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Design and Analysis of a Voice Coil Motor with the Servo Control IC
for Auto-Focusing Digital Cameras

Student: Jhih-Da Hsu Advisor: Dr. Ying-Yu Tzou

Department of Electrical and Control Engineering
National Chiao Tung University

Abstract
This thesis presents the modeling of a voice coil motor (VCM) used for the auto-focusing
control of a digital camera in applications to high-performance mobile phones. The force
constant and its associated back-EMF constant of a VCM can be highly nonlinear with the
mechanical structure. Conventional modeling technique using the derived flux distribution
based on geometrical structure is quite involved and impractical to identify its equivalent
parameters. A modeling procedure for a specially designed VCM is developed based on its

mechanical structure and used material by using an electromagnetic simulation software—the

Ansoft’s Maxwell 2D. An iterative optimal design process is then proposed to maximize the
force constant of the VCM with=a specified volume. Simulation results with experimental
verification are given to illustrate that the proposed design procedure can achieve a
satisfactory performance. According to”the modeling and design of the VCM, this thesis
presents the design methodology to-implement a fully digital control IC for the position
control of the auto-focus (AF) lens module"in applications to mobile phone camera using the
field programmable gate array. As compared with the conventional stepping motor control
with a spring return fixture, the AF lens module is driven by a voice coil motor with a digital
servo drive IC, which includes a digital servo controller, a digital current controller, and a
full-bridge dc-dc converter. The designed digital servo drive IC provides a total digital
solution to the position control of the AF lens module in applications to high-performance
light-weight slim-type mobile phone camera and video. The designed AF lens module can
reach a control range of 0.6 mm within 30 ms with a control resolution less than 30 um, a

peak driving force of 30 mN, and a peak output current of 120 mA.
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Chapter 1

Introduction

1.1. Research Background and Recent Development

In recent years, mobile phones have been evolved to a development trend to integrate
almost every digital media function, such as MP3, voice recorder, digital camera, broadband
radio, and even digital TV. At the same time, a mobile phone is also required to be more
lighter, thinner, and longer usage time, this means lower power consumption and efficient
dynamic power management is a must. Auto-focus is a fundamental requirement for a digital
camera or a video recorder. In the conventional approach, the auto-focusing is accomplished
via a stepping motor with open-loop control. This solution has disadvantages of low control
resolution, possible losing steps for fast image tracking, large volume, and large power
consumption for its continuous winding excitation. Because of these disadvantages, voice coil

motor (VCM) is one of many promising candidates for next generation digital cameras.

The VCM is evolved fromthe principle of a loudspeaker in vibrating its diaphragm by
exciting its voice coil with a contrélled current. Therefore, the VCM is used in applications of
linear positioning control systems with small eontrol range, such as an optical read/write head
of DVD or an auto-focus module of a digital camera. In recent marketing, the VCM in
applications for camera lens actuator use spring in return to achieve open-loop position
control [1]. The mechanism is hard to assemble and consumes much power especially when

large displacement due to the elastic force, thus it is not a good solution.

On the other hand, due to the development of microcontrollers, the different control
loops have changed from analog to digital implementation, which allows more advanced
control features. The analog approach (based on op-amps, resistors and capacitors) does not
easily allow change of control parameters and noise may limit the performance. However, the
bandwidth of analog controllers can be made very high. The advantage of digital
programmable controllers is that the control parameters are easily changed. Field-
programmable-gate-arrays (FPGA) now offer sufficiently high gate-density on a single IC

that the flexibility of digital software controllers can be realized in hardware.



1.2. Research Motivation and Objectives

The VCM designed in this thesis needs no spring in return. It is composed of a coil and
two yoke plates (top and bottom) where permanent magnets are bonded in a fixture. Its
operation principle follows the Lorentz force law and it offers the advantages of simple and
rigid structure, fast response, no cogging force, no force ripples, and can be controlled with
high accuracy. The design issue resides in how to arrange a fixed volume of the magnet
within a restricted volume to achieve the largest force constant [2]-[4] and at the same time to
lower its power dissipation [5]. In additional to the energy saving and minimum volume
requirements, fast dynamic response and high accuracy are also required for the positioning
control of the VCM module [6]. Therefore, an iterative optimal design process is proposed to
maximize the force constant of the VCM with a specified volume. In order to achieve this
optimization-oriented design goal, an accurate model of the VCM is important both for the
motor design and the servo control chip design. Thus a modeling procedure for the specially
designed VCM is developed based on itssmechanical structure and used material by using an

electromagnetic simulation software—theAnsoft’s Maxwell 2D.

