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Abstract 

For attenuating a high frequent windage disturbance in a hard disk drive system, a dual stage in- 
strumented suspension is used with a low bandwidth large-stroke actuator and a high bandwidth 
short-stroke actuator. A high bandwidth controller for attenuating the high frequent windage 
disturbance already exist. The remaining problem is that destructive motion may occlur when 
seeking or following a track because the two actuators act in parallel. To offer a solution for this 
problem when using two different bandwidth actuators, a dual stage controller can be designed 
by using the PQ method. Since there are restrictions to the working range of each actuator a 
modification to the PQ method is made by explicitly considering these restrictions. This report 
presents that the modified PQ method will give good and acceptable results for the dual stage 
controller design. 
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Chapter 1 

Introduction 

A hard disk drive uses stacks of co-rotating magnetic disks to store data in concentric circular 
tracks. The data is read and written to the disk by means of a readlwrite head mounted at a tip 
of a suspension. The suspension is moved across the surface of the disk by an actuator. A head- 
positioning servo system maintains the head position along the center of the tracks on the disk 
and provides the movement of the head from one track to another by driven the actuator. 

A trend in magnetic disk drives is that the storage capacity is increasing rapidly while access time 
to data stored on the disk is being reduced. To reduce access time, a larger rotational disk spindle 
speed has been imposed. The high rotational speed causes a large windage disturbance and disk 
flutter, which are serious obstacles in increasing the track density of hard disk drives. Since the 
disturbances cause high frequent vibrations an effective method to achieve a higher track density 
is to increase the control system bandwidth. The higher the bandwidth the larger the disturbance 
reduction below the bandwidth. 

Because of limitations of a single stage suspension here a dual stage suspension is used. Using 
a dual stage suspension lowers the inertia and the power requirements [I]. Because of the band- 
-width limitations of a Voice Coil Motor JVCM) actdation here two actuators act in parallel. A VCM 
is still used as an actuator for the first stage to generate a large but coarse and slow movement, 
while a piezoelectric Micro Actuator (MA) is used as an actuator for the secondary stage to provide 
fine a fast positioning. Now high suspension resonances can be attenuated by using the MA. In 
[2] and [3 ]  a fast actuation servo controller has been suggested for compensating windage induced 
disturbances of the imposed increase in rotational disk spindle speed. 

Reducing track mis-registration in a hard disk drive system by high bandwidth digital control im- 
plies fast sampling of the track mis-registration but, in most drives, the sampling frequency of the 
track mis-registration is limited to 15-20 kHz. To provide the contro! system high freepat  
information for high bandwidth control an additional sensor is instrumented on the suspension 
for an indirect measurement of the track mis-registration. This sensor is of a piezo-resistive ma- 
terial and can be used for measuring h g h  frequent vibrations at a sample frequency of 50 kHz. In 
[4] an algorithm controlling the MA input is presented for damping the high frequent vibrations 
of the suspension by using the additional sensor. 



By using this control algorithm the remaining slow and large moving range of the VCM actuation 
can be used for positioning the head to the desired track with less negative effects ofwindage. One 
aspect to be avoided is the destructive effect ofthe two actuators by moving in opposite directions. 
A controller design technique taking this into account is the so called PQ control design method 
[s]. The PQ method allows the designer to work in the frequency domain and produces reasonable 
control designs for Dual Input Single Output (DISO) systems such as hard disk drives systems 
with dual stage actuators. Since there are i-wo diEerent bandwidth acimtors, and so there exist 
restrictions to the working range of each actuator, a inodification to the PQ method is made by 
explicitly considering the restrictions in the controller design. In this report it is presented that 
the modified PQ method will give good and acceptable results for the dual stage controller design. 

In the next chapter the dual stage hard disk drive system is first discussed in more detail and 
in chapter j the modelling of the actuator and windage dynamics is discussed. In chapter 4 a 
schematic presentation of the control architecture is given and in chapter 5 the dual stage con- 
troller design by using the modified PQ method is presented. The results and analysis are given 
in chapter 6 and finally condusioiis are drawn in chapter 7 and r e~o~rne i i d~ t i ons  are given in 
chapter 8. 



