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Abstract

In recent years, there has been a stronger demand for the weight reduction of components of various portable electronic devices. This
work is motivated by the need to reduce the weight of a camera shutter module without much decreasing the torque generated by its
magnetic circuit. Because the camera shutter speed is most significantly affected by the torque, the magnitude of the generated torque
should also be considered in the design for the weight reduction. Thus, we formulate the design problem as a torque maximization prob-
lem under various mass constraints. Specifically, we propose to formulate it as a topology optimization problem of magnetic circuits and
find optimal shapes of yokes (and magnets) in the circuits. For the maximization formulation, the objective function is chosen as the
average of clockwise and counterclockwise torques over a whole range of rotation angles of a magnet corresponding to the shutter open-
ing angle. Limits on the mass of the yoke and magnet in a magnetic circuit are imposed as constraints. The torque generated by a mag-
netic circuit is calculated by the modified Maxwell stress tensor method. A series of mass constraint ratios is considered to investigate the
effects of the mass usage on the magnitude of torque generated by optimized circuits. The region occupied by the yoke (and the magnet)
is designated as a design domain, while coils are assumed to belong to a non-design domain. By demonstrating that the optimized mag-
netic circuits outperform a nominal circuit, the use of the average torque as an objective function including a corresponding treatment of a
rotating magnet proposed in this work is shown to be effective for the topology optimization of magnetic circuits in a camera shutter

module.
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1. Introduction

Many modern electronic portable devices, such as mobile
phones and laptops, are equipped with camera modules for
various reasons. Because lighter portable devices are preferred,
the weight reduction of all components of a camera module
including a shutter has become an important issue. This inves-
tigation is concerned with the weight reduction of a magnetic
circuit in a camera shutter module.

For instance, a simple lightweight camera module consisting
of an electromagnetic shutter driven by a magnetic torque [1]
is shown in Fig. 1. In Fig. 1, the magnetic circuit of a camera
shutter consists of a yoke, a coil, and a permanent magnet.
When a current pulse is sent into the coil, the yoke is magnet-
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ized where the direction of the magnetic field depends on the
sign of the current. If the magnetization directions in the yoke
and the permanent magnet are misaligned, the camera shutter
is opened due to the rotation of the permanent magnet by the
magnetic attractive and repulsive forces. Since the perform-
ance of a camera module strongly depends on the shutter
speed that controls the time period of light exposure, a mag-
netic circuit producing a faster shutter speed is desired, but the
circuit mass should be minimized. To achieve both of these
two goals, we formulate the design problem as a magnetic
circuit topology optimization problem. The effectiveness of
topology optimization for electromagnetic systems has been
also demonstrated in earlier works [2-8]. Though there have
been some investigations on the topology optimization of
magnetic problems, no investigation has been reported on the
topology optimization of a camera shutter.

In this work, the design problem is formulated as a torque
maximization problem under various mass constraints. For the
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design optimization, the magnetic circuit is discretized with
finite elements, and the magnetic torque is calculated by the
modified Maxwell stress tensor method [9]. Because the mag-
netic torque affects the camera shutter speed most signifi-
cantly, we propose to use the average magnetic torque over an
operating range of rotation angles of the magnet as an objec-
tive function of the topology optimization problem. To inves-
tigate the dependence of the maximum torque value on a
given mass usage, a series of torque maximization problems
under various mass constraint ratios will be studied. Through
these numerical studies, one can also determine the maximum
weight reduction ratio relative to a nominal circuit without
significantly reducing the magnitude of torque.

2. Topology optimization of magnetic circuits in a
camera shutter module

2.1 Finite element analysis

To facilitate the topology optimization of the magnetic cir-
cuit, the finite element method in two-dimensional magne-
tostatic field is employed and the system matrix equation is
given as follows:

I(‘Az = FMagnet +FCoil > (1)
where K is the stiffness matrix associated with the magnetic
degrees of freedom and A, is the nodal magnetic vector po-
tential in the z direction. The symbols F,,,,, and F,
denote the element load vectors resulting from magnets and

coils, respectively. The matrices are explicitly given by the
summation over the total number ( n, ) of finite elements [10]:

T T
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where u, denotes the magnetic permeability and N, denotes
the standard bilinear shape function. In Eq. (3), H, and

e,xc

denote the coercive force in the x and y directions, re-

e yc

spectively. The symbol J denotes the volume current density.