This thesis also presents a systematic soltution that integrates the slim-type VCM and the
dedicated digital servo control IC for-the auto, focus lens module in applications to high
performance mobile phone camera. The servo.control IC is composed of two parts—the
controller and the power drive circuit. The former adopts fully digital control scheme, in
which the highest sampling frequency is 200 kHz. The latter uses a full-bridge dc-dc
converter as the power amplifier, and the switching frequency is 100 kHz. The controller
generates PWM signal directly and thus no D/A converter is needed. The DC link voltage is
3.3 V and the maximum output current is 120 mA. This thesis presents the design and
modeling procedure of the VCM and proposes the design scheme of each control loop of the
digital servo drive IC. The design is implemented by FPGA and the experimental results are
verified that the AF lens module can reach a control range of 0.6 mm within 30 ms with a
control resolution less than 30 um. Therefore, the design can achieve the requirement of low

power consumption, high resolution and fast response.

-



1.3. Thesis organization

The thesis is organized as follows. In chapter 2, the fundamentals and the mathematical
modeling of the voice coil motor is introduced, and the optimal design procedure is presented.
Simulation results with experimental verification show the closeness of the mathematical

model and the physical model.

In chapter 3, the design methodology to implement a fully digital control IC for the
position control of the VCM in applications to auto-focus lens module of mobile phone

camera is presented. Simulation analyses are also given in this chapter.

In chapter 4, the laboratory setup of the auto-focus lens module drive is introduced, and
the FPGA-based implementation issue is discussed. The overall performance is verified
through experimental results. Some concluding remarks related to this research are

summarized and discussed in Chapter 5.



Chapter 2

Modeling and Design of the Voice-Coil Motor

2.1. Magnetic-Field Analysis

Fig. 2.1 shows the cross-sectional structure of the VCM used for auto-focusing control
of the lens for a digital CCD camera and Fig. 2.2 illustrates its defined design parameters. The

permanent magnetic circuit includes a magnet, two yokes, and the air gap. The material of the

. . . . H
magnet is NdFeB. Its characteristic equation can be written asB, =B (1- Hm), where H.

represents the coercive force, B, is the residual flux density, H,, and B,, are the magnetic field
strength and flux density of the magnet, respectively [7]. The material of the yoke is
cold-rolled steel. The saturated magnetic flux density B, of the selected magnet is about 1.65
T. In order to achieve the maximuni-usage of the magnetic field and at the same time to
maintain a safe tolerance for temperaturé variation, an empirical value between 85%-90% of

its saturated flux density is selected ‘as the designed opérating point.

The magnitude of the flux dénsity in theair gap can be approximated by

B

g

= |m, B, Heur @.1)
(K, +1)

where

K =2 2(R2+Yz)_W1_W2+2(Y+W2)_J’1_y2+wl+y1]'

_ 2.2)
g /LlrayZ ILlerZ ﬂrc'wl

)

If yoke A, yoke B, and yoke C work on the same operation point, their relative permeability

ra = thy = L. The VCM’s operation principle follows the Lorentz force law:

ﬁ:jj xB. dV, (2.3)
14
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where J, is the current density and ¥ represents the volume of the coil. The average length per
winding /. is approximately m(2R+ 2w, + [, ). Let B, be the quantity of B . In the r-direction

on the central of the air gap. Assume that the current density is uniform distributed, and B, is

uniform distribution in the r-direction since the width of the air gap is very small. The

magnitude of F in the z-direction:

m

. . lg Yetdy
Fy=iy Ky =iyl jd B, (2)dz, (2.4)

where i, is the motor current and D is the diameter of the coil. Let the operation point of the

magnet be its maximum energy product that generates larger flux density in the air gap.
Enlarging w; will increase ‘E &‘ . However, if [, is suppressed, then less windings are included.
If w, is suppressed, then yoke B becomes saturated. Both the conditions decrease Kr. On the
other hand, increasing /,, makes yoke A or yoke C become saturated, thus K is increased, and

‘Bg‘ is decreased so that Ky is reduced. Therefore, a design procedure must be constructed to

decide how to arrange a fixed volume of magnet.within a restricted volume to achieve the

largest force constant.



2.2. Features of Maxwell 2D

Maxwell 2D is the electromagnetic simulation software program that helps users develop
virtual prototypes of electric machines, actuators, transformers, and other electromagnetic
devices that can be represented in two dimensions. Maxwell 2D includes five solver modules:
Transient, AC Magnetic, DC Magnetic, Electric Field, and Thermal. The modules are
designed to solve problems in the static, frequency, and time-varying electromagnetic
domains, including motion and thermal coupling. Each module uses the 2D Finite Element
Method (FEM), tangential vector finite elements, and automatic adaptive meshing techniques
to compute the electrical/electromagnetic behavior of low-frequency components. With
Maxwell 2D, users solve for electromagnetic-field parameters, such as force, torque, and
impedance, as well as generate state-space, models, visualize 2D electromagnetic fields, and
optimize design performance [8].

This thesis adopted the DC-Magnetic solver module of Maxwell 2D and the function of
geometric parameter sweep during parametric- analysis. The DC Magnetic solver module
computes static magnetic fields where ‘the' source originates from a DC current or voltage,
permanent magnets, or externally applied magnetic fields. The properties of the materials can
be linear, nonlinear or anisotropic. The simulation results show the magnetic force or torque
applied to the designate object, inductance of the windings, stored energy and visualization of
magnetic fields.

