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Friction Compensation of a Mini Voice Coil Motor by Sliding Mode Control

Student : Ching-Lung Tsai Advisor : Dr. Shir-Kuan Lin

Degree Program of Electrical and Computer Engineering
National Chiao Tung University

Abstract

This thesis presents a sliding mode controller to compensate for the nonlinear friction of
mini voice-coil motor (VCM), which is embedded with guide pins, for position control in
compact camera module (CCM) application. With the effectiveness of compensating the
nonlinear friction, the lubrication-oil can'be removed from the VCM, and the performance of
cost and reliability then can be improved. In the VCM, the actuator’s full stroke is only
0.35mm or less, nonlinear friction forcerfalls inte mismatched condition and um-level
resolution is required. With the proposed controller, arbitrarily small steady state errors can be
achieved by pole placement of the sliding mode state equation. The performance is firstly
simulated with a physical VCM model. The experimental results are then presented to
demonstrate the proposed controller is able to avoid stick-slip oscillation that usually yields
when using a classic controller, such as PI controller. The experimental results also show that
the performance of settling time and repeatability is better than nominal requirement and the
undesired chattering can be remedied by replacing sign function with saturation function in

the proposed control law.

il



Acknowledgement

The preparation of this important document would not have been possible without the
help of so many people in so many ways, hard work and endless efforts of a large number of
individuals and institutions. I would like to express my gratitude to all of them, realizing that
those whom I owe the most I cannot thank enough, and that the things for which I am most

grateful, I cannot put into words.

First of all, I would like to thank my advising professor Shir-Kuan Lin for his guidance
and supervision, providing valuable review, comments, and suggestions during the

finalization of the thesis.

Also, my gratitude is devoted to Dr. Mi-Ching Tsai, Dr. Ching-Chih Tsai and Dr. Jyh-
Yeong Chang, the committee members'during the, oral examination. Thanks for having read a
draft of this thesis and having made their precious’opinion and helpful suggestions. I felt

deeply honored that they can be my'thesis committee members.

Besides, I would like to thark professorTi-Chung Lee for his guidance, valuable advice
and technique support. Professor Le¢ ralways" tells me his knowledge thoroughly and

generously.

On the other hand, I would like to thank my classmates, Shu-ting Chuo, Yi-Shien Chou,

Chien-Chih Chang for their spiritual comments and encouragement.

Finally, I would like to sincerely acknowledge my parents. They always believed in me
and encouraged me to do everything I wanted to do. I could not be here without them. I
heartily thank my dear wife, whose love and continued support enabled me to overcome the
frustrations which occurred in the process of writing this thesis. I am lucky to meet her in my

life.

Ching-Lung Tsai

iii



Table of Content

1 et ettt b et bt h et h e bt e h e bt et eh s e bt et eht e bt enteehe et e e 1
AADSETACT. ..ttt h e et e b e e a bt bt e e et e e be e e at e e bt e eabeebeenateenbeeenee i
ACKNOWIEAZEIMENL ...ttt ettt et e bt e s e e beesseeenbeesabeenseessseensaens il
TaDIE OF CONENL ...ttt ettt et et et e st e b e st e eaeesaeeenee v
LSt OF TADIES ...ttt ettt sttt st sbe et v
| Ao R 01 4TS vi
Chapter I INtrOQUCLION. ......eiiiiiiie ettt ettt ettt ettt et eesbeesaaeenseeseseenseenens 1
1.1. Research background and recent development.............cceeeevieeriieeniieeciiecieeeee e, 1

1.2. Research motivation, objective and approach ............cccceevvieerieniiienieniieieeee e 3

1.3, Thesis OrGaniZatiOn .........cceecueeerrieeiiieeiieeeieeesteeessaeeesteeesseeessseeesseeassseesssseessseessssees 4
Chapter 2~ Mathematical Model of the VCM.........ccciiiiiiiiiniieiieeceeeceee e 6
2.1, VCM INtrOQUCHION ...ttt sttt ettt sttt s sbe et sinens 6
2.2. Mathematical model of the VCM embedded with guide pins.........cccceeevveeeciveenveennee. 7
Chapter 3 Proposed Control Law ...........ccoeciiiiiiiiiiiiieiiece ettt 10
Chapter 4  STMUIATIONS ....coocuviiiiiieeciie et e e ste e e aeeeeaeeesaeeesaeesssaeesnseeennnes 13
Chapter 5  Experimental environment implementation.............cocueveeverienieneneeneenienieneenne 18
5.1. Hardware implementation.. .ol i e e e eeiee et e esreeeiaeeeaeeeseaeesareees 20
S5.1.1. B0Ard deSIZN.........iiiii. . runssusesio s essithreeenreennresnseesseeesseessseenseessseasseessseenseessaans 20

5.1.20 FPGA deSi@n ... e i ettt 21

5.1.2.1. ATATO MOdUI@... ... et e e 21

5.1.2.2. PWM MOAUIE...... Joecitiiiiiin et ittt 22

5.1.2.3. TR MOAUIE k. e et 24

5.1.3. Synchronous current signal Sampling'..............cccoevvveevieriiiiiieniiieieeie e 26

5.2. Software iImplementation....... i e erree e e e e et e e e raeeeree e reeeeens 27
Chapter 6  Experimental TeSUILS.........ccuieiiiiiiiiiiiiieciiee ettt 29
6.1. Adopt sign function in control 1aw (6).......c.ceeevieeiiiiiiiiiiiiece e 29

6.2. Replacing sign function in control law (6) with saturation function ............c........... 33
Chapter 7 CONCIUSIONS......ccviiiiiieeiiieeiee et ee et e et e st eeeste e e saeeesaeeesaeesnsaeesssaeesnseeennnes 37
RETETEICES ...ttt ettt et sb et ettt sae e 38
Appendix A : Control algorithm design floW...........coooiiiiiiiieiiiiiiiececeee e 40
Appendix B : PATA specification BIief ..........ccoecieiiiiiiiiiiieiieie et 43
Appendix C : Verilog behavior coding of second order Butterworth filter ...............cccccee.... 46
T'F"ﬁ B B ettt ettt ettt ettt ettt h st b et et b At s At s At b e st bR b et et e s e st s ese s st ese s e sese s esens 49

v



List of Tables

Table 1 : Expand register space on PATA buS.......cccccvvveieeeeiieennennn.
Table 2 : Signals assignment for 40-pin ATA connector....................
Table 3 : Timing value assignment for PIO register transfer protocol



List of Figures

Figure 1 : Guide pins directly contacted with actuator result in significant nonlinear friction

OTCR. ettt h et h e bt et h et ee e h et e h e nae et eanen 3
Figure 2 : Block diagram of experimental environment, including PC motherboard and FPGA
board. FPGA board connects to PATA port of motherboard. ............cccoevveriiieniiiiiiniiiiiene, 5
Figure 3 : Cross-section of 1oudSpeaker. ..........ccccviieiiieiiiiiiciieecee e 7
Figure 4 : (a) Optical pick up head, (b) head stack of hard disk drive .........cccceoieniriinnnnnne. 7
Figure 5 : S-domain model 0f VCM......ccuoiiiiiiiiieciie ettt 9
Figure 6 : The nonlinear friction induces stick slip oscillations. .........cccovceeveeverienericneenennne. 9
Figure 7 : Block diagram of completed proposed controller...........cccveevveeecieeecieeeiieeeeeeee, 12
Figure 8 : Displacement steady-state response with the corresponding sliding function s. ..... 13
Figure 9 : Displacement and sliding function response for different value of 1", ................... 14
Figure 10 : Displacement and sliding function response for different value of " while A" is