After A, is determined, the magnetic flux density B in each

direction is calculated as follows:

oN oN
B =""¢A., B =—"¢A_. 5
(= A B=m) )

2.2 Magnetic torque calculation

In the design of rotating machines, it is very important to
calculate a magnetic torque fast and accurately. So far, the
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Fig. 1. Schematic description of a camera shutter device using a mag-
netic circuit.
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Fig. 2. (a) A two-dimensional magnetic circuit model used for optimi-
zation setup and (b) a finite element model of the permanent magnet
before/after rotating with a corresponding coercive force shown.

Maxwell stress tensor method [11] and the energy method [6,
7] have been used. However, these methods may not be the
most effective in the application of topology optimization
because a numerically calculated torque value may be affected
by integration paths in the Maxwell stress tensor method,
while a significant amount of computation is needed in the
energy method using the finite element method. In this work,
therefore, we employ the modified Maxwell stress tensor
method [9]. It is based on the assumption that there are an
infinite number of closed paths in the entire air gap and that
the effect of the entire air gap elements on the generated mag-
netic torque can be considered by taking the average over an
infinite number of the contours. Consequently, the magnetic
torque calculated by this method is less dependent on the finite
element discretization. Based on the modified method, the
magnetic torque 7 is calculated by the following two-
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dimensional area integration:

J'J' rB,B,dS , (6)
/Uog

where , is the permeability of air and g is the thickness of
the air gap. In Eq. (6), [ denotes the core depth and r de-
notes the distance from the axis of rotation to the integral path.
The symbol S denotes the area of the air gap; B, and B,
denote the tangential and normal components of the magnetic
flux density, respectively. In this work, the magnetic torque in
Eq. (6) is calculated by using an in-house code.

2.3 Optimization formulation

The design objective is to find an optimal magnetic circuit
configuration consisting of the magnetic yoke and the perma-
nent magnet that maximizes the magnetic torque for a given
input current under various mass constraints. Fig. 2 shows a
two-dimensional model used for the present optimization
problem. One can compare Fig. 2 with the magnetic circuit of
Fig. 1. Fig. 2 shows the yoke and magnet design domains
discretized by finite elements. In setting up a topology optimi-
zation problem, two density design variables p, and p, are
introduced for the yoke domain and the magnet domain, re-
spectively. For the present camera shutter module, the follow-
ing optimization setup is proposed:

Maximize
N
2N+1 [; ‘TH[,CCW +Tt9,-,mv)+TH,-=0J’ (7)
subject to
Nyoke
hl(pe,l) = Zpe,lve,l _Myoke <0 ’ (8)
e=1
Mmagnet
hZ (pe,Z) = Z pe,ZUe,Z - Mmagnet <0 H (9)
e=l
0<p,, <1 (e=1, ---,nyoke) (10)
Ospe,Z <1 (e 1 maé,net) (11)

In Eq. (7), f denotes the average value of counterclockwise
torques 7y ., and clockwise torques T, . calculated at
angles 6, (i=1,2,...,N) by which the magnet is rotated about
its own axis. In Egs. (8)-(11), the symbols, n,,, and 7.,
denote the number of finite elements in the yoke and magnet
domain, respectively. Therefore, Egs. (8) and (9) state the
constraints on the mass usage of the yoke and the magnet,
respectively (M, : given yoke mass, M., - given magnet
mass, 0, : mass of the " yoke, v,,: mass of the " mag-
net). Egs. (10) and (11) denote the side constraints on the de-
sign variables.

Since the presence of a material in each element affects

the permeability and the coercive force, an SIMP-like pe-
nalization technique (e.g., [12]) is adopted in this work as
follows.

For yokes:
Moy = Uo {1+ (Lyore =D ey} - (12)

For magnets:
/uel =H {1 + (/umagnet - l)p:,z} ’
He,xc = chmpg,Z 5 H

(13a)
(13b)

eve =H ycmp:,z s
where H,,, and H ,, denote the x and y components of the
coercive force in the permanent magnet, respectively; n de-
notes the penalty exponent. According to Egs. (12) and (13),
material properties of the elements in the two design domains
of yoke and magnet are stated as follows: if the design vari-
able p,; (j=1,2) becomes zero, the element represents air.
On the other hand, if the design variable is unity, the element
represents either the yoke ( j=1) or the magnet ( j=2). In
the magnet design domain, while an element with a zero value
of design variable (air) has no coercive force, an element with
a design variable equal to unity (permanent magnet) has a
coercive force, which is dictated by Eq. (13b).

