810.99 23.53 63.13 20.58 133.75 

3 2 5 1 1.425 6.500 810.99 23.53 63.13 20.58 133.75 

4 3 5 1 1.460 6.438 812.28 23.73 65.72 20.68 133.11 

5 3 5 3 1.460 6.438 812.28 23.73 65.72 20.68 133.11 

6 4 5 1 1.460 6.438 812.28 23.73 65.72 20.68 133.11 

7 5 5 1 1.452 6.422 812.47 23.75 65.32 20.70 132.95 

Total 218 145        

geometric parameters. 

Stage I starts with the initial point P0 with coordinates      
kβ = 1, kb = 7, with the value F0 = 656.52 N and provides 
the best point P1 with coordinates kβ = 1.425, kb = 6.5 and 
value F2 = 810.99 N, with a gain of 23.53%, at the zoom 
level ζ = 2. 

Figure 2 illustrates the distribution of the basic subdo-
mains (ζ = 1) and Figs. 3 and 4 show the 2-D, respectively 
3-D, experimental points and the optimal point for this 
zoom level. Figure 5 illustrates the distribution of the sub-
domains with the zoom level ζ = 2 and Figs. 6 and 7 show 
the experimental points and the optimal point P1. 

Stage II continues with 5 iterations up to point P2 with 
coordinates kβ = 1.452, kb = 6.422 and the value F7 = 
812.47 N, with a gain of 23.75%, at zoom level ζ = 5.  
Figure 8 illustrates the optimization algorithm using the 
zoom technique, initiated from point P1. In Figs. 9-10 the 
entire optimization algorithm is presented, in 2-D and 3-D 
visualization. 

As the optimization results show, none of the design 
variables reach their range limits. The total number of 
numerical experiments required was 218, of which 145 
were recovered through iterations, leaving 73 experiments 
actually performed using the FEMM program [20] and the 
LUA programming language [21]. The force F was de-
termined using the Maxwell Stress Tensor approach. 

In Fig. 11 are presented initial and optimal geometry 
shape and magnetic flux density distribution computed in 
FEMM software on an axial-symmetric model. 

 

Fig. 2. Distribution of basic subdomains (ζ = 1, CS I) [18]. 

 

Fig. 3. Experimental points of the basic subdomains (ζ = 1) and the 

optimal point (in black) for this level (stage I, 2-D view, CS I) [18]. 

 

Fig. 4. Experimental points of the basic subdomains (ζ = 1) and the 

optimal point (in black) for this level (stage I, 3-D view, CS I) [18]. 

 

Fig. 5. Distribution of subdomains with zoom level ζ = 2 (CS I) [18]. 
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Fig. 6. Experimental points of the subdomains with ζ = 2 and the    

optimal point P1 for this level (stage I, 2-D view, CS I) [18]. 

 

Fig. 7. Experimental points of the subdomains with ζ = 2 and the    

optimal point P1 for this level (stage I, 3-D view, CS I) [18]. 

 

Fig. 8. Experimental points of the subdomains with ζ = 2÷5 and the 
optimal point P2 for level 5 (stage II, 2-D view, CS I) [18]. 

 

Fig. 9. Optimization algorithm for ζ = 1 ÷ 5, initial point P0 and      

optimal points P1 (stage I) and P2 (stage II) (2-D view, CS I) [18]. 

 

Fig. 10. Optimization algorithm for ζ = 1 ÷ 5, initial point P0 and     
optimal points P1 (stage I) and P2 (stage II) (3-D view, CS I) [18]. 

 

Fig. 11. Initial and optimal geometry shape and magnetic flux density 

distribution (axial-symmetric solution, FEMM, CS I) [18]. 
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B. Case Study II (CS II) 

The initial geometry shape and the values of the main 
geometric parameters of the device 2 can be followed in 
Fig. 12 and Table III. The air gap for which the study was 
made is δ = 1 mm. The coil has w = 11500 turns and the 
supply voltage is Ur = 115 V DC.  

The optimization problem has as objective function the 
actuation force F to be maximized and as design variables 
the ratio between the height and thickness of the coil, kb, 
and the ratio between the thicknesses of the core yokes, 
kmy: 

 

Fig. 12. Initial geometry of electromagnetic device 2 (CS II) [16]. 

TABLE III.  
MAIN GEOMETRICAL PARAMETERS OF DC PLUNGER-TYPE 

ELECTROMAGNET 2 (CS II) [16] 

h (mm) 52.50 La1in (mm) 13.00 

H (mm) 65.70 L1in (mm) 7.35 

L (mm) 50.90 L2in (mm) 7.35 

Sb=Lb∙hb (mm2) 234.00 Lbin (mm) 7.50 

h1in (mm) 7.90 hbin (mm) 31.20 

h2in (mm) 7.90 g (mm) 19.80 
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The optimization is subject to four equality constraints 
that ensure the conservation of the overall dimensions of 
the device (core width L, core height h, total device height 
H) and the coil cross-section (Sb = gb∙hb). The standard 
form of the optimization problem (OP2) is written: 
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The results obtained are presented iteratively in Table 
IV, which also mentions the variation of some 

geometric parameters. 

Stage I starts with the initial point P0 with coordinates      
kb = 4, kmy = 1.25, with the value F0 = 22.939 N and pro-
vides the best point P1 with coordinates kb = 2.5, kmy = 2 
and value F2 = 24.924 N, with a gain of 8.66%, at the 
zoom level ζ = 2. 

