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ABSTRACT 

Maturity in the industry of optical storage drives has drawn dramatic competition in recent 

years between drive performance and prices. One of the main technical challenges of the optical 

storage drive industry is how to achieve reliable data read-out in the presence of all kinds of 

disturbances. Disturbances are either periodic or non-periodic. Periodic disturbances can 

effectively be handled by various linear control methods like repetitive control and feedforward 

compensation. The amount of research published on rejection of non-periodic disturbances like 

shocks is limited. Yet, it is this so-called anti-shock performance that is often the most limiting in 

high capacity / high speed storage drives in consumer electronics. 

This thesis addresses several anti-shock control methods to reduce the influence of external 

shock disturbances to optical storage drive systems. The optical storage drive shock environment 

and specification for consumer electronics is studied systematically. A dynamic model of the 

optical storage drive under shock disturbances is established. Quantitative relations between 

design parameters of the drive suspension and control system and the dynamic shock behavior 

are studied to provide practical design guidelines for better shock performance. These studies 

indicate the limitations of obtaining high shock immunity that exist in present linear servo control 

systems. A cost-effective way towards better anti-shock performance by designing a more robust 

servo control system is therefore proposed. More specifically, the estimator-based discrete-time 

sliding mode control with variable control gains is developed to replace the original linear servo 

control system. This is done not only to improve the drives robustness for external shock 

disturbances but also to maintain drive performance characteristics under linear control that are 

needed for playback and recording performance over disc defects. The proposed technique 

guarantees asymptotic stability and requires certain model knowledge. Stability is maintained in 

case of bounded uncertainties. Special attention is given to solving the chattering problem in the 

application of discrete-time sliding mode control.  

A practical implementation method for estimator-based discrete-time sliding mode control 

with two switching control gains is presented as a main outcome of the thesis. Additionally, a new 

shock detection method to detect the occurrence of shocks and disk defects is illuminated. The 

feasibility and effectiveness of the control techniques addressed in the thesis are verified both by 

computer simulation and experimental results.  
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CHAPTER ONE 

INTRODUCTION 
 

1.1 Introduction 

Since the introduction of the compact disc system in 1982 in Europe and Japan [13], optical 

data storage has quickly found its way into homes and offices. It has become one of the most 

important enabling technologies merging the entertainment and computing industries. Although 

more than two decades have passed, and the data storage capacity has evolved from 650MB to 

50GB per disc, the basic principles used in optical drives to optically store and read data have not 

changed [133]. The discs are preformatted using grooves and lands (tracks) to enable positioning 

an optical pickup to access information on the disk. A focused laser beam emanating from the 

optical head records information based on changes in the material properties. To record a bit, the 

laser generates a small spot on the media that modulates the phase, intensity, polarization, or 

reflectivity of a readout optical beam; that beam is subsequently "read" by a detector in the optical 

head. Drive motors rotate the disk media and servo systems position the pickup head, thus 

controlling the position of the head with respect to the data tracks on the disk. Additional 

peripheral electronics are used for control, data acquisition, encoding, and decoding.  

As for all data storage systems, optical drive systems are characterized by their storage capacity, 

data transfer rate, access time, and costs. With the increase in track density and rotational 

frequency to obtain higher storage capacity, faster data transfer rates, and shorter access times, the 

requirements for increased robustness against disturbances become more and more important. 

This is especially true for optical drives in consumer electronics. A general trend in optical storage 

systems is to increase the numerical aperture (NA) of the objective lens to achieve higher 

densities. Innovations in digital versatile disc (DVD) which was introduced in 1997 increased the 

storage capacity from 680MB compact disc (CD) to 4.8GB (single-layer DVD) or 8.5GB (dual-

layer DVD). Similarly, the wavelength of the laser diode reduced from 780 nm to 650 nm, and the 

NA of the objective lens has been increased from 0.45 for CD to 0.60 for DVD. In February 

2002, an industry consortium announced a new technology for the consumer market called “Blu-
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Ray”. The new data format in Blu-Ray disc offers an immense storage capacity up to 50GB BD 

(Blu-ray Disc) [11]. Although, the data format in BD shares the same bare disc form factors as 

existing CD and DVD optical discs, thus allowing for backwards compatibility [174], the NA for 

Blu-Ray disc is increased from 0.65 for DVD laser to 0.85 for BD. Due to this NA increase, the 

optical system will become more and more sensitive to various disturbances that could be 

generated within the drive itself or relate to the external environment.  

Disturbances generated within the drive usually are called internal disturbances. They are 

generated by different kinds of optical faults on the disc, disc position deviations due to disc 

eccentricity, track unroundness, spindle run-out, disc tilt et cetera [55][102][133]. External 

disturbances include mechanical vibration and shock. While lots of effort has been made to 

improve the system robustness to internal disturbances with an abundant amount of literature 

published [103] [126][134][135][136][166][168], there is substantially less understanding about the 

design of optical disc drives that can withstand external disturbances or shocks. Mechanical 

shocks in non-operating conditions occur in routine shipping and handling, accidental abuse, and 

environmental conditions imposed by ground vehicles and/or aircraft. It is one of the most 

common causes of nonstructural failure in optical disc drive systems.  

Achieving reliable data readout in the presence of mechanical shocks and disturbances, i.e. 

under operational conditions, is one of the challenges in disc drive design in industry. Steady 

growth in the optical storage market has drawn dramatic competition on the performance and 

costs. Drive robustness to shocks should be achieved without an increase of costs and, if possible, 

even at lower costs. The aim of this thesis is therefore to develop a cost effective and robust servo 

control system to improve optical disc drive performance in view of shocks.   

 

1.2 Optical Disc Drive System  

Figure 1.1 shows a functional diagram of an optical disc drive system. It mainly consists of two 

parts: a basic engine, which retrieves reliable digital data from the disc, and a data path which 

further processes the digital signal for being used by the host system like a PC, or video player. A 

common micro-controller is used to supervise the activities of both basic engine and data path.  
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Figure 1.1 Optical Disc Drive architecture. 

 

The basic engine consists of an optical pickup unit (OPU), servomotors, servo control 

electronics and decoding/encoding electronics. The OPU sends out a laser beam through an 

objective lens and onto the disc and senses back the reflected beam of the disc using photo 

diodes. These electronic signals are then put through a signal processor to derive the data signal 

(called high-frequency signal) and the servo signals. The high-frequency signal is forwarded to the 

decoding electronics and converted to digital data used for further processing. The servo signals 

are used by the servo electronics in positioning the laser beam vertically (focus direction, i.e. the 

distance between the OPU and the disc) and radially along the disc track respectively to ensure 

proper read-out of the high-frequency signals on the disc. Fine and coarse displacement of the 

laser beam are accomplished by two servo motors and a so-called sledge motor. The servo 

motors are usually called actuators. A dedicated channel decoder algorithm regulates speed of 

both the turntable-motor and the sledge (spindle) motor. There are also other electronic 

components, like semiconductor memories for storing firmware programs or power amplifiers 

for driving the motors, and laser control to control the laser power in the basic engine. 

The role of the data path is to process the digital signal output by the channel decoder. It 

enables error detection, correction, and grouping the incoming data into sectors as done in most 
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disk-based storage devices. The communication between host system and drive is supervised by 

data path firmware. 

 

1.2.1 Optical Drive Electro-Mechanics 

 

Position control of the laser spot with respect to the disc along the vertical and radial direction 

is basically implemented through two actuators in the OPU. Due to the spiral trajectory of the 

optical disc track and the large disc radial dimensions relative to the track pitch, the sledge motor 

is used to perform coarse displacements of the laser spot along the radial direction. The servo 

control loop to keep the laser spot in focus on the impressed disc surface is generally called the 

focus servo loop, and the associated actuator is called focus actuator. The servo control loop to 

correctly position the laser spot along the desired tracks is called the radial servo loop. The radial 

servo controls are accomplished by the radial actuator, which controls fine displacement of the 

laser spot, and the seeking control. The electro-mechanical construction in radial direction 

represents a two-stage system. During tracking, the radial control is implemented in such a way 

that only the radial actuator controls the laser spot position at the center of the track, while the 

sledge control loop slowly tracks actuator movement. For seek or data access, the sledge control 

loop takes the initiative and directs the actuator to the desired position, whilst the radial actuator 

is set to follow sledge displacements. 

Two other servo control loops are:  the turntable motor control loop and the disc load/unload 

control loop. The turntable motor control loop is usually built around the decoding electronics in 

the optical drive system. The disc load/unload control loop is implemented by applying a 

predefined time-dependent voltage to the DC voltage tray motor.  

Figure 1.2 depicts simplified schematics of a compact disc servo-mechanism. It shows the 

turntable DC motor for the rotation of the disc, a tray motor for disc load/unload control, and 

two actuators, which are suspended on elastic elements to keep the laser spot in focus on the 

desired track. It also shows the sledge positioning system.  
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Figure 1.2 Optical disc drive schematics. 

 

This thesis will concentrate only on fine positioning control of the laser spot, in particular the 

radial control loop.  

 

1.2.2 Servo Control System  

 

For today’s optical disc drives, Figure 1.3 shows a common servo control loop, in which s is 

the Laplace operator. The servo error signals of the laser spot in both focus and radial direction 

are generated optically within the OPU, which also includes the lens actuator dynamics H(s). The 

signals are converted into electrical signals e(s) by the photodiodes and fed back to focus and 

radial servo electronics, respectively, including the power electronic driver/amplifier G2(s). The 

servo controller K(s) is used to regulate the focus and radial actuator positions and thus keeps the 

laser-spot in focus and on track r(s). The aim of the servo control system is to keep the servo 

errors as small as required in the presence of all kind of dynamic disturbances and system 

variations, such as disc variations r(s) in height and track position, measurement noise n(s) such as 

disc scratches, and external vibrations and shocks d(s). To preserve reliable disc reading/writing, 

the focus control loop should be able to keep the maximum focus below  1 m for CD and  

0.45 m for DVD. The radial actuator control loop should be able to keep the maximum radial 

tracking error below  150 nm for CD and   75 nm for DVD [133]. 
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Figure 1.3 Basic servo loops in an optical disc drive. 
 

Since the dynamic interaction between radial and focus loops is relatively low, the radial and 

focus loops are usually designed separately. Since the radial direction is the most challenging servo 

direction, this thesis addresses the radial servo loop, but most of the ideas developed readily apply 

to the focus direction as well. 

 

1.2.3 Internal and External Disturbances and Control Design 

 

One of the major internal disturbances results from disc vertical and radial deviations (r(s) in 

Figure 1.3). As a requirement [14] the maximum deviations from the nominal position in focus 

direction should be less than 1 mm in absolute value whereas maximum eccentricity of track 

radius should be less than 150 m.  These type of disturbances will cause a periodic position error 

at the disc rotational frequency. Other contributions include discrepancy between the actual 

center of the spiral tracks and the center of the spindle motor, repeatable runout of the turntable 

motor and bearing, the spindle motor axis "wobbles" during rotation, typically at the fundamental 

and second harmonic frequencies of the disc rotational frequency, track unroundness, and 

unbalanced discs. The servo error signals can also be jeopardized by other sources of errors like 

disc defects (n(s) in figure 1.3). Most commonly seen disc defects are scratches, dirt spots, 

fingerprints, and air bubbles. These defects will distort the reflection of the laser beam resulting in 

corrupted error signals. Since these disturbances directly affect the measurements, they are 

generally treated as measurement or sensor noise.  
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External disturbances like mechanical shocks and vibrations are generated by the environment. 

They will not only affect reading but also cause disc data corruption during writing. Linear control 

of the PID-type is today’s standard in controlling the focus and radial servo loops of optical disc 

drives [115][133]. The servo control system for radial tracking is generally designed in such a way 

that it has high open-loop gains at low frequencies to satisfy the tracking requirements and reject 

disturbances. The loop gains at high frequencies are kept as low as possible in order to avoid 

amplifying measurement noise. In the mid frequency range, dynamic stability is achieved by 

satisfying robustness requirements. This presents the classical trade-off between disturbance 

rejection and measurement noise sensitivity [39]. 

Several servo control solutions like repetitive control [30][135][136], learning feedforward 

control [4][104][167][168], H control and non-linear control methods [26][136] have been 

developed and proved effective in improving the control system’s robustness to periodic 

disturbances.  

Not much published work is found on modeling and on compensation of mechanical shocks 

and vibrations. The performance of optical storage drives, however, is affected significantly by 

these disturbances and, obviously, especially for portable applications. For this reason, these 

external disturbances are the subject of this work.  

 

1.3 Problem Statement 

Anti-shock performance for optical storage drive is a significant factor determining drive 

quality. For optical storage drives in portable and mobile applications, smooth playback of any 

optical disc is expected even during jumps, jogging or bumping. This becomes even more 

challenging with the increase of disc data capacity. In order to achieve this performance 

requirement at low cost, many efforts have been put in optical storage industries. Some earlier 

research work showed that, in order to obtain sufficient shock immunity, the damping of the 

suspension should be higher and the servo gain at the low frequencies should be sufficiently high. 

Other research employed acceleration feedforward control to counteract the shock disturbance 

[101][104]. Though technically viable, the method is likely to be excluded from commercially 

available products due to the additional costs for acceleration sensors. A feedback control method 

using variable gain techniques was studied by researchers to improve drive performances during 
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shocks while retaining the original playability properties in the absence of these shocks [155][169]. 

A temporary high gain is used to overcome the influence of shock. However, shock robustness of 

the system is limited by the system stability and sensitivity to measurement noise, and anti-shock 

performance improvement using this method is very much restrained. The key idea of all the  

previous mentioned work is to use high control gains to force the laser spot on track during 

disturbances. However, the classical trade-off between disturbance rejection and measurement 

noise sensitivity limit these controllers’ capability for anti-shock improvement. Sliding mode 

control, first appeared in 1960s, uses practically infinite gain to force the system trajectories to 

slide along the designed sliding mode surface. Its notable advantages of insensitivity to 

disturbances, parameter variations and uncertainties makes it potentially interesting to improve 

optical storage drive control system robustness in the present of shock disturbances while 

retaining its sensitivity to measurement noise. The problem formulation of this thesis is thus 

formulated as follows. 

Investigate the possible use of sliding mode control to effectively keep the laser spot 

on track under non-periodic but deterministic mechanical shocks in view of the classical 

trade-off between disturbance rejection and measurement noise sensitivity.  

 

1.4 Current Anti-Shock Control Methods 

Methods that deal with shock and vibration control are generally grouped into three categories: 

reduction at the source, shock isolation, and shock absorption or reduction of the response 

[47][83]. Reduction at the source aims at reducing or possibly eliminating the source of vibration. 

One solution known is balancing if the shock and vibration source is coming from unbalanced 

rotating or reciprocating machines. For other shock and vibration disturbances this method is not 

feasible. The reduction of shocks and vibrations through isolation in most commercial drives is 

always implemented using passive suspensions. In the next sections we will address this issue in 

more detail, using the most commonly used classifications of shock and vibration control 

methods: passive control, semi-active control, and active control [24]. 
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1.4.1 Passive Shock Control 

 

Passive shock control is based on energy dissipation and isolation. An example is given by 

passive shock isolators which are resilient elements inserted between the source of shock 

excitation and the system requiring protection. Release of the strain energy stored in the isolator 

causes the isolated body to vibrate at the natural frequency of the isolation system, until the 

energy is dissipated by the isolator damping mechanism [81].  

In optical storage drives normally a number of thin shock pads are used within the housing 

each having a small surface area and made of shock absorbing material such as viscoelastic 

polymer [92][98][128]. Lots of effort has been put in the development of cheaper and more 

effective damping materials to absorb shocks. The isolation assembly of the hard disk drive for 

mobile use proposed by Honeywell [177] is composed of a hard disk drive suspended by four 

springs of very low spring stiffness to minimize vibration and highly specialized triple-axis energy 

dampers of energy absorbing material to minimize shock and vibration. In optical storage 

industry, also a digital anti-shock isolation mechanism is employed during a disc playback 

operation which is called sound skip [91][151]. It uses a buffer memory in the signal processing 

path, providing intermediate storage of data blocks. These blocks are arranged for continuous 

read-out of the data in the blocks, and the application converts the digital output signals to analog 

output signals [46][80][115]. A buffer memory can store enough data to keep up the sound 

connected even though the player is recovering from servo disorder caused by shock or vibration. 

This buffer memory is generally called anti-shock memory. HDD/MD and CD/DVD anti-shock 

memory allows uninterrupted operation up to 40 ~ 60 s.  

For recording devices like compact disc rewritable (CDRW) and digital versatile disc rewritable 

(DVDRW) drives, any disorder of the servo will create a hindrance to writing, like overwriting on 

the recorded track and doodles on the unrecorded track causing recording failure. Similar 

technology as the sound skip was introduced in the 1990s [153]. It monitors the focus servo and 

tracking servo and stops the recording immediately when it detects any rapid change in servo 

conditions. It will restart the recording at the stop position after the servo conditions are 

recovered. The continuation of the recording, after the data is being memorized by the drive, is 

compared and synchronized with the data recorded on the disc. However, successful application 

of this digital anti-shock mechanism for both players and recorders requires accurate detection of 

shocks. Application of a shock sensor is a direct method for accurate shock detection. But this 
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will increase product costs. Development of sensorless shock detection will be able to solve this 

problem and help to improve drive anti-shock performance. 

 

1.4.2 Semi-Active Shock Control 

 

Semi-active shock control is a combination of both active and passive elements intended to 

improve the quality of the isolation. The concept of semi-active control was first proposed by 

Karnopp and his co-workers by varying the properties of a passive element using active control 

[26]. A semi-active control system consists of a set of inherently passive devices namely tuned 

mass dampers with stiffness, damping, or other variables tuned to their optimal settings for 

achieving vibration control. For example, adaptive-passive absorbers using shape memory alloys 

as a tuning element are able to offer more than one discrete tuned frequency within the vibration 

absorber [154]. Studies on semi-active control methods to suppress vibrations of the actuator for 

hard disk drives typically use piezoelectric shunt damping systems [19][20][139]. The distribution 

area of the piezoelectric transducer of the shunt damping system is defined as a design variable in 

a topology optimization where the effective area and hence converted vibration energy of the 

actuator arm is maximized. Applications of semi-active control in the optical disc drive industry 

are not commonly seen and will not be further explored here. 

 

1.4.3 Active Shock Control 

 

In active shock and vibration control, disturbances are explicitly sensed through sensors and 

transducers. The forces that should be applied to the system to counteract and suppress 

vibrations result from a controller and corresponding actuators.  

Recently, much effort has been put in improving anti-shock performance through servo 

control. In order to reduce the effect of shocks on the system’s response, a linear controller can 

be designed to achieve a certain amount of disturbance rejection. Additional feed-forward control 

is applied on the basis of on-line acceleration measurement to counteract the external 

disturbances. This combined design is employed to both the focus and radial servo loop. The 

shock immunity-level could be improved up to 10% with the additional acceleration feed-forward 
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controller. However, the spread of disturbance frequencies that can be reduced is limited by the 

DSP memory size. For the shock disturbance which usually has a wide frequency range and high 

disturbance level, the effect of acceleration feedforward control is limited [125]. In addition, the 

costs of an acceleration sensor are relatively high. If direct shock measurement is not an option, 

one may be restricted to feedback control solely. In some very low-speed products, a combination 

of anti-shock control like acceleration feed-forward with other modifications on the mechanism 

like pre-loading the upper porous bearing of the disc motor are applied. The shock immunity 

level can be increased then by a factor of two. However, pre-loading the spindle motor will 

shorten the motor life, especially with increased disc speed. 

As an alternative to enhance the system’s performance in view of the trade-off between 

disturbance rejection and measurement noise sensitivity, the merits of nonlinear control have 

been studied in recent years. The usage of a dead-zone controller [52][54][55][168] was studied 

and used in the servo control systems of optical disc drives. The shocks or disc deficiencies are 

retrieved from monitoring the radial/focus error signal. If the radial error or focus error is beyond 

a pre-defined dead-zone, additional control will be applied to reduce the effect of shocks, and to 

enforce active motion limitations. This yields an overall nonlinear PID control design. The 

resulting control design becomes shock-level dependent, i.e., for large shocks an improved 

disturbance rejection is obtained in the frequency range of interest. For small shocks, however, 

the original linear design is retained along with the original playability properties. From a linear 

point of view, this corresponds to increasing the bandwidth depending on the radial/focus error 

level. Similar work in the field of nonlinear control can be found in Armstrong, et al. [1][2], 

Fromion and Scorletti [40], He and Tahboub [50][140], Jiang and Gao [77]. Nonlinear control 

could lead to unwanted controller switching in the case of disc defects. In addition, anti-shock 

performance of the variable gain control design is limited by closed-loop stability bounds. 

To improve low-frequency shock suppression, Heertjes et al. [53][55] introduced a dynamic 

filter to the variable gain controller to shape the original linear closed-loop frequency response 

function such that the stability of the nonlinear feedback loop is guaranteed at much larger values 

of the additional nonlinear gain. The industrial applicability of such nonlinear control design is 

demonstrated on a CD drive. Van de Wouw et al.[155] proposed a convergence-based variable 

gain control design with a quantitative performance assessment method. The control design 

guarantees the stability of the closed-loop system and the existence of a unique bounded steady-

state response for any bounded disturbance.  
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The application of high gain feedback to suppress shock disturbances may lead to actuator 

saturation. Composite nonlinear feedback control to track general target references for systems 

with actuator saturation is studied in [6][18][21][50]. The control consists of two parts: a linear 

feedback law and a nonlinear feedback law without any switching element. The linear feedback 

part is designed to yield a closed-loop system with a small damping ratio and a quick response, 

while at the same time not exceeding the actuator limits. The nonlinear feedback law is used to 

increase the damping ratio of the closed-loop system as the system output approaches the target 

reference to reduce overshoot caused by the linear part. However, the robustness to external 

disturbances like shocks is not studied. 