SEE T ZETO. 1ttt ettt ettt ettt et et e et e et e et e e a et e bttt e bt e e e bt e e e bt e e sabteeeabeeenanee s 14

Figure 11 : The response of adopting sign function and saturation function in control law (6).
(a) Displacement, (b) sliding function s in large scale, (c) sliding function s in small scale and
(A) CONEIOL AW 2L ettt e e et e et e e e eaeeetaeesasaeeeareeenaneeas 16
Figure 12 : Classic control law with PLcontroller:on the position 100p.........ccceeevveeiieciiennnnn. 17
Figure 13 : (a) Steady response with stick slip.and (b) transient response for classic PI
controller. (¢) Steady response without stick slip and (d) transient response for sliding mode
controller.........cocceeerveeneeceeenee... ot | NERRIIRERIF i B . .........comeerienienneenreeeeneesaeeteeeesneeae 17
Figure 14 : (a) Picture of PC-based experimental environment which includes a motherboard
and an FPGA board. The motherboard and FPGA board are connected by ATA cable. (b) The

VCM used for the XPETrimENt. ...t iiuee v eeereeeeeiith o e eieesteeteeseeeseesseeeseessseeseessseeseesssesnsees 19
Figure 15 : Transition-state data is fetched by register read protocol of motherboard’s PATA
00 o OSSPSR ROPSORRPRRRPPRN 22
Figure 16 : (a)Circuit to yield LTCH which is synchronous to IOR#. (b)Output data
ODJ[15:0]’s integrity is guaranteed by LTCH. ........cccccciiiiiiiiiiiiiicieeeece e 22
Figure 17 : Full bridge circuit and electrical model of VCM.........ccccvvvvviiiiciieeieeeieeeeeee 23
Figure 18 : PWM with unipolar voltage switching and the corresponding voltage and current
TESPOTISE. +eeeeuuerreeeesuutreesaauereeeaaauseeeeaaneseeesaassaeeeessseaeesanssseesannsseeessanseeessasssseesasnsseeessnssseessnnssneesannes 23
Figure 19 : Second-order Butterworth filter simulation model, including Z-domain model,
realization form model and Verilog model. ..........ccoooiiiiiiiieiiiieie e 25
Figure 20 : The simulation results for Z-domain, realization form and Verilog models. ........ 26
Figure 21 : The SAMPLE signal to ADC is synchronous to PWM signals............cccccecuenne. 27
Figure 22 : Unexpected large pulse of [OW# under the test of Tip3. ...cccveeviieeciieecieeeeeeee, 28

Figure 23 : (a) Steady response with stick slip and (b) transient response for classic PI
controller. (c¢) Steady response without stick slip and (d) transient response for sliding mode
COMTOLLET. ...ttt ettt et st b et et sbe e bt st e sbe e bt e i e sbe e 30
Figure 24 : Repeatability is 2um and 4um for high and low position respectively in vertical
ITECTION. ..ttt b et e h e s bttt sa e s bt et e bt e sb e et e e st e sb e e bt eanenbeenee 31
Figure 25 : Actuator moves in horizontal direction. (a) Steady response without stick slip and
(b) settling time is less than TOMS. .......c.cooiiiiiiiiiieiieie e 32
Figure 26 : Repeatability is 6um for both high and low position in horizontal direction. ....... 32

vi



Figure 27 :

(a) and (b) are displacement and current response with sign function in control

law(6), (c) and (d) are displacement and current response with saturation function in control

Figure 28 :
Figure 29 :

Figure 30 :

Figure 31

Figure 32 :
Figure 33 :

Repeatability is lum in vertical direction while saturation function is adopted....35
Repeatability is lum in horizontal direction while saturation function is adopted.

.................................................................................................................................. 36
Cosimulation environment for Simulink, Modelsim and PSIM. ........ccccovvvveeeeenn. 41
: The design flow of developing control algorithm...........c.ccccovvvviiieieiieniiieeieee, 42
Timing of PIO register transfer protocol. ..........ccccueevuieriieiiienieeieeieee e 44
ATA connector orientation and pin number assignment. .........c.ccecveeeeuveeecveeennnennn 45

vii



Chapter 1  Introduction

1.1. Research background and recent development

Compact camera module (CCM) has embedded in Mobile phone to provide camera
function for years. The pixel size of CCM’s image sensor has increased from 0.3M in the
early stages to SM presently. User’s demand for better image quality of those cameras with
image pixel size larger than 3M triggers CCM makers to build auto-focus (AF) function into

high-end CCM.

AF function is established by an actuator, which carries lens, plus an image sharpness
identifier (ISI). The actuator carries lensito different positions in the optical stroke and stop at
the position with best image sharpness-aécéording t6-ISI’s instruction. Camera’s focus range
can be from 10cm to infinity with the AF function. The opposite of AF is fixed-focus (FF).
The focus range of FF CCM is specified for-macro (10cm to 40cm), or infinity (90cm to o). It
means the image quality is poor at‘macro if the.FF'CCM is specified for infinity. Under this
condition, the high-pixel image sensor will not achieve the expected performance. That is why

AF is strongly recommended for high-end CCM today.

Due to pursuing thin profile for mobile phone, CCM is required to be small. This limits
the actuator solutions for the AF CCM. MEMS, piezo and mini voice-coil motor (VCM) are
the available solutions in the market. The strengths of MEMS solutions are more precise
positioning, better repeatability and lower power consumption. The weaknesses of MEMS
solutions are poor reliability and higher cost. Piezo solutions also have the strength of low
power consumption, but they have concerns about reliability and cost. VCM is the most
popular solution for AF CCM due to its compact size, cost competitiveness and satisfactory
performance. The size of VCM is down to 8.5x8.5x0.46mm’ with 0.35mm full stroke for

now and will become smaller in the future.

VCM solutions can be separated to two groups. One called tradition VCM, which builds

in springs and adopts open-loop control. Its positioning is settled when the Lorenz force



yielded by the current of coils and the spring-force yielded by deformation are balanced. The
other is closed-loop control VCM, which builds in position sensor and requires closed-loop
controller. One weakness of the traditional VCM is that its spring would malfunction in
continuous video mode. In this mode, the VCM may continuously work with max spring
deformation. In the meantime, coils are heated up by the continuous driving current. And the
heat is transferred to the spring because spring and coils are connected. The constant
deformation plus the heat makes the spring not be able to restore to original position when the
driving current is removed. On the contrary, closed-loop VCM will not have this problem
because it does not embed with spring. Closed-loop VCM also provides better performance in

transient response and positioning.

One kind of the closed-loop VCMs, as shown in Figure 1, supports good tilt angle
performance by implementing guide pins ((b) of Figure 1), which directly contacts with
actuator and results in nonlinear friction force ((g) of Figure 1). A well-known solution for
decreasing the effect of nonlinear friction force is applying lubrication oil on the guide pins.
But the optical system would faikif it is polluted.by oil. So that taking care of the lubrication
oil is an extra burden for manufacturing CCM. Furthermore, the effect of the nonlinear
friction force will become more significant when the size of VCM is shrunk smaller (which is
an inevitable trend). [13] even achieves power saving purpose by designing the static friction
force to hold actuator at arbitrary position with zero supplied current. This characteristic is
welcome by portable devices, such as CCM, because of power saving consideration. But it
does add challenges on controller design because the effect of nonlinear friction is increased.
So that developing a cost-effective friction compensation scheme with satisfactory

performance is crucial for the future success of the mini VCMs embedded with guide pins.

