
國立交通大國立交通大國立交通大國立交通大學學學學    

電機與控制工程學系 

碩  士  論  文  

 

用於自動對焦數位相機之音圈馬達及其伺服控

制IC之分析與設計 

 

Design  and Analysis of a Voice Coil Motor with the 

Servo Control IC for Auto-Focusing Digital Cameras 

 

 

研 究 生：許智達 

指導教授：鄒應嶼 博士 

 

中華民國 九十六年 七 月 



 

用於自動對焦數位相機之音圈馬達及其伺服控用於自動對焦數位相機之音圈馬達及其伺服控用於自動對焦數位相機之音圈馬達及其伺服控用於自動對焦數位相機之音圈馬達及其伺服控

制制制制IC之分析與設計之分析與設計之分析與設計之分析與設計    

Design and Analysis of a Voice Coil Motor with the 

Servo Control IC for Auto-Focusing Digital Cameras 

    研 究 生：許智達  Student: Jhih-Da Hsu 

 指導教授：鄒應嶼 博士  Advisor: Dr. Ying-Yu Tzou  

 

國立交通大學 

電機與控制工程學系 

碩士論文 

 

A Thesis  

Submitted to Department of Electrical and Control Engineering 

College of Electrical Engineering and Computer Science 

National Chiao Tung University 

in Partial Fulfillment of the Requirements 

for the Degree of Master 

in 

Electrical and Control Engineering 

July 2007 

Hsinchu, Taiwan, Republic of China 

 

中華民國九十六年七月 











i 

用於自動對焦數位相機之音圈馬達及其伺服控制 IC之

分析與設計 

 研究生：許智達  指導教授：鄒應嶼 博士 

國立交通大學電機與控制工程學研究所 

摘摘摘摘        要要要要    

本篇論文說明用於行動電話之數位相機自動對焦控制系統之音圈馬達設計與建

模，並針對此自動對焦模組提出控制器設計方法，使用 FPGA 實現全數位之定位控制

IC。在音圈馬達中，由於其機械結構及磁路架構，力常數及反抗電動勢常數呈現高度非

線性之特性。傳統透過幾何結構導出磁力線分佈以鑑別馬達之等效參數的建模方式過於

複雜且不切實際。針對此特殊用途之音圈馬達，基於其機械結構及材料，藉由 Ansoft

公司之電磁模擬軟體Maxwell 2D，發展一套建立其數學模型之流程。本文所使用之音圈

馬達乃非傳統使用於手機相機自動對焦系統致動器之步進馬達或需要彈簧之音圈馬

達。為了達到在受限的體積之下，具有最大之力常數之音圈馬達設計，本篇論文提出一

套利用模擬軟體輔助設計之方法。最後模擬與實驗結果之比對將呈現模型之正確性及其

所滿足之效能。根據音圈馬達之建模與設計，其伺服驅動控制 IC 設計規劃中包含數位

伺服控制器、數位電流迴路及全橋式直流-直流轉換器。針對高效能、輕薄型手機相機

及錄像機之鏡頭自動對焦定位控制，此伺服控制 IC 提供全數位化之方法。此自動對焦

系統直線運動範圍全行程為 0.6 mm，在 30 ms 內定位，且控制解析度在 30 µm 之內。

馬達最大驅動力輸出為 30 mN，輸出之峰值電流為 120 mA。 
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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 µm, 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 from the principle of a loudspeaker in vibrating its diaphragm by 

exciting its voice coil with a controlled current. Therefore, the VCM is used in applications of 

linear positioning control systems with small control 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. 
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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 its mechanical structure and used material by using an 

electromagnetic simulation software—the Ansoft’s Maxwell 2D.  

 This thesis also presents a systematic solution 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 µm. Therefore, the design can achieve the requirement of low 

power consumption, high resolution and fast response. 
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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. 
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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 

magnet is NdFeB. Its characteristic equation can be written as )1(
c

m
rm

H

H
BB −= , where Hc 

represents the coercive force, Βr is the residual flux density, Hm and Bm 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 Bs of the selected magnet is about 1.65 

T. In order to achieve the maximum usage of the magnetic field and at the same time to 

maintain a safe tolerance for temperature variation, an empirical value between 85%-90% of 

its saturated flux density is selected as the designed operating point.  

The magnitude of the flux density in the air gap can be approximated by 
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If yoke A, yoke B, and yoke C work on the same operation point, their relative permeability 

µra = µrb = µrc. The VCM’s operation principle follows the Lorentz force law:  
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Fig. 2.1.  The structure of the mobile phone camera. 
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Fig. 2.2.  Definition of geometry parameters. 
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where Jc is the current density and V represents the volume of the coil. The average length per 

winding lc is approximately π(2R1+ 2w2 + lg ). Let Bgr be the quantity of gB
v
 in the r-direction 

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

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

magnitude of F
v
 in the z-direction: 

 

dzzBl
D

l
iKiF

mc

m

dy

d
grc

g

aFam )(
2 ∫

+
⋅⋅⋅=⋅= ,   (2.4) 

 

where ia 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 w1 will increase gB
v
. However, if lg is suppressed, then less windings are included. 