The parametric analysis module breaks a Maxwell 2D project down into two parts: a
nominal model and a parametric model. The nominal model is created like any other 2D
model, except that the design parameters which will be changed during a parametric sweep
must be defined as variables while drawing the geometry, assigning material properties, and
so on. The parametric model consists of variations on the nominal model. The design

variables defined for the model such as frequency, geometric constraints, functional material



properties, or functional boundary/source quantities are assigned the values that specified
while setting up the parametric sweep. The number of variations that can be defined for a
parametric model is limited only by computation resources. The simulation results obtained
for each setup can be compared to determine how each design change affects the model
performance.

In this thesis, the geometric parameters y;, y», w; and w, in Fig. 2.2 are set to be swept
during parametric analysis. The simulation results show the magnetic field distribution and
the magnetic force on the mover of the VCM. The statistical data can be used in the optimum

design procedure.

2.3. Optimum Design Procedure

Let Kr be the objective function and assume that y. = y; + [,, and the gap between the

coil and the yokes is very smallsie. [, ~w,. The optimization problem is described as

follows:
Maximize
lg Yetdy
foy :F'l" : j . B, (z)dz (2.5)
subject to
wt+w,+l, =R,, (2.6)
y1+y2+lm:Y’ (27)

where R;, R; and Y are fixed numbers according to the dimensions specification of the lens

module.

The objective function has four independent variables y;, y,, w; and w,. Under the
constraint, by sweeping every possible combination of the variables, one can find the solution.

However, this is time consuming. The flow chart that using Ansoft’s Maxwell 2D to solve the



problem is shown in Fig. 2.3. The first half of the flow chart is the standard steps to construct
a model with definition of geometric variables. After the environment is set up, let W = (wy,
wy) and Y = (y1, )2). Select an initial value of Y, named Y, and sweep W, until the maximum
value of f,,(Wpy) under Yy is present. Next, fix W = Wy and sweep Y until the maximum
value of f,,(Y1) under Wy is present. If the two values of £, are equal or in the range of
calculation error, the solution is converged. Otherwise, the algorithm finds the next value of

Jobj to compare with the one before.

START

Define Model
& A
Define Variables Select an initial value of Y |e
v ‘
Setup Materials Fi.X Y,, sweep W,
Flndf;bj,m(wn’Yn)
; v
Select Boundaries Fix W_, sweep Y,
& Sources n=ntl Find £, ,(Wp, Yyi1)
A

Define Items
to Be Solved

f;b j,m (Wn’Yn+ 1 )
> Jobjm Wi Yy) ?

obj,m

Yes

\ 4

Setup Solution
m = m+l
\4
Defined the Sweep No
Range and Step Size
Yes

Find the maximum of
f;)b/,m(wﬂY)

Fig. 2.3. Flow chart of solving the VCM design optimization problem.



This method takes much less calculation time than sweep every combination of the four
variables. However, it doesn’t guarantee to find out the global maximum, thus the outer loop
of the flow select K different initial value to compare with one another. Larger K takes more
computing resources, and increases the possibility to get the global maximum. Another tip to

reduce the computing time is adding the two inequalities: y, 2w, and y, >w,, since flux

leakage happens especially at the corner of the L-shaped steel and in the air gap.

Let Ry =4 mm, R, =2 mm, Y = 2.5 mm and the current density J. = 2.8 A/mm?. Fig. 2.4
shows the simulation result of searching fo; max using the flow mentioned above. Fig. 2.4(a)
shows that at first, select Yo = (0.3, 0.2), sweep W from (0.05, 0.05) to (0.8, 0.8). The
simulation result shows that there exists a local maximum of F,, around Wy = (0.65, 0.25).

This result is definitely to be modified in the next step since y, < w; is not reasonable.

In Fig. 2.4 (b), the solution is moved to W = W, and Y; = (0.5, 0.3), the magnetic force
is about 26 mN, which is larger than the one in the first step. It also shows that if y, is about
0.2 mm to 0.4 mm, increasing y; from 0.05 mm to 0.5 mm tends to make more magnetic flux
flow through the air gap so that the magnetic force is increased. When /,, is suppressed less
than 1.2 mm, the flux density in the-air gap falls extremely, thus the magnetic force is
decreased. According to the simulation result, the maximum value of the magnetic force in
this step is in the range of y, = 0.2~0.4 mm. If ), is too small, then yoke A becomes saturated.
If y, is too large, then the magnet is‘suppressed. Both the conditions decrease the flux in the
air gap. Figs. 2.4(c) and 2.4(d) show that the solution is converged around W = (0.7, 0.3), Y =

(0.5, 0.35), and the maximum magnetic force is 26.8 mN.