Friction compensation has been studied for years in other fields of application, but it is
new to study friction compensation scheme on the mini VCM applied to CCM. A
comprehensive survey of friction compensation schemes is presented in [1]. In which, type A)
and B) solutions are suitable for cost-sensitive applications because of its limited calculation
burden. [11] proposed a nonlinear proportional controller with bang-bang force in specified
region to compensate the sticking force, where [12] demonstrated a look-up table position
controller, that has higher gain when the position error is smaller and lower gain when the

position error is larger, to prevent stick slip oscillation. [9] developed adaptive model



following control (AMFC) to overcome the loading variation, and [10] considered an anti-

windup PI controller, incorporated with the disturbance observer, to control the VCM.
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1.2. Research motivation, gﬁectlve and approach

The worldwide sales volume of mobile phones is over one billion in 2008, in which the
high-end models all build in AF CCM. If closed-loop mini VCM solution can be more
competitive in performance and cost, then its market share can be increased in AF CCM. Or
even be able to convince middle-end (main stream) mobile phones to adopt AF solutions.
Furthermore increase the market share of the mobile phone embedded with AF CCM. Then
the whole vertical solution providers, such as VCM manufacturers, controller chip suppliers

and AF CCM makers, will benefit from it.

We intend to improve the competitiveness of closed-loop mini VCM by developing a
simple and effective control scheme to compensate the nonlinear friction between actuator

and guide pins. Our goal is to remove the lubrication oil from the VCM. This can save the



cost of materials and manufacturing process. This also can improve the reliability of the VCM

because lubrication oil is sensitive to temperature.

In this thesis, a sliding mode controller is developed to compensate the mismatched
nonlinear friction force of the VCM, which does not apply lubrication oil on the guide pins.
The controller only uses the information of static friction force of the VCM. With pole
placement of the sliding mode state equation, steady state position error is predictable and is
able to be controlled to be arbitrarily small. To the best of our knowledge, this kind of
approach has not yet been studied and applied to the mini VCM system. The simulation
results prove that the developed algorithm has better performance than classic controller, and
the experiment results demonstrate the stick-slip oscillation is avoided. We also present an
experimental environment (Figure 2), including PC motherboard, in which control algorithm
is executed, and FPGA board, in which digital driver (full bridge) with synchronous current
sampling [4] is implemented. The FPGA board connects to the motherboard through parallel-
ATA (PATA) cable. Position feedback, current feedback and controller output traffic on the
cable with standard PATA PIQ protocol. -This experimental platform provides the best
cost/performance ratio comparing to others, such as' ARM-base development board. Its high
calculation power is especially suitable for advanced algorithm study. With this experimental

environment, a more effective design flow.for.developing controller ASIC is also presented.

1.3. Thesis Organization

This thesis is organized as follows. In section II, physical VCM system modeling is
described. In section III, a sliding mode control law for friction compensation is proposed,
while simulation results are demonstrated in section IV. In section V, experimental results are
provided with the brief implementation of PC-based experimental environment and design

flow of controller ASIC. Finally, conclusions are presented in section VI.



FPGA Board
FPGA
Motherboard
(Controller) | pwWM Bl; iudll = VCM
<86 ATA bus| H- £
CPU ATA .
| IIR / <1
10 Filter i VW_<
| 1R / <1d
Filter i W\I_<

Figure 2 : Block diagram of experimental environment, including PC motherboard and FPGA
board. FPGA board connects to PATA port of motherboard.



Chapter 2 Mathematical Model of the VCM

2.1. VCM introduction

VCM is a linear DC motor. It consists of two separate parts; the magnetic housing and the
coil. Its architecture is very similar to that of loudspeaker, as shown in Figure 3. That is why
its name is leaded by “voice coil”. The motor’s moving direction depends on the polarity of
applied voltage on the terminals of the coil. Generally, constant force constant is designed in
the full stroke range, such that the yielded force is proportional to the applied current on the
coil. This characteristic makes VCM be easier for control by comparing to other motors. It
does not need commutation. This non-commutated motor construction increases reliability. In
most VCM applications, the load:is ditectly.coupled to the motor. This allows for fast
acceleration. VCM itself offers unlimited resolution. Fhe application resolution is constrained

by the position sensor or the bit-length of-the ADC used for position signal discretization.

VCM is very suitable for the applications which require high resolution and stroke is not
long. Besides the emerging application on AF CCM, VCM has been widely adopted in many
different kinds of applications, such as shown in Figure 4: the optical pick up head of DVD
ROM and head stack of hard disk drive. Although VCM technology is old, but there are

always new applications for it.
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Figure 3 : Cross-section of loudspeaker.

Figure 4 : (a) Optical pick up head, (b) head stack of hard disk drive

2.2. Mathematical model of the VCM embedded with guide
pins

Figure 1 illustrates the physical structure of the VCM. The congeries of the magnet (a),
the yoke (d), and the lens holder (e) forms the actuator, while the guide pins (b), the coils (¢),
and the CMOS sensor cover (f) are stationary parts. The current (denoted by i) through the

coils will generate force to move the actuator along the guide pins.

Let the displacement and velocity of actuator as d and v, respectively. From [2], the S-
domain model of the VCM can be seen as Figure 5. We derive physical equations in S-

domain as



Take inverse Laplace transform of above equations, the mathematical model of the VCM

is described as follows:

d=v
‘,}_—Bv+Kfi—FD
M
l;_—Kbv—RiJru
¢

where M and F) are, respectively, the'mass and the friction of the actuator, L and R are,
respectively, the inductance and the resistance of the coils, K, is the magnetic force constant,
K, 1s the back-emf constant, and u is the“input voltage.

For simplicity, define the parameters of

— K, — -K —
a:_B,b:_f,c:_l,q:—b’e:—la,‘f‘:l
M M M L L L

and the state variables of
x,=d-d, x,=v, x; =i

The VCM model can be rewritten in the form of a state equation as

X, =X,
X, =ax, +bx; +cF), (1)

X, =qx, +ex; + fu

x, 1s defined as output of the system. It is an output regulation problem which falls into
mismatched condition because Fp and u are in the different equations. Thus direct

compensation and cancellation cannot be used here.



According to the friction model in [3], the friction Fp consists of the stiffness and the
damping parts in the form of

F,=0yz+0,2 (2)

where z is average deflection of the bristles, o and o, are the stiffness and damping

coefficient corresponding to Stribeck effect, and

g(xz) (3)

with F_is the coulomb friction force, F; is the static friction force and v, is the Stribeck

velocity.

It should be remarked that 5 does not include the viscous friction force which actually is
positive for stability of VCM system. The proposed controller is intended to compensate the

part of nonlinear friction, which inducesssticksslip oscillation, marked in figure 6

FD

F:wt 1 v
LS+R MS + B

\4

U |—

K

b

Figure 5 : S-domain model of VCM
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»
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Figure 6 : The nonlinear friction induces stick slip oscillations.