If w2 is suppressed, then yoke B becomes saturated. Both the conditions decrease KF. On the 

other hand, increasing lm makes yoke A or yoke C become saturated, thus Kr is increased, and 

gB
v
 is decreased so that KF 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. 
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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 
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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 y1, y2, w1 and w2 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 KF be the objective function and assume that yc = y1 + lm and the gap between the 

coil and the yokes is very small, i.e. cg wl ≈ . The optimization problem is described as 

follows: 

Maximize 
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subject to 

 

221 Rlww g =++ ,      (2.6) 

 

Ylyy m =++ 21 ,      (2.7) 

 

where R1, R2 and Y are fixed numbers according to the dimensions specification of the lens 

module.  

The objective function has four independent variables y1, y2, w1 and w2. 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 
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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 = (w1, 

w2) and Y = (y1, y2). Select an initial value of Y, named Y0, and sweep W, until the maximum 

value of fobj(W0) under Y0 is present. Next, fix W = W0 and sweep Y until the maximum 

value of fobj(Y1) under W0 is present. If the two values of fobj are equal or in the range of 

calculation error, the solution is converged. Otherwise, the algorithm finds the next value of 

fobj to compare with the one before. 

Define Model 
& 

Define Variables

Setup Materials

Select Boundaries
& Sources

Define Items 
to Be Solved

Setup Solution

Select an initial value of Y

Defined the Sweep 
Range and Step Size

Fix Yn, sweep W, 
Find fobj,m(Wn,Yn)

fobj,m(Wn,Yn+1) 
> fobj,m(Wn,Yn) ?

Fix Wn, sweep Y,
Find fobj,m(Wn,Yn+1)

Find the maximum of
fobj,m(W,Y)

m = K ?

Yes

No

No

Yes

START

END

n = n+1

m = m+1

 

Fig. 2.3.  Flow chart of solving the VCM design optimization problem. 
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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: 22 wy ≥  and 11 wy ≥ , since flux 

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

Let R1 = 4 mm, R2 = 2 mm, Y = 2.5 mm and the current density Jc = 2.8 A/mm
2
. Fig. 2.4 

shows the simulation result of searching fobj,max using the flow mentioned above. Fig. 2.4(a) 

shows that at first, select Y0 = (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 Fm around W0 = (0.65, 0.25). 

This result is definitely to be modified in the next step since y2 < w2 is not reasonable.  

In Fig. 2.4 (b), the solution is moved to W = W0 and Y1 = (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 y2 is about 

0.2 mm to 0.4 mm, increasing y1 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 lm 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 y2 = 0.2~0.4 mm. If y2 is too small, then yoke A becomes saturated. 

If y2 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 Bgr(z) on the central of the air gap of the four steps. Because the initial value of y1 

in the first step is selected very small, the flux lines are gathered in the section of y1 and the 

flux density in the rest part of air gap is very low. In the second step, y1 is increased so that 

the flux is spread in a wider range. Next, w1 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 Bgr4.  

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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Fig. 2.4.  Searching process for fobj,max: (a) Y = Y0, search W for fobj,max(W0,Y0), (b) W = W0, 

search Y for fobj,max(W0,Y1), (c) Y = Y1, search W for fobj,max(W1, Y1), (d) W = W1, search Y 

for fobj,max(W1,Y2).
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Fig. 2.5.  Comparison of Bgr(z) in the air gap of the four steps. 
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(a) 

 

(b) 

Fig. 2.6.  (a) The flux density of the optimized permanent magnetic circuit. 

(b) The flux lines of the optimized permanent magnetic circuit. 
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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 Bgr4 be Bgr in (2.4), the force 

constant KF is a function of mover position due to the changing coupling field as shown in Fig. 

2.7. The minimum of KF is 0.128 mN/mA at dm = 0 mm, and the maximum is 0.952 mN/mA 

at dm = 0.43 mm. The average value is 0.63 mN/mA. 