Figure 13 illustrates the distribution of the basic sub-
domains (ζ = 1) and Figs. 14 and 15 show the 2-D, respec-
tively 3-D, experimental points and the optimal point for 
this zoom level. Figure 16 illustrates the distribution of the  

TABLE IV.  
VARIATION OF PARAMETERS ALONG THE OPTIMIZATION ALGORITHM 

(CS II) 

It. ζ Ntot Nrec kb kmy 
F 

(N) 

gn 

(%) 

Lb 

(mm) 

hb 

(mm) 

h1 

(mm) 

h2 

(mm) 

0 - 1 - 4.00 1.25 22.939 - 7.65 30.59 7.29 9.11 

1 1 64 40 3.00 2.00 24.818 8.19 8.83 26.50 6.84 13.67 

2 2 128 98 2.50 2.00 24.924 8.66 9.67 24.19 7.60 15.21 

3 2 5 1 2.50 2.00 24.924 8.66 9.67 24.19 7.60 15.21 

4 3 5 1 2.63 2.00 24.918 8.63 9.44 24.78 7.41 14.81 

5 3 5 3 2.50 2.00 24.924 8.66 9.67 24.19 7.60 15.21 

6 4 5 3 2.63 2.00 24.918 8.63 9.44 24.78 7.41 14.81 

7 5 5 3 2.50 2.00 24.924 8.66 9.67 24.19 7.60 15.21 

Total 218 149         

subdomains with the zoom level ζ = 2 and Figs. 17 and 18 
show the experimental points and the optimal point P1. 

Stage II continues with 5 iterations up to point P2 with 
coordinates kb = 2.5, kmy = 2 and value F7 = 24.924 N, 
with a gain of 8.66%, at zoom level ζ = 5. Figure 19 illus-
trates the optimization algorithm using the zoom tech-
nique, initiated from point P1. In Figs. 20-21 the entire 
optimization algorithm is presented, in 2-D and 3-D visu-
alization. 

As the optimization results show, one of the design var-
iables reaches its range limit. The total number of numeri-
cal experiments required was 218, of which 149 were re-
covered through iterations, leaving 69 experiments actual-
ly performed using the FEMM program [20] and the LUA 
programming language [21]. The force F was determined 
using the Maxwell Stress Tensor approach. 

In Fig. 22 are presented initial and optimal geometry 
shape and magnetic flux density distribution computed in 
FEMM software on a planar model. 

 

Fig. 13. Layout of basic subdomains (ζ = 1, CS II). 
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Fig. 14. Experimental of the basic subdomains (ζ = 1) and the optimal 

point (in black) for this level (stage I, 2-D view, CS II). 

 

Fig. 15. Experimental points of the basic subdomains (ζ = 1) and the 
optimal point (in black) for this level (stage I, 3-D view, CS II). 

 

Fig. 16. Distribution of subdomains with zoom level ζ = 2 (CS II). 

 

Fig. 17. Experimental points of the subdomains with ζ = 2 and the  
optimal point P1 for this level (stage I, 2-D view, CS II). 

 

Fig. 18. Experimental points of the subdomains with ζ = 2 and the  
optimal point P1 for this level (stage I, 3-D view, CS II). 

 

Fig. 19. Experimental points of the subdomains with ζ = 2÷5 and the 

optimal point P2 for level 5 (stage II, 2-D view, CS II). 
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Fig. 20. Optimization algorithm for  ζ = 1 ÷ 5, initial point P0 and   
optimal points P1 (stage I) and P2 (stage II) (2-D view, CS II). 

 

Fig. 21. Optimization algorithm for  ζ = 1 ÷ 5, initial point P0 and   
optimal points P1 (stage I) and P2 (stage II) (3-D view, CS II). 

 

 

Fig. 22. Initial and optimal geometry shape with magnetic flux 

density distribution (planar solution, FEMM, CS II). 

IV. CONCLUSIONS 

In this paper, an exhaustive optimization method based 
on screening and zoom techniques from the field of exper-
imental design was presented. The method is structured in 
two stages. The first represents a global modeling of the 
feasible domain, with a higher degree of refinement in the 
subdomains where changes in the slope of the objective 
function are found, through screening analyses. The sec-
ond stage is the actual optimization using the zoom tech-
nique to improve the result of the first stage. 

The application of the method was exemplified in two 
case studies of electromagnetic devices for which 2-D 
numerical models were obtained using the FEMM pro-
gram. In the first case study, in the global modeling stage, 
23.53% was gained and in the actual optimization stage, 
the percentage increased to 23.75% of the initial value. In 
the second case study, the gain was obtained only in the 
global modeling stage, of 8.66%, but it did not improve in 
the second stage. 

Thanks to the second stage of actual optimization 
through the zoom technique, the presented method proves 
to be very accurate compared to other exhaustive methods. 

From the point of view of the magnetic circuit, the solu-
tion obtained for the first case leads to a pronounced satu-
ration of the plunger and its support, which indicates the 
need to take into account the saturation level as an addi-
tional design variable. The geometric asymmetry of the 
solution for the second case may have some consequences 
from the point of view of mechanical stability, which 
would require reducing the upper limit of the design vari-
able kmy. 
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