Chapter 3  Proposed Control Law

Sliding mode controller is chosen to be the friction compensator due to its good
reputation of friction compensation in the industry. It is also capable of changing structure of
system to be a simpler one by eliminating one state variable in sliding mode. Its characteristic
of variable structure enables us to create a scheme to achieve arbitrarily small steady state

error while the system falls into mismatched condition.

Consider the VCM model (1)-(3), a sliding mode controller will be designed for the
position control. First, choose the sliding function s as

S =X, = gx; —hx “4)

where g and /4 are control gains to be selected later such that x;, in the sliding surface s =

0, will approach zero.

The next mission is to design-the [switching input-« in (1) that drives the state variables of
the system to the sliding surface-s =0. According to Lyapunov’s theory, this can be achieved

if ss < —g‘s‘ for £> 0 and s # 0. Taking derivative of (4) and substituting (1) into it, we obtain

s=(a—qg=h)x, +(b—eg)x, — fau+cF, (5)
Select
_la—gg—h)x, +(b—egv, +A's " sgn(s) ©)
fg fg

where sgn(s) is the sign of 5, A" and u" are positive constants. Substituting (6) into (5)
yields
§=-A"s—u" sgn(s)+cF, (7)
which implies
5§ =—A"s? — u*ssgn(s)+cF,s
<o +leFos| = " ~[eF )

Let F)™ be the static friction. Thus, |F D| <F™ and
5§ < —(/,t+ — |y )s’ < —&ls|

when selecting

10



PP (8)

This shows that « in (6) with z" in (8) and any 1™> 0 can drives the state variables of the
system to the sliding surface s = 0, whenever they are not in the surface. Note that 1" provides
a freedom to adjust the approaching speed as can be seen from (7). The stability remains even

if A" =0.

It should be remarked that the undesired chattering of the sliding mode control can be

remedied by replacing sgn(s) in (6) with the following saturation function of

1, fors>p
sat(s) = % for|s| < B 9)
—1,fors <-4

where > 0 represents the thickness of the boundary layer. The cost of adopting sat(s) is

that the steady state error will become larger.

Now, return to deal with the seleétion of the' control gains g and /4 in (4). It follows from

(4) that in the sliding surface s = 0

The state equation (1) can then'be reduced to'a 2"_order differential equation:

)'c'l—(a +2J)€1+%x1 =cF), (10)
g g

We take Laplace transform of above equation to obtain

Sx,(0)+x,(0)- (a + gjxl (0)

X,(S5)= L[cF, (1)] (11)
SZ—(G-FQJS-F@ Sz—[a+éJS+@
g g g g

Assume that the characteristic equation of (11) has double roots of -4 < 0. The time-
domain solution to (11) is then

x,(t)=ae™ +ayte™ + I: cF,(t—7)e " dr

which yields the final value of x; as t—oo:

11



’xl (oo){ = ’J.: cF,(t—7)e " dr

< J:O ’cFD (t- r)”re"” )dr

<|dFp™ .[: e M dr (12)

max [ Te—lr ~ e—lr
B |C|FD ( /1 /12 j

max
_ |C’F D

/12

o0

0

Consequently, the steady state value x,(o0) is bounded and can be made as small as
possible by increasing A. In a practical problem, the bound of F ™ is known, so A is
calculated from (12) for a given bound of x, (o). After A is determined, g and / are obtained

from the following equation:

Sz—(a+£]5+%:sz+us+ﬂf=o (13)
g g

i.c., g =-b/(2A+a) and h = -22/@Aa).

Figure 7 shows the completed control law*is composed of high gain controller, which is
derived with smaller steady state‘error. spécification, and low gain controller, which is derived
with larger steady state error specification. A switeh is used to select low-gain or high-gain
controller. Low-gain controller is selected when |x1’ is larger than or equal to x,, , while high-
gain controller is selected when ’x1| is less than x, . It intends to get better positioning

performance without inducing large overshoot.

d + x4
Q Controller
B (6)(8)
Low gain| L |y >
& X1Z Xy VCM d '
Controller| [ *1= X (H(2)3)
¢ (6)(8)
v @— High gain
Velocity '
estimator l
i

Figure 7 : Block diagram of completed proposed controller.
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Chapter 4  Simulations

In this section, we use computer simulations to illustrate the effectiveness of the proposed
control scheme. Consider the system (1) with a=-24, 5=800, ¢=-1000, g=-2666.7, e=-66666.7,
f=3333.3, F™=0.011. Assume the design goal is to make the steady state error less than
0.4um. According to (12) and (13), we obtain 1=5244.044, g=-0.076 and h=-2628.036. Let

A"=0 and choose ¢ to have.
2 _ 0275,
Jg

The Simulation results are shown in Figure 8. There is a steady state error (d—d") of
0.0973um, which is less than the design goal of 0.4um. This proves that the requirement of

the steady state error is able to be achieved by pole placement of sliding mode state equation.

(7) is the dynamic equation of sliding function 8. with eigenvalue -A". Approaching speed
can be adjusted by tuning A". As'shown in Figure'9, the larger A", the faster the approaching
speed. Approaching speed is also affected by 4. As-shown in Figure 10, sliding function s
approaches zero faster with larger u" while 1'/is set to zero. Figure 10 also shows an
interesting result that the transient response of displacement is linear while A" is set to zero

and the transient velocity is controlled by .

0.201 —
E
£ 024 J
= 0.199) -

=
[U—
\O
o0

_1 I I I I I I I I I I

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time(S)

Figure 8 : Displacement steady-state response with the corresponding sliding function s.
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Figure 9 : Displacement and sliding function response for different value of 1.
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Figure 10 : Displacement and sliding function response for different value of 4" while A" is
set to zero.

The undesired chattering of the sliding mode control can be remedied by replacing sgn(s)

in (6) with saturation function (9). Choose f = 0.0001 for the saturation function (9). Figure

14



11 shows the simulation result for adopting sign function and saturation function in the
control law (6). The displacement response is very similar for adopting sign function and
saturation function, as shown in Figure 11(a). But there is still a delta 2.7223x10'mm can be
seen in the steady state. This proves that replacing sign function with saturation function
would pay the cost of enlarging steady-state error. Figure 11(c) and Figure 11(d) demonstrate
that saturation function can totally remedy the undesired chattering while large enough /S is

chosen.

A classic PI control law, as shown in Figure 12, is compared with the proposed controller
to show the improvement. It is apparent from Figure 13(a) that there are stick slip oscillations
in the steady-state of the classic PI controller. On the contrary, the proposed sliding mode
controller doesn’t induce any stick slip as shown in Figure 13(c). Besides the ability to
compensate for the nonlinear friction force of the VCM, the proposed controller also has

faster transient response, which can be seen from Figure 13(b) and 13(d).
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Figure 11 : The response of adopting sign function and saturation function in control law (6).
(a) Displacement, (b) sliding function s in large scale, (c) sliding function s in small scale and
(d) control law wu.
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Figure 12 : Classic control law with PI controller on the position loop.
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Figure 13 : (a) Steady response with stick slip and (b) transient response for classic PI
controller. (¢) Steady response without stick slip and (d) transient response for sliding mode

controller.
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Chapter 5 Experimental environment
implementation

PC motherboard is chosen to be the calculation unit instead of embedded system due to
its high calculation power and low cost. Another important consideration is the CPU for PC
platform supports floating point arithmetic operation. Taking AMD Sempron 2600+ CPU as
an example, it can complete 1000 double-type multiplication-and-add calculations within
12.02us in DOS system under our test. This calculation power is able to support advanced
control algorithm. Additionally, algorithm migration from MATLAB m file to C code is also
smooth because the syntax of m file and C are similar. The best part is that double-type can be
used for all variables in C code while control algorithm is developed in the PC platform.
Although the double type variables are also supported by the C compiler for ARM and 8051
platform, but the calculation delay:for the arithmetic operations will be too long to support
high enough sampling rate for advanced centrol| algorithm. Because ARM and 8051
processor does support floating=point ‘in“hardware, the double-type arithmetic operation is

done by software emulation.

