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Abstract — The paper seeks to improve the force developed
by an AC electromagnet at maximum air-gap, using the
direct optimization method by zooms, based on numerical
experiments performed by finite element method (FEM) in
ANSYS software. In a previous work, a 5.68% improvement
in the static force characteristic of the same device was
achieved and particularly, a 12.63% improvement in the
force at maximum air-gap, taking into account three very
influential geometrical parameters: the rate of bottom core
thickness, rate of ring width and the rate of lateral core
thickness. The optimization problem was subject to con-
straints of maintaining the overall dimensions of the device.
The research continues in this paper with the search for the
optimal geometrical configuration to provide a maximum
developed force in the "open'" position, replacing the pa-
rameter rate of ring width, having the least influence, with
the parameter rate of winding thickness and adding the
constraint of maintaining the cross-section of the winding. A
device screening ensures that all the new three parameters
are worth considering with a confidence level greater than
99%. The solution of the optimization problem brings an
improvement of 25.67% of the acting force and of 7.09% of
the static characteristic. The magnetic force was determined
based on the principle of virtual work, available in ANSYS
software.

Cuvinte cheie: optimizare, programarea experimentelor, me-
toda elementelor finite 2-D.
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I. INTRODUCTION

Numerical experiments remain the most effective tools
to achieve fast and accurate results, especially in electro-
magnetism, where the finite element method (FEM) has
become indispensable and many researchers have coupled
it with design of experiments (DOE). Optimizing a device
must be preceded by a screening to choose the most influ-
ential design variables. Of particular importance is the
response surfaces methodology (RSM), providing useful
information in running of optimization algorithms. Many
papers present the use of these techniques to improve the
performances of electromagnetic devices [1]-[14].

The RSM with FEM was used in [3] in order to opti-
mize the performances of an electrical motor and in [4] to
improve an electromagnet in magnetic levitation system
based on many design variables.

The improvement of the static force characteristic of an
electromagnetic actuator was often considered an appro-
priate case study to test different optimization methods.
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Fig. 1. Geometry of AC electromagnet [18].

The sequential quadratic programming (SQP) method was
applied on a linear actuator after validation of a shape
sensitivity analysis of magnetic forces using the Maxwell
Stress Tensor approach and FEM [5]. The same tool al-
lowed the force maximization of an electromagnet [6].

The sequential linear programming (SLP) method was
applied in combination with 3-D FEM and RSM in order
to optimize a permanent magnet linear actuator with mov-
ing magnet for driving a needle in a knitting machine [7].
The RSM was successfully used to maximize the clamp-
ing force of an electromagnetic linear actuator with di-
vided coil excitation [9]. Also, an optimization strategy
was performed on the average value of the electromag-
netic force developed by an actuator [8].

In order to optimize the efficiency, specific power and
cost of a tubular permanent magnet brushless linear motor
with Halbach magnet array, the RSM was coupled with
2-D FEM, deducing mathematical relationships between
input design variables and output performance.

A method for design optimization of permanent mag-
netic actuators for medium-voltage-class vacuum circuit
breakers has given rise to scientific interest [11]. The
RSM and FEM are used to minimize the weight of perma-
nent magnet and to improve the dynamic characteristics.



The static magnetic force of a new type actuator for
long stroke length with precise work performance is ana-
lyzed in [12] through ANSYS, ponting out several signifi-
cant parameters affecting the dynamic characteristics and
summarizing some general criteria for optimal design.

In [13] the FEM is applied for electromagnetic force
computation for a solenoid type of electromagnetic actua-
tor with ferrofluid. Influences of the various design pa-
rameters over the actuator characteristics are analysed and
some of them are proposed to be used into optimization.

The paper [14] deals with the static characteristic analy-
sis and force optimization of 3-DOF short-stroke planar
motor, providing the basis and criterion for motor design.

Recent research on electromagnets has highlighted the
effectiveness of the direct optimization method by zooms,
based on the DOE technique coupled with FEM. Thus, in
[16] and [18] the geometrical shapes of DC, respectively,
AC electromagnets were optimized to maximize the static
force characteristic using axisymmetric, respectively, pla-
nar models. In [17] the geometrical shape was obtained
providing a maximum developed force at maximum air-
gap (acting force) for the DC device.

The present study aims to maximize the acting force for
AC electromagnet in [18] (Fig.1), while maintaining the
overall dimensions: the width of the core (L), the height
of the core (h,,,) and the height of the plunger (H,,.) and
its winding cross section (Sy). The used optlmlzatlon
method by zooms is based on numerical experiments in
ANSYS software, using planar model.