To show how the flux density is improved during the optimization process, Fig. 2.5
illustrates B,,(z) on the central of the air gap of the four steps. Because the initial value of y,
in the first step is selected very small, the flux lines are gathered in the section of y; and the
flux density in the rest part of air gap is very low. In the second step, y; is increased so that
the flux is spread in a wider range. Next, w; is increased and the permanent magnet generates
more flux, thus the flux density in the air gap is increased. Finally, the solution is converged

in the fourth step, and the distribution of flux density is By

Figs. 2.6(a) and 2.6(b) show the distribution of the flux density and the flux lines,
respectively. Since yoke B is a little thinner than yoke A, the magnetic density is about 1.5 T,
which is near the magnetic saturation point. The flux density is under 1.3 T in yoke A and

yoke C, thus no magnetic saturation occurs, the permeability is relatively high.
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2.4. Modeling of the Lens Module

In a well designed motor, the torque (or force) constant is tuned to be a constant value
for its rotating range. However, for a linear motor, especially a mall linear motor with very
small transverse distance, limited space, and an aspect ratio close to unity, the resulted force
may not be a linear function of the stator current due to a nonlinear flux linkage. According to
the design procedure illustrated in the previous section, let Bg4 be By, in (2.4), the force
constant Ky is a function of mover position due to the changing coupling field as shown in Fig.
2.7. The minimum of Kr is 0.128 mN/mA at d,, = 0 mm, and the maximum is 0.952 mN/mA
at d,, = 0.43 mm. The average value is 0.63 mN/mA.

The coil inductance L, and resistance r; of the VCM can also be extracted from

Maxwell simulation. The conductivity of copper is about 5.8x10’ siemens/m, thus according
to the length of the coil, the resistance of the coil can be calculated. On the other hand, when
yoke B leaves the coil, the relative permeability of the inductor core is decreased, thus L, can
be represented as a function of d,,. Du€' to’the non-linear B-H characteristic of cold-rolled
steel, L, also varies with motor cutrent i,;;-However,.as shown in Fig. 2.8, the variation of L,
due to i, is not obvious since i, i$ inthe range-of £120:mA for this application. It is the mover
position that dominates the variation.of Z;. The dynamic model of the lens module can be

represented as follows:

F =(M, +ML)dZ” +f(u )+ F,, (2.8)
_ lg l ye+d, d 2

vy =ty L jd B, (2)dz, (2.9)

va—vb:ia-rLJrLa(dm)CZ: , (2.10)

where M. and M are the mass of VCM and camera lens, respectively, v, is the back-EMF of
the VCM, and u,, is the velocity of the VCM. The variation of L, due to i, is ignored in (2.10).

Fig. 2.9 shows the block diagram representation of the modeling of the VCM based lens

module for auto-focusing. It can be observed that the force constant and coil inductance have
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been characterized as nonlinear functions of mover position. The force constant reveals a
large variation that can not be ignored even with a small range of motion and this is due to the
large magnetic force resulted by the stator. The force disturbance comes from the weight of
the module. When the module does not move horizontally, the weight of the module should
be taken in to consideration. The friction modeling is the standard Coulomb plus static plus
viscous friction model [9]-[10]. Let F,,— F; be F, and the stick region width be £Au,,, when

the lens is still, |u,,| < Au,, :

F, if1F,|<|f|
So(u,)= ] s (2.11)
£, -sgn(F,) ohterwise
and when the lens is in motion, |u,,| > Au,, :
f‘r(um):fcsgn(um)-i_KBum’ (212)

where f. > 0 is the Coulomb friction level,f; is.the"static friction force, and Kz > 0 is the

viscous friction coefficient. These parameters are extracted from experiments.

TABLE2:1
PARAMETERS OF THE TEST VCM

Parameter Value Unit
VCM inductor, L 410 mH
ESR of inductor, 7 25 Q
force constant (averaged), K 0.63 mN/mA
back-EMF constant (averaged), Kg 0.63 V/mm/ms
mass of the mover, M¢ 0.3 g
mass of the lens, M| 0.7 g
maximum stiction force (with load), f; 5.9 mN
viscous friction coeff. (with load), Kp 0.082 N/mm/ms
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2.5. Error Analysis for the modeling of a VCM

A VCM is constructed based on the proposed design procedure. The experiment model

of the lens actuator is shown in Fig. 2.10. The size of the module is10mm x14mm x4 mm.

The stator of the actuator consists of a set of coil and a pair of guide pin. The mover is
composed of a pair of permanent magnet that bounded in two plates of yoke. A position
sensor by using a non-contact photo transistor has been designed to convert the physical
position 0-0.6 mm to 0.5-1.7 V. In order to verify its performance of the designed VCM and
modeling accuracy, a set of sinusoidal voltage signals with different frequencies have been
applied to the VCM. Fig. 2.11 shows the closeness of the measured experimental results with
the block diagram based simulation results. It should be noted that the motor parameters are
derived from the Maxwell 2D—a two-dimensional finite-element based electromagnetic
simulation software. The parameters of the test VCM are shown in Table 2.1. Though the
sinusoidal response of the experiment and simulation looks much alike at the two specific
frequencies, it can not guarantee the accuracy of the mathematic model at every frequency.
Thus the step response of experiment and mathematic model is tested. Fig. 2.12 shows that a
square wave is applied to the VCM, and the position response of experiment and simulation
are consistent. Furthermore, in“order to-excite the nonlinear behavior of the model, the
comparison of the impulse response of*experiment.and mathematic model is shown in Fig.
2.13. The actuator is set to move up and. down. It can be seen that in Fig. 2.13 (b), the position
signal of experiment lags that of simulation during 25 ms to 30 ms. This phenomenon arises
from the viscous friction of the experiment model larger than that of the simulation at that

place. Thus a friction model that varies with displacement should be constructed.