Chapter - 2 

System Description 

Before discussing how to handle the control problem, the hard disk drive system will be dis- 
cussed in more detail. First the dual stage suspension is discussed. The suspension consists of 
two stages. The first stage is driven by a VCM and the second stage is actuated by a MA. On 
the tip of the second stage is the readlwrite head attached. To provide the suspension with high 
frequent information it is instrumented with an additional sensor. The sensor as well as the MA 
is a strip made of a piezo-resistive material. Piezo-electric materials have the property that when 
it is polarized, it will expand or contract. This property is used to move and to measure the move- 
ments of the second stage of the suspension. The strips are both located between the first and 
second stage while the VCM is attached at the beginning of the first stage and moves the whole 
dual stage suspension compared to the case. From now on the first stage is defined as the base 
suspension and the second stage as the instrumented suspension. A schematic overview is given 
in figure 2.1. 

To access data in different tracks located on the disk, position information is placed on the disk 
besides user data. The head is positioned with respect to this position information. Modem disk 
drives read the relative position of the head to the track directly from the disk media. This rel- 
ative position is called a track mis-registration or an error in the position. In an experimentd 
setup this position error can be measured by using a Laser Doppler Vibrometer (LDV). The LDV 
measurement results in a Position Error Signal (PES) and to limit the track mis-registration this 
PES needs to be bounded. This also requires the indirect measurement of the position error to 
be bounded. Therefore the signal coming from the additional sensor has to be minimized. This 
signal is called the Instrumented Suspension Signal (ISS) and can be obtained directly from the 
sensor. 

To discuss a control problem it is necessary to describe how an input to a system can be observed 
in an output. For the hard disk drive system discussed in &is report it means how the VCM input 
u,,(t), the MA input u,,(t) and the windage induced disturbance can be observed in the PES 
yl ( t )  and ISS yz ( t ) .  Due to the discrete character of the measurements discrete time models are 
presented to describe these relations. The exact derivations of these models will be discussed in 
chapter 3. 
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Figure 2.1: Schematic overview of a hard disk drive system with a dual stage instrumented 
suspension 

The model P,,(z) can be used to describe the relation between the VCM input u,,(t) and 
the relative position of the head to disk yl(t). A discrete time model P,,(z) is used because 
measurements of the relative position of the head to the disk are typically discrete time values 
due to the prescribed servo sectors on the disk. So the relationship is also described in discrete 
time where z is used as a short hand notation and denotes the shift operator with 

and where x ( t )  is a given signal in time. Further the relation between the MA input uma(t) and 
the output yl ( t )  can be denoted by the discrete time model Pma(z) and a third model P,(z) can 
be used to describe the relation between the MA input uma(t) and the output yz ( t ) .  From now 
on P,,,(z) is called the VCM dynamics, Pma(z) the MA dynamics and Pi(z) the instrumented 
suspension dynamics. 

To discuss the windage problem also the windage influence needs to be characterized. First let 
dl ( t )  be an additive term dn yl ( t )  describing the windage induced disturbance acting on the PES. 
The stochastic properties of dl  ( t )  can be characterized by a filtering 

where e( t )  represents the non-repeatable nature of the windage induced disturbance by a discrete 
white noise with a mean value and variance of respectively 



Discrete time model Hma(z) is a stable and invertible stable filter and is used to represent the 
spectral contents of the flow induced vibrations resulting in een PES. This disturbance model is 
called the MA windage dynamics. Now yl ( t )  can be described by 

The wind will also influence the ISS. The stochastic properties of the windage induced distur- 
bance d2 (t)  contributed to y2 (t)  are characterized by a filtering 

where e( t )  is a white noise with properties as mentioned in (2.3). The discrete time model Hi ( z )  
is called the instrumented suspension windage dynamics and is used to represent the spectral 
contents of the flow induced vibrations resulting in an IS S. Now yz ( t )  can be described by 

An overview of all the interactions between inputs and outputs as described in (2.4) and (2.6) is 
given in the block diagram shown in figure 2.2. Because the presented discrete time models will 
form the basis of the controller design these models will be determined in the next chapter. 