Another nonlinear control design that shows great potential in system robustness to 

unexpected disturbances is sliding mode control. Literature review of sliding mode control 

techniques will be described in the next section because it forms the core of the control strategies 

studied in this thesis 

 

1.5 Sliding Mode Control Technology 

The concept of Variable Structure Control (VSC) with sliding modes (called Sliding Mode 

Control – SMC) was first elaborated upon in the Soviet Union in the early 1960’s. The ideas only 

appeared outside Russia when a book by Itkis [75] and a survey paper by Utkins [144][145] were 

published in English in the mid 1970s. Since then, significant interest on SMC has been generated 

in the control research area and engineering domain worldwide [8][164]. The most distinguished 

feature of SMC is its ability to result in a very robust control system, in many cases a so-called 

invariant control system. The term “invariant” means that the system is insensitive to parametric 

uncertainty and external disturbances during the so-called sliding mode condition. Hence, it 

requires much less a priori knowledge about the system uncertainties. Often it only requires upper 

bounds with regard to parametric uncertainties and disturbances. The simplicity and superb 

robustness of SMC motivates its extensive application to the control of linear and nonlinear 

systems. It has been proven an effective and robust control methodology, and has been applied in 

many practical applications, such as robot manipulators [41][60][85], high-performance electric 

motors [38][113], and automotive engines and power systems [3][7][34][38][63][79][116][148]. 
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The theory of SMC is based on the concept of changing the structure of the controller in 

response to changing states of the system in order to obtain a desired response [146]. It utilizes a 

discontinuous control law to drive the system’s state trajectory onto a designer specified and user-

chosen surface in the state space, called the sliding or switching surface. Additionally, it helps the 

system’s state trajectory on this surface for all subsequent times. The plant dynamics restricted to 

this surface represent the controlled system’s behavior. The behavior of the closed loop system is 

thus determined by the sliding surface. SMC design follows two standard steps: (1) a sliding 

surface design on which the closed-loop system exhibits the desired dynamic behavior, and (2) a 

discontinuous control law design, which is employed to force the system states toward the sliding 

surface. These steps relate to two key issues for attaining stable sliding motion that satisfies 

prescribed specifications. 

Traditional sliding mode systems required infinite frequency switching control to achieve the 

sliding mode [28][148]. In most applications, high frequency switching signals are not desirable. 

To avoid this switching or chattering effect, a continuous implementation of the discontinuous 

control law is often considered to obtain an arbitrarily close but continuous approximation [34]. 

These pseudo-sliding mode controllers do not require high-frequency switching, but result in 

asymptotic convergence to the sliding surface [149]. Advances in sliding mode control refer for 

example to the finite reaching time continuous sliding mode control.  This provides a true sliding 

mode control design with finite-time convergence to the sliding surface and is more robust to 

unmodeled disturbances and plant dynamics than pseudo sliding mode control, but not as robust 

as the traditional sliding mode control [59][165]. Zhou et al. [167] introduced a continuous sliding 

mode control method based on feedback linearization. An integrator in front of each control 

signal is used in the proposed control approach to transfer the non-continuous sliding mode 

control into a continuous one and reduce the chattering effect. Observer-based sliding mode 

control is another approach to eliminate the chattering effect on the system. The design 

introduces a discontinuous feedback control loop which is closed through an asymptotic observer 

of the plant so that chattering is localized inside a high-frequency loop which by-passes the plant 

[31]. 

Sliding mode control of continuous-time systems has been widely studied for almost fifty years 

[34][146][159][163]. Due to the requirement for instant action, implementation of continuous-

time sliding mode control on digital computers induces performance deterioration or even 

instability of the system if large gains are used. Additionally, the chattering problem occurs along 
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the switching surface due to the limited sampling rate, sample and hold effects, and discrete errors 

[36][42][138]. To overcome these problems, research on discrete-time variable structure control 

and discrete-time sliding mode control has attracted much interest during recent years. 

Miloslakjecic [93] was among the first researcher to consider a discrete-time sliding mode 

control. He showed that the motion remains within the neighborhood of the sliding surface in 

which the switching function equals zero. He named the discrete sliding mode the quasi-sliding 

mode. Among the disadvantages are the potential large control errors and the possibility of 

making the system unstable even if the quasi-sliding condition is satisfied [33][160][161] . Sarpturk 

[119], and Su et. al. [138] proposed a sliding and convergence condition for discrete-time systems. 

By using the concept of a switching region or sliding sector, Furuta [43], Wang [44] and Pieper 

[112] proposed a discrete-time sliding mode control system that is insensitive to parametric 

uncertainties. However, the robustness properties to external disturbances were not discussed. 

Some researchers [16][62][96][122][142][141][162] proposed the discrete variable structure control 

(DVSC) method with some form of uncertainty estimation scheme to provide robustness to 

parametric uncertainties and external disturbances. The control law is designed to keep the states 

as close as possible to the sliding surface such that the control problem becomes one of 

minimizing the sensitivity to the system uncertainty. Some recent studies integrate artifical 

intelligent technology into sliding mode control. Adaptive fuzzy sliding control design 

incorporates fuzzy logic [137][152]. Ensuring stability and consistency of performance is an active 

research topic. Mostly, the sliding mode control law is directly approximated by fuzzy 

approximators. The use of a fuzzy sliding surface in the reaching condition can effectively avoid 

the chattering phenomena [9], but the number of fuzzy rules increases the complexity of the 

fuzzy sliding surface involved. Fang et al. [37] introduced a recurrent neural network for online 

estimator realization in the equivalent control design due to its ability for modeling a dynamic 

process. However, only simulation results are presented. 

A preliminary study of applying sliding mode control techniques to data storage devices was 

carried out by Yamaguchi [157], Choi and Kim etc. [15][23] [57][64][84][124]. They applied it to a 

piezoactuator-driven optical pick-up for a CD-ROM drive. A distinguished advantage of SMC 

appeared its insensitivity to system uncertainties, such as actuator hysteresis. Liu and Wu [88] 

further incorporated the SMC techniques into a learning controller to deal with repetitive run-out 

and periodic disturbances in a near-field optical disk drive with the disadvantages that the 

disturbance period had to be known in advance. The controller’s robustness to non-periodic 
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disturbances was not studied. In most practical applications, digital implementation of continuous 

SMC schemes may give rise to the chattering problem. Tai and Chen [141] proposed a discrete-

time sliding-mode control scheme for an optical pick-up head. Chattering reduction was achieved 

by adjusting a parameter of the SMC controller. A simulation study was done to illustrate the 

validity of the proposed scheme on an optical pick-up head positioning system.  

The research work presented in this thesis further explores the possible application of SMC to 

optical disc drives. A SMC-based control design is proposed with improved drive robustness to 

unexpected external disturbances like shocks while maintaining linear control performance in the 

absence of such shocks. 

 

1.6 Thesis Contributions 

The research work described in this thesis aims at improving optical disc drive anti-shock 

performances without substantially increasing, or possibly even lowering, product costs. The 

contributions of the thesis are summarized as follows.  

Firstly, a comprehensive study is presented of the mechanical environment, requirements, and 

performance testing methods associated with storage devices subjected to shocks. Dynamic 

models of the optical drives under shocks are developed to study the shock transfer function 

from external disturbances to servo signals like the radial error signal. This shock transfer 

function, or shock sensitivity of the optical drive, is used to study the influence of design 

parameters of an optical disc drive to specific disturbances. A practical guideline for designing 

optical disc drives having better performance under operational shocks is provided.  

Secondly, an estimator-based sliding mode control (EBSMC) design with improved robustness 

to shock and vibration is proposed. The design can be seen as a replacement of the traditional 

PID control or nonlinear PID control designs. Closed-loop stability and performance are studied. 

The control design shows great advantages in view of disturbances and uncertainties. While 

meeting drive playability requirements, performance under shock and vibration is improved.  

Thirdly, a technique for sensorless shock detection is introduced. The technique presents 

accurate and prompt shock detection results in the absence of shock sensors.  The technique 

improves the feasibility and effective application of various anti-shock controller techniques for 

optical disc drives.  
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1.7 Thesis Outline 

The thesis addresses three parts: the effects of mechanical shocks on optical disc drives, sliding 

mode control design, and shock detection techniques. The organization of the thesis in chapters 

is done as follows. 

Chapter 2 provides a detailed description of the mechanical shock environment, shock 

requirements, and shock testing methods for optical disc drives in consumer electronics. It 

provides the basis for anti-shock control studies along with the tools needed for its evaluation.  

In Chapter 3, a dynamic model of an optical disc drive under shocks is derived. An 

experimental evaluation on a DVD drive is conducted to validate the dynamic model of a DVD 

drive. The dynamic behavior of the DVD drive under shocks is investigated using this model. It 

further addresses the design limitations in mechanical and servo system parameters in improving 

performance under shock and vibration. 

Chapter 4 proposes an estimator-based discrete-time sliding mode controller to improve shock 

and vibration performance. Detailed theoretical analysis involves both controller and estimator 

design.  

Chapter 5 presents an experimental evaluation of the controller on a Philips DVD drive. 

Significant improvements in anti-shock performance are shown. Comparison of the estimated-

based sliding mode control (EBSMC) with the original PID controller’s robustness to both 

internal and external disturbances is considered in the chapter. 

Chapter 6 presents a sensorless shock detection technique. The proposed technique can be 

easily implemented using existing photo diode signals which are present in optical disc drives. The 

application of the technique provides the ability to easily obtain and exceed the target anti-shock 

performance otherwise obtain using various passive and active anti-shock control techniques. 

Chapter 7 contains a discussion of the obtained results and concluding remarks along with 

proposals for future research work. 

 



 

 

CHAPTER TWO 

MECHANICAL SHOCK TESTING 
 

 

2.1 Introduction 

In mechanical shock testing, an assessment is done regarding the ability of a product to 

withstand shocks resulting from suddenly applied forces or abrupt changes in motion 

encountered during mishandling, improper transportation, or field operation. It is used as a 

means to establish satisfactory design of products and as a means of product quality control. 

Studying the product’s shock environment and its testing methodology is necessary for high 

quality and reliable product design. This chapter begins with a description about the shock 

situation of optical storage drives followed by a description of the shock test specifications 

needed to assess drive malfunction and degradation in terms of specified performance 

requirements. A dedicated shock test method is proposed to study drive performance in the 

presence of shocks. In this regard, a shock test setup is developed for the analysis of the anti-

shock control algorithms such as considered in later chapters.  

 

2.2 Shock Environment  

Mechanical shocks can be defined as sudden acceleration or deceleration changes of a body, 

for example caused by impact, drop, kick, earthquake, or explosion. The excitation resulting from 

shocks typically is non-periodic and deterministic, in the form of a pulse, a step, or transient 

vibration, and usually causes significant relative displacement in the system/product. As 

compared to vibrations, a mechanical shock is a mechanical excitation of relative short duration. 

Its effect can range from negligible to catastrophic depending on the severity of the shock and the 

sensitivity of the system/product. In this sense, it is very important to determine the 
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system/product shock environment and establish a standard coordinate reference for studying 

mechanical shock events. 

Some of the earliest works to develop a shock and vibration environment for processor and 

peripheral equipment in the computer industry was done at IBM in the 1970s by Skinner and 

Zable [129]. The vibration and shock levels of computer equipment used in an office 

environment, in a factory environment, and during transportation were determined. Both large 

products like mainframe computers and relatively small ones like monitors were investigated.  

Shocks come in widely varying levels of amplitude and frequency contents and generally are of 

a complex nature. It is natural to distinguish between non-operational and operational mechanical 

shocks depending on the state of the device being studied. Detailed descriptions about the shock 

environment of data storage drives are discussed below. 

 

2.2.1 Non-Operation Mode 

 

Mechanical shocks exposed to drives in non-operation mode are referred to as non-

operational mechanical shocks. It refers to the severe shock impact that might occur during 

transportation or handling by humans, trolley, carts, aircraft, ship, road vehicles, and trains.  

The severity of shock and vibration during transportation depends on factors like speed, road 

conditions, sea conditions, air turbulence, maneuvers, etc. In a research report from NASA these 

criteria are related to four modes of transportation: train, truck, ship, and aircraft [105]. Extensive 

shock and vibration measurements have been conducted by numerous public organizations and 

industries. Descriptions of the vibration environmental conditions have been supplemented in 

many studies by specifying shock motion through: 1) the actual motion profile of a shock 

disturbance, or 2) the shock response spectrum (SRS) [47][178]. The actual motion profile of a 

complicated shock generally requires a graphical time-domain representation and is not often 

used. The shock response spectrum is a frequency-domain representation having arbitrary input. 

It generally shows the peak acceleration response of an infinite number of Single Degree Of 

Freedom (SDOF) mass/spring systems, each of which corresponding to different natural 

frequencies [47]. The shock response spectrum was first proposed by Biot in 1932 [10]. It has 

been widely used to characterize the frequency response of the shock environment to estimate the 

maximum dynamic response of structures. A detailed description of the shock response spectrum 
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and its calculations can be found in [47]. Figure 2.1 to Figure 2.3 shows some typical examples of 

the shock response spectra encountered during transportation by truck, train, or aircraft, such as 

measured and analyzed by Schock and Paulson from NASA [120]. The results of the analysis are 

presented in terms of average acceleration as a function of frequency. 
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(b) Truck acceleration envelopes – road condition composites (paved and rough roads). 
 

Figure 2.1 Examples of typical mechanical shocks encountered during transportation using 
truck [120]. 

 



20 Shock Sensitivity 

 

E
qu

iv
al

en
t S

ta
te

 D
ef

le
ct

io
n 

g 

0.1 1

Frequency CPS
1000 10000 

0.1 
10010

Undamped

5% Damped

0.5% Damped

1 

10 

100 

1000 

 

(a) Railroad coupling shock spectrum-standard draft gear (3.4mph). 
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(b) Railroad coupling shock spectrum-standard draft gear (10.0mph). 
 

Figure 2.2 Examples of typical mechanical shocks encountered during transportation using train 
[120]. 
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(a) Aircraft acceleration envelops-composite. 
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(b) Aircraft acceleration envelops-C123 propeller direction. 
 

Figure 2.3 Examples of typical mechanical shocks encountered during transportation on aircraft 
[120]. 

 

As can be seen in the plots, the shock and vibration spectra fall in the frequency range from 

1Hz to 1000Hz. Also, the shock and vibration environment is more severe over higher 

frequencies. From the studies presented, it was concluded by Schock and Paulson [120] that the 

most severe transient environments associate with transportation during railroad-car coupling or 
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humping operations, whereas the most severe steady-state environments were encountered 

during phases of aircraft transportation.  

Different from transportation, handling includes motion resulting from operations such as 

physical handling, loading and unloading. In general, shocks received by packages and products 

during handling operations significantly exceed those experienced on a vehicle in transit. 

Extensive field measurement programs have been conducted to accurately define the handling 

environment mostly in terms of drop height. By means of example, Table 2.1 shows the 

maximum recommended drop height [105]. It can be seen that the drop height is related to the 

package size, weight, and method of handling.  

Table 2.1 Recommended Drop Heights 
Package Weight (lbs) Type of Handling Drop Height (inches) 

0 – 20 One man throwing 42 

21-50 One man carrying 36 

51-250 Two men carrying 30 

251-600 Light Equipment Handling 24 

501-1000 Light Equipment Handling 18 

1000 up Heavy Equipment Handling 12 

Source: The data is obtained from the NASA report on transportation and handling shock and 

vibration environmental criteria [105].  

 

An accurate description of the shock environment is needed in the packaging design and in the 

early stage of the product design. Several contracting agencies of the U.S. government and various 

professional societies issue general environmental guidelines for studying, measuring, and 

evaluating mechanical shocks for different classes of equipment. The IEC (International 

Electrotechnical Commission) has work programs devoted to a number of environmental 

variables. More specifically, IEC60068-2-27,-29,-31 provides guidelines in the field of electricity 

and electronics. Generally, test specification of the shock environment is derived from general 

standards based on direct measurement or prediction of the environment for a specific given 

product. Table 2.2 lists some typical non-operating mechanical shock test specifications for data 

storage drives. As can be seen from the table, the non-operating mechanical shock environment 

differs depending on the application at hand.  
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Table 2.2 Non-operating Shock Specification. 
SpecificationDevice Application 

Unpackaged Repetitive 

/Packaged 

Drop 

/Packaged 

Tape Drives, 

Hard Disk 

Drives 

Library Servo 

(Quantum|ATL)

Half Sine 

± 30 g /3 msec 

Two shocks  

(X, Z) 

Half Sine 

Synchronous 

vertical motion 

14200 cycles 

24 inches 

16 drops total  

(3 edges, 1 

corner) 

Barracuda 

ATA Hard 

Disk Drive 

 

Servo/Computer

(Seagate) 

 

Half Sine 

50g/2msec 

Shocks,  

(±X, ±Y, ±Z) 

  

BD/DVD 

/CDRW 

Computer, 

Audio/Video 

(Sony) 

Half Sine 

160g/2msec and 

70g/11msec 

6 shocks,  

(±X, ±Y, ±Z) 

  

Source: All data listed in the table is based on the product specification provided by the 

corresponding companies. 

 

2.2.2 Operation Mode 

 

Contrary to mechanical shocks exposed to drives in non-operation mode, operational 

mechanical shocks refer to shocks which the product experiences in operation mode. Data 

storage devices like optical storage drives and hard disk drives are used in a variety of operating 

environments, from civilian use to military applications. They are located in various customer 

environments which exposed to shocks from other devices in the vicinity or mounted on the 

same structure. Such devices range from ground blasting or pile-driving heavy machinery 

operating in the neighborhood to slamming of doors and accidental punching from humans etc. 

External forces are also acting upon a drive from the outside, for example, when jogging with a 



24 Shock Sensitivity 

 

drive or when the drives are placed inside cars (Audio/Video and navigation) driving on a bumpy 

road.  

To establish the ability of a drive to withstand mechanical shocks, dedicated shock tests are 

specified associated with the environmental conditions mentioned above. Drives in different 

fields of application are subjected to different environments. Basically, they can be grouped into 

three categories: portable, automotive, home and office use. For each category, a series of 

measurement programs are generally employed to identify/qualify the shock environment. 

For portable devices, a worst case example of outdoor activity is jogging. The impact of 

jogging can spread greatly depending on the running speed and suspension/carrier between body 

and device. Figure 2.4 and 2.5 show an example of a shock level specified for a portable CD 

player while running at different speeds. Figure 2.4 shows the axis definition of a portable device 

in a bag when jogging. The portable CD player is either carried with a shoulder strap (ss), a belt 

clip (bc), or a back pack(bp) [51]. It is connected to the human body in z-direction. The duration 

of the shock has a large spread and occurs between 50ms and 150ms. There is only a slight 

correlation between the length of the shock and its amplitude, that is, larger shock amplitudes 

usually correlate to smaller shock durations. Figure 2.5 shows the measured mean shock level at 

different jogging speed in three carrying positions. 
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Figure 2.4 Axis definition of a portable device. 
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(b) Mean shock rotz-direction. 

Figure 2.5 Mean shock level measured at different running speed. 
 

For optical storage drives used in the automotive field, the most significant shocks are 

expected while driving over ramps. Similar to the shock environment during transportation 
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discussed in the previous section, the shock severity depends on the location in the vehicle, the 

speed, and the road conditions.  

For optical storage drives in home/office applications, mechanical shocks generally result 

from handling or impact from near/far field blasts and door slapping. 

 

2.3 Shock Test Specification 

Complete knowledge of the shock environment in which a device is operating is generally not 

available to the test engineer. To provide guidelines for good testing and for encouraging best 

practices in shock assessment, the international standard development organizations IEC/ISO 

defined a general test guideline and a series of representative shock test specifications for different 

industries. As shown in Table 2.3, these test standards are developed based on a wide study of 

involvement of stakeholders from industries and customers worldwide. Testing to the 

requirements of these standards assures adequate margins between the expected operating 

conditions and the actual operating capabilities of the design. This increases both quality and 

reliability of the product, by assuring that the variations from one unit to another as well as one 

environment to another does not cause performance degradation or failure.  

Table 2.3  Shock Test Specifications and Methods. 

Application Standards Half Sine 

Automotive 
FORD, GM 
SAE J1455 

Handling Drop 
Classical Shock (Potholes & 
Crashes)

Commercial 
Products 

IEC 68-2-27; -29; -31 
Classical Shock; 
Bump; 
Free Fall 

Commercial 
Aviation 

RTCA DO 160E Section 8 
Operational and Crash Safety 
Shock 
Sustained Shock 

Military 

MIL-STD-810 Systems 
MIL-STD-838 Circuit 
Cards 
MIL-STD-202 

SRS 
Classical Shock 
Pyroshock 
Ballistic Shock 

Source: The table is derived based on different international standards 

[68][69][70][94][95][114]. 
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However, different commercial products in different applications can experience totally 

different shock environmental conditions, and even the same drives installed into home video 

systems can experience a significant different shock environment, for example, when installed 

into cars. It is therefore necessary to study the shock and vibration levels in actual field conditions 

and to use this knowledge and standard guidelines to generate the product test specification for 

the specified applications.  

In the early 1990s, environmental testing programs for CD/DVD players were carried out to 

study shock test requirements. A variety of experiments have been conducted to simulate the 

frequent minor bump or less frequent (and more severe) shocks that CD/DVD players might 

experience from the home/office user, in car systems, and from outdoor activities. Experimental 

analysis in both time- and frequency-domain showed that the most relevant shocks are those with 

contents in the frequency range of 5Hz ~ 500 Hz. A transformation by means of comparing the 

shock response spectrum under actual conditions with the shock response spectrum of the test 

pulse has been conducted according to the IEC 60068 standard [66]. A half-sine wave is used to 

reproduce the effects of shocks resulting from impact with a single degree of freedom (SDOF) 

system in IEC publication 68-2-27 [67]. This generalized profile describes a shock as an 

acceleration that is forced upon the drive, and is shown in Figure 2.6. A comparison of the shock 

response spectrum under actual shock conditions with the shock response spectrum of the half-

sine wave is conducted. This ensures that the effect of the actual operational environment to 

which the optical storage drive will be subjected is truly reflected by the half-sine wave 

acceleration shock test in terms of test severity and shape. Shock test specification of half-sine 

wave acceleration is thus defined to represent the product operating shock environment. 

