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Abstract This work proposes design, optimization and
validation of a new two degree-of-freedom (DOF) rota-
tional optical image stabilizer (OIS) that is suitable for
installing into a mobile-phone-camera. This OIS differs
from the previous designs since it stabilizes the lens holder
directly by two-DOF translational mechanisms that are
actuated by voice coil motors. The work can be divided
into three main parts: (1) designs of mechanism and genetic
algorithm (GA) optimization of magnetic field, (2) estab-
lishments of the dynamic model and equation of motions
(EOM) of a dual-axis rotational structure, and (3) realiza-
tions of a sliding mode control (SMC) controller with fine
performance. The dynamic of the dual-axis rotational OIS
system has been analyzed and the EOM has been derived.
Based on the Lagrange’s method, the motions of the OIS
have been modeled through considering kinetic energy and
electromagnetic torques. In the last part, the theory of SMC
is applied, and the associated simulations are conducted.
Based on the simulation results, the SMC controller is
forged with the assistances from MATLAB pre-simulation
and tested by a microprocessor module. After a series of
experiments and verifications, the prototype of the novel
OIS is finally accomplished with satisfactory performance
of vibration reduction.
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1 Introduction

An optical image stabilizer has become an important fea-
ture nowadays in a camera, and also mobile phones. Past
studies working on two kinds of image stabilizers for
compensating the hand-shakings are digital and optical
image stabilizers (Ko et al. 1998; Yeom 2009) (DIS and
OIS, respectively). However, the development of the DIS
was limited by requiring additional buffer memory and
compensating hand-shakings and/or shocks with low per-
formance (Chang et al. 2002). This study presents design,
optimization and validation of a new two degree-of-free-
dom (DOF) rotational OIS that is actuated by voice coil
motors (VCMs) (Choi et al. 2008). This OIS differs from
the previous designs (Yeom 2009; Chiu et al. 2007; Tu
et al. 2009; Yu and Liu 2008) that stabilizes the lens holder
by two-DOF translational mechanism. As compared to the
translational one (Chen et al. 2003; An et al. 1999), the
proposed rotational OIS is in small and slim size (only
11 mm x 11 mm x 8 mm) in order to be installed in
mobile phones with favorable performance for compen-
sating hand shocks. The dynamic of the OIS has been
analyzed in this study and the sliding mode control (SMC)
has been applied to realize the controller.

This study is dedicated to construct an OIS system that
works against external impulsive excitations. The design
and validation of the OIS is completed by three parts of
work: (1) optimization of the OIS mechanism and the
associated magnetic fields to maximize the actuating tor-
ques generated by VCMs; (2) establishment of the asso-
ciated dynamic governing equations and design of a
sliding-mode controller; (3) performance simulation and
experimental validation. The effort in the first part is aimed
to designing a yoke-less, small-size VCM actuator, which
offers the motions of the lens holder in the rotational DOFs
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along yaw and pitch directions subjected to maximized
magnetic torques. The torque maximization is achieved via
the application of genetic algorithm (GA) (Im et al. 2003;
Grefenstette 1986) for finding optimum design parameters
of VCM components and various sizes. After the goal of
optimization is accomplished, the system dynamic equa-
tions are next derived based on the Lagrange’s method
(O’Reilly 2007; De Callafon et al. 2006). The equations of
motion (EOM) are derived by considering the variations of
the magnetic force, moments of inertia and the rotation
angles of the lens module changes, the complicated
dynamics of the OIS can be deciphered via equations. With
the derived EOMs, the sliding mode control (Chao and
Shen 2009; Utkin 1977; Bartolini et al. 2000) is designed
and applied for precise angular position and velocity con-
trol. Since the EOMs of the system are nonlinear, using the
method of a direct nonlinear control is more effective than
using a linear control with linearization-EOMs. Besides,
the SMC can reduce the tracking errors to zero in finite
time. It is found that the controller designed based on the
established equations of motion is capable of positioning
the lens holder to the desired angles within +2.5° in the
required 0.3 s. A series of simulation and experiment are
operated in the third part. Finally, the compact OIS is
developed. The performance for different types of shock is
tested, and the function of image stabilization is therefore
proven.