(a) (b

)

Fig. 2.10. (a) Experiment model of the lens actuator, (b) stator and mover.
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Chapter 3

Design and Analysis of the Voice-Coil Motor Servo

Control IC

The design of VCM in this thesis is composed of a set of permanent-magnetic circuit
and coil. Its operation principle follows Lorentz force law. Instead of using spring-return
method, the lens’ motion is under closed loop control. Therefore, compared with the
mechanism that with spring in return, the holding power is lowered and the ringing
phenomenon does not exist. The size of the lens module is 10mmx 14mmx 13mm and the

mass of the mover with lens is 1 g.

The proposed VCM servo control IC provides total digital solution for fast auto focus
mobile phone camera applications. As shown in Fig. 3.1, the driver stage uses a full-bridge
dc-dc converter as the power amplifiery and thé switching frequency is 100 kHz. The DC link
voltage is 3.3V and the maximum output current 15’120 mA. The settling time is less than 30
ms with a control resolution less than 30~ pm. Therefore, the design can achieve the

requirement of low power consumption,-high resolution and fast response.

S(v. p,)
/| i
non-linear —/
position
loop gain
Pt Perr| Y [Yerg Ve g 1 N L I
—>O0—> W K — — >
+_ )y + i Ls+r, Ms N
v@:f
Velocity K, |«
Estimator back-EMF ||
A
Pk 2nd order |, — | Anti-alias X
IIR Filter T, Filter AN
Digital Controller Physical System and Feedback Filter

Fig. 3.1. Block diagram of the proposed digital control scheme.
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3.1. Current Loop Design

! ! 500>
IEN I
1 1 L
| !
| =t 1
T Vie ! back-
. . : EMF
! A B !
e —|l:'}: -
: | .
-------------------- i
iPWMO~ PWM3
Digital PWM K,

T

cmd] Current Loop
Controller
A

A

Lok 52

Fig. 3.2. Fullbridge ‘converter used in the current loop.

Fig. 3.2 shows the current driver,is realized by adigital control loop, in which the driver
stage is a full-bridge converter. The digital pulse:width modulator generates switch control

signals by means of unipolar voltage switching:

Compared with bipolar voltage switching, under the same switching frequency, unipolar

has less output current ripple. The amplitude of the current ripple is:

Ai, =V,(1- D)DT. /AL . 3.1)

When D = 0.5, Ai, reaches the maximum value, named Ai, . . The switching
frequency is 100 kHz so that Ai; is less than 5% of the maximum motor current, i.e.
Ay o £0.05V, /1, .

The main advantage in using a current driver is to fasten the response. On the other hand,
the current through the VCM is insensitive of variations in winding impedance and back-EMF.
The back-EMF can be viewed as a disturbance in the current loop. The transfer function G. (s)

from v, to i, is represented as:
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Ms
MLs* +r,Ms+K,

G.(s)= (3-2)

In this application, the VCM has small inductance and relatively large equivalent series

resistance (ESR), thus

S>> 3.3)

The transfer function G, (s) can be reduced to

1

G.(s)= .
:(5) sL+r,

(3.4)

In order to improve dynamic response, the bandwidth of current loop can be extended with
pole-zero cancellation to speed up the response time. Therefore, a PI controller is applied and

the current-loop bandwidth is decided by-the controller gain. Let i [k]=1i,,[k]-K i [k],

the current-loop control low is designed as

v [k]= (K, + K, )i,[k]+ K i [k—1]+v,[k-1], (3.5)
27K L
o = (3.6)
](Pnﬂll(q
27K
AT (3.7)

ic =
f;‘c' K PWM ch

where f;. is the sampling frequency of the current-loop controller and K. is the controller gain
that decides current-loop bandwidth. However, the switching frequency of the full-bridge
converter is 100 kHz, according to sampling theorem, the current-loop bandwidth can not

lager than 50 kHz. Actually, in addition to the limitation of the switching frequency, the
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Fig. 3.3. Block diagram of the simplified current loop.

sample-and-hold and calculation delay also add limitation to bandwidth. The block diagram
of the simplified current loop is shown in Fig. 3.3. The phase delay caused by

sample-and-hold and calculation at the gain crossover frequency F. is represented as:

by = Ds iz + Peac =300 X F X ]él +360°x F, x Ty, , (3.8)

and the phase margin ¢, =90°—¢,;. Approximate the phase response by the second order

system, the relation between ¢  and damping ratio & is

P, = tan ! {25(\/?:1_252 )0-5} ) (3.9)

Assume that the calculation time of the digital controller is 2.5 ps and Ty, is 10 ps, from (3.8),
¢, =27°. If little overshoot is allowed in the close loop step response, select & =0.7, and
from (3.9), ¢, =65°. Fig. 3.4(a) shows the gain crossover frequency is designed at 10 kHz

and the phase margin is 65°. The current loop bandwidth is about 10 kHz as shown in Fig.

