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5.  Number of Exchanges during the Final Fiscal Year* 
  a. from Japan to Korea                        *Japanese fiscal year begins April 1. 

Name Home Institution Duration Host Institution 
Shinji 
Nishiwaki 

Kyoto University 06/26-28/2010 Hanyang University 
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Total:       1        persons 
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FY2008: Total      6       persons 
FY2009: Total      1       persons 
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6. Objective of Research 
The objective of this joint research project is to develop a novel design methodology 

for optimum structural design of magnetic actuators using a level set based structural 
optimization method where the level set method can represent the precise boundary 
shape of a structure and also deal with complex topological changes during the 
optimization process.  

Magnetic actuators are widely used in electro-mechanical industries since they offer 
relatively large actuation motion in comparison with other actuators such as 
piezoelectric actuators. However, such achieving desired improvements in actuation 
performance have been elusive. Some integrated design methods have been proposed, 
but they are currently restricted to the design of basic magnetic devices having simple 
shapes due to the low resolution of the boundary expressions. To overcome region 
representation limitations, we employ here a level set method in which the structure 
under optimization is implicitly represented by a moving boundary embedded in the 
level set function and any type of objective function and structural model can be 
handled by allowing drastic changes in topology. The finite element analysis is 
performed to solve magneto-static and magneto-dynamic problems by assuming linear 
relationship between magnetic field intensity and flux density. The optimization 
problems are defined to obtain optimal configurations that maximize the performances 
of magnetic actuators, such as magnetic energy (magnetic flux) under a minimum 
bound of total volume. Based on this optimization formulation, the movement of the 
implicit moving boundaries of the structure is driven by a transformation of the 
objective and the constraints into speed functions that govern the level set propagation. 
The update scheme to solve the Hamilton-Jacobi equation is improved, new 
re-initialization method based on geometric conditions is constructed, and topological 
change scheme using topological derivatives is developed. The proposed method is 
applied to the structural design of magnetic actuators, and is confirmed to be useful for 
achieving optimal configurations that deliver enhanced actuator performance.  
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7. Methodology 
The ferromagnetic structure to be optimized is implicitly represented through an 

embedded level set function and the structural boundary is propagated along its normal 
direction with speed expressed in terms of the magnetic energy and the amount of material 
used in the design. 
 
Material Representation 

The level set function is introduced to distinguish the material boundaries between the 
ferromagnetic material domain and another domain filled with air. The computational 
design domain can be represented by the level set function ( )φ x  which is defined as 
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where x stands for an arbitrary position in the design domain. 
The magnetic quantities are calculated by linear magneto-static finite element analysis 

under the assumption that the material property has a linear relationship between 
magnetic field intensity and flux density. To represent the distribution of ferromagnetic 
material, the magnetic reluctivity of each element can be defined using a level set function 
as 

( )( ) ( ) ( )( )0 air mat air Hν φ ν ν ν ν φ⎡ ⎤= + −⎣ ⎦x x                        (2)
where 0ν , airν , and matν  are respectively the magnetic reluctivities in free space, air, and 
material, and ( )H x  is the smooth Heaviside function where it is continuous near the 
boundary, to avoid numerical instability. 
 

Problem Formulation 
For the design of a magnetic actuator it is common to consider the magnetic force or the 

magnetic flux as a performance index. Since the magnetic force is proportional to the 
magnetic flux and the magnetic energy can be defined as the square of the magnetic flux, 
we can maximize the magnetic force by maximizing the magnetic energy. Therefore, the 
objective function is set to maximize the magnetic energy in the domain 

objΩ  between a 
yoke and an armature, and this is defined in a discretized form by 

( ) ( )( ) ( )( )1 1 1Magnetic Energy
2 2 2

obj obj obj

e e e e e e eν φ φΤ Τ Τ

Ω Ω Ω
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where eB , eH , eA , and eK are the magnetic flux density, field intensity, vector potential 
and element stiffness, respectively. The amount of ferromagnetic material in the design 
domain 

designΩ  is constrained to a specific value Ω  to limit the weight of the magnetic 
actuator by 

( ) ( )( )Volume
design

H φ
Ω

= ≤ Ω∑ x                           (4)

Therefore, the level set based topology optimization in a magnetic field can be formulated 
as 
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Boundary Propagation 
Since it is assumed in the level set method that the motion of the interface is important 

only in the normal direction, and the level set function is defined as a signed distance 
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function, the level set equation that represents the material boundary changes can be 
obtained by differentiating the level set function with respect to time, as 

( )( ) ( )( ), ,
0  where  n n

d t t t t df dg
dt t d d

φ φ
λ

φ φ
∂ ⎛ ⎞

= + = = − +⎜ ⎟∂ ⎝ ⎠

x x
v v

           
(6)

where nv  is  the normal velocity of the boundary and λ  is the Lagrange multiplier. 
The propagation of the boundary is controlled by solving a time-dependent initial value 
problem, and the normal velocity is required to satisfy the optimality conditions when the 
boundary becomes stationary. Therefore, the normal velocity can be derived from both the 
KKT conditions of the optimization problem (5) and the convergence criteria of the level set 
equation. 
 
Design Sensitivity 

Material boundaries are driven by speed functions that govern the level set propagation. 
The normal velocity is derived from the optimality and convergence conditions of the level 
set equation and calculated using design sensitivities. For the sensitivity of the constraint, 
this can be obtained directly by differentiating the constraint with respect to φ  as follows: 

( )( ) ( )( )
design design

dHdg
d d

φ
δ φ

φ φΩ Ω

= =∑ ∑
x

x                         (7)

where ( )δ x is the Dirac-delta function. 
As for the objective function, eK  and eA  have explicit and implicit dependencies with the level set 

function, respectively, which makes it infeasible to derive the sensitivities analytically. Therefore, the 
adjoint variable method is employed to calculate the sensitivity of the objective function, where the 
adjoint variable is introduced. Using the objective function and the governing equation for magnetic 
fields, the functional f can be defined as ( )f f Τ= + −z KA J  where the adjoint variable Τz  can be 

arbitrary since =KA J  is always valid. The sensitivity of the objective function f  with respect to 
φ is given as a function of the magnetic potential vector, the sensitivity of the magnetic stiffness and the 
adjoint variable as, 
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Lagrange Multiplier 
A Lagrange multiplier is required to calculate the normal velocity for the movement of 

the boundary. The gradient projection method is employed to estimate the Lagrange 
multiplier, assuming that the constraint for the use of the material is active. 

Thus, differentiation of the constraint with respect to time must always be zero, and 
hence 
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          (9)

Algorithm 
The proposed method can be summarized as follows: 
Step 1: Define the design domain in which the material is distributed and the objective 

function domain where the magnetic energy is calculated. 
Step 2: Define the material boundary by initializing the level set function. 
Step 3: Perform the magneto-static analysis and evaluate the magnetic energy and the 

amount of ferromagnetic material. 
Step 4: Perform the design sensitivity analysis and calculate the normal velocity 
Step 5: Solve the level set equation and propagate the boundary. 
Step 6: Repeat the Steps 3-5 until the evolution of the material boundary is converged. 

  