2 Mechanism design and GA optimization
2.1 Mechanism design

The mechanism design of the proposed yoke-less and small
size OIS actuator consisted of several parts, the camera
lens module unit and a supporting frame attached with
VCMs and magnets, etc., which is shown in Fig. 1. This
unique OIS owns rotational DOFs along directions of yaw
and pitch. Since the structure is designed for implementa-
tion in a typical mobile phone, bulky components are out of
consideration. Note that the camera lens module unit is
suspended from a patterned spring, and a gyroscope is
attached under its bottom for sensing shocks/shakings. The
module can rotate along two axes to stabilize captured
images while subjected to external impulsive vibrations. To
generate electro-magnetic forces by VCMs for attenuate
these vibrations, two magnets with opposite poles are
attached on each sides of a shielding case of the lens
module. Slim coils are wound around the inner windows of
the frame for carrying VCM currents to move the camera
module unit. The total size of this OIS actuator is
Il mm x 11 mm x 8 mm, as shown in Fig. 1b.
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Fig. 1 a The blown-up of the proposed magnetic actuator. b The
manufactured OIS

2.2 Genetic algorithm

To achieve maximum actuation sensitivity with minimiz-
ing tilt angle, the well-known genetic algorithm (GA) is
employed for finding the optimal parameters in the OIS
structure design. The optimization process is similar to that
in (Chiu et al. 2007) The optimization aims to consider
three perspectives—sensitivity, electro-magnetic torque
and power consumption. The sensitivity of the OIS is
related to the acceleration

F
A=— 1
= (1)
where M is the total mass of the camera module, which is
around 1 g, including those of the magnets, the lens unit,
shielding case, etc. F is the VCM-generated electromagnetic

force, which can be expressed as

F=N-i-1xBy, (2)
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where N is the number of coil loops of a VCM, i is the
VCM current, 1 is the total length wire, and B, is the
magnetic flux density that results from geometric design of
magnets and shielding case. Herein, a GA algorithm is
forged and applied to acquire the optimal results of the
VCM-generated electro-magnetic force.

Another important point should be concerned is that the
magnetic force induces tilting forces on the lens module
due to the relative mis-positionings of the lens module to
its housing. Therefore, maximizing the ratio of generating
force and the possible tilting force brings out the best
performance. With those conditions, the fitness function to
maximize for GA can be derived as

A
“Fr P

(3)

ffi tness

where Fr is the tilting torque while P is the consumed
power. Since the tilting force in the OIS obeys Fr = Fr
where r is the associated moment arm,

A F/M 1
Fr-P  FrP  rMP’

f]“itness = (33)
Due to the fact that » and M are nearly constants, the
defined fitness depends largely on the power consumed.

The settings of the GA algorithm are described as follows:
the population is set as 100; the crossover and mutation rates
are set as 0.7 and 0.2; the number of generation for optimi-
zation is set as 1,000. The different settings of trials had also
applied to prove that the results are already converged under
the pre-set criterion. Figure 2a shows the evolution of the
fitness function values during GA optimization. Table 1
gives the resulted optimal values which are all extremes of
their pre-considered ranges, except for /; and /,, the efficient
lengths of reluctances of the shielding case and magnets,
respectively.

< Best
« Average [
+ Poorest

Fitness

400 500 600 700 800 900 1000
Generations

0 100 200 300

Fig. 2 Results of GA optimization

3 Equations of motion

The dynamic characteristics of the proposed OIS are ana-
lyzed in this section, and then the equations of motion
(EOMs) would be derived. Considering only rotational
dynamics of the lens module, the dynamics can be ana-
lyzed through estimating the moments of inertia and the
angular velocities of the camera module unit. Based on the
Lagrange’s equation (Rao 1986), the equations of motion
can be derived by

d (0T oT oU 4
i) oo @
where T is the matrix of kinetic energy, U is the matrix of
potential energy, Q; is a vector of applied torques, and q; is
the vector of states.