Figure 2.2: Block diagram of the hard disk drive system. 



Chapter 3 

To formulate the input-output relations by the models mentioned in the previous chapter a stan- 
dard Prediction Error (PE) estimation technique is used [GI. Using this technique models can be 
made out of experimental data. The PE estimation technique focused on characterizing the dy- 
namics and the flow induced vibrations in a hard disk drive system is discussed before in [4] and 
[7]. In this report only a review of the PE estimation technique concerning the windage problem 
is given. Before going into detail about the hard disk drive system the modelling procedure is 
discussed considering a corresponding general system. 

3.1 Modelling Procedure 

Observing a causal dynamical system, with adequate freedom in describing the properties of a 
disturbance term, the input-output relationship can be expressed as 

where f (.) is a function modelling the system. Assuming the system is linear and time invariant 
and that the output only depends on a finite number of previous inputs and outputs, the input- 
output relationship can be expressed as a linear difference equation 

y ( t )  + a l y ( t  - 1 )  f ... + a,,y(t - n,) = 

b lu ( t  - 1) + ... + b,,u(t - nb) + e ( t )  + c l e ( t  - 1 )  + ... + ~ , e ( t  - n,) (3.2) 

where y ( t )  represents the output and u(t) represents the input of the system and with e ( t )  rep- 
reser,ting dist~zrbance by a sequence nf independent random variables with zero mean vahes 
and variances A. The relation in (3.2) is the so called ARMAX model structure [GI and the ad- 
justable parameters are is this case 

0 = [al a2 ... a,, bl ... b,, cl c2 ... en,] T (3.3) 

and has to be estimated to obtain the input-output relation. 



Based on the information contained in N observations of the input and output data { u ( t ) ,  y ( t ) )  , t = 

0 ,  ..., N, discrete time models describing the input-output relation can be estimated. By introduc- 
ing 

A(%,  8 )  = 1  + alz-l + ... + a,,~-"~ 

B ( z ,  8 )  = biz-' + ... + b,,~?~ 

C ( Z ,  w) = i + clz-' + ... + C,,Z-"~ 

where z denotes the shift operator defined in ( z . ~ ) ,  and defining 

the input-output relation formulated in (3.2) can be rewritten in 

Here P ( z ,  8 )  and H ( z ,  0 )  are discrete time models describing the input-output relations. A schematic 
overview of this system with one input u( t ) ,  one output y( t )  and one disturbance e ( t )  is given in 
figure 3.1 

Figure 3.1: The ARMAX model structure 

In the PE esnmation technique h e  prediction oftbe output y( t )  on the basis of previous mea- 
surements y ( r ) ,  r = 0 ,  . . . , t - 1 is optimized. Considering measurements of input u ( t )  and 
output y ( t ) ,  the one-step ahead prediction y  (t It - 1,B) of y  ( t)  is denoted by 

This results in a prediction error given by 

~ ( t ,  0) = Y ( t )  - ~ ( t l t  - 1, Q )  

where y( t )  is the measured output of the system defined in (3.7). By minimizing the 2-norm of 
:he p r e ~ ~ , . n  lCLlull ellul vvnv +LO UIL ,,+;- VyLIIIIa! parameter estimate car, be determine& The nptirnal yarameter 

estimate is given by 

8 = minlle(t, o @ ) I /  2 (3.10) 

and requires in general a non-linear optimization. Now the optimal models P ( z ,  0 )  := P ( z ,  8 )  
and H ( z ,  0 )  := H ( z ,  8 )  can be found using the optimization in (3.10). 