The coil inductance La and resistance rL of the VCM can also be extracted from 

Maxwell simulation. The conductivity of copper is about 7108.5 × 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 La can 

be represented as a function of dm. Due to the non-linear B-H characteristic of cold-rolled 

steel, La also varies with motor current ia. However, as shown in Fig. 2.8, the variation of La 

due to ia is not obvious since ia is in the range of ±120 mA for this application. It is the mover 

position that dominates the variation of La. The dynamic model of the lens module can be 

represented as follows: 
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where Mc and ML are the mass of VCM and camera lens, respectively, vb is the back-EMF of 

the VCM, and um is the velocity of the VCM. The variation of La due to ia 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 Fm – Fd be Fu and the stick region width be ±∆um, when 

the lens is still, |um| < ∆um : 
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||
)(  ,   (2.11) 

 

and when the lens is in motion, |um| > ∆um : 

 

mBmcmr uKufuf += )sgn()( ,     (2.12) 

 

where fc > 0 is the Coulomb friction level, fs is the static friction force, and KB > 0 is the 

viscous friction coefficient. These parameters are extracted from experiments. 

 

TABLE 2.1 

PARAMETERS OF THE TEST VCM 

Parameter Value Unit 

VCM inductor, L 410 mH 

ESR of inductor, rL 25 Ω 

force constant (averaged), KF 0.63 mN/mA 

back-EMF constant (averaged), KE 0.63 V/mm/ms 

mass of the mover, MC 0.3 g 

mass of the lens, ML 0.7 g 

maximum stiction force (with load), fs 5.9 mN 

viscous friction coeff. (with load), KB 0.082 N/mm/ms 
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Fig. 2.7.  Simulation derived force constant as a function of mover position. 
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Fig. 2.8.  Calculated coil inductance of the VCM as a function of current and mover position. 
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Fig. 2.9.  Block diagram representation of the VCM for auto-focusing. 
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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 is mm4mm14mm10 ×× . 

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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(a)         (b) 

Fig. 2.11.  Comparison of sinusoidal response between experimental and simulation results. 

Input voltage: (a) 94 Hz, 2.53 V, (b) 160 Hz, 4.43 V. 
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Fig. 2.12.  Comparison of step response between experimental and simulation results. Input 

square wave: 50 Hz, 100 mV. 
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(c) 

 Fig. 2.13.  Comparison of impulse response between experimental and simulation results. 

Impulse time: (a) 1 ms, (b) 2 ms, (c) 3 ms. 
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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 10mm×14mm×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 amplifier, and the switching frequency is 100 kHz. The DC link 

voltage is 3.3V and the maximum output current is 120 mA. The settling time is less than 30 

ms with a control resolution less than 30 µm. Therefore, the design can achieve the 

requirement of low power consumption, high resolution and fast response. 
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Fig. 3.1.  Block diagram of the proposed digital control scheme. 
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3.1. Current Loop Design 
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Fig. 3.2.  Full-bridge converter used in the current loop. 

Fig. 3.2 shows the current driver is realized by a digital 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: 

 

LDTDVi sdL 4/)1( −=∆ .      (3.1) 

 

When D = 0.5, Li∆  reaches the maximum value, named max,Li∆ . The switching 

frequency is 100 kHz so that 
max,L

i∆  is less than 5% of the maximum motor current, i.e. 

LdL rVi /05.0max, ≤∆ . 

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 Gc (s) 

from vo to io is represented as: 
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In this application, the VCM has small inductance and relatively large equivalent series 

resistance (ESR), thus 
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The transfer function Gc (s) can be reduced to 
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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 ][][][ kiKkiki ocfcmde ⋅−= , 

the current-loop control low is designed as 
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where fsc is the sampling frequency of the current-loop controller and Kc 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 Fc is represented as: 
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and the phase margin dm φφ −°= 90 . Approximate the phase response by the second order 

system, the relation between mφ  and damping ratio ξ  is 
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Assume that the calculation time of the digital controller is 2.5 µs and Ts1 is 10 µs, from (3.8), 

°= 27dφ . If little overshoot is allowed in the close loop step response, select ,7.0=ξ  and 

from (3.9), °= 65mφ . 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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Fig. 3.4.  The current loop bandwidth is designed to be 10 kHz; (a) loop gain, (b) closed loop 

frequency response. 
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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 tf  and the 

amplitude tA  of the test sinusoidal wave be 
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where fs is the switching frequency, n is the bit length and m is an integer. According to the 

previous design, the current loop bandwidth is 10 kHz and fs is 100 kHz, thus m = 5. Consider 

the working point at the maximum common 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 n = 8. Because the converter uses unipolar voltage switching scheme, 

the equivalent switching frequency is 200 kHz, the command rate of the current controller 

output fcs is 200 kHz. Fig. 3.5 shows the harmonics of the inductor current under several 

different fcs. It is obvious that if fcs is select to be 2fs, 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 fcs = 2fs = 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 tr is about 

35 µs, and the current loop bandwidth BWc ≅  0.35/tr = 10 kHz. 