3.4(b).
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In a digital control loop, there should be appropriate proportional relation among
sampling period, quantification, and bandwidth. Sampling period represents the division on
the horizontal axle (time) while quantification represents the division on the vertical axle
(magnitude). Too much the bit length or too fast the sampling frequency expends system

resources, or conversely, leads to distortion of signal. Let the frequency f, and the

amplitude 4, of the test sinusoidal wave be

7= 2fm (3.10)
4, =mV§/lR (3.11)

where f; is the switching frequency, 7 is the bit length and m is an integer. According to the
previous design, the current loop bandwidth is 10 kHz and f; is 100 kHz, thus m = 5. Consider
the working point at the maximum commen.used-current, 70 mA, according to (3.1), the
amplitude of the current ripple is 5.25 mA. Let the amplitude of the test sinusoidal wave at
this working point be at least larger than“5:25 mA, according to (3.11), the bit length of the
digital controller output » = 8. Because the converter uses unipolar voltage switching scheme,
the equivalent switching frequency is 200 kHz, the command rate of the current controller
output f.; is 200 kHz. Fig. 3.5 shows the harmonics of the inductor current under several
different f,. It is obvious that if £, is select to be 2f;, then there is no harmonic other than the
fundamental frequency and the even-numbered harmonics due to switching frequency, which
means lower THD.

Table 3.1 shows the comparison of THD under several different bit lengths: 6-bit, 8-bit,
and 10-bit, in which f;; = 2f; = 200 kHz. The THD of n = 6-bit is 35.88%, which is about three
times larger than that of n = 8-bit. Though the THD of n = 10-bit is lower than that of n =
8-bit, the difference is less than 2%, which can be ignored.

Let the working point be 70 mA, Fig. 3.6 shows the current loop provides good tracking
ability for a 10 kHz, 5.5 mA sinusoidal command. Next, the step response is also tested. As
shown in Fig. 3.7, the step commands are 20 mA, 40 mA, and 50 mA. The rise time ¢, is about

35 ps, and the current loop bandwidth BW, = 0.35/t,= 10 kHz.
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3.2. Servo Loop Design

3.2.1. Velocity Loop
v i 1 + vy 1 [P
cmd emd |~ - K — o>
>O > —» ZOH [ > S "T q
+ 2 K T, © ch + Ms 5
i G5(5)
h3 current
loop force
disturbances
v Velocity -
est — g P
Estimator [¢ | T, | Koyl

Fig. 3.8. Block diagram of the velocity loop.

Since the position signal is present in the digital controller, a numerical method is used to
estimate the motor speed. The velocity estimator is implemented using the second-order

Taylor series expansion [11]:
Ve = Kipldor, +1/2(Axc— Ax, )], (3.12)

where v,, is the estimated velocity during k-th period, Ax; and Axj., represent measured

position change during k-th and (k-1)-th sampling interval. As Fig. 3.8 is shown, K, is the
position sensor gain. The velocity feedback acts when the transient of the position response

and rests when the lens module is in position. The velocity controller gain K, is decided by

a)cvMch

K,=—"—L, (3.13)
" K,K, K,

where w,, is the velocity loop bandwidth that is proportional to Kj,. The zero order hold (ZOH)
models the delay of the discrete sampling time of the velocity controller. The transfer function

G3(s) of the ZOH is:

Gs(s)=e"2, (3.14)
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The velocity estimator’s and ZOH’s contribution to the phase can be represented as:

B = Baon (1) + 1,0 () = 360° < LT 11807 £ T, (.15)

where fis the frequency of interest. Therefore, the velocity loop bandwidth is limited by the
discrete time sampling delay of the digital controller. Let the sampling frequency of the
velocity loop be 40 kHz, i.e., T;3= 25 us and the bandwidth of the velocity loop be 2.5 kHz,
and then ¢, on the gain crossover frequency is 11.25° . The phase margin is about 79° ,
which satisfy the stability. In fact, the mover of the VCM is so light (1 gw) such that the
audible noise is a severe problem. Based on the experiments, ., is designed at 800 Hz to 1
kHz. Since the current-loop bandwidth is designed at 10 kHz, the current loop can be viewed

as a DC gain 1/K., while designing the velocity loop.

3.2.2. Position Loop

P 1 % p
pcmd perr V chd R 1 Y
—>0O—> > > - ZOH » - e
+ A /I T, K pr b s
) look-up G5(8) VeIIOCity
table 00p
i - T | K  |<

of

Fig. 3.9. Block diagram of the position loop.