3.2 Identification of Actuator and Windage Dynamics 

In this section the unknown input-output relations ofthe hard disk drive system with the windage 
induced disturbance, as described in (2.4) and (2.6), will be determined. By using the PE estima- 
tion technique discussed in section 3 .I the discrete time models P,, ( z ) ,  Pma ( z )  , Pi ( z ) ,  H,, ( z )  
2 n A  iT. IZ\ rsn be est;,mated. 
"" "2 \ 1 --" 

3.2.1 Experiments 

The basis of estimating models for the hard disk drive system is given in (3.7). Here the models 
P ( z ,  0 )  and H ( z ,  0) can be estimated using the PE estimation technique based on one input u ( t )  
and one output y( t )  observation. Since the hard disk drive system has more inputs and outputs 
the estimation of the different models depends on the observed input and output. To obtain all 
the models three setups are presented 

0 Exciting u,,(t) and observing u,,(t) and y~ ( t )  resulting in P,,(z) and H,,(z) . Exciting uma(t) and observing uma(t)  and yl ( t )  resulting in Pma(z) and Hma ( z )  

0 Exciting uma(t) and observing uma(t)  and y2(t) resulting in Pi(z) and Hi(z)  

Here u,,(t) and uma(t) are white noise signals exciting the system and are restricted to respec- 
tively f 5 Volt and &IO Volt. For obtaining the PES yl( t )  a LDV is used for non-contact mea- 
surements. Here I Volt from the LDV corresponds to a relative position of 4 pm between the 
head and the track on the disk. The ISS y2(t) ,  in Volt, is obtained by using the additional sensor 
instrumented on the suspension. 

The experimental data is obtained at the outer diameter of the disk and open-loop experiments 
are used to eliminate track following errors when the suspension is forced to follow a specific 
track on the disk. For the -measurements a hard disk drive wwas used with a HirtcElinsoii Magimm 
5E suspension equipped with two piezo-resistive material strips for exciting the instrumented 
suspension and measuring the ISS. Inputs and outputs are observed during measurements over 
N=4096 data points with a sampling frequency of 40 kHz while the disk was rotating at a speed 
of 5400 rotations per minute. 

3.2.2 Actuztm 2nd Windage Dynaxics 

To find the actuator and windage dynamics the model optimal parameters 0 of P,(z, 8)  and 
Hz@, 8)  has to be optimized by minimizing the prediction error according to (3.9). Here x rep- 
resents the three setups by respectively vcm, m a  and i. Summarized the obtained models are 

{P,(z, O ) ,  H,(z, 8 ) )  , x = vcm, ma,  i (3.11) 



The resulting models were used before in (2.4) and (2.6), except H,,,. This disturbance model 
is supposed to be the same as Hma because only one disturbance is acting on the suspension and 
results in a PES. Since the windage induced disturbance is a force disturbance on the suspension 
and will excite the modes of the suspension, the assumption is made that all the models of (3.11) 
will have identical resonance modes. 

7- - dhen using a state space representation as the paraiiietrizatim af the mode!s, the systerr, matrix 
A will be the same for every model. Given the state space representation 

and considering (3.11) for x = ma the parametrization for the MA dynamics and corresponding 
windage dynamics results in 

Here the equivalent A and Cl matrices denote the similar dynamical characteristics ofthe system 
model Pma(z, 8) and disturbance model Hma(z, 0 )  while measuring the PES. The different B and 
D matrices correspond to the different reference inputs uma(t)  and e( t )  respectively. 

Considering the ISS measurement the system and disturbance model is given by 

Again the A and Cz matrices are equivalent for both models. Secondary the A matrix corresponds 
to the one used in (3.13) and (3.14) as expected. Also the different B and D matrices correspond to 
the different reference inputs u,,(t) and e( t )  respectively. Finally the VCM dynamics is obtained 
by measuring the PES and can be described by 

And again the A matrix is the same as is used in all the other models. The B5 and D5 matrices 
are obtained from inputs u,,(t) and e(t) .  