Our purpose is to build up an experimental environment, in which the proposed control
algorithm can be validated effectively before it is implemented on FPGA. Migrating control
algorithm from MATLAB to FPGA, in our experience, would take 20 times, or even longer,
the time of migrating from MATLAB to C code. An experienced engineer with good FPGA
developing skill can benefit from adopting this platform in his design flow by saving the
iteration time of changing the control algorithm in validating phase, not to mention those
students who are new to implementing algorithm on FPGA. Appendix A presents the control

algorithm design flow, in which a PC-based validating platform is included.

The PC-based experimental environment is composed of a motherboard and an FPGA
board, as shown in Figure 14(a). Standard PATA interface is selected to connect these two
parts because of its simplicity and convenience (most motherboards support, at least, one
PATA port). “Register transfer protocol” of PATA specification [7] is adopted for data
transfer from/to the FPGA board. The VCM used for experiment is shown in Figure 14(b). Its
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size is smaller than one dollar coin. Below we brief the environment implementation.

Appendix B copies the needed information from PATA specification for convenience.

(b)

Figure 14 : (a) Picture of PC-based experimental environment which includes a motherboard
and an FPGA board. The motherboard and FPGA board are connected by ATA cable. (b) The
VCM used for the experiment.
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5.1. Hardware implementation

There are 2 parts in the hardware implementation, one is the board design and the other is

the FPGA design. The block diagram of the complete hardware is shown in Figure 2.

5.1.1. Board design

Board design takes care of two things, one is yielding the discrete data for current and
displacement feedback signals and the other one is converting the controller’s PWM signal to

physical voltage to drive VCM.

The current signal and displacement signal are amplified by difference amplifiers first.
Anti-aliasing filters then is used to attenuated the high-frequency noise, which may induce
low frequency alias after sampling, of the output signals of the difference amplifiers. The
anti-aliasing filter is composed of resistor and capacitor (RC filter). The output signals of the
anti-aliasing filter then sampled by analog-to-digital econverter (ADC). The discrete signals of
current and displacement finallyzinput to FPGA chip. It should be remarked that ADC is very
sensitive to noise, we strongly recommend to.use a dedicate voltage regulator for ADC. Do

not share its power source with other'components:

The digital controller’s output is PWM signal. A full bridge is used to convert the PWM
signal to physical voltage to drive the VCM. A well known alternative solution for the power
converter is power operational amplifier (power OP). Comparing to power OP, full bridge
does not only support higher power conversion efficiency, but also has smaller die size when
going to ASIC implementation. But using full bridge as power converter raises the challenge
of implementing current signal sensing, because current signal is a switching signal.
Synchronous sampling scheme [4] is adopted to derive better current sensing response and

will be explained later.
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5.1.2. FPGA design

FPGA design is composed of ATA 10 module, PWM module and 2 discrete IIR filter

modules. The implementation details are described in the following sub-sections.

5.1.2.1. ATA IO module

ATA IO module handles the ATA register transfer protocols, which enables control
algorithm to access the registers, such as parameters of IIR filter, voltage command, discrete

current feedback and discrete position feedback.

The IO address of on-board primary PATA port is standardized as O0x1FO~0x1F7. Data
width of IO port 0x1FO0 is 16-bit, others are 8-bit. This limited register space can be expanded
to 256 x 16-bit, as shown in Table 1, by defining Ox1F1 and Ox1F0 as index register and data
port respectively. The protocol of accessing the. expanded register space is 1) write target
address to index register and 2) read/write data port. Take “read/write from/to Reg5[15:0]” as

an example, 1) write 5 to Ox1F1 and 2) read/write 0x 1 FO.

Table 1 : Expand register space on PATA bus

IO port | CSO# | DA[2:0] | Index[7:0] Register
0x1F1 0 1 X Index[7:0]
0x1F0 0 0 0 Reg0[15:0]
0x1F0 0 0 1 Regl[15:0]
0x1FO0 0 0 2 Reg2[15:0]
0x1FO0 0 0 255 Reg255[15:0]

Control algorithm, executed on the motherboard, reads position and current feedback
registers of FPGA board through PATA interface. The output data of FPGA board must be
synchronized by IOR# signal, or transition-state data will possibly be read by control
algorithm. The transition-data, as shown in Figure 15, is actually unpredictable, neither stable
value 123 nor 456. Taking the transition-data as current or position feedback would fail any
control algorithm. In the experimental environment, position and current feedback register is
updated according to the clock signal, which is asynchronous to IOR# signal, on the FPGA

board. Figure 16 shows the synchronization circuit and its timing, which guarantees the data
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integrity of the read data. The LTCH signal is synchronous to IOR# and is used to latch the
output data OD[15:0] which is sent to the motherboard.

.....

oR# — | T_‘i

RegN[15:0] 123 L F 456

Figure 15 : Transition-state data is fetched by register read protocol of motherboard’s PATA

port.
40‘_\LTCH
JOR b b |/ Lds L—obpso
D
RegN [15:0] ] |
FPGA CLK ’7 F F
(@
IOR# | f
FPGACLKTT&STTTTTTTTT
LTCH
ODI[15:0] X
(b)

Figure 16 : (a)Circuit to yield LTCH which is synchronous to IOR#. (b)Output data
OD[15:0]’s integrity is guaranteed by LTCH.

5.1.2.2. PWM module

PWM module yields PWM+ and PWM- signals with unipolar voltage switching scheme
[15] to control full bridge to drive VCM. The duty of PWM+ and PWM- signals implies the

level of physical voltage command as
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Voltage command = [(Duty of PWM+) — (Duty of PWM-)] x (Voltage source of full
bridge)

Assume the voltage source for full bridge is 3.3V, the maximum and minimum voltage
command then are +3.3V and -3.3V. Figure 17 shows the electrical model of the VCM with
the model of full bridge. The back-emf of the VCM is ignored here for convenience. Figure
18 shows the PWM+ and PWM- modulation with the voltage and current response for the
model shown in Figure 17. It should be remarked that the current response is a switching

signal. That is why the synchronous sampling is needed.

S 000000000000000000000000000000000000000000 o

Full Bridge

PWM;H_#*_ [
1
5
A4

oooooooooooooooooo

.
ooooooooooooooooooooooooooooooooooooooooooooo

Figure 17 : Full bridge circuit and electrical model of VCM.

PWM+

Figure 18 : PWM with unipolar voltage switching and the corresponding voltage and current
response.

23



5.1.2.3. 1IR module

ITR module is a second-order discrete Butterworth filter which is used for attenuating the
noise of discrete current and displacement feedback signals. Generally, the cut-off frequency
of the discrete filter is a dominant pole comparing to that of anti-aliasing filter. So that the

anti-aliasing filter can be ignored for convenience when doing stability analysis.