Fig. 3.9 shows that the position controller is a look-up table that has higher gain when
the position error is small and lower gain when the position error is large. The output of the

controller is velocity command which is defined as

<é¢g

Kpl 'perr l:fperr
chd: sz.perr-i_g'AKp if‘9<perr 4 (316)
sz.perr_g'AK ifperr<_g

P
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where AK, = K,,1 - K,», K,1 and K, are the controller gain of different region of the position
error defined by e. Appling higher gain at low position error makes the controller generate
larger current command to overcome the force disturbances such as the weight of the lens
(Mg), guide pin magnetic force (F,i(p,)), and static friction (f;) when the VCM is beginning
to move. The higher gain K, also reduces position steady state error since no integrator is
present in the servo loop controller. The reason that not using an integrator is to prevent the
system suffers from stick-slip oscillation. The steady state position error produced from Mg

and F;,(p,) 1s

Mg+ F,
pess = Pmax g = (po)
2[mapr1Kvif

, (3.17)

where [ax 1S the maximum motor current and Py 1S the full stroke of the lens module. It can
be seen that the parameters Pprax, Imax and Ky are fixed by motor specification, and Kj, is
restricted by audible noise consideration, thus K, is the major parameter designed to reduce
steady state position error. However, rising K,; may“introduce system oscillation, thus K, is
designed to make the position response have more following error to prevent system from

oscillation. The following error eg, undet this-variable position loop gain is

g
€ =€p ——(eﬂ2 —eﬂl) , (3.18)
€m

where ej; and e are the following error under constant position loop gain K, and K,
respectively. The position loop bandwidth BW,, is equal to 1/ey,, thus & can be decided by the
specified BW,. Let K,; = 40, K, = 10, Fig. 3.10 shows how the parameter ¢ affects the
position response. The test position command p,,s is given in the bandwidth of position loop
so that the position response follows the command. When & = ep;, according to (3.16) the
following error eflv = efll, i.e., the controller gain is equivalent to K,;. When ¢ is decreased,
the following error is increased, and the equivalent bandwidth is lowered. When & = 0, the

equivalent controller gain is K,,».
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Fig. 3.10. Simulation of position response under several different &

3.3. Simulation Results and Analysis

Figs. 3.11 and 3.12 illustrate the position, velocity, and current response of a large and
small position command change, respectively. In. Fig. 3.11(a), the magnitude of the step
change is about 90% of the full stroke. The mover is in-position in 30 ms that meets the
specification. The range of the estimated speed 1is-2048~ 2047 which is mapped to

180 um/ms. Fig. 3.11(b) illustrates the current response. For saving simulation resources, the

linear model of the current loop is adopted since the current loop bandwidth is much higher
than the outer loops. According to the position and velocity response, during most of the
transient, the mover is in uniform motion. However, the average of the current is not kept in
constant. It is resulted from the non-linearity of the force constant, which is modeled as a
function of mover position in section 2.3.

In order to overcome the static friction, extra force is needed when the mover is
beginning to move, and the static friction becomes zero as long as the mover starts. Therefore,
there is a little oscillation at the starting of the mover. This phenomenon affects the
performance especially when the change of position command is small as shown in Fig.
3.12(a). One way to decrease the overshoot is to lower the slop of the ramp command when a
small position commend is taken place. The steady-state error is about 2% of the full stroke

that meets the specification, and no stick-slip limit cycle is present.
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Chapter 4

Hardware Realization and Experimental Results

In order to verify the effectiveness of the developed servo control strategy, an
FPGA-based drive system is setup for the experiments. In this chapter, the laboratory setup is

first introduced. Then, the practical realization issues of the control IC are discussed.

4.1. Laboratory System

Fig. 4.1 illustrates the hardware architecture of the experimental system constructed in
this thesis. The developed servo control IC works as a coprocessor with a single-chip MCU
(AT89C51RD2) from ATMEL. The MCU serves as a host processor and governs the work of
tuning control parameters. The developed servo control IC receives sensed position signal and
inductor current from the lens module. The feedback signals are multiplexed before feeding
into the 12-bit A/D converter. The position sensor maps the physical position 0-0.6 mm to

1.2-2.5 V, and the motor current is between *120-mA. The converted digital data is then sent

to FPGA for further processing. Fhe experimental setup is shown in Fig. 4.2.

VCM with sensed position signal

a Camera Lens
and a Position | sensed inductor current
Sensor
v \ 4
V+ V- 12
SCK SCK ) -
SDA k spa ADIN -—ADC Mux ’
MCU Control IC | convst 1 )
DIN CCLK DONE

A

A

EEPROM

Fig. 4.1. Schematic of the prototype lens module servo control system.
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4.2. Implementation of the VCM Servo Control IC

Fig. 4.3 shows the interface and functional block diagram of the constructed servo

control IC for the VCM lens module. This IC allows user to set the controller parameter

according to the load (camera lens) and response time. All modules including current

controller, position filter, position controller, velocity estimator and velocity controller share

the same ALU unit by time-sharing scheme for arithmetic operation. The time-sharing

scheme is mixed with 40 kHz and 200 kHz sampling frequency as shown in Fig. 4.4.