The get continuous time models to perform the control design in continuous time the discrete 
time models are converted to continuous time by using the zero-order hold method. More in- 
formation about this can be found in chapters 4 and s. The obtained system matrices of the 8th 
order state space models in continuous time are given in [4] and reviewed in appendix A. The k 
matrices presented are not similar for all models as stated before but the models are still describ- 
ing the same dynamics because the state space models were baianced first. Bode diagrams are 
given in figures 3.2, 3.3 and 3.4. Now the identical resonance modes are apparent. To verify the 
obtained models also frequency responses of the three setups are measured. The measured and 
estimated frequency responses are given in appendix B. 
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Chapter 4 

Control Architecture 

The objective of disk drive control is to move the readlwrite head to the desired track as quickly 
as possible and to maintain it at the track as accurately as possible so that data can be trans- 
ferred quickly and reliable. This means realizing a fast positioning and minimizing the track 
mis-registration. Considering the hard disk drive system with the windage induced disturbance, 
as given in figure 2.2, the two objectives can be accomplished by designing two controllers. A 
block diagram of the controlled hard disk drive system is given in figure 4.1. 

First consider a controller for attenuating the high frequent vibrations. Attenuating these vibra- 
tions can be achieved by observing the IS S and controlling the MA input by a Single Input Single 
Output (SISO) feedback controller called the instrumented suspension controller Ci. Second con- 
sider a Single Input Dual Output (SIDO) controller measuring the PES and controlling the inputs 
uv, and um,. This controller is called the dual stage controller Cds and needs be designed such 
that the closed loop system has a sufficient bandwidth for track following and seeking and atten- 
uates the low frequent run out errors. Furthermore the limitation of the bandwidth of the VCM 
to the lower frequencies and the saturation limit of the MA at low frequencies should be taken 
into account in the controller design. A third aspect of the dual stage controller is to coordinate 
the movements of the two actuators. i3ecause no independent measurements of yv, and y,, are 
available destructive effects may occur when the VCM and MA are moving in opposite directions. 

Because of the high sampling frequency of the ISS and because the MA is a fast responding 
mechanical system, controller Ci can be designed in continuous time. On the other hand the 
PES sampling frequency is limited to 20 kHz and in comparison to the high frequent reso- 
nance modes in the suspension, caused by the windage induced disturbance, discretization ef- 
feas should be taken into accoimt while designing Cd,. So CdS has to be a discrete time controller 
and this makes the control design of a mixed continuous and discrete type. 



Figure 4.1: Block diagram of the controlled hard disk drive system. 

4.1 General System Notation 

Since the instrumented suspension controller is designed before [4] and the results will be used 
in the design of Cds, the effectiveness of the high bandwidth control loop will be shown here. 
For this purpose two configurations of the control architecture are observed. Configuration A 
does not take the high bandwidth control loop with the ISS observation and Ci into account - 
whereas configuration B does. To define the two configurations A and B a generalization of the 
controlled hard disk drive system is made. A block diagram is given in figure 4.2. Here E and 
F are introduced because the windage dynamics and system dynamics are different considering 
the two configurations. In configuration A the transfer functions for E and F in continuous time 
are given by 

where s is the Laplace parameter with s E C. Configuration B is the control arclnitecki-re as given 
in figure 4.1. In appendix C this system is rewritten into the form of figure 4.2. The results for 
the transfer functions for E and F are given by respectively 

B-d u e z ldgldllla ------ UL ,.cA.. ulc &s~~irbmce mode! E a d  system mede! F in configtlratim A and B are 

given in appendix D. When comparing configuration A and B, the disturbance model in con- 
figuration B shows a clear attenuation (of about 20 dB) for the resonance peak at 9.1 kHz of 
configuration A. A consequence is that for the resonance peak at G kHz an amplification of 2 dB 
appears. In the bode diagram of system model F for configuration B also an amplification (of 12 
dB) can be seen at 9.1 kHz. 