Figure 19 shows the simulation model on Simulink, as well the design steps can also be
seen on it. First step is deriving the Z-domain of the filter. Then convert the Z-domain to
“direct form 1” realization form with fix-point operation. Algorithm of the IIR filter then can
be derived. FPGA implementation by using hardware description language (HDL), such as
Verilog and VHDL, then can be proceeded. It is a good way to validate the correctness of the
algorithm by using behavior coding before implementing synthesizable coding (using state
machine). Appendix C presents the Verilog behavior coding of the second order Bufferworth
filter for reference. Simulink supports .co-simulation with Modelsim. It allows designer to
validate the FPGA implementation:by comparing the output of HDL model with the output of
realization model and Z-domain medel. Figure 20 shows the simulation results for HDL
model, realization model and Z-domain“model of ‘the filter. The result of Verilog model
matches that of Z-domain model. It implies the Verilog implementation is correct and can be

synthesized to FPGA chip.

24



Z-doamin Butterworth filter

361257 3224+7.22515%-32+3.61257%-3
22-1.82293z+8.37377¢-1
D

h 4

N N Math
White Noise ¥ .
unction

Constant

Constani

Realization form forl6-bit ALU Seore

3221)

7616

Q@1

32.17) f32,17) >
K- > ‘ > 12717
4‘27—\11

o8

extract lower bits UD7| 1z

16,1
1/2°13 132’30) ind 6 ]
10 Dot Product Math
g

Function Constan®
32,15) {1620 <1

Dot Produci Divide
-14929

d-Q(13) Y
i
Math
" Dot Produc? Functio®®
e L e [
Dividel
Dot ProducB
. e-Q(13)2
Verilog Model
ModelSim.,
4>l> »in out
gl

HDL Cosimulation

Figure 19 : Second-order Butterworth filter simulation model, including Z-domain model,
realization form model and Verilog model.
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Figure 20 : The simulation results for Z-domain, realization form and Verilog models.

5.1.3. Synchronous current'signalisampling

As we can see in the Figure 18, the steady-state current response of the VCM is a
triangular waveform when full bridge is adopted as power converter. The discrete current
feedback will not be a constant value while ADC arbitrarily samples the current signal. One
alternative to eliminate the ripple current is increasing the switching frequency of PWM
signals, but it will also increase the switching loss of full bridge and the operational frequency
of PWM module. Adopting synchronous sampling scheme can eliminate the effect of current

ripple without paying the cost of increasing frequency of PWM signals.

Synchronous sampling is having ADC’s sampling the analog current signal be
synchronous to PWM signal, as shown in Figure 21. The sampling of ADC is triggered by the
SAMPLE signal which is synchronous to triangular TRI signal. The TRI signal is also used to
yield PWM+ and PWM- signal. This guarantee the synchronization between SAMPLE and
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PWM+/PWM- signals. By referring to the current response in Figure 18, average value of the

current ripple is sampled and constant discrete current feedback can be derived in steady-state.

CMD——

_, PWM+

M _I&’ PWM-
/\

/N /N

w/ NV VN

PWM+

SAMPLE ” H ”

Figure 21 : The SAMPLE signal-to ADC is synchronous to PWM signals.

5.2. Software implementation

Control algorithm requires consistent sampling time according to the discrete control
theory. Multi-tasking operating system (OS), such as Windows and Linux, is not suitable for
controller implementation. We choose DOS as development platform because it is single-
tasking OS. Some tips for the software implementation of the control algorithm are shown

below.

Tipl : Two ways to control the sampling time of control algorithm in PC environment.
One is to use hardware interrupt IRQ9, which is triggered by 8253. Set sampling time by
programming the registers of 8253 and put algorithm on the interrupt service routine (ISR)
which is corresponding to IRQ9. The other way is generating a periodic signal with specified
period by FPGA and having algorithm poll the signal through a register bit. We choose the

later one for our implementation and the one bit flag of the periodic signal (FPS) is merged
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into a 16-bit register with displacement feedback, as shown below. Control algorithm is

executed once when FPS’s toggling from 0 to 1 is detected.

15 |14 12]11 0

[15] :flag of periodic signal (FPS)
[14:12] : reserved
[11: 0] : discrete displacement feedback

Tip2 : Hardware interrupt of PC platform can be blocked by assembly instruction “cli”
and released by “sti”. All hardware interrupts, such as system timer and keyboard, must be
blocked, or consistent sampling time required by the control algorithm may not be maintained.
And the hardware interrupt blocking must be released at the end of the control algorithm, or

the keyboard will stop working.

Tip3 : Only these motherboards, which do not implement non-mask interrupt in DOS
system, are suitable for control system development. A simple verification is writing 1O port
Ox1F1, with arbitrary data, in an infinite loop following the assembly instruction “cli”. It is
qualified if IOW# signal is periodic without any interruption. We saw some motherboards
implement periodic non-mask interrupt and induce large pulse of IOW# under the test, as
shown in Figure 22. There “motherboards- are.' not suitable for control algorithm

implementation.

Tip4 : Don’t access keyboard nor print out message to screen while algorithm is running,

because these 10 operations result in significant time delay.

4 T L L T L T T
2 2
=
9 0
_2 | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4
Time(S) x107

Figure 22 : Unexpected large pulse of IOW# under the test of Tip3.
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Chapter 6  Experimental results

The controller performance was studied experimentally. All experiments were performed
with a product-like VCM, as shown in Figure 14(b). Control law (6) and (8) are adopted for
the switching controller, as shown in Figure 7. And the tuning method introduced in [14] is
used to tune the classic PI controller. The experimental setup is shown in Fig 2. The
experimental system consists of motherboard and FPGA board, which includes VCM, full
bridge as power converter, current sensing circuit, position sensing circuit and FPGA. The
current feedback and position feedback is stored in the registers of the FPGA. Control
algorithm is executed on the motherboard. It reads the position feedback and current feedback
from the FPGA through PATA cable, and sends the digital voltage command to the FPGA.
The digital voltage command is converted to PWM with unipolar voltage switching [15] for

full bridge, which drives the VCM,

6.1. Adopt sign function in-control law (6)

Figure 23(a) and 23(b) shows that the classic PI controller yields stick slip oscillations
and proposed sliding mode controller doesn’t. Stick slip oscillations would result in
significant image-shaking and is not allowed in the camera application. Figure 23(d)
demonstrates the settling time of the sliding mode controller is smaller than the classic PI
controller’s and it is less than 10ms. It implies that it is able to support the advanced AF
algorithm capable of 60-frame rate. It should be remarked that Figure 23(c) is noisier than

Figure 23(a) due to the system noise induced by the chattering of sliding mode control.

Repeatability is also a critical specification for the VCM. In camera, AF algorithm detects
the clearness of image in multiple positions of the full optical stroke, then move actuator to
the position with clearest image. Poor repeatability would degrade AF performance because
the actuator would stay in a position different from the one the AF algorithm expects. In the

repeatability experiment, a laser displacement meter (LDM) measures the physical position of
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the actuator. Figure 24 shows the repeatability, the delta between cursor 1 and cursor 2, is

4um, which is less than the nominal requirement 10um.