For the calculation of torques at each rotation angle, 6, in
Eq. (7), only the finite elements corresponding to the magnet
design domain in Fig. 2 are rotated by the angle while the
finite element model excluding the magnet domain always
remains the same. Therefore, the components of the coercive
force are also changed with the angle 8, as follows (see Fig.
2(b) for the direction of the coercive force and the angle):

Hxan =H¢‘m COSQ- > (14)
Hycm = Hcm Sinei (CCW)’ (153)
H,, =-H,,sin6, (CW), (15b)

where H,, denotes the coercive force in the permanent mag-
net. Each component of the penalized coercive force by using
Eq. (13b) is then used in Eq. (3). In the procedure, the number
of finite elements in the magnet domain in the circumferential
direction determines the values of the angles, 6, . In Fig. 2(b),
since the number of finite elements in the first quadrant is 16
and 90°/16=5.625°, the rotation angles of the magnet domain
are selected among integral multiples of 5.625° for the element
connectivity between the magnet domain and the air gap.

For the sensitivity analysis, the adjoint variable method is
employed [13].

L=f+)\(F +F,,~KA.), (16)

Magnet
where L denotes the augmented objective function and A
denotes the adjoint variable vector. After differentiating Eq.
(16) with respect to the design variable, we obtain
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dL 9 J dA 0
= f + l + ;“T (FMagnet + FCuil)
dpe,j ape,j aA dpe,j ape,j
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pe j pe j
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From the above equation, the adjoint variable is calculated by
solving the following equation

af
Kk = 9. (18)

which is obtained by setting the last term in Eq. (17) equal to
zero. Therefore, the sensitivities of the objective function with
respect to each design variable are calculated by

d.__ Jf Y JdK A, (19)
dpe,] a/7(’,1 ape,]
L of
dp,, 9
pe,Z pe,Z (20)
T a T aK
+2 7(FM11 net T FCoil) -\ A.
ape‘l “ ape,Z
In Eq. (19), the derivative of the load matrix, Fye,., or Fe,;,

with respect to the design variable becomes zero because the
load matrix is independent of the design variables assigned to
the yoke design domain.

For the proposed topology optimization of magnetic circuits
in a camera shutter module, the total number of analyses in
one iteration of optimization is 2x (2N+1), 2N+1 for the re-
sponse analysis and 2N+1 for the sensitivity analysis, respec-
tively.

3. Numerical results

Before we find an optimized magnetic circuit by using Egs.
(7)-(20), we introduce the magnetic circuit proposed in [1] as
a nominal circuit. A nominal circuit configuration employed is
shown in Fig. 3; specifically, it is assumed that the nominal
yoke fills 57.4% of the given yoke design domain and the
nominal magnet, 100% of the given magnet design domain
shown in Fig. 2. For the optimization, the numerical data used
are as follows:

+ air permeability: g, =47 x107 H/m

+ relative permeability of the yoke: #,,, =1000

+ relative permeability of the magnet: 2, =1.13

» coercive force: H,,, =70000 A/m

» volume current density: J =2x10° A/m?

» number of angles used for torque calculation: N =5

Coil

A'f!mh‘/"l‘/[!)l : 574 %
M e [M = 100 %

A magnetic circuit model

Fig. 3. A nominal magnetic circuit colored in black. The symbols Mp,
and Mp; denote the total masses of the yoke and magnet design do-
mains while M, and M,4gner, the corresponding masses of a nominal
magnetic circuit.

8

7

Objective Value (Nm/m)

Iteration Number

(2)

(b)

Fig. 4. (a) The optimization iteration history and (b) the optimized
configuration under the same mass usage as that for the nominal case
shown in Fig. 3.

e rotation angle range of the magnet in consideration:
-30°<0<30°

enumbers of finite elements in the design domain:
Myohe = 3200, Myagner = 768

* penalty exponent: n =3

For a gradient-based optimization algorithm, the method of
moving asymptotes (MMA) [14] is used in this work.

As the first design problem, we find an optimized yoke in
the magnetic circuit under exactly the same mass ratio as the
nominal circuit. Fig. 4(a) shows the iteration history of the
objective function, i.e., the averaged magnetic torque. The
finally optimized result is also shown in Fig. 4(b). Uniform
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Fig. 5. Comparison between the nominal circuits and the optimized
circuits under various constraints.
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Fig. 6. Comparison of the magnetic torques over the operating of angle
between the nominal and optimal circuits.

convergence is demonstrated from Fig. 4(a) and convergence
to a distinct yoke-air distribution is apparent from Fig. 4(b),
which is obtained by using a threshold value of 0.5, i.e.,
P, =0 for p,; <0.5and p,, =1 for p,; 20.5.