II. SCREENING OF DEVICE AND OPTIMIZATION
PROCESS

The initial geometric features of the device were calcu-
lated based on the design methodology in [15] (Table I
[18]). Parameter b describes the depth of the magnetic
core (Fig. 1 [18]).The electrical parameters are: the num-
ber of turns N = 650 with standard diameter d = 0.8 mm,
the DC resistance R, = 6.086 Q, the rated supply voltage
U, = 230 V AC and the curve B-H of the core and the
plunger is shown in Fig. 2. The range of the air gap is 6 =
[0.05 =+ 10] mm.

Maximizing the static characteristic of [18] was per-
formed under the same conditions, taking into account the
variation of three parameters: the rate of bottom core
thickness k;, the rate of ring width k, and the rate of lateral
core thickness kj:
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The influence of the three parameters on the static force
characteristic was certified by the screening of device with
respect to response function Y which takes into account 4
values of force at 4 air-gaps 6 = 0.05, 0.2, 2, 10 mm:

“

TABLE L.
GEOMETRICAL PARAMETERS OF AC ELECTROMAGNET [18]

ay (mm) 15.356 | gy (mm) 5.968
a;, mm) | 30712 | S, (mm® | 657.501
a, (mm) 20475 | g.  (mm) 2.000
b (mm) 44226 | Om (mm) 3.000
b; (mm) 15.356 h, (mm) 1.589
b, (mm) 20.475 y  (mm) 2.000
b; (mm) 15.356 L pnay (mm) 93.361
by (mm) 15.356 Ninay (Mm) 145.884
bs (mm) 7.000 | Hpax (mm) 161.240
0, (mm) 1.000
2.0
15
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q
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Fig. 2. The B-H curve for plunger and core [18].

where Fy = 1500 N and ¢ = 100 are reference values.

The Table II includes the quantiles F,s of the Fisher-
Snedecor observed value with 1 and 4 degrees of freedom,
the corresponding effects and probabilities P(F < Fs).

The histogram of the effects (Fig. 3) shows that for the
confidence level 1 - a = 99%, all three parameters have a
significant influence on the static characteristic:
P1=99.983%, P, =99.998% and P; = 99.972%.

Maximizing of static force characteristic means mini-
mizing of response Y, imposing gauge constraints:

min Y(kl,kz,k3,b4,b5,hp)

08<k <1.2

0.8<k, <12

P:90.8<k, <12 (%)
gk ky,ks) =0

9n (ki Ky, ky) =0

9y (ki Ky, k) =0

g (kp,ky, k) =2 +2’(gc +0, +0, +bs +k; 'ao)_l-max (6)
gh(k1=k2:k3)=b4+hb+ao'k1_hmax (7
gH(kl7k2’k3)=hp+a0'kl_Hmax (8)

The direct optimization method by zooms is fully de-
scribed in [2] and consists of the 1terat1ve1y realization of a
full factorial design counting 2° + 1 = 9 numerical ex-
periments corresponding to the vertices and to the center
of a 3-D hyper-rectangle.

The point with better response is selected as the center
of the next 3-D area with equal or lower volume.
Applying the described method, after 4 iterations was

obtained the optimal solution k; = 1.2, k, = 1.1, k; =
corresponding to the best response Y = 7 483 w1th the



TABLE II.
RESULTS OF SCREENING FOR STATIC CHARACTERISTIC [18]

Source of Fons(M) Effects Probability
variation obs E(Xm) Pn=1-0n
Kq 186.976 -0.02843 0.99983
Kz 576.809 -0.04994 0.99998
Ks 143.539 0.02491 0.99972
ki - ka 0.076 0.00057 0.20308
Ky - Ks 3.419 -0.00385 0.86187
Ks - K3 0.503 0.00147 0.48254
Ky - K - Ks 0.002 0.00010 0.03654
Total Fobs 99% =21.198, E 99% = 0.00957
0.02
99%
~ 0.00
)
= 99%
;E-O.(B
m
-0.04
-0.06
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Factors and mteractions
Fig.3. The histogram of effects for static characteristic [18].

error gy = -0.03%. The graphical illustration of the optimi-
zation algorithm is shown in Fig. 4 and Fig. 5 [18].

Parameter K, reached the optimal value inside its varia-
tion range and the others k; and k,, on the borders. A total
of 180 numerical experiments were performed to improve
the performance of the device by 5.68%. Particularly, the
force developed at maximum air gap had an increase of
12.63%. Other dimensions were done in Table III [18].