Experiment of moving the actuator in horizontal direction is also performed. Figure 25
shows there is no stick slip oscillations in steady response and the settling time is still less
than 10ms. Figure 26 shows the repeatability is 6um, which is still less than the nominal
requirement 10um. Comparing to the foregoing results, the repeatability in horizontal
direction is slightly poorer. The reason is that unbalanced friction force is more largely

applied on the two guide pins in this horizontal orientation.
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Figure 23 : (a) Steady response with stick slip and (b) transient response for classic PI
controller. (¢) Steady response without stick slip and (d) transient response for sliding mode
controller.
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Figure 24 : Repeatability is 2um and 4um for high and low position respectively in vertical
direction.
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Figure 26 : Repeatability is 6um for both high and low position in horizontal direction.
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6.2. Replacing sign function in control law (6) with saturation
function

The undesired chattering can be remedied by replacing the sign function of control law (6)
with the saturation function (9), as shown in Figure 27. Figure 27 (b) is the current i response
hile sign function is adopted in (6), and Figure 27 (d) is the current i response while saturation
function is adopted in (6). It is easy to be seen that the Figure 27 (b) is much noisier. This
proves that the undesired chattering avoided by adopting saturation instead of sign function in
control low. Besides, the repeatability is also improved while the chattering is solved, as
shown in Figure 28 and Figure 29. The repeatability is reduced to 1um, which quit better than

nominal requirement of 10um.
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Figure 27 : (a) and (b) are displacement and current response with sign function in control
law(6), (c) and (d) are displacement and current response with saturation function in control
law (6).

34



Signal (mm) Statistics
1.2314

No. sampl
Minimum
Maximum
1.196 4 Mean
Peak to P.
Cursor 1
Cursor 2
1.161
1.126 -
Cursor 1
1.0914 Cursor 2
] Autom‘atic reset -
1.056 - . | . . . . , on new data
84320 10431.8 12431.6 144314 16431.2 18431.0 -wJ e |
Time (0.2ms) v d '
Signal (mm}) Statistics
1.2314 | No. sampl
Minimum
R B Maximum
1.196 - Mean
Peak to P.
Cursor 1
Cursor 2
1.160 1
1.1254
4 Cursor 1
_{.—.
1.090 4 Cursor 2
1 [ cu |
‘ Automatic reset
1.054 3 on new data
14576.0 16575.8 18575.6 20575.4 22575.2
Time (0.2ms)

Figure 28 : Repeatability is 1um in vertical direction while saturation function is adopted.
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Figure 29 : Repeatability is 1um in horizontal direction while saturation function is adopted.
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Chapter 7 Conclusions

In this thesis, a sliding mode controller is proposed to compensate for the nonlinear
friction force of the mini VCM which is applied to CCM. Stick slip oscillation is avoided and
steady state error can be designed in arbitrarily small by pole placement of the sliding mode
state equation. The effectiveness of the controller is firstly proved by the simulation results.
The experimental results then demonstrate that the transient response is less than 10ms, no
stick slip limit cycle oscillation occurs in steady response, and repeatability performance is

also satisfactory. Consequently, the proposed control scheme works well and is reliable.

A PC-based experimental environment is also introduced. It is not only cost effective but

also of high calculation power. Control algorithm validation can be more efficient by using it.
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Appendix A : Control algorithm design flow

As shown in Figure 23, the first step of designing control algorithm is extracting the
simulation model for the control plant. Ideally, we hope to get a complete mathematical
model which describes all physical characteristics of the plant. But generally this ideal model
is not available, only approximated model can be derived. So that experiments must be
performed before claiming the control algorithm design is done, because control algorithm

deals with the real control plant in experiment.

The developed control algorithm was firstly validated by simulation, the experiment then
was performed. It can save a lot of time if validation experiment is performed on PC-based
experimental environment before implementing it on FPGA. Following explains the
improvement. Assume there are 3 kinds.of eontrol algorithms are evaluated and last one is the
best choice. Also assume that it'needs lsday-to implement algorithm in C and 10 days to
implement algorithm on FPGA when m file algorithm, is available. There will be 3 iterations
before being ready for ASIC 7design.”The time 'of performing algorithm wvalidation is
1+1+1+10=13 days while adopting PC-based ‘experimental environment. The time of
performing algorithm validation without PC-based experimental environment is
10+10+10=30 days. It shows the proposed design flow can save 17 days in this case. If the
target of experiment is not preparing for ASIC design, but just validating the algorithm with
real control plant, which is mostly the case in school, then the tedious FPGA implementation
thing can be ignored. We do think this is quit helpful for graduate students, because they are

able to spend more time on algorithm studying.

We also recommend performing co-simulation of Simulink, ModelSim and PSIM, as
shown in Figure 22, when implementing control algorithm with hardware description
language (HDL). With this co-simulation environment, all functional bugs can be fixed easily
because ModelSim can show all internal signals for the HDL design. On the contrary,
debugging functional problem of HDL design in FPGA hardware is very difficult. Firstly,
only few suspected signals can be routed to the IO pads because of the limitation of 10 pads

number. Not being able to show all suspected signals at once on a screen increases the
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difficulty of debugging. It usually requires multiple iterations of pulling out suspected signals
before a functional bug is fixed. Secondly it takes time to synthesis the HDL design to FPGA.
It is really time consuming to debug functional problem of HDL design on the FPGA

hardware by comparing doing this on the co-simulation environment.

Once FPGA validation is finished, the HDL design of the control algorithm is ready for
ASIC implementation. And the people taking care of ASIC implementation can know nothing
about algorithm things, but familiar with the ASIC design flow. Mostly, developing algorithm
is the strength of the people staying in the educational fields. And ASIC implementation is the
strength of the people staying in the industry fields. By adopting the proposed design flow,
people in the school is able to release a “ready for ASIC design” HDL to a company for
prototype and production. So that people in these two fields can cooperate seamlessly and be

win-win partner.
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Figure 30 : Cosimulation environment for Simulink, Modelsim and PSIM.
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Extract plant model for Simulink
or PSIM

Design controller

Validate controller by Simulink
(Cosim with PSIM if needed)

Migrate the controller (mfile)
from Simulink to C

Implement controller on
FPGA with Verilog

Synthesis controller to FPGA

Validate controller by FPGA
experimental environment

Ready for ASIC design

Figure 31 : The design flow of developing control algorithm.
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Appendix B : PATA specification brief

The 40-pin ATA connector, with pin definition and signal description, and “Register
transfer protocol” are shown here as a quit reference for implementation. Figure 25 shows the
ATA connection orientation and pin number assignment. It can be seen that there are 2 keys
for the orientation identification: 1) number 20 is an empty pin and 2) the housing has a gap.

1313

Table 2 shows the signals assignment for 40-pin ATA connector. The letter “-“ of signal name
indicates that the signal is low active. Figure 24 and Table 3 shows the timing of PIO register
transfer protocol. It should be remarked that the high level means assertion in Figure 24. For
example, DIOR- is low active. Assertion means that it is in low voltage. With this hardware

regarding information, we can design a FPGA which is able to communicate with the PATA

port on the motherboard.