 

Figure 2.6 Formalized half-since wave shock characteristics. 
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Table 2.4 lists an overview of current operating shock specifications given by different 

companies for storage applications regarding operational mechanical shock tests. Different drives 

in different application areas have different specification criteria. For Audio/Video applications, 

the general operational mechanical shock requirements of an optical storage drive system require 

disc reading/writing without any audio or video interruption during a shock. Philips and Sony 

drives have the criterion of no mute during shock. This means that the user should not hear 

anything unusual and the drive should function in a normal way during shocks. For data 

applications, the specification criteria could be different. For example, the specifications from 

Dell state that there must be no damage; the system must fully operate after the shock but not 

during the shock. For recordable drives no recording interruption or recording data corruption 

giving rise to data loss should occur. The operational shock conditions and performance of 

optical storage drives for Audio/Video applications will be of key interest because of the 

relevance for this thesis. 

 

Table 2.4  Operational Shock Specifications. 
Device System Half Sine Duration Criteria

Philips Automotive CD 

Player [108] 
Drive 10g, 6msec 

10 cycles 

(X,Y,Z) 
No mute 

Philips VAM6012 (portable 

DVD drive) [109] 
Drive 4g/5g/3g, 3mesc X,Y,X No mute 

Dell 12.7 mm Optical drive 

[29] 
Drive 63g,  2msec 

Increment 

with 20g 
No mute 

Sony Blu-Ray Drive [130] Drive 6g, 11msec 
10 cycles 

(X,Y,Z) 

Data read 

with retry 

Seagate Barracuda 7200.7 

[123] 
Drive 6g, 3msec 10 cycles 

No data loss 

or damage 

15(3)g,11msec Read 10 cycles Compaq removable drive 

[175] 
Drive 

8(3)g, 11msec Write 10 cycles 

No non-

recoverable 

errors
175g, 2msec  

IBM Microdrive [65] Drive 
10g, 11msec 

No data loss 

or damage 
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The shock specification defines the duration and the amplitude of the shock that the drive 

must be able to withstand. A number of activities to determine operational shock test 

specifications for optical storage drives were carried out by Philips in the early 1990s. The general 

shock test specification for home entertainment Audio/Video (A/V) applications is defined as a 

formalized acceleration profile of a half-sine wave with duration of 3ms and peak acceleration of 

about 5g (i.e. 50 m/s2). For ODD (optical data drives), the acceleration profile of an half-sine 

wave with 11 ms duration is used, while half-sine acceleration profiles with 80 ms duration are 

chosen for portable applications. The drives should be able to read and write data or information 

without data loss and non-recoverable errors while operating under such shocks. In this thesis, 

shock test specification of optical storage drives for home entertainment Audio/Video 

applications is used to test optical storage drives’ shock performance. That is, the drives are 

subjected to non-repetitive shock pulses of half-sine shapes of 3 ms duration with specified peak 

acceleration levels as a means to evaluate anti-shock performance.  

 

2.4 Shock Testing 

Shock testing is conducted to ensure that new products meet the shock test requirements 

along the stages of development of the product. There are two reasons to conduct shock tests. 

The first one is to guarantee reliable operation in a shock and vibration environment. The second 

reason is to ensure a high degree of robustness: testing at levels even larger than the product will 

actually experience, may uncover designs faults. Hence, this may help in identifying an 

unacceptable high level of probability of failure which is generally unacceptable.  

 

2.4.1 Shock Test Specification 

 

Figure 2.7 shows a representative plot of experimental data of an optical storage drive failure 

test. More specifically, Figure 2.7a shows the response of an optical storage drive’s objective lens 

in terms of radial error signals under a 5g/3ms half-sine wave acceleration shock. It can be seen 

from the graph that the radial error signal (as a result) rises up to the level of 0.15mV. Figure 2.7b 
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shows a typical performance measurement through so-called block error rate (BLER 

measurement).  
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(a) Radial position error signal under 5g/3ms shock. 
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(b) BLER plot under 5g/3ms shock. 

 
Figure 2.7 Optical drive radial tracking performance under 5g/3ms shock. 
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The BLER measurement shown in Figure 2.7b is a type of measurement method generally 

used in the optical disc industry. BLER is defined as the number of erroneous data blocks 

received. A BLER measurement will generally measure PI BLER (Parity Inner Block Error Rate), 

PIF (Parity Inner Failure), PO Uncor. (Parity Outer Uncorrectable error), and the signal jitters 

among others. If the PI Bler and PIF levels are too high, PO uncorrectable errors are likely to 

occur. PO uncorrectable error is the number of data error counts that cannot be corrected by the 

drive and will directly lead to playback problems like clicking sounds, hanging, or mutes. Any PO 

uncorrectable error represents loss of data on the disc which reduces disc quality and/or drive 

tracking performance. Figure 2.7b shows BLER measurements obtained from a DVD disc when 

subjected to a 5g/3ms shock. Since there is no data error count observed, the drive under testing 

is able to operate normally under the 5g/3ms shock; LBA in the plots refers to the logical block 

address of the disc being played. The BLER measurement is adopted here to evaluate shock 

performance during playback. A more detailed description and explanation of the BLER 

measurement and plotting is given in Appendix B.  

Recording performance under shock is evaluated by measuring the disc recording quality by a 

so-called DVD CATS analyzer, a standard disc quality measurement system. Herein, the disc is 

performing a recording operation within a specified shock environment. The shock level that an 

optical storage drive is able to sustain without any uncorrectable errors is normally called the 

shock immunity level or shock mute-level. 

Most optical storage drive manufacturers set the operational shock test specification level of 

the drive to a half-sine wave of 5g/3msec in three perpendicular axes. The anti-shock 

performance is then tested and evaluated in these directions, separately using dedicated shock test 

setups. 

 

2.4.2 Shock Test Setup 

 

A shock test setup should be able to host multi-directional shock inputs. Moreover, additional 

measuring systems are needed to determine the actual value of the applied pulse and it should be 

compatible to a variety of drive models.  
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Figure 2.8 Vibration test system used for shock test. 

 

Figure 2.8 shows an example of the vibration test system such as used in this thesis. It consists 

of a shaker (V100 from Gearing & Watson Electronics Ltd.), amplifier, vibration controller, 

moving fixture, and accelerometer [27][45]. The shaker generates forces applied to a moving table 

to which the drive is attached. The table has been designed to provide good stiffness properties 

while minimizing the mass as specified in IEC Publication 68-2-47 [68]. The spectral and 

amplitude criteria of the required acceleration of the shaker are maintained by feeding back the 

measured acceleration signal to a vibration controller. This controller ensures that the test is 

conducted as specified. The acceleration signal is normally measured by an accelerometer fixed to 

the moving table. A power amplifier is used to produce a high power replica of the excitation 

signal produced by the vibration controller to drive the shaker. The drive under study is mounted 

to the shock test fixture called table. 

Figure 2.9 shows the x, y, and z axes of a DVD drive. The x direction is generally called radial 

direction, while z refers to the focus direction. As presented in Figure 2.8, the drive is fixed in the 

moving table through a jig. The moving table is connected to the shaker in x direction. The jig 

with drive on the moving table can be arranged in such a way as to align the orientation of the 

drive relative to the shock input when studying the drive’s shock performance in x and y 

direction, respectively. To test the shock performance in z direction, the shaker will be set upright 
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in alignment with the z direction, and the moving table with the drive will be connected to the 

shaker in z-direction. The acceleration is measured directly on the driver in the direction of the 

applied shock.  

Shock testing is conducted on the optical storage drive while playing or recording an optical 

disc at corresponding playback or recording speed. In case of playback, the drive anti-shock 

performance is evaluated by monitoring the block error rate (BLER) when a specified shock is 

applied to the drive in x, y, or z direction, separately. In case of recording, the shock test will be 

conducted during disc recording. The disc recording quality will be measured and evaluated by 

the earlier mentioned DVD CATS analyzer. 

 
x

y

z

 
Figure 2.9 A commercial DVD driver. 

 

2.5 Outlook 

This Chapter laid out the general mechanical shock environment in which storage drive 

performance is studied. In addition, operational mechanical shock test specifications for optical 

storage drives were discussed. A half-sine wave acceleration pulse of 3ms duration with various 

peak accelerations has been specified and will be used in the remainder of this thesis to assess 

drive performance under shocks. Similarly, the shock test setup and testing method provides the 

basis to evaluate drive anti-shock control in the coming chapters. 
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CHAPTER THREE 

SHOCK SENSITIVITY 
 

 

3.1 Introduction 

The sensitivity of an optical storage drive to shock disturbances depends on various design 

parameters of the drive like its suspension and control design along with the shock environment. 

The shock sensitivity is defined as the transfer from an acceleration shock pulse to the position 

error(s) of the optical pick-up unit. It provides a measure of the drive’s robustness to shocks and 

determines how system design parameters affect the shock performance. 

In this chapter, a dynamic model of an optical storage drive system subjected to shock 

excitation is developed. An experimental validation of this model is conducted in both frequency- 

and time-domain. The influence of drive suspension and control parameters on the shock 

sensitivity are then studied based on a shock sensitivity model. Quantitative relations between 

these parameters and the dynamic behavior of a DVD drive are studied under half-sine 

acceleration shock pulses. This includes a discussion on current limitations of drive robustness to 

mechanical shocks. 

 

3.2 Dynamic Modeling of Optical Storage Drives 

In presenting a dynamic model for optical storage drives under shock loading, this section is 

split in two parts: a modeling part and an experimental verification part. 
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3.2.1 Modeling 

 

For modeling optical storage drives, consider Figure 3.1 which depicts a two degree-of-

freedom schematic representation. This representation contains a radial (x) and a focus (z) 

actuator. Both actuators, which are of the voice-coil type, are attached to the objective lens. They 

are configured for driving the objective lens along a substantial motion path in both radial and 

focus directions. Together with various electronic components, the actuators and objective lens 

comprise the optical pick-up unit. The optical pick-up unit is mounted at the sledge which is used 

for seek motion along the radial direction. The sledge motor and turntable motor are rigidly 

attached to the drive chassis. Regarding optical storage drive modeling with the purpose of shock 

sensitivity in mind, the following assumptions are made. First, individual components in the 

optical storage drive are assumed rigid. Second, the connection between drive chassis and world is 

assumed rigid. Third, the displacement of the actuator in radial direction equals the optical disc 

displacement along the transducers. 

The mass of the radial (x) and focus (z) actuators is given by m1. This includes the mass of the 

voice coils and objective lens. The sledge which supports the actuators is able to move along the 

radial direction of the disc and is controlled by the sledge motor. The sledge motor, the turntable 

motor, and the so-called subchassis are lumped into one single rigid body, which is referred to as 

the drive mechanism, having mass m2. This mechanism is elastically supported by the drive 

chassis. The effect of environmental shocks applied to the disc drive is assumed to be transmitted 

through the drive’s chassis. 

Turntable 
motor 

 
Disc 

Sledge Actuators 

Subchassis ( DVDM) 

Drive Chassis

World 

m1

m2

Sledge 
motor 

 

Figure 3.1 Schematic representation of a disc drive model. 

x 

z 
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The drive dynamics in radial direction can be simplified by a spring-damper-mass model such 

as depicted in Figure 3.2. Here the actuator is coupled to the drive mechanism through a second-

order model with stiffness coefficient 1k  and damping coefficient 1c . Both the radial and the 

focus actuators can be assumed rigid in the frequency range of interest, typically below the first 

flexible mode at 15 kHz [118]. This gives the following equation of motion:  

 )xx(k)xx(cFxm 211211x11   , (3.1) 

where 1x  represents the displacement of the actuator mass m1, and 2x  represents the 

displacement of the drive mechanism mass m2 along the radial direction of the disc track. The 

force xF  is the radial control force that keeps the actuator centered about the disc tracks when 

being controlled. To derive the stiffness and damping coefficients 1k  and 1c , respectively, let  1f  

be the suspension frequency of the actuator. Then 2
111 )f2(mk  N/m, and 

)f2(m2c 1111  Ns/m with 1  the dimensionless damping coefficient of the actuator. To 

generate the force xF , the position error signal e  is used as a feedback signal to the control loop:  

 21 xxe  . (3.2) 

 

m2 m1

x1x2x3

Fx

r 

x1-x2

C 
Fx+

- 

with

k2 k1

c1c2 

 

Figure 3.2 Simplified model of a controlled disc drive in radial direction. 

 

The mass of the drive mechanism m2 is connected to the drive’s chassis via its suspension. 

This is modeled as a spring and damper having coefficients 2k  and 2c , respectively. Let 2f  be 

the suspension frequency of the drive mechanism, then 2
222 )πf2(mk   N/m and 
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)πf2(mβ2c 2222   Ns/m, which leads to a second-order model with dimensionless damping 2 . 

Since shocks are applied as prescribed acceleration instead of prescribed force, a double integrator 

is used to obtain the displacements x3 of the drive. The resulting equation of motion of the mass 

m2 reads: 

 
.F)x(xk)x(xk

)xx(c)xx(cxm

232211

23221122

x
 

 (3.3) 

By taking the Laplace transform of (3.1) and (3.3) and assuming zero initial conditions, it follows 

that:  
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where s is the Laplace variable. Now define  
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By omitting the (s) for reasons of presentation (3.4) and (3.5) can be written as: 

 x1221 FHxHx  , (3.6) 
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 x534132 FHxHxHx  . (3.7) 

From (3.6) and (3.7), it also follows that 
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According to (3.2) and (3.8), the position error signal of the system can be expressed as: 
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 (3.9) 

where the first term pH describes the radial actuator transfer function and the second term sopH  

represents the shock sensitivity of the radial actuator in open-loop condition: 
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Given these transfer functions, Figure 3.3 shows a block-diagram representation of the 

resulting closed-loop system. 

Hc Hp 

Hs 

e r 

x3

+

- 
+
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Figure 3.3 Block diagram of the controlled radial actuator considering shock influence 
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cH  is the transfer function of the feedback controller, whereas r  is the reference position error 

signal. The closed-loop transfers function from r  to e  is given by: 

 .
HH1

HH

r

e

cp

cp


  (3.12) 

From Figure 3.3, the actuator shock sensitivity for the radial direction under closed-loop 

conditions reads 

 

.
HH1

H

x

e
H

cp

sop

3
s 


 (3.13) 

These equations are derived based on the assumption that there is no interaction between the 

focus and the radial control loops.  

 

3.2.2 Experimental Verification 

 

To verify the shock sensitivity model in (3.13), an experimental verification is conducted on a 

commercially available DVD drive. Table 3.1 lists the physical parameters of the DVD drive used.  

 

Table 3.1 DVD drive parameters. 
Parameters Value 

Radial actuator mass ( 1m ) 0.6 gram 

Radial actuator resonant frequency ( 1 ) 314 rad/s 

Radial actuator viscous damping ratio 1β  (%) 7.69% 

Drive mechanism ( 2m ) 124.4 gram 

Drive mechanism resonant frequency ( 2ω ) 125.6 rad/s 

Drive mechanism viscous damping ratio 2β  (%) 20%

Radial actuator voice coil AC sensitivity at 200Hz* 0.054 mm/V 

* AC sensitivity refers to the actuator gain in terms of mm/V for AC current input at 200Hz. 
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Given the model in (3.11), the transfer function of the DVD radial actuator reads: 

 
42345

2

p 10423.9s7.274s418.8s004345.0s10464.7

07.22s05855.0s001734.0
H




 
. (3.14) 

The PID based feedback controller for the DVD radial actuator is given by: 

 
s10882.3s10307.1s1228.0s10515.3

10379.4s10121.3s8474
H

824347

1072




 c  (3.15) 

 

Both model and measurement of the open-loop characteristics (obtained under closed-loop 

conditions) are shown in Figure 3.4. As can be seen in Bode representation, there is a reasonable 

match between model and measurement either in magnitude as in phase. Robust stability is 

guaranteed having a bandwidth of 1500 Hz, a phase margin of 50, and a gain margin of 8dB. 
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Figure 3.4 Bode plot of the measured (dashed line) and modeled (solid line) open-loop 
characteristics of a DVD drive. 

 

As discussed in Chapter 2, the operational shock specification for an optical storage drive is 

usually set to a half-sine wave of at least 5 g (g=9.8 m/s2 ) amplitude in all three (x/y/z) directions 

with a 3 msec pulse width. This will be denoted by 5g/3msec. To measure performance of the 
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drive exposed to such shocks, the drive is fixed to a shock table (Figure 2.6) via a jig. The jig with 

drive and moving table are arranged in such a way that it allows for a change of orientation of the 

drive with respect to the performance directions. A shock experiment is conducted on the DVD 

drive while playing a disc at a specified rotation frequency of 20Hz. The radial servo error signals 

are assessed using a DVD dedicated circuit board and signal analyzer. The motion of the DVD 

drive chassis is measured with accelerometers attached to the drive chassis. Experimental results 

in the form of a frequency response function (FRF) of the shock sensitivity and simulated results 

based on the shock sensitivity model are depicted in Figure 3.5. As shown in the figure, a fairly 

good correspondence is obtained between model and measurement in terms of low-frequency 

amplitudes. Beyond 300Hz, the correspondence is less good because of a poor signal-to-noise 

ratio at the high-frequency interval. 

 

Figure 3.5 Measured (-) and simulated (- -) FRF magnitude plot of Hs(j) in the radial 
direction. 

 

A time-domain validation is conducted by comparing the measured radial error signals e  with 

the simulated signals. This is shown in Figure 3.6. As can be seen from the plot, there is a periodic 

vibration at 20Hz in the radial error signal in addition to the high frequency oscillation caused by 

the shock. This periodic vibration is caused by the disturbance coming from disc eccentricity. In 

the simulation, this is taken into account by setting the disc eccentricity equal to the reference 

position error. Disc eccentricity is given by )fsin(2A rpmecc  , with eccA the eccentricity amplitude 

of the disc, and rpmf =20Hz the rotational frequency. 
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Figure 3.6 Time-series representation of the measured (-) and simulated (o) radial tracking error 
e  under 5g/3ms shock. 

 

Although the measured radial error signal shows a significantly noisier behavior, the maximum 

root-mean-square (RMS) value of the measured radial errors is around 100 nm while the 

simulated errors after being corrected for disc eccentricity show a similar value. In summary, the 

modeled shock performance in both frequency- and time-domain matches sufficiently well with 

the measurements. As a result, the model in (3.12) is considered sufficiently accurate for the 

purpose of quantitative shock sensitivity analysis. 

 

3.3 Shock Sensitivity Analysis  

In this section, the dynamic behavior of a commercial DVD drive under external shock 

disturbances is studied further based on the previously derived simulation model. Quantitative 

relations between the shock sensitivity and the drive suspension on the one hand and control 

parameters on the other hand are investigated. Limitations of the current PID-based controller 

used for anti-shock performance are discussed. This will form the basis for the improved control 

designs in the next chapters 
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(a)Shocks applied to the drive 

 
(b) Amplitude plot of 5g/3ms and 6g/3ms 

shock in frequency-domain 

 
(c)Radial error responses under 5g/3ms 

shock 

 
(d)Radial error spectrum plot under 5g/3ms 

shock 

 
(e)Radial error responses under 6g/3ms 

shock 
 

(f)Radial error spectrum under 6g/3ms 
shock 

  
Figure 3.7 Shock and radial error representations. 

 

3.3.1 Shock Behavior 

 

Shock behavior is tested, using a 5g/3msec and a 6g/3msec half-sine wave acceleration shock 

pulse. Figure 3.7(a) and (b) show the time- and frequency-domain plots of these two shock pulses. 

-0.05 0 0.05 0.1 0.15 0.2
-150 

-100 

-50 

0 

50 

100 

150 

Time [sec] 

R
ad

ia
l E

rr
or

 e
 [

nm
] 

-0.05 0 0.05 0.1 0.15 0.2
-80 
-60 
-40 
-20 

0 
20 
40 
60 
80 

100 
120 

Time [sec] 

R
ad

ia
l E

rr
or

 e
 [

nm
] 

-0.05 0 0.05 0.1 0.15 0.2
-1 
0 
1 
2 
3 
4 
5 
6 
7 

Time [sec] 

Sh
oc

k 
Pu

ls
e 

Si
gn

al
 [g

] (
g=

9.
8 

m
/s

^2
) 

6g / 3ms shock 

5g / 3ms shock 

10
0

10
1

10
2

10 3 10
4

0

1

2

3

4

5

6

7

Frequency [Hz] 

M
ag

ni
tu

de
 [

dB
] 

6g / 3ms shock pulse spectrum 

5g / 3ms shock pulse spectrum 

10
0

10
1

10
2

10 3 10
4

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

Frequency [Hz] 

M
ag

ni
tu

de
 in

 [
dB

] 

10
0

10
1

10
2

10 3 10
4

-2

-1.5

-1

-0.5

0

0.5

1

Frequency [Hz] 

M
ag

ni
tu

de
 in

 [d
B

] 



Shock Sensitivity 45 

 

The resulting radial error signals in both time- and frequency-domain such as measured on the 

DVD drive are depicted in Figures 3.7(b) to (f). The frequency response spectrum curve shown in 

Figure 3.7(b) indicates that the influence of the specified shock disturbance ranges from 10 to 500 

Hz. In Figures 3.7(c), (d), (e) and (f), it can be seen that a half-sine wave will mainly excite the 

drive’s low-frequency resonances, the peak around 20 Hz stems from the rotation frequency of 

the disc. To reduce the effect of shocks, the shock sensitivity at low frequencies should be 

improved. To this end, two possibilities are studied: suspension design and control design.  

 

3.3.2 Shock Sensitivity and Suspension Design 

 
The subchassis suspension system in Figure 3.1 is used to isolate high-frequency shock and 

vibration from entering the drive mechanism [47]. In doing so, four passive suspension systems 

are used between drive and chassis. Essentially each system is characterized by two basic 

properties: natural frequency and relative damping. Different suspensions associate with different 

properties. These properties relate to the load the suspension should support or the dynamic 

conditions under which it should operate. Other factors are the shock requirements, the dynamic 

response of the suspension to disturbances, and the material costs.  