The dynamic of the OIS owns two rotational DOFs. For
calculating the kinetic energy, the moments of inertia and
angular velocities should be known first. In the mechani-
cal structure, the center of mass (CM) of camera lens
module is always at some position when rotating. In other
words, the coordinates of the lens CM is unchanged
throughout controlling process. The pitch-axis rotates
along x-axis while yaw-axis along y-axis. In this nonlinear
system, two main parts are to be discussed. One part is
about the changes of moments of inertia, while another
part is about the variations of electromagnetic torques. In
the first part, the variations of moment of inertia are
considered. Since the electromagnetic torques are always
applied along pitch and yaw-axis, the moment of inertia of
the camera module changes with different angular posi-
tion. Therefore, the term of moment of inertia is incor-
porates into EOM. In the second part, the variations of
electromagnetic torque are discussed. The cause of torque
variations is because the magnetic field varies during the
rotations of the camera module. The magnetic field is
related to the angle of rotations of both pitch and yaw
axes.

3.1 Variations of moment of inertia

Define O, as a system of ground coordinates whose origin
O is at the center of top face of camera module unit, as
shown Fig. 3. The moment of inertia for module in
motionless situation is easy to be obtained since the camera
module is a rectangular solid. Once the dual-axis camera
lens module rotates along pitch and yaw-axis, the new
moments of inertia should be re-calculated through fol-
lowing procedures. The rotational angles of the camera lens
module along pitch and yaw axes with respect to the
ground coordinates are define as Hg and qﬁg, which can be
measured by a gyroscope. On the other hand, the angles of
the camera lens module relative to the frame are defined as

@ Springer



1040

Microsyst Technol (2011) 17:1037-1049

Table 1 GA variables and optimal results

Symbol Range Definition Optimal result
A 0.004 < [; < 0.006 (m) As shown below 0.004
b 0.001 < 1, < 0.003 (m) As shown below 0.001514
L, 0.003 < 1,, < 0.009 (m) As shown below 0.003
d, 0.0001 < d; < 0.0005 (m) As shown below 0.0001
d,, 0.0004 < d,, < 0.0007 (m) As shown below 0.0004
1. 0.02 <. <0.03 (m) Wire length per loop of a coil 0.02
d, 0.0004 < d, < 0.001 (m) As shown below 0.00078
N 100 < N < 150 Loop number of a coil 100
., g I
I3}
@ Magnets / 7
Shielding case
Side View of the OIS

0rand ¢, which are shown in Fig. 3. The angular velocities
of the camera module, Qg and dﬁg, can be expressed as

; Tdisturb—p ;
Hg == / Iidt + Qf,
total—p
y Tdisturb y (5)
ISIUro—y
total—y
where Tgisnp—p and Tgignep—y are the torques caused by
shocks/disturbances, and /;,;q—,, and I;y—, are the total
inertias of the OIS along pitch and yaw axes, respectively.
The kinetic energy of the camera lens module with respect
to the frame with the conditions 0= ¢y =0 can be
calculated with known angular velocities along two axes,
which are

Wpitch = Oga
. (6)
WDyayy = ¢g'
The kinetic energy becomes
1. - .. ..
T = 3 (1x0g + Iy, — Lyl ¢, — 1 0,6,), )

Ixy = Iyx = 07

where I, and I, are the moments of inertia of the module
with respect to x and y axes. I, and /,, denote the cross
moments of inertia. Nevertheless, when the angle between
frame and camera unit is not zero, the moments of inertia
change. In other words, when 0, and ¢, vary with nonzero
values, the equations need to be revised. Having rotated
x axis by 0y and y axis by ¢, with respect to frame and
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based on Fig. 3, the rotation matrices corresponding to
x-axis and y-axis are (Boresi and Schmidt 2001)

1 0 0

R(05) = [0 cost, sin, (8)
0 —sinff cosly

and
cos¢py 0 —singy

Ry(¢y) = 0 1 0 . 9)

singy 0  cos¢y

Therefore, the new vector after rotation along both non-
zero pitch(x) and yaw(y) axes of the inner lens module can
be obtained by the rotation matrix

cos ¢y 0 — sin ¢,
R (0f)Ry(¢;) = | sinlysing,  cosOp  sinlycos ¢y
sin ¢y cos Oy —sinby  cos Oy cos ¢y
(10)

Using the above rotation matrix, the moments of inertia
of the camera lens module in rotations with respect to
frame can be found, which are
Lyisch = I, cos® ¢p + 1y sin? 0y sin’ ¢p+ I sin? oy cos? 0y,
Liaw =1, cos’ 0 + 1, sin® 0.