Table 2 : Signals assignment for 40-pin ATA connector
Signal name Connector contact Signal name
RESET- 1 2 Ground
DD7 3 4 DD8
DD6 S 6 DD9
DD5 7 8 DDI10
DD4 9 10 DD11
DD3 11 12 DD12

DD2 13 14 DD13
DD1 15 16 DD14
DDO 17 18 DDI15
Ground 19 20 (keypin)
DMARQ 21 22 Ground
DIOW- 23 24 Ground
DIOR- 25 26 Ground
IORDY 27 28 CSEL
DMACK- 29 30 Ground
INTRQ 31 32 reserved
DAI 33 34 PDIAG-
DAO 35 36 DA2
CS0- 37 38 CSl1-
DASP- 39 40 Ground
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- to >
ADDR valid 1 N
(See note 1) -« { —le — f, ————————— >, 4>|
[ —— t2i —D‘
DIOR-/DIOW-  \ \_ /
WRITE
DD(7:0) T S yo
(See note 2)
t3 —> t4
READ
0 ) B < XXX)—=========-
(See note 2)
- {, —> tg
t— t62
oroY | 1
(See note 3,3-1) |[— . —>
............. R SNSRI
IORDY NKX XX XXX X XXX XA
(See note 3,3-2) ™t
—>
lorRDY | NX XXX X XXXXXK
(See note 3,3-3) - ——>
NOTES —

1 Device address consists of signals CS0-, CS1- and DA(2:0)

2 Data consists of DD(7:0).
3 The negation of IORDY by the device is used to extend the register transfer cycle. The determination

of whether the cycle is to be extended is made by the host after t4 from the assertion of DIOR- or
DIOW-. The assertion and negation of IORDY are described in the following three cases:

3-1 Device never negates IORDY, devices keeps IORDY released: no wait is generated.

3-2 Device negates IORDY before ta, but causes IORDY to be asserted before ta. IORDY is
released prior to negation and may be asserted for no more than 5 ns before release: no
wait generated.

3-3 Device negates IORDY before ta. IORDY is released prior to negation and may be
asserted for no more than 5 ns before release: wait generated. The cycle completes after
IORDY is reasserted. For cycles where a wait is generated and DIOR- is asserted, the
device shall place read data on DD(7:0) for tgp before asserting IORDY.

Figure 32 : Timing of PI1O register transfer protocol.
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Table 3 : Timing value assignment for PIO register transfer protocol

Register transfer timing parameters Mode 0 Mode 4 Note
ns ns
to | Cycle time (min) 600 120 1,4
t; | Address valid to DIOR-/DIOW- (min) 70 25
setup
ty | DIOR-/DIOW- pulse width  8-bit  (min) 290 70 1
ty; | DIOR-/DIOW- recovery time (min) - 25 1
t; | DIOW- data setup (min) 60 20
ts | DIOW- data hold (min) 30 10
ts | DIOR- data setup (min) 50 20
te | DIOR- data hold (min) 5 5
tez | DIOR- data tristate (max) 30 30 2
to | DIOR-/DIOW- to address valid hold  (min) 20 10
trp | Read Data Valid to IORDY active (min) 0 0
(if IORDY initially low after t)
ta | IORDY Setup time 35 35 3
tg | [IORDY Pulse Width (max) 1250 1250
tc | IORDY assertion to release (max) 5 5
NOTES —

1 to is the minimum total cycle time, tp.sithesminimum DIOR-/DIOW- assertion time, and
ty; is the minimum DIOR-/DIOW- negation time. A host implementation shall lengthen
ty and/or tp; to ensure that t, is equalito or greater.than the value reported in the devices
IDENTIFY DEVICE data. -A device implementation shall support any legal host
implementation.

2 This parameter specifies the time from-the-negation edge of DIOR- to the time that the
data bus is released by the dévice.

3 The delay from the activation of DIOR- ot DIOW- until the state of IORDY is first
sampled. If IORDY is inactive then the host shall wait until IORDY is active before
the register transfer cycle is completed. If the device is not driving IORDY negated at
the t4 after the activation of DIOR- or DIOW-, then ts shall be met and tgp is not
applicable. If the device is driving IORDY negated at the time ta after the activation of
DIOR- or DIOW-, then tgp shall be met and ts is not applicable.

4 ATA/ATAPI standards prior to ATA/ATAPI-5 inadvertently specified an incorrect value

for mode 2 time ty by utilizing the 16-bit PIO value

0 ) Iy

C
2 40
1
O
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0 1 I g o

Figure 33 : ATA connector orientation and pin number assignment.
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Appendix C : Verilog behavior coding of second

order Butterworth filter

‘timescale 1ns/1ns
//module butterworth;
module butterworth_top(

in,
out

)

input [15:0] in;
output [15:0] out;

reg [15:0] out;

parameter iir a =7616, iir_b= 15232, iir_c= 7616, iir_d=-14929, iir_e= 6856;
reg [31:0] temp32,temp32 2, temp32 3,iir o n,iir o n_1,iir o n 2;

reg [15:0] iir in n_1,iifin n 2;

wire [15:0] iir_in_n =in;

initial begin

temp32 = 0; temp32 2:=0;temp32 3=0;iir o n=0;iir o n 1 =0;iir o n 2=

iir in n 1=0;iir in n 2=0;
#10;

Forever begin
temp32 = $signed(iir_a) * $signed(iir_in_n);
temp32 = $signed(iir_b) * $signed(iir_in_n_1) + $signed(temp32);
temp32 = $signed(iir_a) * $signed(iir_in_n_2) + $signed(temp32);
temp32 2= $signed(iir_d) *

$signed(downcase f32 17 to fl16 17(iir o n 1));

temp32 2= $signed(iir_e) *

$signed(downcase f32 17 to fl16 17(iir o n 2)) + $signed(temp32 2);

temp32 3= $signed(iir_d) *

$signed(downcase f32 17 to fl6 2(iir o n 1));

temp32 3= $signed(iir_e) *

$signed(downcase f32 17 to fl6 2(iir o n 2)) + $signed(temp32 3);

iir o n=case {32 21 to f32 17(temp32) -

case f32 30 to f32 17(temp32 2);

iir o n=1ir o n-case f32 15 to f32 17(temp32 3);
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out=downcase 32 17 to fl6 O(iir o n);
#25 000; //sampling time
iir in n 2=iir in n 1;
iir in_n_1=1iir in n;
iir on 2=iir o n_1;
iir o n 1=iir o n;
end //forever

end //initial

function [15:0] downcase f32 17 to f16 17,

input [31:0] 1
begin

downcase f32 17 to f16 17 = {i[31],i[14:0]};
end

endfunction

function [15:0] downcase 32 17 _to f16 2;
input [31:0] 1
begin
if((~[i[31:30]) || (&i[31:30]) )
downcase 32 <17 to.fl6.2=i[30:15];
else begin
if(i[31])
downcase f32 17 to f16 2 =16'h8000;
else
downcase f32 17 to f16 2 = 16'h7{ff;
end
end

endfunction

function [15:0] downcase f32 17 to f16 0;

input [31:0] 1
begin

downcase f32 17 to f16 0= {i[31],i[31:17]};
end

endfunction

function [31:0] case f32 21 to f32 17,
input [31:0] 1
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begin
case 32 21 to f32 17 = {{4{i[31]}}.1[31:4]};
end

endfunction

function [31:0] case f32 30 to f32 17,

input [31:0] 1
begin

case 32 30 to f32 17 = {{13{i[31]}},i[31:13]};
end

endfunction

function [31:0] case f32 15 to f32 17,
input [31:0] 1
begin
case 32 15 to f32 17 = {i[31],1[31:13]};
f((~[1[31:29]) || (&i[31:29]) )
case 132 15 to 132 17 = {i[31}1[28:0],2'b00};
else begin
if(i[31])
case f32+15 to-132.17=32'h8000 0000;
else
case 32 15 to ‘132 (17 = 32'h7ftf fftf;
end
end
endfunction

endmodule
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