For the DVD drive studied here, the suspensions used are made of silicone rubber with a 

“Christmas tree” structure design as shown in Figure 3.8. To study the influence of the 

suspension parameters toward shock sensitivity, the radial error signals of the drive under shock 

along with the shock sensitivity model are used as performance indicators. The suspension 

displacement should not exceed a specified level beyond which hard contact between drive 

mechanism and chassis will be unavoidable; in this case shocks will bypass the suspension and act 

directly upon the drive mechanism which inevitably leads to data loss or system failure.  

The natural frequency of the suspension 2f  and its damping coefficient β2 are two parameters 

to be designed. Different combinations of these parameters such as provided by suspension 

suppliers are listed in Table 3.2.  

 

Table 3.2 Suspension parameters provided by suppliers. 
Suspension natural frequency 2f (Hz) 15, 18, 20, 22, 25, 28, 30, 40, 45. 

Suspension damping ratio β2(%) 5, 10, 15, 20, 25, 30.
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Figure 3.8  Silicone suspension of the “Christmas Tree” type. 
 

In terms of shock sensitivity, Figure 3.9 considers a parameter study for 2f {15, 18, 20, 22, 

25, 28, 30, 40, 45} with β2 fixed. Each curve in the plot depicts the relation between radial error 

and the natural frequency 2f  under a different fixed value for 2  {5, 10, 15, 20, 25, 30}. 

Subjected to a half-sine wave of 5g/3ms, the error responses are simulated with the model of 

Section 3.2 in radial direction. For each simulation, the maximum absolute value of the radial 

error signal is recorded and depicted. This value is used to represent the maximum peak off-track 

error. It can be seen that lowering the natural frequency reduces the peak off-track error. 

Reducing the damping ratio β2, the shock transmissibility at the high-frequency interval is 

reduced. A low frequency 2f  and low damping β2 therefore leads to possible lower controller 

gains in the relevant interval. This can be expected from the mathematical model since smaller 

damping and natural frequency corresponds to a small c2 and k2 in Figure 3.2. Hence m2 is better 

isolated from displacements x3, thus giving a better tracking performance under shocks, hence a 

lower bandwidth is possible. 
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Figure 3.9 Maximum radial error with respect to suspension frequency and damping under 
5g/3ms shock. 

 

The magnitude of the shock sensitivity is shown in Figure 3.10 for the same set of values of 

the suspension natural frequencies and damping ratios as used in Figure 3.9.  

Figure 3.10 (a) shows that shock isolation is improved for small values of damping. However 

at the natural frequency of the suspension, less reduction of shocks is observed with small 

damping. In Figure 3.10(b), it can be seen that a suspension with a small natural frequency 2f is 

preferred over a suspension with large 2f  in terms of high-frequency shock reduction. For the 

low-frequency range, the opposite holds true.  
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(a) Varying suspension damping at f2=20Hz 

 

(b) Varying suspension frequency at β2=0.20 

Figure 3.10 Magnitude of the shock sensitivity FRF plot. 
 

Since the effect of the 5g/3ms half-sine input is mainly studied beyond the suspension 

frequency 2f , a small damping ratio and natural frequency are preferred in terms of shock 

performance. Note that the design of the suspension is limited by the maximum allowable stroke. 

In the example, the stroke is fixed at 1 mm. This not only includes possible displacements of the 
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suspension system during operation but also includes possible displacements caused by other 

external disturbances during handling and transportation. In Figure 3.11, the maximum 

suspension displacement 32 xx   under a 5g/3ms half-sine input is shown for various 

frequencies and damping values during operation. It can be seen that the maximum suspension 

displacement is smaller for higher damping ratios. Additionally, the maximum suspension 

displacement is reduced with the increase of the natural frequency 2f  

 

 

Figure 3.11 Maximum abs( 32 xx  ) versus suspension frequency and damping under a 5g/3ms 
shock under operation. 

 

To simulate under non-operational conditions, shock tests with 80g/6ms and 40g/6ms half 

sine waves are conducted. The stroke of the suspension is represented by the maximum 

suspension displacement 32 xx  . Figure 3.12 shows the relationship between suspension stroke 

and natural frequencies (with damping ratios fixed at different values) while the drive is exposed 

to a 80g/6ms half-sine wave. The figure clearly shows that lowering the natural frequency of the 

suspension will result in an enlargement of the suspension stroke. The suspension stroke (or 

suspension displacement) also increases when the damping ratio of the suspension is chosen 

small. Also shown is a line indicating the maximum stroke needed to avoid the drive mechanism 

from crashing against the drive chassis. As can be seen from the figure, a safety-damping ratio of 
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the suspension is found at β2  15%. If a lower damping ratio is needed, a suspension with higher 

natural frequency is required.  
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Figure 3.12 Maximum abs ( 32 xx  ) verse suspension frequency and damping under a 
80g/6ms drop pulse in non-operating conditions. 

 

Considering the stroke limitations and performance requirements, a suspension with a 

damping ratio of %202   and resonance frequency Hz20f2   in radial direction appears to 

be a proper choice. 

 

3.3.3 Shock Sensitivity and Control Design  

 

To study the effect of the control design on the shock sensitivity, a PID-based (lead/lag) 

controller is considered in series connection with a low-pass filter. A schematic representation of 

the magnitude characteristics of the overall controller is shown in Figure 3.13. The design 

parameters are given by the integrator cut-off frequency if , lead frequency df , the lead length 

dlp1 ff / , low-pass frequency lp2f , and loop gain pK . The controller parameters are designed in 

view of robust stability as well as drive performance. For a 2X~4X DVD playback control 

system, a typical bandwidth of the radial open-loop transfer function is required at 2.2 kHz with a 

45o phase margin. The total reduction of the rotational frequency contributions of the disc is over 

65 dB (determined by the ratio of track error and eccentricity [32][133]. 

Max
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fi flp1 flp2 f (Hz) 

|H| (dB) 

Kp 

fd 

llead_length
 

Figure 3.13 Schematic representation of the PID controller for 1.2X DVD playback systems. 
 

The radial actuator shock sensitivity with and without feedback controller is shown in Figure 

3.14. In Bode magnitude representation, it can be seen that there is a significant reduction of the 

shock sensitivity in the frequency range below 2 kHz due to control. Beyond this frequency, 

control deteriorates the shock performance. This is due to the performance trade-off in linear 

control which is formalized by the Bode sensitivity integral. 

 

Figure 3.14 Bode magnitude representation of shock sensitivity in radial direction with and 
without control. 
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For consumer electronics, external shock influences on the drive’s tracking performance 

mainly appear in the frequency interval between 10 and 600 Hz. To minimize the effect of shocks 

and thus improve shock performance, suppression along this interval should be maximized. This 

can be done by properly adjusting the PID controller parameters. Figure 3.15 up to 3.18 show the 

effect on shock sensitivity and tracking error while being exposed to a 5g/3ms half-sine wave and 

in view of various controller parameter settings. 

As shown in Figure 3.15, increasing the controller bandwidth (or proportional gain) can greatly 

improve the shock suppression. The maximum response will roughly improve (i.e. decrease) with 

a factor of three when the bandwidth of the radial servo control loop is increased with a factor of 

two. However, excessive large bandwidths (or proportional gains) will eventually lead to system 

instability and increase the system’s sensitivity to noise and/or high-frequency disturbances. 

When considering the stability requirements, the maximum bandwidth found in this thesis equals 

3.5 kHz. Compared with the default servo loop bandwidth of 2.2 kHz, the simulated maximum 

radial errors under 5g/3ms shocks could be reduced with about 40% if the bandwidth was 

increased to 3.5 kHz.  

 

 
(a) Shock sensitivity Hs 

 

(b) Radial error e under 5g/3ms shock 
 

Figure 3.15 Shock sensitivity and shock-induced radial error responses under various 
bandwidths. 

 

Figure 3.16 shows the possible influence of lead filter cut-off frequency on the shock 

sensitivity. As can be seen from the plots, increasing the lead filter cut-off frequency df  only 

results in a slight decrease of the high frequency radial errors. It only improves the shock 

sensitivity in the frequency interval between 100Hz and 1 kHz. On the other hand, the increase of 

lead filter cut-off frequency will lead to slow transient behavior and system instability due to noise 

10 0 10 1 10 2 10
3

10
4

-200 

-150 

-100 

-50 

0 
Shock Sensitivity 

Frequency [Hz] 

M
ag

ni
tu

de
 [d

B
] BW: 

4.0 kHz
3.5 kHz
3.0 kHz
2.2 kHz
1.8 kHz

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

-150

-100

-50

0

50

100

150

Shock Response 

Time (Sec) 

R
ad

ia
l E

rr
or

 (n
m

) 

BW:
1.8 kHz
2.2 kHz
3.0 kHz
3.5 kHz
4.0 kHz



Shock Sensitivity 53 

 

amplification in the differentiation of the error. This is not preferred when considering various 

internal disturbances coming (for example) from disc defects.  

 

(a) Shock sensitivity Hs 

 

 
(b) Radial error e under 5g/3ms shock 

 
Figure 3.16 Shock sensitivity and shock-induced radial error responses under various lead 

filters. 
 

Figure 3.17 shows the influence of the integrator frequency if , as can be seen from the plots, 

the shock sensitivity at the low frequency range of 0Hz to 300Hz will increase with the increase 

of integrator frequency. The simulated radial error under 5g/3msec shocks shows some 

improvement in shock response reduction. However, higher integrator frequency could invite 

oscillation or instability when system submitted to higher frequency disturbances. 

 

 
(a) Shock sensitivity Hs 

 

(b) Radial error e under 5g/3ms shock 
 

Figure 3.17 Shock sensitivity and shock-induced radial error responses with various integrator 
frequencies. 
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Figure 3.18 plots the shock sensitivity and shock-induced radial error response with all the 

PID controller parameters are designed to achieve best anti-shock performance. That is, the 

system is running in such a way that there is no measurement noise, no other disturbances except 

half-sine wave acceleration shock of 3msec duration. The servo bandwidth is set to 3.5 kHz, lead 

frequency set to 982.5 Hz, and integrator frequency set to 405.8 Hz. As can be seen from the 

plots, the anti-shock level that the PID-based controller is only able to achieve is 5g/3ms, which 

is the anti-shock playback requirement of a DVD player. In real practice, such PID controller 

design is not possible as there are many other periodic and non-periodic disturbances and 

measurement noise in addition to shock. In order to achieve good shock suppression and at the 

same time good system stability properties and robustness to various kinds of disturbances, one 

possibility is to use a higher bandwidth controller gain only during the occurrence of a shock. 

When the position error is less than a certain threshold, both the servo loop bandwidth and the 

lead filter are switched back to normal values. Effective use of this method to suppress shock 

disturbances requires accurate detection of shock occurrences. Application of a shock sensor is a 

direct method for shock detection. But this will increase the costs, which is unacceptable in the 

present competitive market. In addition, the increase of the servo loop bandwidth is limited by 

the drive’s overall power consumption.  

 

 

Figure 3.18 Shock sensitivity and shock-induced radial error responses with PID control 
parameters optimized for shock 

 

Figure 3.19 shows in magnitude representation the frequency response from the shock input 

x3 to the controller output (force) xF  at different bandwidths. It shows that the power 
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consumption is not affected in the frequency range below the bandwidth. For the frequency 

range above the bandwidth, the power consumption increases directly by increasing the 

bandwidth. This relates to the controller sensitivity, hence the linear relation with the controller 

gains at high frequencies. The impact can be significant if the disturbances at high frequencies are 

sufficiently large. The increase in power consumption will increase the loading of the driver chip 

and thus shorten its life-time. 

 

Figure 3.19  The magnitude frequency response (MFR) of 3x /xF  for different radial servo loop 
bandwidths. 

 

Given all these trade-offs, the question is how to effectively suppress shock disturbances 

through servo control without any deterioration of the system’s stability properties? This is one of 

the considered topics in the subsequent chapters. Sliding mode control will be investigated not 

only to stabilize the system under high gains but also to create robustness to external shocks with 

or without using accurate shock detection techniques.  

 

3.4 Outlook 

This chapter provided the practical and theoretical background to investigate the mechanical 

shock performance in optical storage drives. This included the presentation of a dynamic model 

under shock excitation. Given this model, the shock sensitivity subjected to half-sine shock pulses 

is studied. In order to obtain improved shock resistance, the damping ratio of the suspension 

should be low and the servo gain should be sufficiently high in the low-frequency range. For the 
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default PID controller, increasing the controller bandwidth can greatly improve upon shock 

suppression. Parameter studies indicated limitations for obtaining high shock resistance through 

suspension design and present PID-based servo control design. This motivates research on cost-

effective ways toward improved anti-shock performance as will be considered in the coming 

chapters. 

 

 



 

 

CHAPTER FOUR 

SLIDING MODE CONTROL 
 

 

4.1 Introduction 

In Chapters 2 and 3, mechanical shocks and their effect on optical storage drives was 

described and examined. It was made clear that the occurrence of shocks not only hampers the 

drive’s nominal tracking performance but also can cause disc data corruption during reading and 

writing. To improve drive control system robustness to shock disturbances, the merits of sliding 

mode control (SMC) are explored along with its application to optical storage drive servo control. 

In order `to be able to apply the SMC method, both an estimator for the internal states of the 

system model is required, as well as an estimator for the disturbances. In this chapter, the theory 

will be developed for such a SMC based controller/estimator combination. The application to 

optical storage drives will take place in Chapter 5.  

 

4.2 Sliding Mode Control Design 

4.2.1 Background 

 

Sliding mode control (abbreviated as SMC) is a form of variable structure control [76], see 

Section 1.5 for a literature overview. SMC is a robust nonlinear control approach that alters the 

dynamics of a system by application of a high-speed switched state-feedback control. The gains 

switch between two values according to a rule that depends on the value of the state at each time 

instant. The aim of the switching is to find an attractive sliding surface so that motion on this 

surface becomes independent of parameter variations and external disturbances. This motion is 

referred to as motion in sliding mode. Figure 4.1 shows a trajectory of a system under sliding 

mode control. The sliding surface is defined at S=0. It is chosen such that the system will track a 
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desired time-varying state, hence shows desired tracking performance. The system is in sliding 

mode when the state trajectory has reached the sliding surface. This occurs in finite time and from 

any initial condition [76]. More precisely, the sliding mode has the following three properties: i) 

from any initial state, the sliding surface is reached in finite time, ii) once the sliding surface is 

reached, the system is confined to it, and iii) the system trajectories cannot be backtracked to any 

point before reaching the sliding surface. 

x 

x
S = 0 

desired state 

chattering 

 

Figure 4.1 Graphical representation of a phase plane trajectory under sliding mode control. 
 

A SMC design process is usually divided in two parts. The first part is to design a sliding 

surface or manifold S such that the system state trajectories in sliding mode exhibit desired 

dynamic properties when confined to this manifold. The second part is to find a feedback control 

law to drive the system state to the sliding surface. This control law should guarantee both 

stability of the closed-loop system as well as existence of the sliding surface.   

 

4.2.2 Chattering 

 

In practical applications, finite frequency switching of SMC will lead to the undesired 

phenomenon of oscillations which is known as “chattering” [76], see Figure 4.1. This chattering 

effect is for example caused by excitation of unmodeled high-frequency dynamics, imperfect 

implementation of the associated control switching due to the utilization of digital control, or the 

definition of S itself which is not known with infinite precision [148]. Chattering is a harmful 

phenomenon as it leads to low control accuracy, increased component wear, and heat losses.  
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x 

x S = 0 

desired state 

Boundary 
Layer 

 

Figure 4.2 Boundary layer about the sliding surface as to avoid chattering. 
 

Chattering is generally dealt with by smoothing out the control discontinuity in a thin 

boundary layer neighboring the switching surface. This is shown in Figure 4.2. Another efficient 

approach is the usage of state observers. It is the aim of this chapter to present an estimator-

based discrete-time sliding mode control algorithm with boundary layer in which both approaches 

are combined. The design aims at high disturbance robustness with favorable system stability 

properties.  

 

4.3 Discrete-time Sliding Mode Control  

4.3.1 Control Objective 

 

Consider the dynamics of the radial tracking system as depicted in Figure 4.3, which can be 

described by the following n-th order Single-Input Single-Output (SISO) linear time-invariant 

system: 

 
(t)(t)

(t)(t)(t)(t)

x

duxx

C

BA




y


 (4.1) 

where t represents time, xℝn is the system’s state vector, uℝm  is the control input vector and 

dℝn are the (external) disturbances. A, B, and C are constant matrices of appropriate 

dimensions. 
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Figure 4.3 Simplified model of a controlled disc drive in radial direction 
 

In most practical applications, controllers are implemented in the discrete-time domain, and it 

is well known that the control system designed in the continuous-time domain will have, in 

general, lower robustness margins after sampling [42][138]. In this thesis, a discrete-time sliding 

mode control for the radial tracking system is considered. The corresponding discrete-time 

representation of (4.1) is given by: 

 ,(k)y(k)

(k)u(k)(k)1)(k

xC

dBxAx

d

dd




 (4.2) 

where k0 is an integer, (k)x ℝn , u(k) ℝm represent the state vector and control  input 

vector, (k)d  represent the disturbances at discrete times k , yℝ is the scalar output, dA  and 

dB  are defined as 

 TA
d eA  , BBd  , td

T

0

t Ae . (4.3) 

dA , dB and dC are constant matrices of appropriate dimensions. The pair  dd B,A  is assumed 

to be controllable, whereas the pair ( )dd C,A  is assumed observable. The sampling time is given 

by T. 

The objective of the radial tracking system is to make the system state vector to follow the 

desired states from any initial condition and under external shock and vibration disturbances. The 

desired state vector for the radial tracking system of (4.2) is represented by  (k)dx ℝn. A sliding 
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surface is now generally chosen such that it contains the desired system states whereas its 

behavior satisfies the control objective.  

 

Definition 4.1 Let the tracking position error be  

 (k)(k)(k) xxe d  , (4.4)  

where e(k)ℝn. The sliding function s(k)ℝ is defined as: 

 ,(k)s(k) eG  (4.5a) 

whereas the sliding surface Sℝ is defined as: 

  0(k)s(k):S  Gee . (4.5b) 

Gℝ1xn is a constant row vector that defines the sliding surface. It is designed such that 0)k(s   

defines a stable sliding surface or sliding mode. 

 

Definition 4.2 The ideal discrete-time sliding mode is defined for all skk   such that 

 0(k)s1)(ks  , (4.6)  

where sk  is the time instant for which the sliding mode is reached.  

Without loss of generality, the non-perturbed system is considered first. The corresponding 

discrete-time representation of (4.2) can be expressed as: 

 
(k)y(k)

u(k)(k)1)(k

xC

BxAx

d

dd




 (4.7) 

For system (4.7) and sliding function/surface (4.5) the control objective is to derive a control 

law that will: i) guarantee the existence of the sliding surface, and ii) guarantees convergence of 

the system states to this surface in finite time and from arbitrary initial conditions.  
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4.3.2 Control Law 

 

From the previous discussion, it has become clear that sliding mode control has two phases: 

the reaching phase, i.e. the phase toward the sliding surface and the sliding mode phase, hence the 

phase at the sliding surface. The corresponding control law should therefore force the system 

states toward the sliding surface and keep them there. For this purpose, consider the following 

structure: 

 (k)u(k)uu(k) seq  , (4.8) 

where (k)ueq  is the so-called equivalent control law that will determine the dynamics of the 

sliding mode whereas (k)us  is the discontinuous control input that will drive the system states 

toward to the sliding surface.  

The system state dynamics in sliding mode can be expressed by 

 
u(k)).(k)(-1)+(k

1)+(k-1)+(k1)s(k

ddd

d

BxAGGx

GxGx




 (4.9) 

This follows from substitution of (4.7), (4.4), and (4.5a) in (4.6). 

Should the sliding mode exist, the equivalent control law can be obtained by solving for 

0s(k)1)s(k1)s(k  . This leads to  

 ))k()1k(()()k(u(k)(k)u 1-
deq dddeq xAxGGBeK  , (4.10) 

where dGB  is assumed invertible, and )()( 1 IAGGBK ddeq   .  

The reduced-order error dynamics in sliding mode can therefore be expressed as:  

 )(k)1)(k)()(((k)(1)(k d
1 xAxGGBB-I)eKBAe ddddeqdd   . (4.11) 

)k(dx  is generated by an hypothetical input (k)du such that  

 (k)1)(k ddd xAx  . (4.12) 

Equation (4.12) represents a state generator that generates a consistent set of desired states [97]. 

As a result of (4.12), the second term in (4.11) will vanish, giving 
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 (k)(1)(k )eKBAe eqdd  . (4.13) 

 

Theorem 4.1  System (4.7) in sliding mode is stable if G  is chosen such that the eigenvalues of 

)KB(A eqdd   are inside the unit circle.  

The proof is obvious. Since the eigenvalues of )KB(A eqdd   are inside the unit circle, 

1 eqdd KBA  . From (4.13), it then follows that 

 )()1( keke   (4.14) 

So as k , (k)e  tends to 0, i.e. 0)k(suplim 


e
k

. So the equivalent control law (4.10) 

assures that once in sliding mode, system state motion is confined to this sliding mode.  

For motion of the system states when not in sliding mode, the switching control (k)us  in 

(4.8) will steer the system states in such a way that it will move to the sliding surface from any 

finite initial value in a finite number of steps. To find a suitable control law that guarantees the 

existence of the sliding mode surface, the so-called reaching condition [44] is introduced.  

 

Theorem 4.2 A sufficient reaching condition for the existence of a discrete-time sliding mode is 

given by  

 ),εTsgn(s(k)-Ts(k)-s(k)-1)+s(k1)s(k   with 0  and 1T0  . (4.15) 

T is the sampling period, and 













0)k(if1

0)k(if0

0)k(if1

))k(sgn(

s

s

s

s ,   and  are positive constants 

affecting the transient response of the system in the reaching phase. 