The device research continues in this paper with the
search for an optimal geometrical configuration to provide
a maximum attraction force in the "open" position. Since
the influence of the ring is very low at air gap values
greater than 1 mm, the study considers another geometri-
cal parameter k4 related to the winding thickness of the
electromagnet, under constraint of maintaining its cross
section Sy

k=9 c[1.021.2]

Gyo

®

The results of a new screening based on 4 parameters
are shown in Table IV. The histogram of effects (Fig. 6)
shows that the parameter k, can be rejected with the risk
of 6.232%, which was expected.
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Fig. 4. The 3-D feasible domain (white surface on gray planes) and the
evolution of design parameters during optimization algorithm for static
force characteristic [18].
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Fig. 5. The 3-D feasible domain (white surface on gray planes) and the
evolution of design parameters during optimization algorithm for static
force characteristic (2-D view) [18].

The rest of the parameters ki, K3, k,, for confidence level
1 - a = 99%, are considered very influential on the acting
force, with the probabilities P; = 99.973%, P; = 99.999%,
respectively, P4 =99.999%.

TABLE III.
ITERATIONS OF OPTIMIZATION ALGORITHM FOR STATIC FORCE CHARACTERISTIC [18]
. &y b, b, bs by h
Iterations | Neg¢ | Nye ki k ks Y (%) | (mm) | mm) | (mm) | (mm) (m:n)
0 - - 1.00 1.00 1.00 7.566 - 15.36 20.47 15.36 15.36 145.88
1 9 4 1.10 1.10 0.90 7.508 -0.77 16.89 22.52 13.82 13.82 144.35
2 9 2 1.10 1.10 0.90 7.508 0.00 16.89 22.52 13.82 13.82 144.35
3 9 1 1.15 1.05 0.85 7.502 -0.08 17.66 21.50 13.05 13.05 143.58
4 9 0 1.20 1.10 0.80 7.483 -0.25 18.43 22.52 13.82 12.28 142.81
TOTAL 36 7




10
(SN T 999
b'/‘r 0 | — _()_()o o
it
& -10
m
=20
-30
1 3004 12 13 14 24 3-4 1-2-3 1-2-4 1-3-4 2-3-4 1-2-3-4
Factors and interactions
Fig. 6. Histogram of effects for acting force.
Applying the direct optimization method by zooms, the
TABLEIV. optimal solution k; = 1.2, k; = 0.8, k; = 1.2, corresponding

RESULTS OF SCREENING FOR ACTING FORCE

to the biggest acting force F, = 303.23 N, was obtained

Source of Effects Probability after 4 iterations, with the e, = 0.00% error. The graphic
variation Fan(M) E(Xm) Pn=1-0n illustration of the optimization algorithm is shown in
ki 27.809 2.513 0.99973 Fig. 7 and Fig. 8.
ks 0.006 -0.038 0.06232
K3 3915.908 -29.822 0.99999 T
Ky 1184.901 16.404 0.99999 — Fsopi—__
Ki ks 0.000 -0.001 0.00102 _—  — e
Ky ks 0.103 0.153 0.24600 T K yopt *_{V-P7i ;\/,---f’ 13696
Ki Kq 8332 -1376 0.98520 N
ks -Ks 0.001 0.012 0.01943 Lopt 109 540
ks Ky 0.000 -0.007 0.01125 =
Kz Ky 2.647 -0.761 0.86122 ) optimal
ki ks ks 0.000 -0.001 0.00102 8 105 383
Ky ks Ky 0.000 0.001 0.00102 E | inital
Ky Ks Ky 0.016 -0.061 0.09893 = \
ke ks Ky 0.000 0.003 0.00511 E \ 101226
ki ks -Ks Kq 0.000 0.001 0.00102 z \ - -
Total Fobs 99% = 9.646, E 99% = 1.480 =
T 97070
Therefore, the new optimization problem also depends )
on 3 parameters (K;, K3, K4), plus the constraint that pre- Nk

serves the winding cross section Sy,. The parameter k, is
initialized to 1.1, representing its optimal value computed
in [18]. The equations describing the optimization prob-
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Fig. 7. The 3-D feasible domain (white surface on gray planes) and the
evolution of design parameters during optimization algorithm for acting

lem are the following: uring
max Fa(k,,kz,k3,k4,b4,b5,hp,hb) i fi

08<k <12

k, =1.1
0.8<k,<1.2
P:71.0<k, <1.2
gu(ks,ky,bs) =0
gh(kl’k4’hb):0
gH(kphp):O
s (Ky,0,) =0

gL(k3’k47b5):a1 +2'(gc +gm+gbo'k4 +b5 +k3 'ao)_l-max (1 1)
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1.2

1’(’1
On (K. kyshy) =b, +hy +ag -k —hy,, (12)
gH(klﬁhp):hp_'_aO'kl_Hmax (13)
Fig. 8. The 3-D feasible domain (white surface on gray planes) and the
g (k h )= h - g, - k —§ (14) evolution of design parameters during optimization algorithm for acting
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force (2-D view) [18].