-29- 

fcs=fs / 2=50 kHz

fcs=fs=100 kHz

fcs=2 fs=200 kHz
Unipolar Voltage Switching

50kHz

100kHz

150kHz

 

Fig. 3.5.  FFT of the inductor current under several different fcs.  

 

TABLE 3.1 

THD UNDER SEVERAL DIFFERENT BIT LENGTHS 

Bit Length THD 

6-bit 35.88% 

8-bit 11.5% 

10-bit 9.79% 
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Fig. 3.7.  Simulation of the current loop step response. 
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3.2. Servo Loop Design 

3.2.1. Velocity Loop 
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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]: 

 

)](2/1[ 1−∆−∆+∆= kkkDest xxxKv ,     (3.12) 

 

where estv  is the estimated velocity during k-th period, ∆xk and ∆xk-1 represent measured 

position change during k-th and (k-1)-th sampling interval. As Fig. 3.8 is shown, Kpf 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 Klv is decided by 
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where ωcv is the velocity loop bandwidth that is proportional to Klv. The zero order hold (ZOH) 

models the delay of the discrete sampling time of the velocity controller. The transfer function 

Gh3(s) of the ZOH is: 
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The velocity estimator’s and ZOH’s contribution to the phase can be represented as: 

 

33,ZOH, 180
2

360)()( ssvestddvd TfT
f

ff ××°+××°=+= φφφ ,   (3.15) 

 

where f is 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., Ts3= 25 µs and the bandwidth of the velocity loop be 2.5 kHz, 

and then vdφ 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, ωcv 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/Kcf while designing the velocity loop. 

3.2.2. Position Loop 
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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 
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where ∆Kp = Kp1 - Kp2, Kp1 and Kp2 are the controller gain of different region of the position 

error defined by ε. 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 (Fpin(po)), and static friction (fs) when the VCM is beginning 

to move. The higher gain Kp1 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 Fpin(po) is 

 

flvp

opin

ess
KKKI

pFMg
Pp

1max

max
2

)(+
=  ,     (3.17) 

 

where Imax is the maximum motor current and Pmax is the full stroke of the lens module. It can 

be seen that the parameters Pmax, Imax and Kf are fixed by motor specification, and Klv is 

restricted by audible noise consideration, thus Kp1 is the major parameter designed to reduce 

steady state position error. However, rising Kp1 may introduce system oscillation, thus Kp2 is 

designed to make the position response have more following error to prevent system from 

oscillation. The following error eflv under this variable position loop gain is 

 

)( 12

1

2 flfl

fl

flflv ee
e

ee −−=
ε

,     (3.18) 

 

where efl1 and efl2 are the following error under constant position loop gain Kp1 and Kp2, 

respectively. The position loop bandwidth BWp is equal to 1/eflv, thus ε can be decided by the 

specified BWp. Let Kp1 = 40, Kp2 = 10, Fig. 3.10 shows how the parameter ε affects the 

position response. The test position command pcmd is given in the bandwidth of position loop 

so that the position response follows the command. When ε = efl1, according to (3.16) the 

following error eflv = efl1, i.e., the controller gain is equivalent to Kp1. When ε is decreased, 

the following error is increased, and the equivalent bandwidth is lowered. When ε = 0, the 

equivalent controller gain is Kp2.  
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Fig. 3.10.  Simulation of position response under several different ε. 

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  is -2048~ 2047 which is mapped to 

±80 µm/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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Fig. 3.11.  (a) Simulation of the position and velocity response, (b) current response for a 

large position command change. 
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Fig. 3.12.  (a) Simulation of the position and velocity response, (b) current response for a 

small position command change. 
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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. The experimental setup is shown in Fig. 4.2.  
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Fig. 4.1.  Schematic of the prototype lens module servo control system. 
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Fig. 4.2.  Experimental setup for the lens module servo control system. 



-39- 

 

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 cba +× .  
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Fig. 4.3.  Pin assignment of the constructed servo control IC.  
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Fig. 4.4.  Timing analysis of the ALU sharing effort. 
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Fig. 4.5.  Block diagram of the ALU. 
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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 µs. For unipolar 

voltage switching scheme, the switching frequency is 100 kHz. The rise time tr is defined as 

the time required for the current changes from 10% to 90% of its final value. The current loop 

bandwidth BWc rt/35.0≅ =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 pcmd and pfbk are position command and position feedback, 

respectively. The transverse distance is 0.54 mm with a feed rate of 20 µm/ms and can 

achieve a position control resolution of 30 µm. 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, which is 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 µm/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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Fig. 4.7.  Transient of the current loop step response: (a) 30 mA, (b) 60 mA, (c) 90mA. 
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Fig. 4.8.  Experimental results of the position and current response, 90% of the full stroke:  

(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 given 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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