The proof is given as follows. Define a Lyapunov function candidate as:  

 (k)s
2

1
V(k) 2 .  (4.16) 

The difference 1)ΔV(k   reads: 
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1).(ks

2

1
1)s(k(k)

V(k)1)V(k1)ΔV(k

2 



s
 (4.17) 

Using (4.15) and the fact that |s(k)|s(k))s(k)sgn(  , (4.16) reduces to 

 .0)k(s]T|)s(k|)T1(2[T
2

1
)T2)(k(Ts

2

1
1)ΔV(k 2   (4.18) 

Provided that  

 
)T1(2

T
|s(k)|




 . (4.19) 

 

Hence ]T|)s(k|)T1(2[T
2

1
1)ΔV(k   which is negative definite. 

Condition (4.19) implies that (4.15) will guarantee the system state to convergence to the 

neighborhood of the sliding surface. The width of the sliding surface  is therefore defined as:  

 
)T1(

T




 . (4.20) 

It can be seen from (4.20) that by decreasing the sampling period T, the width of the sliding 

surface  generally decreases. For continuous systems, an intuitive interpretation is that if T 0, 

0 , which results in an ideal sliding mode surface. Studies carried out by Furuta [42] 

confirmed that sliding mode control of discrete-time systems is different from that of continuous-

time systems in the sense that there exists a switching region along the sliding mode. As an 

attribute of discrete-time sliding mode control systems, state trajectories move monotonically 

toward the sliding surface and cross it in finite time [44]. As soon as the trajectory crosses the 

switching surface once, it will cross the surface repeatedly in every successive sampling period. 

This results in a zigzag motion about the switching surface. The size of this zigzag motion 

remains bounded and trajectories stay within a specified neighborhood about the sliding surface. 

The sliding mode of the discrete-time system is called quasi-sliding mode [44]. The width of the 

sliding surface   is usually called the quasi-sliding mode band or quasi-sliding surface boundary 

layer thickness.  
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Definition 4.3 The quasi-sliding mode nRS  with boundary layer thickness   is defined as: 

   (k)Ge(k)s:)k(eS , 0 , (4.21) 

where 
)T1(

T




 . 

The control law to ensure the system trajectories to move towards the quasi-sliding mode 

surface of (4.21) from any finite initial value can be derived from the reaching condition (4.15). 

Let consider the incremental change 1)s(k  : 

 
,u(k))k()())k()1k((

s(k)-1)s(k  1)s(k

ddddd GBeIAGxAxG 


 (4.22) 

which follows from (4.4), (4.5a), and (4.9). Setting this incremental change equal to the reaching 

condition (4.15) then gives: 

 )εTsgn(s(k)-Ts(k)-u(k))k()())k()1k((  ddddd GBeIAGxAxG . (4.23) 

Solving for u(k)  gives the control law: 

 

sgn(s(k)))εT()(e)ηT( (k)u

sgn(s(k)))εT()(e)ηT(

))k()1k(()()k()()(u(k)

1-
d

1-
deq

1-
d

1-
d

1-
d

1

GBkGGB

GBkGGB

xAxGGBeIAGGB ddddd





 

, (4.24) 

where  is called the switching control gain. Given (4.8), the switching control (k)us  can be 

expressed as:  

 sgn(s(k)))εT()(e)ηT((k)u -1
d

-1
ds GBkGGB  . (4.25) 

The presence of the signum term in the switching control input signal guarantees the convergence 

of the system states to the quasi-sliding mode. It will switch, however, between values of 0s(k)   

and 0s(k)  , thus giving rise to the chattering effect.  
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4.3.3 Chattering Reduction 

 

To reduce the effect of chattering, a boundary layer about the quasi-sliding mode is 

introduced. This is done using a saturation function. The corresponding reaching condition used 

to guarantee the existence of the quasi-sliding surface (having boundary layer  ) can be 

expressed as:   

 ,
Φ

s(k)
εTsat-Ts(k)-s(k)1)s(k 






  (4.26) 

for some 0ε   and 1ηT0  , where  

 




















 .|s|

s(k)

,|s|)
s(k)

sgn(s(k)
sat  (4.27) 

The corresponding quasi-sliding mode is defined as: 

 

   (k)Ge(k)s:)k(eS ,   0
T1

T





 . (4.28) 

The slope of the saturation function, and thus the control gain applied to the system within the 

boundary layer, is inversely proportional to the width of the boundary layer  . Small   induces 

large control gains, but also large system chattering. System chattering can be decreased by 

increasing  , but at the cost of large control gains. Too large   may cause the system to lose its 

asymptotic stability properties and thus generally decreases the robustness of the system. 

 

Theorem 4.3 Sufficient conditions for the system states to converge toward the quasi sliding 

plane from arbitrary initial conditions (using reaching condition (4.26)) are split in two parts: 

i) for states outside the boundary layer, 

 s(k)
T)1(2

T
0 




 , and (4.29a) 

ii) for states inside the boundary layer, 
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)T1(2

T
0 . (4.29b) 

The proof is in line with the proof shown in the previous section. Given the Lyapunov 

Function candidate  

 (k)s
2

1
V(k) 2 , (4.30) 

and given the fact that  

 )
)s(k

sgn(
)k(s

sat











, (4.31) 

for states outside the boundary layer, the Lyapunov difference can be expressed as:  

 ]T|s(k)|)T1(2[T
2

1
)T2((k)Ts

2

1
1)ΔV(k 2  . (4.32) 

For  s(k)
T)1(2

T
0 




 , this gives 

 .0s(k),0]T|)k(|)T1(2[
2

1
)T2)(k(T

2

1
1)ΔV(k 2  ss  (4.33) 

For states inside the boundary layer: 











s(k)s(k)
sat , the Lyapunov difference 1)ΔV(k  can 

be expressed as: 

 (k)s
)k(s

T)k(s)T1(1)ΔV(k 2
2










 . (4.34) 

With (4.29b), it follows that 

 

  .0)T1(2T
s(k)

T

(k)s
T)T1(2

s(k)
T)1V(k

2

22

























 (4.35) 
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According to Lyapunov Theory [76], the quasi-sliding mode with boundary layer   is globally 

asymptotically stable. Hence there exists an invariant set to which all solutions converge. 

Moreover, the reaching condition given in (4.26) guarantees the existence of the quasi-sliding 

mode. The problem now is to design the feedback law u(k)  such that the system shows desired 

behavior.  

Similar to the control law derivation of (4.24), the control law needed to steer the system states 

from any finite initial value to the quasi-sliding surface and keep the state on this surface in the 

presence of unknown disturbances is derived by substituting (4.7) into (4.25), giving 

 
).

(k)
sat()εT()k()ηT(

 ))k()1k(()()k(u(k)

1-
d

1-
d

1-
d






Ge
GBGeGB

xAxGGBeK dddeq

 (4.36) 

 

4.3.4 Robustness Analysis 

 

Sliding mode control is generally associated with robustness toward disturbances; it is this 

property that is explicitly used in this thesis to replace the traditional PID controller in its 

robustness to external disturbances of shock. In this section, the control law of the discrete-time 

radial tracking system (4.2) with the external disturbance 0(t) d  is derived. System robustness 

to external disturbances in the sliding surface is discussed.  

Consider the optical storage drive shock and vibration environment discussed in Chapter 2 for 

which the next assumption is made. 

 

Assumption 4.2 Assume that the disturbances (k)d  are uniformly bounded. That is, there exist a 

finite constant 0δ >0 such that  

 .δ(k)d 0  (4.37) 

In view of these disturbances, the definition of the quasi-sliding mode surface in Equation (4.28) 

remains unchanged. Similarly, the system invariance property to disturbances holds if the reaching 

condition (4.26) is met. This is realized with a new control law, taking into account these 

disturbances. In order to have this, Equation (4.36) is substituted into (4.22), and it follows that  
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satTε)(

(k))k()k(T(k)T)η(1)((k)u
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d

d
1

d























GB

dxxxA-IGGB dd

 (4.38) 

where )k()1k()k( ddd xxx  . With control law (4.38), the reduced order error dynamics 

(k)(k)(k) xxe d   can be derived by substituting (4.38) into (4.2), or  

 
(k),)(

)(k)1)(k)()(((k)1)(k
1-

dd

d
1

dIG)(GBB

xAxGGBBIeAe ddddeq



 

 (4.39) 

where ))1( d
1 I(AG)GB(AA ddeq 


  . 

Under assumption 4.1, the error dynamics (4.39) can be further reduced to: 

 )k()()k(A)1k( -1
ddeq dIG)(GBBee  . (4.40) 

Theorem 4.4 Consider the discrete-time system (4.2) being controlled by (4.38). If the quasi-

sliding surface is determined such that 1(eig eq) A , then (4.2) is BIBO stable under bounded 

disturbances (k)d . That is, there exists sk >0 such that S)k(e  for all skk  . 

The proof is given as follows. For uniformly bounded disturbances in (4.37), the error 

dynamics (4.40) are also bounded and can be expressed by 

 

.)()k(

))G(()k(

)k())G(()k(

)k())G(()k()1k(

0
1

ddeq

0
1

ddeq

1
ddeq

1
ddeq

















GGBBeA

IGBBeA

dIGBBeA

dIGBBeAe

 (4.41) 

If 1(eig eq) A , then 1eqA  such that (4.38) reduces to 

 0
1)(()k()1k(   GBGBee dd  (4.42) 

Let’s again define a Lyapunov function candidate )k()k(V(k) eeT . Its difference 

V(k)1)V(k  can be expressed as: 
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ee
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 (4.43) 

So for ,)()k( 0
1   GGBBe dd   

 .)(V(k)1)V(k 2
0

21   GGBB dd  (4.44) 

Hence )1k( e  is ultimately bounded and its bound is within the sliding boundary surface. As a 

result, there exists sk >0 such that S)k(e  for all skk  , if the boundary layer  is designed as 

to contain this ultimate bound. 

 

4.4 Estimator-Based DSMC 

In real life applications, the full state of the system x(k) is normally not available from 

measurement. In fact, for optical storage drive system’s the tracking position error signal is the 

only state available during tracking. To account for this shortcoming, the Kalman-Bucy filter [90] 

is used to obtain an estimate of the full state. This estimate is based on past measurements and 

current inputs with emphasis on fast convergence and good noise rejection properties.  

 

4.4.1 State Estimation 

 

Assume that the sensor noise is a white Gaussian zero-mean stationary signal n(k) with known 

covariance: 

 
),k(}n(k)n(p){

,0}n(k){

0 pRE

E
T 


 (4.45) 

where 0R  is a positive definite matrix of known covariance, )pk(   is the Dirac delta function 

at time instance k-p. Then the Luenberger-type state estimator is given by: 
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 (k),u(k)(k)ˆ)(

)(k)ˆ(k)(u(k)(k)ˆ1)(kˆ

yLBxCLA

xCyLBxAx

ddd

ddd




 (4.46) 

with ,0RCL T
d  where (k)x̂  is the state estimate at time instance k and L is the estimator gain 

designed by the Linear-Quadratic Estimator (LQE) method. 

The cost function to be minimized is: 

 )}(~))(~{( kxkxJ T = error variance, (4.47) 

where )k(ˆ)k()k(~ xxx  . 

 

Definition 4.4 Let the tracking position error be )k(e ℝn. The estimated tracking position error 

)k(ê ℝn is then defined by: 

 )k(ˆ)k()k(ˆ xre  . (4.48) 

 

Definition 4.5 Let the estimated sliding function ŝℝn, the estimated sliding surface Sℝn, and 

the estimated quasi-sliding surface Ŝ ℝn be defined as: 

 
 .)k(ŝ:)k(ˆˆ

,0)k(ŝ:)k(ˆS

),k(ˆ)k(ŝ







e

e

eG

S

 (4.49) 

The corresponding control law for (4.46) can then be written as: 

 

)]}.k((k)(k)T

(k)ˆ)T)1[((
(k)ŝ

Tsat{)((k)u~ 1

dxx

xAIGBG

dd

dd












 

 (4.50) 

 
Theorem 4.5 Assume 1)(eig  dd CLA , the discrete-time system (4.2) subjected to control 

law (4.50) with estimator (4.46) is asymptotically stable, or 0(k)ŝ   as k  if 0)k( d  and 

0n(k)  . 
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Namely from (4.49) and (4.50), it can be deduced that 

 ),k(~(k)ŝ
satT(k)ŝ)T1(1)(kŝ xCLG d









  (4.51) 

and 

 )k(~)(1)k(~ xLCAx dd  . (4.52) 

Since eig 1)(  dd CLA , (4.47) shows that the estimated states )k(~x  tend asymptotically to 

zero as k . That is, after a transient period, 0)(~ kx . Therefore, (4.51) can be written as: 

 









(k)ŝ

sat)k(ŝ)1(1)k(ŝ . (4.53) 

Define a Lyapunov Function candidate as (k)ŝV(k) 2 , then 
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satT

k)(ŝ]
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s

 (4.54) 

For 0(k)ŝ  , it can be verified that 

  0)T)-T(12T(TV(k)1)V(k  . (4.55) 

So it follows that all trajectories converge to the boundary with layer thickness . Inside the 

boundary (based on Theorem 4.1), (4.54) becomes 

   0T)-2(1T
)k(

TV(k)1)V(k
2












s

. (4.56) 

Thus, )k(ŝ  tends asymptotically to zero.  
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Theorem 4.6 The discrete-time system (4.2) with control law (4.50) and estimator (4.46) is BIBO 

stable if the disturbances )k(d  are uniformly bounded. That is, there exists sk >0 such that 

S)k(e  for all skk  . 

Similar to the proof of Theorem 4.5, since )k(~x  is bounded for bounded disturbances )k(d , 

(k)ŝ  will also be bounded. Thus rendering BIBO stability of the system. 

 

4.4.2 Disturbance Estimation 

 

In practice, the control law in (4.50) is not directly implementable since it requires knowledge 

of the disturbances (k)d which is generally not known. To solve this problem, an estimation of 

the disturbances is considered.  

Consider the Taylor’s series expansion of  (t)d as 

 


 2
0

0
000 )t(t

2!

)(t
)t)(t(t)(t(t)

d
ddd  (4.57) 

Let 0t-tT  , )t()k( 0dd  , and )Tt()1k( 0  dd , then Equation (4.57) becomes: 

 


 2T
2!

(k)
(k)T(k)1)(k

d
ddd  (4.48) 

Since the disturbances are bounded and assumed smooth in the inter-sample interval 

kTt<(k+1)T, for sufficiently small T, the difference between 1)(k d  and (k)d  can be 

considered of O(T). The value (k)d  at time k can thus be considered close to the value at time 

1k  . Estimating d(k) from )1k( d , we therefore have 

 
1).u(k1)(k(k)

(T)1)(k(k)




dd BxAx

dd
 (4.59) 

Substituting the above expression in the control law of (4.50) gives the modified and 

implementable version: 
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Φ

(k)ŝ
Tsat{)((k)u~ 1









 

ddd

ddd

Bxx

xAxAIGBG
 (4.60) 

Similarly to the proof of Theorem 4.5, we can conclude that the estimator-based DSMC is 

asymptotically stable and robust to unknown but bounded disturbances.  

 

4.5 Estimator-based DSMC Design with Variable Gain 

As mentioned earlier, the chattering problem is actually due to the inherent high gain property 

of SMC within the boundary layer. In order to further reduce the chattering effect and hence 

reduce the system sensitivity to measurement noise introduced by disc defects within the 

boundary region, an estimator-based DSMC controller with variable control gain  is adopted. 

The control gain is set based on the system state or tracking position error.  

 

4.5.1 Variable Gains 

 

For variable gain design, two different control gains are proposed. Switching between these 

gains is done on the basis of the system state. For system states inside the boundary layer, a low 

control gain will be used. This gain is chosen such that the overall system has a crossover 

frequency close to that of the original linear control system. This control gain is referred to as 1 . 

Its value can be selected using loop frequency response measurements. Outside the boundary 

layer, a high control gain is used to achieve fast transient response to disturbances. This control 

gain is referred to as 2 . 

The proposed estimator-based DSMC with variable gain can be summarized as follows: 

 

]},1)(ku~(k)(k)

1)(kˆ(k)ˆ)[(
(k)ŝ

sat)(k)ŝ({)((k)u~ 1












 

ddd

ddd

Βxx

xAxAIGBG
 (4.61) 

with 
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.Φ(k)ŝ,ε

Φ,(k)ŝ,ε
(k))ŝε(

2

1  (4.62) 

 

4.5.2 Boundary Layer Width 

 

What remains to be discussed is the width of the boundary layer  . Due to the attributes of 

discrete-time sliding mode control described in Section 4.3.2,   is defined as 

 
T1

T




 . (4.63) 

Consider the maximum allowable radial tracking position error associated with the possibility of 

still having reliable data read-out. The width of the quasi-sliding surface is then chosen such that 

when the actuator trajectory is within the quasi-sliding surface, the radial tracking position error 

e(k) is smaller than the maximum radial tracking position error. That is, the sliding surface 

boundary layer should be less than or equal to the maximum allowable radial tracking position 

error. As discussed in Chapter 1, the maximum allowable tracking position error for DVD is 150 

nm (peak-to-peak). The estimator-based DSMC with variable gains 1  and 2 can be chosen as to 

meet (4.29) in Theorem 4.3. The constant  is chosen such that a desired reaching mode response 

is achieved.  

 

4.6 Outlook 

In this chapter, the theory for a discrete-time sliding mode controller is derived. The use of 

quasi-sliding modes and an estimator to estimate the system states solves for the chattering 

problem. To this end, a scheme with variable controller gains is proposed. Its robustness, system 

stability, and performance under unknown but bounded disturbances are guaranteed by proper 

choice of sliding surface, sliding surface boundary-layer thickness, and control gains. The quasi-

sliding surface and its boundary layer thickness can be defined according to the radial tracking 

error requirements for optical data read-out and writing. With the sliding mode control, the 

optical storage drive is expected to achieve a good tracking performance under any unexpected 
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disturbances. The proposed scheme is designed to achieve high anti-shock performance with 

good playability properties and aims at replacing the default PID controller. Its effectiveness will 

be evaluated and studied through computer simulation and experimental evaluation in the next 

chapter.  

 

 



 

 

CHAPTER FIVE 

SHOCK PERFORMANCE WITH ESTIMATOR-BASED 

DSMC 
 

 

5.1 Introduction 

This chapter addresses the design and implementation of estimator-based discrete-time sliding 

mode control (DSMC) on the radial tracking system of a commercially available DVD drive. The 

aim is to improve the drive’s shock performance without any degradation of its sensitivity to 

measurement noise coming from disc defects. Computer simulation and experimental evaluation 

are conducted to demonstrate the effectiveness of DSMC. In particular, its robustness to shocks 

is studied in simulation and compared with the results from PID control. In experiment, so-called 

Block Error Rate (BLER) measurements are conducted for shock performance in playback mode. 

Calibration Analysis Testing System (CATS) measurements are subsequently used for recording 

mode.  

5.2 Implementation Scheme 

An implementation scheme for the radial tracking control system with estimator-based DSMC 

is given in Figure 5.1. The analog to digital (A/D) signal processing block in the digital signal 

processor (DSP) is used to calculate the radial tracking position error at time instant k (denoted by 

e(k)). This is based on the pre-processed diode signals resulting from the optical pick-up unit 

(OPU). The radial error signals are input to the state estimation block. The state estimator will 

estimate the system states at time instant k+1 using (4.46) and (4.47). The SMC gain switch will 

set the gain )k(  based on the estimated state of the system and sent this to the SMC block. At 

the same time, the disturbance estimator block will estimate the disturbances (k)d  using (4.59). 
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With all this information, the sliding mode controller (SMC) computes the control force u(k)  

needed to control the system on the basis of (4.61). Digital to analog (D/A) signal processing 

then converts the discrete-time control force into a continuous-time control force signal F(t)  as 

output from the DSP. A noise filter of the low-pass type will be used to minimize the effect of 

high-frequency noises on the control force signal. The control force signal will then be sent to the 

driver IC to provide the required current and voltage needed to drive the radial actuator in the 

OPU. The estimator and control force computation are implemented in a digital signal processor: 

RD1602X DSP from ESTC (Embedded System Technology Centre, Philips). The design 

parameters listed in Table 5.2 are soft-coded in DSP registers such that they can be adjusted or 

fine tuned by the designer according to the product characteristics. 

 

Figure 5.1 Implementation scheme of estimator-based DSMC. 
 

5.3 Parameter Design 

To address the parameter design used in simulation and experiment, Figure 5.2 depicts the 

proposed estimator-based DSMC system (described in Chapter 4) in block diagram 
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representation. The control aim is to track the desired position )k(dx  in the presence of external 

disturbances (k)d . The actuator states (k)x  and the control force u(k)  are fed into the estimator 

defined by (4.46). The estimated states )k(x̂  along with the errors )k(e  are input to the 

estimator-based DSMC given by (4.61). For this purpose, the radial actuator model (see also (4.2)) 

is given by 

 
.(k)y(k)

(k)(k)(k)1)(k

xC

duBxAx

d

dd




 (5.1) 

 

 

Figure 5.2 Block diagram of estimator-based DSMC. 
 

The system state vector is given by  Tvvxxx (k)(k)(k)(k)(k) 2121 . The matrices dA , 

dB , and dC  are 
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0

0

0

1

T
dC , (5.2) 

with kHz05.22/1T   the sampling period of the system. The parameters of a typical DVD 

drive radial actuator are given in Table 5.1. 

 

Table 5.1 Parameters of a DVD drive radial actuator. 
 parameter and value

radial actuator 0.6gm1  , 0.029Ns/mc1  ,

drive mechanism 124.4gm2  , 7.85Ns/mc2  ,

actuator dynamic gain /Vm/s786.22g 2
dyn   

 

Given the choice of actuator parameters, the pairs  dd BA ,  and  dd CA ,  in (5.1) are 

controllable and observable, respectively.  

Estimator-based DSMC (see also (4.61)) will generate control forces needed to bring the radial 

actuator from any initial position and keep it within the allowable boundary area about the desired 

radial tracking position. The design parameters to be determined are: the observer gains, the 

controller gains, the coefficients of the sliding surface, and the sliding surface boundary width. 

The values are given in Table 5.2. 