(11)

The above resulted inertias have been confirmed by

comparing the values with those obtained from software.
The results of numerical and simulation are the same,
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Fig. 3 The coordinates and Z
parameters of the camera A
module
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therefore, the equations are shown effectiveness. Then, the
kinetic energy can be derived as

1 . . . ;
T = 3 (I, cos® ¢y + I, sin® Oy sin® ¢ + I sin” ¢, cos® Hf)ﬁf
1 i .
+5 (Iy cos® O + I sin® O7) 7.
(12)
On the other hand, the potential energy of this system is
assumed zero. That is
ou ou
= . (13)
9q1  Oq»
Therefore, Eq. 4 can be expressed as
(I, cos? ¢r +1, sin’ 0y sin® ¢r+1 sin? oy cos? Gf)éf
— (I, sin 0y cos 0y sin* ¢y — L sin Of cos 0y sin? qﬁf)()%
— (=1, sin 0y cos 0y + I sin 0y cos H,c)qﬁj%
=0 = Tpitch — kpgf
(14)
and
(I, cos® Oy + I, sin’ 0f~)£/5f
— (=1L sin ¢y cos ¢y + I, sin’ Oy sin ¢4 cos ¢,
+ I sin ¢ cos ¢y cos’ Hf)éj%
= 02 = Ty — kyby. (15)
where Q; and Q, result from VCM torques; Ty, and Ty,
are electromagnetic torques of pitch and yaw, and &, and k,
are stiffness constants of sheet springs as shown in Fig. la.
Note that ;. and t,,, vary with different angles of
rotation. The spring sizes are determined to render an

acceptable balance between high DC sensitivity and ade-
quate bandwidth offered by this OIS driver (Chiu et al.

2007). The equation of torques along two axes will be
discussed in the next section.

3.2 Variations of electromagnetic torque

Another characteristic of the nonlinear OIS system is the
variations of the electromagnetic torque. The causes of
the variations are twofold. One is the distance between
coils and magnets and another is the vector of the
magnetic field. It is obvious that the different angles of
rotation would result in various dynamics. To analyze
the variations of torque, several assumptions are set up:
(1) the magnetic field of the coils is almost uniform (i.e.
no large magnetic field difference between the center and
the edge of magnets). With this assumption, the distance
and the normal vector of magnets are the only things
needed to be concerned and (2) the position of central
point of the lens is invariable during the rotation.

With these assumptions, the simulation model using
Maxwell 11 is built. The simulation range of angle is
from —3° to 3° for rotating both pitch (8p) and yaw-axis
(¢p). Based on the simulation data and electromagnetic
theory, the electro-magnetic torques applied to the lens
module can be calculated by a numerical method. The
magnets are the major design factor and the original
magnetic force generated by VCM coils and magnets
without rotations is assumed as Fo=N-i-1 x By,
where F, is the generated force while By is the original
magnetic field vector. Since the magnitude of magnetic
force is in inversely proportional to square of distance
between coils and magnets, the distance with rotations
should be considered. The VCM driving torque can be
obtained by calculating the electro-magnetic force and
spring force at each facet of the lens module. The
equation of the torque t is then
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d3((do+a(1 —cos ¢f)2 + b?sin’ ¢f)>
((do+a(1 —cos¢))’ —b2sin® ¢;)* )
d2((do+a(1 —cos 0;)* + b2 sin? 0f>
((do+a(1—cosbf))* — b2sin®0;)* )’
(16)

2
Tpiteh = ACOS” PrFo (

Ty = acos” 0y F (

where d, is the initial distance between coils and magnets
(i.e. Oy = ¢y = 0). a and b are the geometric parameters as
shown in Fig. 3. Therefore, the two complete EOM with
respect to pitch and yaw axes are next derived, and all of
the states have become

Oy Oy
éf _ fl(gfvéfvcbfad)f)+g1(9fvéfa¢fv(bf)u1
oy ¢ 7

uy = ipirch and Uy = iyaW7
(17)

where fi, f>, g1, and g, are nonlinear functions used to
represent the terms derived above, while u; and u, are
input currents. Figure 4 shows the block diagram of the
stabilizer system, controller and their input/output
variables.