After checking the convergence behavior by the developed
formulation, the effects of the mass usage on the magnitude of
torque generated by optimized magnetic circuits will be now
investigated. Fig. 5 compares the objective function values of
the nominal and optimized magnetic circuits as the allowed
mass usage is decreased. To compare the optimized results
with the nominal ones, the permanent magnet was not consid-
ered as a design domain (i.e., M,/ Mp, =100% ). From
this investigation, while the improvement in the average
torque is about 8% for the optimized circuit subject to the
same mass usage of yoke as the nominal one, one can see that
the topology optimization can reduce the weight of the yoke
by more than 30% without any decrease in the objective func-
tion value.

28.7% 34.5% 40.2% 45.9% 51.7% 574%

70 %

&0 %

00606
0006
00066

90 %

100 %%

WRROO
VRO 6
HBBH O

cCC

Fig. 7. The optimized magnetic circuits obtained under the mass com-
binations of M,i./Mp; and M,gned Mps.

The magnitudes of magnetic torque over the whole range of
operation are shown in Fig. 6, where the three cases of the
nominal model, the optimized model with the same mass us-
age of yoke as the nominal one, and the model optimized to
have a similar objective value to the nominal one are com-
pared. The graph is plotted by connecting the values at 0°,
5.625° 11.25° 16.875°,22.5°, 28.125°, 33.75°. 1t clearly shows
that the maximization of generated torques at each angle
within a range of operation can be achieved by the proposed
objective function in the form of the average torque.

Fig. 7 shows the optimal magnetic circuits obtained under
various combinations of yoke and magnet mass ratios. From
Fig. 7, one can observe a certain pattern in the optimized
shapes of the yoke and magnet as the mass ratios decrease.
This pattern helps magnetic circuit designers find optimal
yoke/magnet shapes of the magnetic circuit in camera shutter
modules. In Fig. 8, the objective function values of the opti-
mized magnetic circuits in Fig. 7 are plotted with respect to
the mass usage of both yoke and magnet. This graph shows
that the objective function has uni-modal properties for the
mass usages of both the yoke and magnet, which means that
its value increases as the mass usage increases. In addition, as
the mass usage decreases, the decrement rate of the objective
function value increases. Based on this observation, one can
infer that there exists a certain value of the mass usage for the
yoke and magnet without significantly reducing the magnitude
of torque.

To show the effectiveness of the proposed objective function
and the corresponding treatment of the magnet design domain,
they are also applied to the case where the vertical dimension
of the yoke design domain is increased. From the optimized
circuit in Fig. 4 subject to the same amount of mass usage as
that for the nominal design, it seems that the yoke design do-
main is rather restricted. The optimized results in Fig. 9 are
obtained with the vertical dimension of the yoke design do-
main doubled, where no threshold for the design variable is
used. The amounts of mass usage (M, /Mp,) for the yoke
are set as 57.4% and 114.8 %, respectively, where the value of



2516

Objective value (Nm/m)

Mass usage for yoke (%) I & =
M o f.\! o

Si ass usage for magnet (%o)
M [M s

@

Mass usage for yoke (%o)

M, (M,

|

0 i3 [ [3 ] 95

Mass usage for magnet (%) M. /M,

12
T
66
55
6.4
52
g
3]
6
100
(b)

Fig. 8. (a) The surface plot for the objective values of the magnetic
circuits versus the mass usages of the yoke and magnet and (b) their
contour plot.

M, is calculated with respect to the yoke design domain in
Fig. 2. As shown in Fig. 9(b), although the improvement in the
magnitude of torque is not significant, it can be observed that
the material distribution is more vertically oriented.

4. Conclusions

The mass reduction of a magnetic circuit without deteriorat-
ing its magnetic torque in a camera shutter module was formu-
lated and solved as a magnetic circuit topology optimization
problem. For the formulation, the objective function was cho-
sen to be the average torque over a complete period of clock-
wise and counterclockwise shutter motions and the constraint,
to be a given amount of the magnetic circuit mass. After
checking the validity of the developed formulation, we sys-
tematically investigated the effects of the mass usage on the
optimized shapes of the yoke and the magnet. Some interest-
ing findings from this investigation are as follows: i) when the
mass constraint on the magnet is tight, the optimized magnet
shape is considerably different from the nominal circular
shape, and ii) on the other hand, the optimized yoke shape is
only slightly different from the nominal yoke, even when the
mass constraint on the yoke is tight. Through this investigation,
the effectiveness of the developed topology optimization for-

J. Kim et al. / Journal of Mechanical Science and Technology 24 (12) (2010) 2511~2517

2h
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Fig. 9. (a) The optimized results for the yoke design domain with in-
creased dimension in the vertical direction and (b) the comparison of
the magnetic torques.

mulation for magnetic torque problems in a camera shutter
module was demonstrated and the effects of the mass of the
magnetic circuit on the optimized results were understood.
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