Fig. 4.5 shows the detail block diagram of the ALU unit, which supports both of add,

minus and single cycle operation for arithmetic operation axb+c.

SCK
SDA

PIN

IIN

rF—————=— ==
Position I 12 1|
Profile : \\ Position 2 ;
Generation : 40kHz 12 | Controller N :
I I
:L:: I’C ; ;
| Module : L= Velocity 1\2 :
I ﬁ’ Controller N :
12\ ! !
: 40k Hz D 12 ALU :
Register / Velocity N
File : \"| Estimator \ :
1 200k Hz 12 I
: Position 12 :
A/D ' / 1;2 »| Filter Ay '
Converter : 200k Hz 12 :
| 12 ﬁ |
I ——m———— - J
[ 200k Hz Current :
System _J |/ Controller I‘\1 Full Bridge
Manager | 1 200k Hz : N\l Converter
| 1
Fig. 4.3. Pin assignment of the constructed servo control IC.
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4.3. Experimental Results and Analysis

To verify the design of the digital control IC, the current loop step response is first tested.
In order to capture the waveform of current command and current response at the same time,
the two digital signals are sent to D/A converter and the voltage signals are shown in Fig. 4.6.
The maximum current is limited at 120 mA and the current commands are 25%, 50%, and
75% of the maximum current, respectively. The transient of current loop step response is
shown in Fig. 4.7. It can be seen that the period of the current ripple is 5 us. For unipolar
voltage switching scheme, the switching frequency is 100 kHz. The rise time ¢, is defined as
the time required for the current changes from 10% to 90% of its final value. The current loop

bandwidth BW,.= 0.35/¢, =10 kHz, which is consistent with the simulation results in section

3.1.

Fig. 4.8 illustrates the trapezoidal position response of the VCM with the designed
digital servo drive IC, in which p¢.q and pgy are position command and position feedback,
respectively. The transverse distance.is 0.54 mm with a feed rate of 20 um/ms and can
achieve a position control resolution of 30 wm. The magnitude of holding current at the lower
position is 10 mA while that at the higher position is 40 mA. The magnitude of the peak
current during the period is 60 ‘mA, 'whieh-15-50% of the maximum current. Compare the
position and current response of Fig. 4.8 with ‘that of Fig. 3.11, the experimental and
simulation results are closed to each other. Next, a smaller change in position command is
given. The slope of the ramp command is 20 um/ms, the same as before. The magnitude of
the position command is 0.09 mm, i.e. 15% of the full stroke. The magnitude of the peak
current during one period is about 80 mA, which is 67% of the maximum current. Compare
the position and current response of Fig. 4.9 with that of Fig. 3.12, the experimental and
simulation results are consistent. Experimental results verify the designed digital servo drive
IC can meet the design specifications of an auto-focus module used for high-performance

slim-type digital camera applications.
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Fig. 4.6. Experimental results of the current loop step response: (a) 25%, (b) 50%, (c) 75%

of the maximum current.
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(a) the lens module moves up-and-down, (b) the transient response.
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Fig. 4.9. Experimental results of the position and current response, 15% of the full stroke:

(a) the lens module moves up-and-down, (b) the transient response.
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Chapter 5

Conclusions

The VCM used for the auto-focusing of a high-performance slim-type mobile phone
must meet the requirements of small size, high accuracy, fast response, and energy saving.
The purpose of the magnetic circuit design is to make the VCM achieve maximum force
constant under the constraints of limited volume and available current. This thesis proposed a
systematic method in searching for the maximum value of force constant of the VCM with
given design constraints by using an electromagnetic software, the Maxwell 2D of Ansoft.
The nonlinear characteristics of the force constant can be derived from the 2D
electromagnetic model and be used for the synthesis of its servo controller. The mathematical
model of the VCM has been developed and represented by a block diagram with characterized
nonlinear elements. A slim-type auto-focusing module with a transverse distance of 0.6 mm
has been designed and constructed by using the-designed VCM. Simulation results with
experimental verification are giyen to illustrate the proposed design procedure can achieve

satisfactory performance.

An FPGA-based servo control IC for the closed-loop control of VCM used in an
auto-focus module of a mobile phone has been developed. This thesis also proposed a fully
digital cascaded loops control scheme. On the aspect of the current loop design, the effects of
switching, sampling and calculation delay are considered and analyzed to decide the current
loop bandwidth. The design is verified by simulation and experiment. The velocity loop
compensates the mechanical pole and fastens position response. The outer position loop is
designed to meet the specifications such as response time and steady-state error. In the
hardware realization, by using time-sharing scheme, the ALU is shared to each component of
the controller to save resources. The simulation and experimental results show that the
position response time meets the specification and no stick-slip limit cycle oscillation occurs,

thus the solution is realizable.

In summary, this thesis provides a system design procedure from the magnetic circuit
design of the VCM to the design and implementation of the dedicated servo control IC. The
mathematical model of the lens module has been constructed and verified with experiments so

that the digital controller can be well designed according to the model.
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