4 Sliding mode control

The sliding mode controller (SMC) is able to eliminate the
state tracking errors in finite time, and is applicable to a
system with nonlinear dynamic. Therefore, the control of
the actuator is accomplished by SMC. The application of
the sliding mode control for the OIS system is described in
this section, while Fig. 4 illustrates the control scheme by a
block diagram.

The first step of designing a sliding mode control sec-
ond-order system is to derive a nonlinear equation in the
canonical form:

X =f(x) +g(x)u, (18)

where x is the output of interest (i.e. the angular positions
and velocities of pitch and yaw), and « is the control input
(i.e. the input current for controlling the electromagnetic
torque). The function f{(x) is nonlinear and has to be upper
bounded by a continuous function of x. g(x) is also a
nonlinear function that is multiplied by the input u. The
function f is not always known. If the fis undetermined, it
can be estimated as f . The estimation error on fis assumed
to be bounded by some known function F as

f —fI<F. (19)

Fortunately, the function f is already derived in the
previous section, thus, the equation exists, and
the estimated error is out of consideration. For achieving
the sliding mode control, the input u and the sliding surface
s is next determined in the following equations,

gily = —f; + ¥ — A%

u; = ii; — ksgn(s)

= (—fi +i—2X)/g —ksgn(s), i=1,2, (20)
and

S =X+ %= (X — %) + Alx — xq), (21)

where k is a proper scale that be chose, A is a strictly positive
constant, sgn(.) is the sign function, and x, is the desired sate.
More specifically, the goal of the control is to stabilize the

camera module with respect to ground (ie. 0, = Qg

= ¢, = c].')g = 0). Thus, the desired states can be expressed as

Oy = 0, — 0y,
¢fd - ¢g - ¢n
O = 0, 0.
(i)fd = ¢g - dgm (22)

where {0;, ¢,, 0;, ¢,.} prescribes the angular motions of
the frame which is caused by external disturbances, which
can be sensed by a gyroscope in an on-line fashion.

Fig. 4 The blocks for the ]
stabilizer system and controller 9f(1 B Zﬁ;;i;o:z:fs;:i for ; Sliding mode wws | The OIS 9/ 4,
- variable s *| controller *| system >
Egs. (21.22) Eq. (20) Eq.(17)
A
096,90
Gyro
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Fig. 5 a Simulation results of angular positions; b angular velocities;
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Fig. 6 a The simulation result of u; with the revised control law; b u,
with the revised control law

In general, the chattering is a serious problem of SMC, and
should be eliminated. This can be achieved by revising the
control law with a thin boundary layer neighboring the
switching surface

B(t) = {x,|s(x;1)| <@} ® >0, (23)

where @ is the thickness of boundary layer, and ¢ = @/
"' is the boundary width. In other word, revise the
control input with a boundary layer

u =i — k sat(s/®). (24)

By this way, the control law u becomes continuous, and
was chosen as before outside of B(t). Finally, the sliding
mode control of the dual-axis system can be realized by
controlling the input current. Two factors of controller, u;
and u,, can be derived by solving Eq. 20. Since the
compensate range is between +2.5°. For simulation,
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Fig. 7 a The assumed shock (a) Signal of Gyroscope (OIS off)
signal; b The compensated 1 T T T T T T
shock signal of Case 1
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Fig. 8 a The assumed shock (a) Signal of Gyroscope (OIS off)
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shock signal of Case 2
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consider a case with initial conditions 0, = —0.02, the revised control laws. The simulation results are shown

¢, = 0.04 (radian), 0, = —0.8 and ¢, = 0.7 (rad/s), and
the simulation results are shown in Fig. 5Sa—d. The settling
time is <0.15 s. Another case (Case 2) is simulated with

@ Springer

as Fig. 6a and b. Obviously, the inputs u; and u, are
smooth now, and this is helpful to overcome the problems
of chattering.
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5 Simulation and experimental results
5.1 Simulations for compensating assumed shocks

Since the control law is verified, two simulation cases for
compensating assumed shocks are implemented in the next
step. The states of angular position and acceleration can be
obtained with differentiation and integration. Since shock
signals are sensed by a gyroscope, an assumed angular-
velocity shock signal is introduced. Two important points
are explained here; first, all cases take pitch axis for the
example, and the control results along yaw axis could be
obtained with the same method; second, the controller