The initial values of the observer gains L are determined by the Linear Quadratic Estimator 

(LQE) method. The final gain values for the DVD player radial actuator are decided via pole 

placement by trial and error as: 

 ]0107241.10103.1[ 64 L  (5.3) 

The DSMC control gain 1  is set in such a way that the cross-over bandwidth of the radial 

control system in open loop is close to 2.2 kHz, i.e., the bandwidth of the nominal PID 

controlled system. The DSMC control gain 2  is tuned manually in view of good shock 
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suppression while at the same time satisfying the conditions underlying Theorem 4.3. In Figure 

5.1, the desired position of the system state x(k) can be expressed as: 

  0kTf2cosf20kT)ρsin(2πf(k) rot )(x rotrotd  , (5.4) 

where  is the radial track pitch, and rotf  is the disc rotation frequency. The sliding surface for the 

radial actuator tracking system is defined in such a way that the system states (k)x  will always 

follow (k)dx . To ensure reliable operation, the radial actuator control loop should be able to 

keep the maximum radial tracking error below  75 nm [14]. The boundary width of the sliding 

surface  can thus be defined according to this physical error limitation.  

To evaluate shock performance with estimator-based DSMC, drive performance in both 

playback and recording mode is compared with conventional PID control. For completeness, the 

PID control parameters for the controller structure depicted in Figure 3.13 are also given in Table 

5.2.  

Table 5.2 Design parameters for the DSMC and PID control. 
 parameter and value

DSMC 

 

3001  , 6002  , 

1000  

PID control 
if = 250Hz, df = 430Hz, 

lp1f = 7.86 kHz, lp2f = 20.84kHz, 

pk 1.2 ( bandwidth of 2.2 kHz) 
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5.4 Computer Simulation 

5.4.1 Model 

 

Computer simulation with estimator-based DSMC and nominal PID control is done using the 

simulation model in Figure 5.3. It shows a block diagram corresponding to the implementation 

system of Figure 5.2 and contains the possibility to switch between “PID” control and “SMC” 

mode. The choice of controller is set by “Switch”. The “Radial_act” block is used to simulate the 

actuator dynamics as described in Chapter 3. “Disc” is used to generate the radial tracking 

position information including desired tracking position and actual tracking position. The 

“Estimator” and “Predictor” blocks provide the state estimation.  The “Signal Processor” block is 

used to simulate OPU radial tracking error generation, and the “Driver” block is the simulation 

alternative to the driver IC. The “Disturbance” block in the simulation model is used to generate 

half-sinusoidal shock waves. The “RE_gain_comp” block for the PID controller represents the 

PID control loop gain, and the “MACE_PID” block represents the simulation model of the PID 

controller implemented in the DSP. 

For the sliding mode controller, gain 1  is assigned to the situation when the radial error is 

within the boundary layer. When the actuator is oscillating outside the boundary layer, the higher 

control gain 2 is used to achieve fast and efficient shock suppression. Gain switching is carried 

out automatically based on the measured and estimated radial position error signal. When the 

radial error position is outside the boundary layer, controller gain 2  will be used. Simulations are 

carried out by applying “Disturbances” as input. System performance is evaluated by plotting the 

peak off-track values of the radial tracking error using the considered controllers. The peak off-

track value is defined by the peak value of the radial tracking error divided by the maximum 

allowable error that guarantees proper data read-out. 
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Figure 5.3 Matlab_Simulink simulation diagram for PID radial tracking control and estimator-
based DSMC radial tracking control. 

 

5.4.2 Results 

 

Simulation results are presented in Figure 5.4 and show the peak off-track values of the radial 

tracking error signals when subjected to a 4g/3ms half-sinusoidal shock. The DVD system is in 

playing mode. The blue curve represents the error signals induced by the original PID controller, 

whereas the red curve shows the result of estimator-based DSMC. The peak off-track value with 

PID control remains below 29.0%. This is equivalent to a radial tracking error of 214.6 nm and 

well exceeds the maximum allowable tracking error of 150nm. However, it should be mentioned 

that for a playback system using a data error correction mechanism (Appendix B), the peak off-
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track value can be relaxed to 30%. This means that the data read-out where the radial error signals 

reach the 30% peak off-track level can be free from error when incorporating the data correction 

mechanism in the data signal processing path. Since the maximum peak off-track value with PID 

control under a 4g/3ms shock is less than 30%, the radial tracking system with nominal PID 

control is able to ensure proper data read-out.  With estimator-based DSMC, the peak off-track 

values do not exceed 12.5%. This corresponds to a radial tracking error of 92.5 nm, hence well 

below the maximum radial tracking error of 150 nm. 

 

Figure 5.4 Simulation results of the radial peak off-track error (in %) with nominal PID control 
and SMC under shocks of 4g/3ms. 

 

To evaluate system robustness margins, the peak off-track value is simulated under different 

shock levels using estimator-based DSMC, whose result is plotted in Figure 5.5. As can be seen 

from the figure, the system is able to ensure proper data read-out even under shock levels of 

9g/3ms. Robustness to external shock disturbances is therefore up to two times better as 

compared to nominal PID control.  
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Figure 5.5 Simulation results of the radial peak off-track error (in %) with estimator-based 
DSMC under shocks of different amplitude. 

 

For a drive in recording mode, the radial tracking error must be strictly controlled within 

150nm to ensure proper data writing on the disc. The maximum allowable peak off-track value is 

15% which corresponds to a radial tracking error of ±75nm. As can be seen in Figure 5.6, the 

radial tracking system with estimator-based DSMC is able to sustain 6g/3ms shocks in recording 

mode. To validate the effectiveness of the sliding mode controller, experiments with a real drive 

are conducted in the next section. 
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Figure 5.6 Simulation results of the radial peak off-track error (in %) with estimator-based 
DSMC controller under a shock of 6g/3ms. 

 

5.5 Experimental Results 

To validate the ability of sliding mode control to improve shock performance, an experimental 

evaluation is carried out on a Philips DVD drive using the shock test setup as described in 

Chapter 2. Operational shock performance in playback mode is evaluated by conducting so-called 

BLER (BLock Error Rate) measurements while exposing the drive to shocks. In terms of BLER 

measurements, a drive should be able to play throughout the whole disc without inducing so-

called uncorrectable error flags. Operational shock performance in recording mode is evaluated 

by CATS (Calibration Analysis Testing System) measurements. CATS is a popular disc quality 

measurement system used in industry to evaluate disc recording quality. Before presenting the 

results, both BLER and CATS will be discussed briefly. 

 

5.5.1 BLER 

 

BLER stands for Block Error Rate and generally refers to measurements conducted to test 

drive performance in playback mode. In BLER measurement, the channel errors before and after 
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any possible error correction are measured. An optical storage drive with good playback 

performance should be able to play a disc without inducing uncorrectable channel errors. For 

CD-R discs, BLER measurement refers to the ratio of erroneous blocks to total blocks measured 

at the input of the first (C1) decoder (and before any error correction is applied). This is defined 

in ISO/IEC 60908 [71].  Maximum BLER refers to the largest number of BLER measured 

anywhere on the disc. For DVD, the corresponding maximum so-called inner parity errors (PI 

error) are measured and should be less than 280 as defined by ISO/IEC16448 [72]. For both CD 

and DVD, zero uncorrectable errors in the data channel guarantees proper data read-out of the 

disc.  

For DVD, there are usually 9 parameters measured and plotted while playing through the disc. 

Figure 5.7 shows BLER measurements conducted on a standard DVD test disc – CVP2.18A [14] 

containing so-called black dots and wedges to simulate disc defects. The X-axis in all subplots 

represents the disc location. The Y-axis refers to different error counts of the decoder system and 

reads from top to bottom: BLER count, PI Cor. (data error corrected by inner parity error 

correction), PI Peak (the maximum inner parity error count), UCPI (data error that cannot be 

corrected by inner parity error correction), PO Cor. (data error count corrected by outer parity 

error correction), PO peak (maximum PO error), UCPO (data error count that cannot be 

corrected by outer parity error correction), FLAG (data error count after full error correction 

which mainly refers to the PO uncorrectable error flag ); and 100*Overspeed (playback speed of 

the disc denoted by 1X; if the value is 120, the disc playback speed during measurement is 

denoted by 1.2X.). For a DVD drive in Audio/Video applications, no PO uncorrectable errors 

should occur as to avoid any interruptions or mutes during playing (hence data corruption during 

writing). A more detailed description of BLER measurement and analysis is given in Appendix B. 
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Figure 5.7 BLER plot measured while playing a standard DVD test disc CVP2.18A. 
 

5.5.2 CATS 

 

Similar to BLER measurement, CATS (Calibration Analysis Testing System) measurement is 

generally used in the optical storage industry to test and evaluate disc quality. Different from 

BLER, however, it is able to measure recorded and unrecorded optical discs in terms of relevant 

parameters. For DVD, these parameters include the inner parity error (PI), outer parity error 

(PO), the recorded high-frequency data jitter (called HF signal jitter), disc asymmetry, servo 

tracking signal quality, and more. Detailed descriptions of DVD CATS are provided in Appendix 

C. A good recording quality associates with no outer parity error. Furthermore, both inner parity 

error counts and HF signal jitter levels should be less than specified.  
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5.5.3 Shock Performance in Playback Mode 

 

Shock performance testing in playback mode is conducted while the drive is playing a DVD-

ROM disc. Additionally, BLER measurement is conducted while different shocks are applied to 

the system. Figure 5.8 shows the radial error signals with either PID control or estimator-based 

DSMC under a 4gm/3ms half-sinusoidal shock wave. As shown in the plots, the peak off-track 

values with either PID control or with sliding mode control are reduced from 28.1% to 12.6%. 

The absolute values of the Fourier transformed radial error signals are shown in Figure 5.9. As 

can be seen from the figure, reduction in the low- and high-frequency range with sliding mode 

control significantly exceeds that of PID control. The average reduction in the frequency range 

below 2 kHz is 3dB or higher. This is compliant with the simulation results stated in the previous 

section. In the high-frequency range, due to the switching character of the sliding mode 

controller, more noise is present.  

 
Figure 5.8 Measured radial error signals under a 4g/3ms shock with either PID control or 

estimator-based DSMC. 
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Figure 5.9 Amplitude characteristics of the measured radial error frequency response with PID 
control and estimator-based DSMC under a 4g/3ms shock. 

 
 

Based on the simulation results in Section 5.4, a radial tracking system with estimator-based 

DSMC is able to compensate a half-sine shock wave of 8g/3ms while still guaranteeing good 

playback performance. In the experiments, the effect of such a shock wave is shown in Figure 

5.10. As can be seen from the figure, the drive will go off track and start its radial recovery 

procedure for the case of PID control. The radial recovery procedure includes small radial 

actuator jumps which explain for the behavior shown. With estimator-based DSMC, the drive is 

able to reject the disturbance and keep the radial actuator within the required tracking range. 

Note, however, that the radial error signal contains significantly more high-frequency 

components. Moreover, the time delay observed between shock and error response is because of 

the different measurement systems used. 
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Figure 5.10 Experimental testing results of the radial error signal with PID control and with 
estimator-based DSMC under 8g/3ms shock. 

 

Corresponding BLER measurements are shown in Figure 5.11. The first interval of the figure 

depicts performance under PID control. A significant C2 uncorrectable error flag is observed. 

The second interval of the figure depicts the results related to estimator-based DSMC. The BLER 

measurements show no C2 uncorrectable error flag. This is in agreement with the simulation 

results, and shows that the proposed estimator-based DSMC controller gives rise to improved 

shock performance.  

 

PID control
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Figure 5.11 The BLER plot of a DVD disc when playing at 1.2X under 8g/3ms shock. 
 

To study the sensitivity of sliding mode control in view of measurement noise resulting from 

disc defects, the playback test is done with a standard DVD test disc having all kinds of disc 

defects like black dots, scratches, and fingerprints. Good playback performance should have no 

uncorrectable errors. As shown in Figure 5.11, no error flag in the indicated black dot area is 

observed with either PID control or estimator-based DSMC. From the above comparisons, it can 

be concluded that estimator-based DSMC can not only improve the shock performance as 

compared to PID control, but drive playback performance in terms of sensitivity to disc defects 

seems preserved.  

When a half-sine shock wave with amplitude of 8g/3ms or higher is applied to the DVD 

drive, a gain switch between 1  and 2  is observed. The maximum shock level the drive was able 
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to withstand while still providing good recording quality could go as high as 9g/3ms. Figure 5.12 

shows the radial error signals with estimator-based DSMC under a 9g/3ms shock; note that PID 

control is of no use at this shock level. As can be seen from the figure, the radial tracking error 

can still be controlled within  75nm. In comparison with Figure 5.10, the error levels are smaller 

because of gain 2 . Figure 5.10 is obtained with the smaller gain 1 . 
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Figure 5.12 Radial error signals under a 9g/3ms shock (straight lines indicate the threshold of 
radial error for accurate data readback 75nm). 

 

Figure 5.13 shows the frequency contents of the radial error signal. Due to the gain switching 

effect, significant high-frequency contents (about 1kHz) induced by the controller is observed. 
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Figure 5.13 Amplitude characteristics of the measured radial error frequency response with 
estimator-based DSMC of 2 under a 9g/3ms shock. 
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In summary, given the relaxed radial tracking accuracy requirements in playback mode, the 

radial control system using estimator-based DSMC could successfully suppress shock levels up to 

9g/3ms.  

 

5.5.4 Shock Performance in Recording Mode 

 

Shock performance in recording mode is evaluated and measured by CATS (Calibration 

Analysis Testing System) analysis. A DVD+RW disc is used for shock testing in recording mode. 

To exclude disc quality variation from the analysis, the same DVD+RW disc is used for either 

estimator-based DSMC or PID control. Recording is carried out at a prescribed location while 

being subjected to shocks. For a 4g/3ms shock, the radial error signals are depicted in Figure 

5.14. In comparison with PID control, the radial tracking error signal using estimator-based 

DSMC control is well suppressed and within the maximum allowable range.  

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

0

2

4

F
or

ce
 (

g/
se

c)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
-100

-50

0

50

100

R
E

S
 (n

m
)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
-100

-50

0

50

100

Time (sec)

R
E

S
 (n

m
)

 

Figure 5.14 Radial error signal with PID control and with DSMC under a 4g/3ms shock. 
 

Figure 5.15 and Figure 5.16 show CATS measurements on the recorded DVD+RW disc using 

either PID control (Figure 5.15) or estimator-based DSMC (Figure 5.16). Since it is single layer 
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disc, only layer 0 is shown. As can be seen from Figure 5.15, a spike in the uncorrectable errors is 

observed when the disc is recorded under PID control. This data corruption is evidently caused 

by too large radial off-track errors during recording. Figure 5.16 (using estimator-based DSMC) 

shows no uncorrectable errors.  

 

Figure 5.15 DVD CATS result of a DVD+RW disc recorded with PID control under a 4g/3ms 
shock. 

 

 

Figure 5.16 DVD CATS result of a DVD+RW disc recorded with estimator-based DSMC 
controller under a 4g/3ms shock. 

 



96   Shock Performance with Estimator-based DSMC 

 

 

Further shock testing in recording mode is done by increasing the shock level up to the 

maximum level the DVD drive system is able to withstand. Figure 5.17 shows the radial tracking 

error during recording when a half sine wave of 6g/3ms is inserted. As can be seen from the 

figure, estimator-based DSMC is still able to keep the radial tracking error within the range of  

75nm. PID control clearly fails which follows from the radial recovery process that is initiated 

after the shock is applied. From the tests, it is concluded that estimator-based DSMC enables 

shock rejection of 6g/3ms half-sinusoidal shock waves. With PID control, this level does not 

exceed 3g/3ms. This is a factor of two less than DSMC. 
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Figure 5.17 Radial tracking error signal during recording under a 6g/3ms shock. 
 

5.5 Outlook 

Both computer simulation and experimental evaluation done on a commercially available 

DVD driver show that estimator-based DSMC is able to improve the system robustness to shock 

disturbances from 4g/3ms to 9g/3ms in playback mode and from 3g/3ms to 6g/3ms in 

recording mode with respect to PID control. The deterioration of the sensitivity to disc defects 

remains fairly limited. As such, estimator-based DSMC provides an effective solution for optical 

disc systems with high density and high performance requirements, i.e. for systems for which any 
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additional increase of material or process costs is unacceptable. This is of particular interest in 

view of recent developments for DVD and BD drives and their applications within the portable 

and automotive industry. A drawback of DSMC is that a rigorous analysis of robustness and 

performance levels, as in classical control theory, is not possible. Hence, the only way this can be 

assessed is using extensive simulations or experiments. 

Practical implementation of estimator-based DSMC involved control gain switching which is 

executed based on the radial tracking error signals. These signals can be affected either by shocks 

or by various other types of disc disturbances like for example disc defects which may require 

different control strategies for maintaining proper data read-out. Accurate detection of shock 

occurrences is therefore crucial in proper control gain switching and as such will be the topic of 

the next chapter.  

 

 



98   Shock Performance with Estimator-based DSMC 

 

 

 

 



 

 

CHAPTER SIX 

SHOCK DETECTION 
 

 

6.1 Introduction 

Sliding mode control as considered in the previous chapters will not only improve system 

robustness in view of external disturbances or shocks but also will retain  system stability and 

playback performance, although classical linear based assessment of robustness and performance 

is not as trivial. Moreover, the gain switching mechanism depends on the measured (or estimated) 

actuator position error signals. Upon shock occurrence, both the radial and focus position error 

signals will show a significant rise in amplitude, which easily can exceed the predefined boundary 

layer. As a result, a control gain switch is induced as to compensate for the disturbance which 

subsequently directs the position error signals back to the boundary layer. Disc defects like black 

dots, scratches, and fingerprints, however, induce similar effects. In this case, a low gain control 

or even no control is preferred as to avoid acting on false sensor information. Since false sensor 

information can lead to false action, accurate and fast detection of shocks is very useful for all 

variable gain control solutions, and hence, also for proper implementation of sliding mode 

control. In this sense, the development of a shock detector will not be limited to the current 

application of estimator-based DSMC. Discrimination of external shocks and other disturbances 

plays an important role in the successful application of almost any shock controller. To this end, a 

novel technique for sensorless shock detection is proposed [170][171].  

This chapter is laid out as follows. First, a brief literature overview of shock detection 

techniques such as used in the data storage industry will be presented. Second, an investigation is 

done regarding the impact of generally occurring disturbances in optical disc systems. Differences 

between externally applied shocks and internal disturbances coming from the disc itself are 

presented. Third, a shock detection technique is developed using the principles of state 

estimation. The shock detector is designed in such a way that it will only act on the occurrence of 
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shocks that will lead to playback or recording disability. The latter usually referred to as unsafe 

shocks. The shock detector will not react to safe shocks, i.e., shocks that do not include such 

disability. Fourth, an experimental evaluation will be conducted on a DVD drive. This will 

demonstrate the efficiency and effectiveness of the considered shock detection mechanism.  

 

6.2 Shock Detection Techniques in Storage Drives 

There are two main technologies to detect the occurrence of shocks in today’s storage drives: 

sensor detection techniques and sensorless detection techniques.  

 

6.2.1 Sensor Detection Techniques 

 

Sensor detection techniques are widely used in the hard disk drive industry. The most 

commonly used shock sensor in hard disk drives is the angular acceleration sensor [107][127]. 

This sensor measures the angular acceleration caused by spindle imbalance forces, external shocks 

and vibration, and self-induced shock mount resonant excitation typically caused by the drives’ 

seeking activity. A frequently used embodiment of an angular acceleration sensor is a pair of linear 

accelerometers arranged in a push-pull configuration on the hard disk drive assembly [127]. Once 

the shock is detected, the servo control system will supply a correction signal which, after being 

filtered, is used for compensation as to nullify the shock response. 

With considerable advances in sensor technology, shock sensors can predict off-track shocks 

prior to significant head movement, thus preventing data corruption induced by shocks of fairly 

short duration (<5ms). For example, surface-mounted accelerometers can detect and disable the 

write mechanism within 10 s. Supervising firmware can be used to qualify sensor data and 

subsequently disable the sensor when its output indicates incorrect motion. By identifying invalid 

sensor signals, normal drive functions can be carried out without shock protection [111].  

Other types of fast detection shock sensors broadly used in hard disk devices are piezoelectric 

sensors, silicon sensors, strain gauge sensors, and rotary sensors [35][100][128][176]. Piezoelectric 

sensors detect the voltage generated by the transducer in response to strain of the piezoelectric 
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sensing elements, which are usually made of ceramic or polymer materials. The sensing element 

flexes whenever a shock occurs, creating a mechanical strain and ultimately generating a 

proportional voltage signal. Micro-machined silicon sensors rely on the displacement of a 

suspended mass to generate a voltage signal. While silicon sensors cost more than piezoelectric 

sensors, some of them incorporate closed-loop self-checking features. This assures high reliability. 

Silicon sensors are used in automotive air-bag applications, for which high reliability is a must. An 

ideal rotary shock sensor aligned with a position axis detects shocks that exert a torque on the 

position. Off-track displacements may occur as a result of shocks applied to more than one linear 

axis. Sensors incorporating multiple-axes sensitivity provide better data protection [158].  

For hard disk drives used in mobile applications and notebooks, the servo information written 

per track is very limited. Shock detection for this type of drives employs low cost and less 

accurate shock sensors like single-axis piezoelectric accelerometers with subsequent qualification 

(true or false) by position error measurement [78]. Once a potential off-track excursion is 

detected, the supervising controller and data protection logic will take the necessary actions to 

reduce the error caused by disturbances. Another possible solution was proposed by Chew [22]. A 

4-D shock-sensor and servo over-sampling scheme is studied in this paper by using only the 

existing head pre-amplifier and data channel.  The technique can be achieved with a low-cost re-

design of the head pre-amplifier, data channel, and control software. This method is applicable 

for hard disk drives with more than two disks with each disk having two operational surfaces. 

Sensor detection techniques are also used in optical storage devices like portable and car 

applications. Typically a single axis accelerometer is placed in focus and radial direction separately 

to measure the corresponding dynamic acceleration arising from the drive chassis being exposed 

to shock and vibration [80][99]. 