Figure 4.2: Generalization of the controlled hard disk drive system 

It shodd be noted that this report presents r he design of a dud stage controller for the d u d  stage 
instrumented suspension. For a more detailed discussion of the instrumented suspension con- 
troller C, one is referred to [4]. From now on the controlled situation includes both the controllers 
Cds and C,, as is given in configuration B, and in the uncontrolled situation is no controller at all. 



Chapter 5 

Dual Stage Controller Design 

To finish the control design the discrete time controller Cds is discussed in this chapter. Consid- 
ering the dual stage suspension, the VCM is used as an actuator for the first stage to generate a 
large but coarse and slow movement, while the MA is used as an actuator for the secondary stage 
to provide the fine a fast positioning. For the controller design of such dual stage actuators the 
PQ method can be used [s]. This frequency domain design technique transforms the SIDO con- 
troller design problem to two SISO design problems. Since the PQ method explicitly addresses 
the problem of destructive motion when two parallel actuators move in opposite directions it is 
appropriate to use here in stead of other design methods, like a master slave design technique or 
optimal control. A convenient representation of the dual stage controller using the PQ method 
is given in figure 5.1. Here controller Cds consist of the three sub-controllers Co, Cvcm and Cma. 
The digital to analog (D/A) converters represent the discrete character of Cds and the minus sign 
of Co represents the negative feedback. 

Controller C, 

Figure 5.1: Representation of discrete time controller Cds by using the PQ method 

Since two controi outputs are produced by a single PES measurement, controller Cds can be 
subdivided into two parts. These two parts are a combination of -Go with Cvcm or Cma and are 
defined by 



In section 5.1 the controller design is first performed into continuous time. The controller is 
designed in continuous time instead of the discrete time for simplicity reasons. This makes the 
iterative design procedure easier to understand. After the design in continuous time the controller 
is converted into discrete time in section 5.2. Finally in section 5.3 the dual stage controller results 
are presented. 

5.1 Modified PQ Method in Continuous Time 

,. 

In the PQ method the dual stage controller Cd, is designed in two steps. In the first step the fre- 
quency separation in working range between VCM and MA can be obtained and also movements 
of the VCM and MA in opposite directions can be prevented. The second step is for establishing 
the overall performance ofthe dosed loop system given in figure 4.2. These two steps correspond 
to the two SISO control design problems. Now first the basis of transforming the SIDO control 
design problem to two SISO control design problems is discussed. 

The first step is the design of a feedback controller Q for a SISO system P as given in figure 5.4. 
When considering the general system in figure 5.2, the transfer functions of P and Q are defined 
as respectively 

Here P is the ratio of the two subsystems P,, and F and Q is the ratio of the controllers C,, 
and Cma. The stability of the P Q  feedback system can be determined by computing the location 
of the roots of its characteristic polynomial and whether they are all in the left half of the C plane. 
By using the definitions in (5.2) and (5.3), the characteristic polynomial ofthe P Q  feedback system 
is given by 

Figure 5.2: Generalization of the controlled hard disk drive system by using the PQ method 
in continuous time 



Further the parallel combination of C,,P,, and CmaF is considered. When observing figure 
5.2, this parallel combination can be defined as a SISO system by introducing Gsis0 

Using this definition for Gsis0 the characteristic polynomial of the P Q  feedback system given in 
(5.4) results in 

Now the poles of the P Q  feedback system corresponds to the zeros of G,,,,(s) and this relation 
forms the basis of the transformation of the SIDO design problem into two SISO design prob- 
lems. So designing Q(s) such that the PQ feedback system has stable poles ensures that Gsiso(s) 
has stable zeros according to (5.6). Stable zeros of Gsiso(s) are important since unstable zeros 
limit the stability and performance of the closed loop system given in figure 4.2. Finally the sec- 
ond step of the PQ method is a standard SISO design problem by designing controller Go for the 
rrrrC 5y  em Gsiso as given in the ';!ock diagram of figure 5.6. 