Frequency (Hz)

works only when someone turns on the OIS. The results of
OIS on/off are obtained by the simulation software. Here,
the results of two simulation cases (Case 1, 2) are discussed
and explained. Case 1, a 10 Hz sine wave with 1 rad/s
magnitude is applied as a shock signal, as shown in Fig. 7a.
Compensated by the controller, the absolute value of shock
magnitude is reduced to only 3.5% of the original, as
shown as Fig. 7b. Case 2 is simulated by applying sine/
cosine combined waves. This angular-velocity shock sig-
nals are 1.5, 10, 14 Hz waves, as shown in Fig. 8a. After
the compensation, all magnitudes of the shocks with dif-
ferent frequencies have been reduced. The absolute value
of the compensated magnitude is reduced to 3.97% with
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Fig. 10 a The OIS-off signals
for Case B measured by
oscilloscope; b The OIS-on
signals; ¢ The OIS-off FFT
results of the practical shock
signal. d The OIS-on FFT
results of the practical shock
signal
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Fig. 11 a The gyro signals as (a)
OIS being off and under the
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respect to the original one, as shown in Fig. 8b. Therefore,
these two simulation cases can prove the performance of
the controller for compensating random shocks. Thus, the
performance of the OIS controller has been proven. With
those positive results, the experiments are next operated.

5.2 Experimental results

Two experimental cases (Case A, B) are conducted to test
the performance of compensation. Since the continuous
shocks occur during users are recording video, a practical
continuous hand-shock signal, Case A is therefore tested
for confirming the performance. Normally, the shock
frequencies of hand shake are lower than 20 Hz. The fre-
quency of shocks in Case A is about 2 Hz, as show in
Fig. 9a. The results show that the magnitude of Case A has
been reduced to 16.83% of the original after the OIS is
turned on, as shown in Fig. 9a. The FFT results are shown
in Fig. 9b and c. Another case, Case B, considers a prac-
tical hand-shock when someone is pressing the camera
shutter button. The signals of OIS off/on are shown in
Fig. 10a and b. The magnitude of the shock is reduced to
29.95% of the original after the OIS is turned on. The FFT
results are shown in Fig. 10c and d. Therefore, the per-
formance of the manufactured OIS is confirmed.

06 08 1 1.2 1.4 16 18
time (sec)

5.3 Comparison between experiments and simulations

To estimate the errors between simulations and experi-
ments, shock signals are applied in both simulation and
experiment. An applied continuous signal is shown in
Fig. 11a. The compensated results of simulation and
experiment are shown in Fig. 11b. The absolute value of
the shock magnitude is reduced to 6.1% by simulation and
17.23% by experiment. Fig. 12a illustrates the shock case
that someone is pressing the shutter bottom. The com-
pensated results of simulation and experiment are shown in
Fig. 12b. The absolute value of the shock magnitude is
reduced to 10.1% by simulation and 29.95% by experi-
ment. With the similar results of simulations and experi-
ments, the prototype of the OIS is proven well designed
and the function of image stabilized is demonstrated.

6 Conclusions

A compact OIS is designed and fabricated as a novel
design that compensates external shocks by the two DOF
rotational mechanism. This design owns the capability to
stabilize the lens holder along pitch and yaw axes, and has
a wide range of compensation. With a small and slim size
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(11 mm x 11 mm x 8 mm), this OIS system is suitable
for being installed in a mobile phones. Once the OIS is
installed in a mobile phone and becomes a standard com-
ponent, it would be an obvious progress for mobile phone
commercialization. This study has accomplished several
goals—mechanical design, GA optimization, dynamic
analysis, and controller designs. A prototype of the OIS
system is built and tested. The shock magnitudes on the
lens holder have been reduced to <30% after turning on the
OIS.

Since the performance of the OIS is successfully shown
by this study, the installation of the OIS into a mobile
phone is the next goal to pursue. When the OIS system is
turned on, the influences and interactions with other com-
ponents of mobile should be concerned. Moreover, the
research works for more effective controllers, durable
mechanisms, and lower power consumption systems will
be conducted.
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