Murata Manufacturing Co. commercialized an electric charge sensitive type of shock sensor 

[158]. The sensor detects acceleration by exploring electric charge sensitivity instead of 

conventional voltage sensitivity. This solution was able to reduce the size of the component and 

doubled its sensitivity. Impedance at wiring can be reduced when an electric charge amplifying 

circuit is used. Less interference with external noise, and better signal-to-noise ratios are achieved. 

All considered sensors are sophisticated components and thus are generally costly. For 

example, the accelerometers used for shock detection in a CAR CD application typically cost 

about US$1.00. This may seem relatively low-cost but given the costs of a complete module of 

US$10.00, this is a too dominant factor [176]. Apart from the costs, sensor detection technology 
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is usually reactive which generally faces the problem of being too late with respect to the 

occurrence of shocks. 

 

6.2.2 Sensorless Detection Techniques 

  

Commonly used sensorless shock detection techniques for hard disk drives are based on state 

models. This provides the means to predict/estimate the position error signal on the occurrence 

of shocks. Different kinds of control and estimator designs are studied in literature to improve 

the accuracy of estimation and the servo control capability to reject disturbances [35][132]. A 

multi-rate sampling technique is employed to improve the position estimator’s speed and accuracy 

in practice [5].  

In US patent 6163429 learning is used to compensate for randomly occurring shocks [143], the 

position error of the laser spot is there monitored and filtered via a correlation filter. This signal is 

then fed into a comparator, which compares the error signal with a pre-defined value and 

subsequently generates a binary output indicating whether a shock has (or has not) been detected. 

In case of detection, the error is compensated for on the basis of corrective data contained in 

memory. This method is generally used in today’s optical storage drive industry. Different filter 

designs may be used to get more reliable error signals in different applications. For example, for 

Philips CD drives in audio and video applications, a notch/band-pass filter is applied to the 

position error signal to filter out high-frequency noise interference and thus to prevent false 

alarms [110]. However, position errors caused by disturbances like disc defects have similar 

characteristics as the error signals induced by shock and vibration. Shock detection based on the 

position error signal will thus be inaccurate, whereas the chance of false alarm is high.  

Tousain et al. [142][143] proposed a solution using a non-periodic repetitive disturbance 

detector based on the Likelihood Ratio Test. It divides the disturbances into two groups: non-

periodic (but repetitive) disturbances that randomly occur in time like shocks and vibrations and 

stationary stochastic disturbances. Detection is based on the position error signals. By detecting a 

known waveform in colored noise due to shock and vibration, a look-up table based feedforward 

system is added in parallel to the input of the nominal feedback controller as to suppress this type 

of disturbance. A trade-off, however, is made between speed of detection and the chance of false 

alarms.  
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How to accurately and promptly detect unsafe shocks (shocks inducing playback or recording 

disability) without sensors is one of the main challenges in achieving better control robustness to 

disturbances. A sensorless shock detection technique based on a state estimator to predict the 

occurrence of shocks is proposed and developed in the following sections. 

 

6.3 Disturbance Analysis 

In this section, an experimental study to investigate the effect of disturbances on the actuator 

position error signals is done using a 1.2X DVD disc. In particular, the responses of the position 

error signals are studied as a means to distinguish between shocks and other disturbances. Prior to 

this study, a brief introduction on optical signals is given. For a more detailed elaboration on these 

signals and their generation the reader is referred to Appendix A. 

 

6.3.1. Optical Signals 

 

There are two main types of optical disc signals generated by the photo detection cells in the 

optical pick-up unit: i) the actuator position error signals used for actuator position control, and ii) 

the high-frequency signal that contains the data information. The position error signals mainly 

refer to the focus error signal for actuator focus positioning and the radial tracking error signal for 

tracking control. These position error signals are normalized in the signal pre-processor chip and 

are called FEN (normalized focus error) signal, and REN (normalized radial tracking error) signal. 

Additionally, the MIRN (normalized mirror) signal, which is generated by summing up the output 

of all photo detection cells, represents the total amount of laser light received by the photo 

detectors. The high-frequency signal that is read back from the disc contains all the data 

information and will be sent to the data channel for further processing. This signal is referred to 

as the HF signal.  

The properties of these signals in view of disturbances are studied in order to develop 

adequate techniques to deal with disturbances. 
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6.3.2 Shock-Induced Disturbances 

 
Figure 6.1 shows the measured responses in terms of REN and MIRN signals when subjected 

to a 6g/3ms shock in radial direction. As can be seen, a large rise in REN signal is observed under 

shock. The MIRN signal, however, shows no change and as such appears insensitive to the shock.  

 
 

Figure 6.1 MIRN and REN signals under a 6g/3ms shock. 
 

It should be mentioned that the DC (Direct-Current) offset of the MIRN signal is removed 

from the input channel of the oscilloscope with a high-pass filter. This DC level very much 

depends on the reflectivity properties of the disc such that its value usually varies from disc to 

disc.  

 

6.3.3 Disc-Induced Disturbances 

 

Internal disturbances resulting from disc eccentricity and disc unbalance [172] will generate 

periodic disturbances at multiples of the rotational frequency of the disc. Figure 6.2 shows the 

FEN, REN, MIRN, and HF signal responses for a DVD disc with 100 m eccentricity (ECC). 

Additionally, RA represents the radial actuator control signal. As can be seen from the figure, the 

radial control signal can follow the periodic disturbance induced by disc eccentricity. The REN 

signal is kept within the required limit for reliable disc read-out which can easily be proved by 

REN 

MIRN 
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BLER measurement. No variation or distortion is found in the MIRN signal. For this type of disc 

defect, no obvious changes are observed in both the REN and MIRN signals.  

 

HF 

MIRN

REN 

FEN 

RA 

REN

 

Figure 6.2 REN, RA, FEN, MIRN, and HF signals when playing a 100 m ECC disc. 
 

6.3.3 Disc Surface Defects 

 

In case of disc surface defects like black dots, scratches, or fingerprints, the position error 

signals contain false information [13][55][103][117]. Figure 6.3 depicts a collection of standard 

DVD test disc defects: black dots in different sizes, normal and heavy fingerprints, and artificial 

scratches. The controller reacting on these erroneous error signals will often steer the laser spot 

off track. To prevent wrong control action, a low bandwidth controller or no control action at all 

is preferred along the occurrence of the defect. Due to the reflectivity changes under such disc 

deficiencies, the MIRN signal is generally used for defect detection.  

 

1100 m

900 m

700 m

Black dots

Heavy F ingerpr int

N ormal  Fingerprint

Scratch 

0-1520 m
 

Figure 6.3 Artificial disc defects on standard test discs. 
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Figure 6.4 shows the HF, MIRN, REN, and FEN signals when moving across a 900 m black 

dot. The sudden decrease in MIRN signal level indicates the decrease of the light intensity 

reflected by the disc when entering the black dot area. Since no laser light is received by the 

photo-detection cells in the black dot area, both the HF and the MIRN signals drop to zero. 

Upon detection of the black dot, both radial and focus servo controllers are switched to open-

loop mode: no actuator steering action takes place, and the position error signals are set to zero. 

Entering the defect area induces responses in both the REN and FEN signals. This is caused by 

the asymmetric distribution of the light that is reflected onto the photo-detection cells. Exiting 

the defect area, the oscillations induced in the REN and FEN signals associate with a step 

response resulting from switching on the control loops.  

 

HF 

MIRN 

REN 

FEN 

 

Figure 6.4 HF, MIRN, REN, and FEN signals during 900 m black dot. 
 

The response to a 2.93mm scratch is shown in Figure 6.5. As can be seen, the MIRN, REN, 

FEN, and HF signals show similarity with the responses to a black dot as discussed in Figure 6.3. 

From a control point of view, both defects require the controller to be insensitive in reacting to 

erroneous error signals during the occurrence of the defect [55]. 
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HF 

MIRN 

REN 

FEN 

 

Figure 6.5 HF, MIRN, REN, and FEN signals during 2.93mm artificial scratch. 
 

Different from both a black dot and a scratch, the fingerprint considered in Figure 6.6 only 

induces a minor drop of the MIRN signal. The small drop in HF signal adds to the conclusion 

that a fingerprint does not cause a severe drop in light reflectivity, although its effect may cover a 

large part of the disc surface. The oscillatory noise present in the REN and FEN signals during 

the defect is caused by the reflection variations induced by the fingerprint. This oscillatory 

behavior normally lies in the high-frequency range beyond 3 kHz for 1.2X DVD.  

 

HF 

MIRN 

REN 

FEN 

 

Figure 6.6 HF, MIRN, REN, and FEN signals during heaving fingerprint. 
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A commonly seen disc surface defect that is not listed in the standard test disc representation 

of Figure 6.3 is a so-called white dot. If for example the disc is contaminated during the writing 

process, no information can be written on that part of the disc. Consequently, this disc area is left 

blank and will have a higher light reflection during playback upon removal of its contamination. 

Figure 6.7 shows the responses to a white dot. It can be seen that the MIRN signal increases to a 

higher level during the white dot; the HF signal no longer contains data information. Since 

current DVD drivers do not have a defect detector that reacts on rises in the MIRN signal, the 

controller steers the actuator based on erroneous error signals. The effect is shown in the REN 

and FEN signals. 

HF 

MIRN 

REN 

FEN 

 

Figure 6.7 HF, MIRN, REN, and FEN signals during white dot. 
 

In summary, the measured responses to various disc defects show that the actuator position 

error signals (REN and FEN) demonstrate sensitivity to both shocks and defects. However, in 

case of shocks, the MIRN signal almost appears invariant. Contrarily, during disc defects, the 

MIRN signal will show substantial drop due to the decreased light intensity. As such, the MIRN 

signal is perfectly suited as discriminator between shocks and disc defects.  

 

6.4 Sensorless Shock Detection 

Studies on the optical signals as conducted in the previous section show that position error 

signals are sensitive to both disturbances coming from shocks and disc defects while the MIRN 
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signal only responds to disc defects. Traditional shock detection which only detects shocks based 

on position error signals is therefore not very accurate. A new sensorless shock detector is 

proposed and developed in this section using both position error signals and the MIRN signal. 

The shock detector is able to detect shocks accurately and promptly so that proper servo control 

action can be taken to compensate for its effect.  

 

6.4.1 Shock Detector Design 

 

 
 

Figure 6.8 Block diagram of the shock detector. 
 

Figure 6.8 shows a block diagram representation of the control system including shock 

detector. As discussed in Chapter 4 the state estimator estimates the position error at time instant 

k+1 based on information from the previous time instant k. The estimated position error signals 

1)e(k  and the measured position error signals e(k) are used to detect the sudden changes 

caused by shocks. At the same time, the MIRN signal is used to distinguish between shocks or 

disc defects. The output from the shock detector will be the input to the “Gain Switch Control” 

within the sliding mode control system. This is used to decide which sliding mode control gain 

should be used. In the absence of a sliding mode control system, the output from the shock 

detector will be directly sent to the servo control system so that the controller is able to take 

corresponding (corrective) control action. The shock detection is multi-input single-output. Its 
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output is given by a so-called shock flag which will be set to “1” if shocks are detected and “0” 

otherwise.  

Figure 6.9 depicts a detailed view on the implementation blocks of the shock detector. It 

consists of three parts: i) the position error off-track detection parts 1Q  and 2Q , ii) the MIRN 

signal-drop detection part 3Q , and iii) the logic operations. 

 

Figure 6.9 Implementation blocks of the shock detector. 

 

The position error off-track detection blocks comprise two band-pass filters, two memory 

loops and two comparators. The band-pass filters are designed to filter out high-frequency noise 

and DC components present in the position error signals (REN and FEN). To minimize the filter 

order and at the same time to minimize the region between the pass- and stop-bands (the so-

called transition width), an infinite-impulse-response (IIR) band-pass filter is used. The 

parameters of the filter can be adjusted according to the power spectrum of the drive under 

consideration. Based on the analysis in Chapter 3, the main shock influence lies in the frequency 

range between 20Hz and 1000Hz. The corresponding band-pass filter in z-domain is therefore 

given by: 

 
4321

4321

0.5790z0.2048z1.1783z0.6052z1

0.7014z0.02z1.3628z0.02z0.7014
Filter(z) 






 . (6.1) 

A memory loop is designed in between the band-pass filters and comparators. It comprises of 

a 3-tap first-in first-out (FIFO) filter to memorize four consecutive position error data samples. 

The output from the memory loop is given by 
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 )zzz(11)(kêY(k) 321   , (6.2) 

where 1)(kê  is the future position error signal estimation at time instant k+1, which can either 

be the radial tracking error signal or the focus position error signal, Y(k) is the output from the 

filter at time instant k. This memory loop will memorize 4 consecutive position error signals for 

better and more reliable detection of the occurrence of sudden changes in the position error 

signal. It is designed to prevent shock flag oscillations occurring when the position error signal 

shows repeated zero crossing behavior during the shock. 

Outputs from the memory loops are fed into the comparators where they are compared with 

predefined threshold levels. For the position error signals (under conditions set in (6.3)) a binary 

output 0/1 will be generated to indicate whether there is a sudden increase detected in the 

position error signals, i.e.  

 





,0

,1
)k(Q j     

otherwise,

)],VY(k)(1))1k([(Q)V(Y(k)if PELjjPEHj 
 (6.3) 

where )k(Q j  with  2,1j  is the binary output from the comparators. PEHjV  and PELjV ℝ+ 

represent the threshold values for the radial tracking error signal (j=1) or the focus position error 

signal (j=2), respectively. These values are defined in accordance with the unsafe shock levels that 

need to be detected. PEHjV  is the upper threshold value, PELjV  is the lower threshold value. The 

comparator will output 0 when the position error is back at tracking position.  

For MIRN signal drop-out detection, first a normalization of the MIRN signal is applied to 

exclude DC level differences caused by different types of discs. The normalization follows from 

dividing the measured MIRN signal by the calibrated MIRN level of the disc during disc start-up. 

In Figure 6.9, comparator 3 generates a binary zero if the normalized MIRN signal exceeds the 

predefined MIRN threshold levels. The latter indicates the possible occurrence of disc defects. 

Otherwise, binary one will be its output. Comparator 3 can thus be described as: 

 





,1

,0
)k(Q3     

otherwise,

,V(k)ˆor  V(k)ˆ if MIRNH4,1MIRNL4,1


 iikMIRNiikMIRN xx
    (6.4) 

where (k)ˆ MIRNx  represents the MIRN signal at time instant k, MIRNLV is the threshold value for 

white dot detection, MIRNHV  is the threshold value for black dot detection.  
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Overall shock detection is based on the inputs from the subsequent comparators and can be 

written as 

   ),k(Q)k(Q)k(QS(k) 321   (6.5) 

where S(k) is the shock flag output from the shock detector. The shock flag will be set to binary 

one, indicating the occurrence of a shock, and it will be set to zero if no shock is detected. The 

truth table of (6.5) is shown in Table 6.1. In the table, Q1(k)=1 (and/or Q2(k)=1) corresponds to 

cases when a sudden rise in the position error signals is detected; Q3(k)=1 if there is no level drop 

in the MIRN signal. All threshold values in the shock detector are defined in such a way that no 

triggering occurs to safe shocks. The shock detector is running at a servo processing frequency of 

22 kHz and is implemented in a DSP.  

Table 6.1 Truth table for Equation (6.5). 
S(k)  )k(Q1  )k(Q2  )k(Q3  Remarks

1 1 1 1 shock in radial & focus direction 

1  1 0 1 shock in radial direction 

1 0 1 1 shock in focus direction 

0  1 1 0 disc defect 

0  0 1 0 disc defect 

0  1 0 0 disc defect 

0  0 0 0 normal

 

6.4.2 Modified Shock Detector Design 

 

As indicated in Table 6.1, the shock detector is able to detect the occurrence of shocks but not 

to differentiate between the absence or presence of disc defects. Instead of sole shock detection, 

the shock detector can thus be further developed into a disturbance detector that will be able to 

detect both the occurrence of shocks and disc defects. 
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Figure 6.10 Implementation blocks of the disturbance detector. 

 

As shown in Figure 6.10, the logic in (6.6) is used to replace the “AND” logic in the shock 

detector of Figure 6.9. That is, upon occurrence of a shock, the S flag will be set to one and the 

S flag is set to zero. When only disc defects are detected, the S flag will be set to one and 

theS flag is set to zero. As such the dual output of the modified shock detector becomes: 

 
 
 







.QQQS

,QQQS

321

321  (6.6) 

Table 6.2 demonstrates the Boolean algebra expressed in (6.6). Any drop or increase in MIRN 

signal level is an indication for the occurrence of disc defects. The truth table corresponding to 

(6.5) can thus be modified as done in Table 6.2. 

Table 6.2 Truth table for Equation (6.6). 
S  S  

1Q  2Q  3Q  Remarks 

1 0 1 1 1 Shock in focus & radial direction 

1 0 1 0 1 Shock in radial direction 

1 0 0 1 1 Shock in focus direction 

0 1 1 1 0 Disc defect 

0 1 0 1 0 Disc defect 

0 1 1 0 0 Disc defect 

0 0 0 0 0 Normal 
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6.5 Experimental Validation 

The modified shock detector is tested experimentally using the experimental setup as 

described in Chapter 3. Different levels of shocks are applied to the drive in radial direction with 

the detector being enabled. The shock design parameters are tuned in such a way that only unsafe 

shocks (that will result in off-track motion) are being detected for the drive.  
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Figure 6.11 Shock detector results. 
 

Figure 6.11 shows the radial tracking error signals along with the shock flag output from the 

modified shock detector. The S flag (indicated in red) is set to one when the radial tracking error 
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signals exceed the predefined level. The flag is set to zero otherwise. In the test, the predefined 

radial tracking error level is set to 30% off-track peak values; see the discussion in Chapter 5. It 

can be seen from Figure 6.11 that the designed shock detector is able to react promptly to shocks 

of 5g/3ms. For a shock of 4g/3ms, the shock detector will not respond. The shock detection test 

is carried out on a DVD drive with PID control. The results shown in Figure 6.11 are aligned 

with the results presented in Chapter 5, in particular those in Figure 5.4. There, it was concluded 

that the shock level with PID control in playback mode is 4g/3ms. That is, the radial tracking 

control system is able to ensure proper data read-out under 4g/3ms shocks which thus refers to a 

safe shock level. As shown in Figure 6.11(c) and (d), any shock of 5g/3ms or beyond is 

considered unsafe. 

Figure 6.12 depicts the shock detector performance of a DVD drive in playback mode under 

disc defects. As can be seen, the shock detector does not react to any of these disc defects even 

though they induce a sudden increase of radial error signal level. For the purpose of display, the 

shock flag results (red) are given an offset value of -0.1. The defect detector, however, is triggered 

when entering the black dot area. The servo control action is subsequently switched off. In the 

area of the fingerprint, however, both the defect and shock detector do not respond. Hence the 

servo decoder system is robust enough to overcome the influence of the fingerprint. 
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Figure 6.12 Shock detector results during disc defects. 
 

Within estimator-based sliding mode control, the shock detector is used to set the sliding 

mode control gain. That is, the servo control system will use the default (and smallest) sliding 

mode control gain until the shock detector is being triggered. As such the shock detection 

threshold level is set based on the sliding mode control gain switching level. For radial tracking 
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control systems as discussed in Chapter 5, the shock detection level is set to 8g/3ms for playback 

mode and 6g/3ms for recording mode. 

 

6.6 Outlook 

In this chapter, a novel technique to accurately detect the occurrence of shocks is described. 

The idea underlying the detector is given by the fact that the MIRN signal can effectively help in 

distinguishing disturbances caused by shocks or disc defects. Through state estimation, the shock 

detector enables shock detection in an early stage. As such the servo controller is able to take 

appropriate action in overcoming the influence of shocks before evoking any off-track motion. 

For servo control systems using the variable gain and estimator-based sliding mode controller, the 

shock detector is used for sliding mode control gain switching.  

 

 



 

 

CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS 
 

 

7.1 Conclusions 

With the increase of speed and density in the optical storage industry, servo design 

requirements become more and more challenging in the sense of achieving smaller tracking errors 

under a wider variety of disturbances. While a large number of advanced control technologies and 

theories have been proposed and applied to achieve this target, a limited amount of literature has 

been published in the area of shock performance improvement. This thesis explored this area and 

devoted itself to both the theoretical development of shock control design and its implementation 

aspects in optical disc drives. Upon fulfillment of this research, the following achievements and 

conclusions have been obtained.  

 A systematic overview of state of the art shock and vibration results for optical disc 

drives is presented. Shock test specification on the basis of a half-sine wave 

acceleration pulse of 3 ms duration is considered to represent optical storage drive 

operational shock conditions. As such, the means are obtained to evaluate optical 

storage drive operating shock performance in consumer electronics. A dedicated shock 

test method and setup are developed for studying drive performance in the presence 

of shocks.  

 Based on this shock test method, it is concluded that the dynamic model of the optical 

disc drive under shock disturbances, such as the shock sensitivity of the optical storage 

drive developed in Chapter 3, is able to accurately predict drive performance. Using a 

relatively simple model for the radial direction, an analysis has been done to make a 

trade-off between mechanical (passive) suspension design and servo control design. 

Reduction of the shock sensitivity can be achieved by changing the PID controller 

settings. Fairly good shock suppression can be achieved with high bandwidth PID 

control in combination with a suspension having a low damping ratio. However, the 
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system’s playback performance over disc defects is then severely compromised. 

Staying within the linear envelope of solutions, both for the mechanical suspension 

and the feedback controller, yields a limited design space. 

 Sliding mode control as a powerful means of robust control was introduced in Chapter 

4 and 5 to improve the drive anti-shock performance and at the same time overcome 

the classical performance trade-offs that exist for linear control systems. An estimator-

based and discrete-time realization is proposed and further developed. Compared to 

nominal PID control, the proposed sliding mode controller is able to improve drive 

robustness to external disturbances and at the same time maintain drive playback 

properties during disc defects. The sliding mode controller is able to improve shock 

performance by withstanding (at least) two times larger shock levels as compared to 

PID control (Chapter 5). The sliding mode control can also be applied to the focus 

loop. A main drawback of the proposed sliding mode controller is the occurrence of 

chattering. The boundary layer method proposed in the thesis can attenuate the high-

frequency control output. The reduction of the chattering effect relates proportionally 

to the thickness of the boundary layer: the thicker this layer, the less high-frequency 

attenuation. The layer thickness should however be small enough to guarantee system 

stability and convergence. 