The parameters K, ks, k4 have reached the optimal val-
ues on the borders of the variation range. A total of 50
numerical experiments were performed resulting an im-
provement of the acting force by 25.67%. In Table V the
other geometric dimensions were calculated.

The numerical simulations were performed with
ANSYS software using command files written in APDL
language. The 2-D planar solution takes into account the
depth b of the device (Fig.1). For harmonic analyses the
frequency of 50 Hz was considered. The magnetic force
was computed using the Virtual Work principle.

The Fig. 9 presents comparatively the distribution of re-
al and imaginary components of magnetic flux density for
the initial configuration (left) [15] and for the configura-
tion corresponding to the optimal static characteristic
(right) at & = 10 mm computed in [18]. The design meth-

odology in [15] takes into account the approximate ana-
lytical formula for permeances.

The Fig. 10 presents the same components to compare
the initial configuration (left) and the configuration corre-
sponding to the optimal acting force (right) at 6 = 10 mm.

The acting force corresponding to the optimal configu-
ration can be seen in Fig. 11, on the static characteristic.
Here is also added the static force characteristic analyti-
cally and numerically calculated by the design methodol-
ogy [15] and the one optimized according to the parame-
ters Ki, Ko, k3 [18]. The analytical evaluation of the force is
based on the approximation of magnetic flux lines through
straight lines and arcs [15].

It can be noticed that besides the improvement of the

acting force from 12.63% [18] to 25.67%, an improve-
ment of the static characteristic was obtained from 5.68%

TABLE V.
ITERATIONS OF OPTIMIZATION ALGORITHM FOR ACTING FORCE
. Fa &Fa by b, bs b4 h b
terations | Noc | N | ki | ko | ko | k| % | ) | om) | oom) | om) | oom) | coom) | o)
0 - - 1.00 1.10 1.00 1.10 | 256.22 - 15.36 22.52 15.36 25.37 145.88 6.56
1 9 0 1.10 1.10 0.90 1.20 | 289.93 | 13.16 16.89 22.52 13.82 32.18 144.35 7.16
2 9 0 1.20 1.10 0.80 1.20 | 303.23 4.58 18.43 22.52 12.28 30.65 142.81 7.16
3 9 1 1.20 1.10 0.80 1.20 | 303.23 0.00 18.43 22.52 12.28 30.65 142.81 7.16
4 9 1 1.20 1.10 0.80 1.20 | 303.23 0.00 18.43 22.52 12.28 30.65 142.81 7.16
Total 36 2
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Fig. 9. Real and imaginary components of magnetic flux density for the
initial configuration (left) and for configuration corresponding to optimal
static characteristic (right) at = 10 mm (ANSYS, planar solution) [18].
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Fig. 10. Real and imaginary components of magnetic flux density for the
initial configuration (left) and for configuration corresponding to the
optimal acting force (right) at 3 = 10 mm (ANSYS, planar solution).
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Fig. 11. Optimal numerical results for static force characteristic and acting force compared to analytical and numerical results of initial configuration.

[18] to 7.09%, which shows the strong influence of pa-
rameter K,. Taking into account K, and [18] could lead to
superior performance.

The improvement of 7.09% of static characteristic
includes the range of the air-gap 6 = [0.05 + 0.9] mm,
where lower forces were obtained, compared to
characteristic numerically computed by [15].

III. CONCLUSIONS

Using the direct optimization method by zooms and the
FEM 2-D, the performance of an AC electromagnet in
terms of acting force was improved.

The optimization problem takes into account three
geometrical parameters with very strong influence: the
rate of the bottom core thickness, the rate of ring width,
the rate of lateral core thickness and the rate of winding
thickness having as constraints the maintaining of the
overall dimensions and the cross-section of the winding.

The solution brings an improvement of 25.67% of the
acting force and of 7.09% of the static force characteristic.
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