 A practical realization of the proposed sliding mode controller with two switching 

control gains is applied to a DVD drive. Design rules for its control parameters that 

guarantee stability and system convergence are provided in Chapter 5.  

 A novel sensorless shock detection technique is developed in Chapter 6 to ensure 

effective application of the estimator-based discrete-time sliding mode controller. The 

proposed detector can not only effectively discriminate between shock-induced 

position error signal distortion and position error disturbances caused by disc defects, 

but also is able to detect the occurrence of shocks and disc defects separately by 

making effective usage of the available MIRN signal. The proposed shock detector can 

easily be implemented using the available optical signals that can be accessed, thus 

without additional sensor requirements and costs. 
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7.2 Recommendations 

Regarding future research, the following recommendations are made:  

 Exploration of methods and technologies to further eliminate or remove the 

chattering effect are required. A possible direction could be in developing a transition 

control for smooth switching of the control gains. For example to reduce the control 

effect in magnitude and frequency by using time-varying control gains and /or sliding 

surfaces, higher-order discrete-time sliding mode control can also be explored 

[89][147]. In this regard, see also integral sliding mode control [86]. 

 Research work in this thesis mainly concentrated on the fine positioning control of the 

laser spot, i.e., the radial tracking control system. Herein, the sliding surface is directly 

derived from the predefined reference track. As stated in Chapter 1, the radial servo 

control system consists of a fine positioning control loop and a coarse seeking control 

loop. This control system is generally implemented via a two-stage control system 

configuration. Future research can explore the possibility of extending the proposed 

sliding mode control to seeking control, and combining this two-stage control 

configuration into a single stage control configuration by (for example) developing 

time-varying sliding surfaces. 

 Extending the analysis results from this thesis toward stronger assessment methods for 

robustness and performance of SMC, such as known for classical linear control theory. 

This is necessary for SMC like methods to be widely adopted in the optical storage 

drive industry, a general design guideline similar to PID control tuning. A pragmatic 

way is to investigate control performance dependency on the design parameters of the 

controller, followed by control performance assessment. Control performance 

assessment for linear controllers is widely studied and used in industry [48][49]. The 

nonlinear means like for example, the “Nonlinear Bode Diagram” can be further 

explored in the context of sliding mode control design [12][106].  
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APPENDIX A:  

OPTICAL DISC SIGNALS 

 

 

A.1 Position Error Signals 

In optical disc drives, the position error signals to keep the laser spot centered in the middle of 

a particular disc track are generated through photo detector (PD) cells. These PD cells are part of 

the OPU. Figure A.1 shows a block diagram of the position error detection mechanism.  

 
 

  

 

Figure A.1 Block diagram for a typical detection of position error. 

 

The actuator holds the objective lens, the latter being positioned in both focus and radial 

directions as to keep the laser spot on track and in focus. The photo detector (PD) cells of the 

OPU detect the reflected laser beam from the disc and use this to generate the position error 

signals in radial and focus direction. A typical PD cells arrangement is shown in the figure. The 

reflected laser beam passes through a diffraction grating in order to split itself into a main beam, 

which is used for focus adjustment and data read-out, and two secondary beams used for radial 

tracking. Detailed discussion about the optics and light path can be found in [13].  
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(b) 
Figure A.2 Reflection of the beam when focusing upon the disc. 

 
As shown in Figure A.2, when the disc moves up and down, the objective lens will follow this 

movement to keep the laser beam in focus. The distance at which the spot is perfectly in focus is 

called the depth of focus and is about 2 mm. The laser spot needs to follow the disc within these 

2 mm. When the disc moves downwards, the reflected beam will be focused beyond the point 

where the disc is in focus. Based on this property, the astigmatic method and the Foucault 

method [13] are generally used in optical drive systems to generate a signal for defocusing. The 

most common focus error generation method in today’s optical disc drive is the astigmatic 

method. It can be generally calculated as:  
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 D)(BC)(AFEN  .  (A.1) 

where A, B, C and D are the voltage or current signals from the four  center detectors 1 to 4 

separately from the center spot. The right part of Figure A.2 shows the focus error signals (FEN) 

generated when the disc is in focus (FEN = 0) and when the disc is too close (FEN<0). The 

desired focus position is set at the zero-crossing of the S-curve that is depicted in Figure A.2 (b). 

The focus control system is able to control the position of the actuator along the linear part of 

this curve around the zero crossing of the S-curve. When the actuator moves out of the S-curve, 

it is out of the linear part of the error signals and cannot be controlled by the linear focus control 

system anymore.  

In order to keep the laser spot in the center of the track after its optimal focus position is 

achieved, the radial tracking control system is activated. For radial tracking, the formation of the 

radial position error is generally derived through radial push-pull detection, the 3-spots method, 

or differential phase detection (DPD). Among these methods the 3-spot method and the DPD 

method have become a standard in almost all CD-ROM drives and all DVD-ROM drives 

separately. For blank CD and DVD discs, the 3-spots method is used to generate radial error 

wobble signals.  

 

Figure A.3 Generation of the radial error signal using 3-spots method. 
 

Figure A.3 shows the schematics of the generation of a radial position error signal using the 3-

spots method. Two additional spots as shown in Figure A.3 are used to lock the desired track in 
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between. This two spots, usually called satellites, are derived from the initial laser beam by means 

of a grating structure. They are placed aside from the central spot both in radial and tangential 

direction. The displacement in the radial direction equals a quarter of the track pitch and the 

grating should be properly adjusted by rotation in order to realize this distance [133]. By using a 

separate detector for each satellite spot, a differential signal of these two satellites detectors can be 

made to generate the radial error signal for tracking, or  

 12 SATSATREN   (A.2) 

Proper adjustment of the grating requires the two detector signals being 180 out of phase. As 

shown in the right part of Figure A.3, a sinusoidal signal will be generated while moving the spot 

along the disc diameter. The minima of this signal correspond to the position of the considered 

spot just centered on a particular track.  

The MIRN signal is derived from the sum of all the photo detector signals. For the example 

shown in Figure A.1, the MIRN signal can be represented as:  

 12 SATSATDCBAMIRN   (A.3) 

It measures the total amount of laser light received by the photo detectors. It reflects the light 

intensity of the disc. High MIRN levels usually corresponds to the situation where the maximum 

amount of light is reflected, Low MIRN levels imply that practically no light is received by the 

photo detectors. The absolute MIRN levels are dependent on the signal processing and the type 

of disc that is used. 

 

A.2 Generation of the HF Signal 

As the laser spot remains locked to the desired track, the reflected main spot falls onto the 

central arrangement of detectors as shown in Figure A.1. The HF signal is generated by summing 

the currents/voltages of the four photo detectors. These signals are modulated by diffraction of 

the light beam at the pit-land structure representing the information on the disc recorded layer. 

Figure A.4 (a) depicts a schematic representation of the optically generated HF signal. The regions 
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between the impressed pits (i.e. the lands) reflect the incident light without too much destructive 

interference and hence, the corresponding HF signal reaches maximum values. The reflected light 

beam from a pit will be strongly reduced by interference and the HF signal will reach minimum 

levels. Figure A.4(b) shows the so-called eye pattern [13][133] of the HF signal.  

 

(a) 

 

(b) 

Figure A.4 Generation of HF signal and its eye pattern. 
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APPENDIX B 

CHANNEL DECODER AND BLER MEASUREMENT 

 

 

B.1 Channel Decoder 

A channel decoder in optical disc drivec processes the read-out high frequency (HF) signal, 

i.e., regenerates the digital data. Figure C.1 depicts the simplified function blocks in a general 

channel decoder path. 

 

 

Figure B.1 Schematic representation of the data channel decoder. 
 

In the decoder channel, the incoming HF signal is first converted into digital domain, although 

some of the decoding operations like channel equalization can be performed either on analog 

signals or on digital signals. The equalized HF signal is then sliced by the bit detector. Clock 

recovery is done by the PLL circuit in the decoder channel. This clock is subsequently used to 

reconstruct the channel bit stream and serves as time base for further signal processing. Finally, 

the channel bit stream is demodulated to bytes by the Eight-to-Fourteen Modulation (EFM) / 

Eight-to-Sixteen Modulation (EFM+) modulator and error detection and correction of the 

possible errors. The subcode or header information is extracted in the subcode decoder, and the 

main data stream is decoded and error-corrected using a memory for de-interleaving. Subcode 

and data (CD) or data and error values/positions (DVD) are output to the data path.  

The two global algorithms having an influence upon the performance of the channel decoder 

are EFM/EFM+ scheme and the error-detection and correction scheme [17]. The EFM / EFM+ 
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modulation scheme belongs to the class of run-length limited (RLL) codes [73]. The CD-ROM 

system employs the EFM modulation scheme and the DVD-ROM system uses the EFM+ 

modulation scheme [74]. Take a DVD-ROM system as an example, the EFM+ scheme translate 

any 8-bit symbols from the original data stream into 16-bits channel bits by using a fixed 

mapping. The channel decoder demodulation process will demodulate this 16 channel bits into 

one data byte using the EFM+ table. The channel bit demodulation performance is controlled by 

the demodulator synchronization robustness and PLL Locking performance in the channel 

decoding system [152]. Since it is not directly related to the topic discussed in the thesis, the 

EFM/EFM+ scheme and demodulation control will not be described here. The error detection 

and correction scheme is used to increase the data transmission reliability and performance by 

detection and correcting a certain amount of received error. This is necessary due to either defects 

of the discs or external disturbances to the drive in the process of disc reading, the read-out digital 

signal may not match the original source signal used to create the disc. The subsequent error 

detection and correction results will not only tell us the transmission data reliability that will be 

transferred to the host system but also reflect the overall drive system playback performance. The 

error detection and correction results are generally used in industry to evaluate a drive’s overall 

playback performance. In the next two sections, the error detection and correction scheme and 

BLER measurement to reflect its results are described based on the DVD-ROM. 

 

B.2 Error Detection and Correction 

The information recorded on a DVD disc is formatted into sectors. A sector is the smallest 

addressable part of the information track that can be accessed independently [74]. Depending on 

the stage of the signal processing, a sector is called: a recording sector or physical sector, an ECC 

block, or a data sector.  

A data sector is 2064 bytes long, and consists of 2048 bytes of Main Data, 4 bytes of 

Identification Data (ID), 2 check bytes of the ID error Detection Code (IED), 6 bytes Copy 

Management Information (CPR_MAI) at the starting in the first row and 4 bytes for recording 

the check bits of an Error Detection Code (EDC) at the last row as shown in Figure B.2.  
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Figure B.2 DVD Data Sector. 
 

After scrambling the 2048 bytes Main Data in the Data Sectors, Reed-Solomon error 

correction coding information [58][87] is added to each group of 16 Data Sectors to form an 

ECC block with supplemental inner-code parity (IP) and outer-code parity (PO) bytes. The 

recording sectors are formed by interleaving the PO-rows in the ECC block and dividing such a 

block again into 16 sectors. 

The error detection and correction coding in DVD standard is called Reed-Solomon Product 

Code (RSPC). Like the CIRC for CD, the RSPC uses a combination of two RS codes. The two 

codes of RSPC are processed by a two-dimensional frame structure as illustrated in Figure B.3. 

The scrambled data bytes are put in a matrix of 192 rows * 172 columns, 16 bytes of Outer-code 

Parity (PO) are added to each column of 172 columns to form (208, 192, 17) RS outer code. 

Next, 10 bytes of Inner-code Parity (PI) are appended to all 208 rows which includes the PO to 

form the (182, 172, 11) RS inner-code.  
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Figure B.3 An ECC Block: Product Code RS (208, 192, 17)*RS(182, 172, 11). 
 

RSPC can correct at least 5 bytes error in each row and at least 8 bytes error in each column. 

By applying several alternating calculations over rows and columns, much bigger error patterns 

can be solved. The two-dimensional structure of RSPC can be applied across a larger amount of 

data with better correction capability as compared to CIRC used in CD. This reduces error 

correction redundancy approximately by 13% or half of CD. The maximum correctable error 

length is 2200 bytes or 4.6mm [25][61] [121]. 

Finally, the PO-rows are interleaved with the data rows in a regular order (12 data, 1 PO) and 

each interleaved ECC block is divided into 16 Recording Sectors. In this way each Recording 

Sector contains the original data from 1 Data Sector + 12*10 PI-bytes + 1 row of 182 PO-bytes, 

together 2366 bytes. A Physical Sector is formed by splitting each row of a Recording Sector into 

2 parts of 91 bytes each. These bytes are converted to EFM+ and preceded by a special EFM+ 

sync pattern of 32 channel bits. By using alternate 8 different sync patterns, decoders can easily 
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synchronize their timing. A Physical Sector has 38688 channel bits which is equivalent to 2418 

bytes before modulation. A Sync Frame has 1488 channel bits.  

1
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Figure B.4 Block diagram of the RSPC error detection and correction. 
 

Figure B.4 depicts an example of a simple block diagram of the RSPC error detection and 

correction for a DVD drive. The EFM+ demodulated data becomes a row data in a unit of bytes 

and enters the RSPC decoder. The row data is stored into a PI frame buffer. When the data 

stored in the buffer can be assembled into a set of inner-code parity (PI), an inner-code parity 

decoding operation is performed on the set of data in the PI error correction unit. The error 

values and error address are calculated in the PI error correction unit so that it can correct some 

errors of the data. It will write the corrected part of the row data into the PI frame buffer. The PI 

error correction decoder can correct errors up to 5 symbols in each row. Therefore, while most 

random and short burst errors may be corrected in the PI decoder, the decoding failure is 

generated for long burst errors in each row. Any frames that are not successfully corrected by the 

PI correction are marked as erasures which inform the locations of errors to the outer-code 

decoder.  

While an ECC block has gone through the PI correction, syndromes are calculated on the out 

going frames. After a whole ECC block is output, PO correction starts on the same ECC block. 

In this step, the outer-code parity (PO) decoding operation will first try to correct all of these 

erasures within a PO column. If the PO parity information indicates that there are errors (defined 

as an erroneous byte with an unknown location) in addition to these erasures, then these errors 
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will then be corrected. Since the minimum distance of the outer RS code is 17, the PO correction 

can correct errors and erasures up to Erasures+2*Errors  16. When the number of errors that 

exceeds 5 bytes in each row is more than 16, the errors cannot be corrected and this error is called 

uncorrectable.  

Next, the data symbols received from the RSPC decoder are configured in ECC blocks. The 

data are further descrambled to restore the initial separation introduced during encoding. Next 

the header and EDC are calculated and inserted into the data to form a data frame. 

 

B.3 BLER Measurement 

Block Error Rate (BLER) is defined as the number of data blocks per frames or sectors that 

have any bad symbols. BLER is the most general and useful measurement of the quality of a disc. 

Discs with higher BLERs are likely to produce uncorrectable errors. In case of DVD discs, the 

BLER is defined as the number of rows in an ECC block that contains at least 1 byte in error, 

called a PI-error. The number of PI-errors is accumulated over 8 ECC-frames. This is sometimes 

also referred to as PI-BLER. Since an ECC-frame counts 208 rows, the BLER can vary between 

0 and 1664. On a known good disc, a BLER of less than 10 can be expected. According to the 

ECMA DVD-ROM specification [74], the value should be below 280. Although BLER provides 

information on the number of bad blocks per 8 ECC frames, it does not indicate the severity of 

the errors and distinguish between correctable and uncorrectable errors. BLER count at different 

error correction stages is therefore needed. As stated in the previous section, the error correction 

system of DVD consists of two stages of error corrections. PI error correction which applies to 

inner parity and error correction to the rows of the data matrix, and PO error correction which 

applies to outer parity and error correction to the columns of the data. Each complete set of data 

called an ECC sector being error corrected consists of 16 data sectors. Each data sector contains 

2048 bytes of user data. BLER counts read before and after PI/PO error correction can give us a 

clear indication for the error severity. In some drive systems, error flags at each stage can be 

displayed with minimum, maximum and average values to avoid missing single errors and to get a 

better overview on how many errors of a certain type are present. The most common BLER 

error counts used in industry to monitor the drive performance and disc quality are:  
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PI Sum 8 (PI Error Code) or PI BLER is a measurement of the number of parity rows containing 

erroneous bytes summed over 8 consecutive ECC blocks. This is the error count before 

the PI error correction process. According to DVD-ROM specification, PI sum 8 < 280 

in any 8 consecutive PI rows.  

PI-uncorrectable, also referred as PIF (PI Code Fail), is a measure of the number of rows within 

an ECC block where erroneous bytes are more than the allowable erroneous bytes for PI 

error correction. If a row of an ECC block contains more than 5 erroneous bytes, the row 

is said to be PI-uncorretable. 

PO-uncorrectable, also referred as POF (PO Code Fail), is the error occurs where the decoder 

cannot correct the data within a single ECC block following PI error correction and PO 

error correction. These errors can be characterized as “uncorrectable” and are 

symptomatic of serious problems that can lead to potential loss of data integrity.  

The measurement of all these BLER counts at different error detection and correction stages 

of the system is called BLER measurement. It is generally used to quantify the integrity of the 

data retrieved from a disc and to test the drive overall read performance.  

Figure B.5 shows a BLER measurement plot such as used in the thesis. It is conducted on a 

normal DVD-ROM disc with some disc defects. The horizontal axis is the disc Logical Binary 

Address (LBA) from the inner side of the disc to the outer side of the disc, while the vertical axis 

represents the error counts. All error counts are captured and re-initialized on regular intervals 

(every 8 ECC blocks for DVD), with programmable length, together with the subcode or header 

address at which the capture was done. In addition to the BLER counts, the HF signal jitter level 

in percentage is also measured and plotted. This HF signal jitter is defined by the standards as the 

Standard Deviation of the time variation of the digitized HF signal relative to the regenerated data 

clock. The standard deviation is normalized by the data clock period expressed as a percentage. 

Jitter is a statistical measurement of the variation in pit or land length around the mean value for 

each run length. For each pit and land length a large number of lengths are measured and the 

standard deviation is reported. If the standard deviation is high, this can cause instability in the 

clock and data decoding circuitry on target players and hence reduce the readability of the disc. 

This HF signal jitter level is usually measured in BLER measurement to indicate the original HF 

signal quality of the disc. 
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Figure B.5 A BLER plot measured on a DVD-ROM disc with some disc defects. 
 

 



 

 

APPENDIX C 

CATS DVD ANALYZER 

 

 

C.1 Introduction 

CATS DVD Analyzer is a disc quality measurement system developed by AudioDev. It is used 

in optical storage industry as a reference-class measurement for all recordable and premastered 

media. More than 80% of all drive manufactures and material suppliers use CATS both for R & 

D and final Quality Control. The CATS system is able to give maximum precision and reliable 

feedback on the quality of the optical discs and ensure disc compatibility with the drives on the 

market. 

A complete CATS system is available in both desktop and free-standing cabinet 

configurations. It consists of a processing unit, a host and a number of separate drives as shown 

in Figure C.1 so that any combination of CATS analyzer can be included in the same system up to 

a maximum of eight. 

 

Figure C.1 An example of CATS system. 
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The host computer operating system is Windows NT or Window XP. CATS SA300 is able to 

support stamped and replicated media of DVDR, DVDRW DVDRDL. Both recorded and 

unrecorded signals can be analyzed by the system.  

C.2 CATS Signal Test Parameters 

Figure C.2 shows an overview of the CATS signal test parameters for conformance to the 

industry specification. The quality level of the measured signals indicates how well the disc is 

manufactured or recorded. Selections of test type, media type, parameter limits and display data 

can be executed by the users. For DVD recordable or re-writable media recording quality 

checking in the drive manufacturer, parameters of Digital Errors, HF Asymmetry and Jitter are 

usually chosen as an indication of the disc recording quality.  
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Figure C.2 Parameter overview of the CATS DVD Analyzer. 
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For Digital Errors parameters, PI Sum8, PIE, PIF and POF are the four main error counts 

that will present the disc data delivery quality. As stated in appendix B, the error correction system 

of the DVD consists of two sets of parity data. PISum8 refers to the Parity Inner Sum 8. This is 

the sum of PI errors of the last 8 ECC blocks which is accumulated in a moving window over the 

last 8 ECC sectors. The amount of 8 ECC blocks must not be above 280. The highest possible 

value for this parameter is 1664. PIE is Parity Inner Error. This is the number of error corrections 

made in the first pass of the decoder using the inner parity correction code. PIE is measured over 

1 ECC block. The highest possible value for this parameter is 208. PIF (Parity Inner Fails) is the 

number of error correction fails that occurred in the first pass. PIF is measured over 1 ECC 

block. The highest possible value for this parameter is 208. POF refers to the Parity Outer Fails 

that the decoder was unable to correct the data using the outer parity codes in the first pass.  POF 

is measured over 1 ECC block. The highest possible value for this parameter is 1, which indicates 

a probable uncorrectable error. POF should never be presented on a DVD. Figure C.3 shows an 

example of such measurement on a DVD+RW disc. The legend of  

 

Figure C.3 Digital Error measurement on a DVD+RW disc recorded at 4X 
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Figure C.4 shows main indicators of the HF signal quality, HF ASYM and jitter. HF ASYM 

measured the HF signal asymmetry, indicating if I3 and I14 have different DC offsets in the HF 

signal. A player can handle a certain amount of asymmetry in the HF signal before errors occurs. 

HF DC jitter (Data to Clock jitter) measures the standard deviation of all the data edges (pits and 

lands combined) as compared to the reference clock edge without optical tilt compensation. 

Presented as a percentage of the system clock length, this DC jitter should not be over 10%. HF 

Bottom jitter is the lowest measured DC jitter with optical tilt compensation. It should be less 

then 9%.  

 

Figure C.4 Some HF signal parameter measurement results on the DVD+RW disc recorded at 
4X 
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