5.1.1 Frequency Separation 

Since the controller Q is the ratio of the two controllers C,, and Cma, it can be used as an 
allocation of the relative contribution of the two parallel systems, C,,P,, and CmaF, to G,is0. 
By using the PQ method presented in literature [s] first controller Q has to be designed with 
explicit design freedom. Thereafter a selection has to be made for C,, and Cma where Cma is 
chosen to be one, and therefore C,, equals Q. 

An other approach is first considering the limitations of the VCM and MA. With these limitations 
and with the stability requirements of the P Q  feedback system, desired shapes of the transfer 
functions for Cum and Cma can be given. Second by using (5.3) this results in a transfer function 
for controller Q. Now only the poles and zeros of controller Q have to be allocated to obtain the 
frequency separation. This approach will be used here and can be seen as a modification of the 
PQ method presented in literature. 

Observing the VCM actuation the bandwidth is limited to the lower frequencies whereas the 
MA can only operate at higher frequencies due to saturation limits at the lower frequencies. 
Considering these limitations the desired transfer functions for Cum and Cma will be like an 
integrator and differentiator respectively and are given by 

Here r d  is a time constant and the connection with the frequency domain is given by (5.8) for 
x = d. With fx specifying a frequency operating as a break point, the time constant rx is defined 
as 

1 



Figure 5.3: Bode diagram with asymptotes and breakpoints of controllers C,, (solid), Cm, 
(dashed) and Co (dotted) 

In order to stabilize the P Q  feedback system a lead compensator is added to the C,, and to 
adjust the gain of Q also a variable k is introduced. Now the transfer functions for C,, and Cma 
are given by respectively 

'TddS+ 171s + 1 
C,, ( s )  = k ----- - 

s  T 2 S + 1  

with rl > 7 2  since a lead compensator is added. A bode diagram with asymptotes and breakpoints 
of the controllers C,, and Cma is given in figure 5.3. The design freedom in Q for stabilizing 
the PQ feedback system is now modified into a given desired distribution of the control energy. 
With the definition in (5.3) controller Q results in 

So designing Q for system- P,  as defined by respectively (5.10) and (p), ensures that the con- 
tribution to the response at the lower frequencies is dominated by the VCM actuation and at 
the higher frequencies the response is dominated by the MA actuation. At the 0-dB crossover 
frequency of open loop system PQ the contribution of the VCM and MA actuation is equal in 

Figure 5.4: PQ feedback system 



magnitude and destructive interference may occur. For a constructive motion of the two parallel 
systems the phase margin should be at least 60 degrees according to the PQ method [s]. 

For the hard disk drive system a bode diagram of transfer functions P(s)  and P(s)Q(s) is given 
in figure 5.5. Here the phase margin of P(s)Q(s) is 66 degrees at 489 Hz. This implies that the 
VCM and the MA dominates the motion respectively below and above this frequency and that at 
the 6-dB crossover frequency no interference occur. Tnis w<lill be demonstrated in chapter 6. 

Figure 5.5: Bode diagram P (dashed) and P Q  (solid) 

5.1.2 Overall Performance 

The second part of the PQ method consists of determining the overali performance for the closed 
loop system given in figure 4.2. This is a standard SISO design problem by designing controller 
Co for the system Gsiso. A block diagram of the COGsis, feedback system is given in figure 5.6. To 
keep the controller as simple as possible and to obtain stability of the COGsiso feedback system, 
Co is proposed to be a second order low pass filter 

. - - ~ l  wiui  Q a time constant and defined by (5.8) for J: = 0, Po is the damping paraiiieter a id  ko is ail 
adjustable gain. In figure 5.3 the asymptotes and breakpoint of controller Co are given. 

For the hard disk drive system bode diagrams of transfer functions Gsiso(s) and Co(s)GSiso(s) 
are given in figure 5.7. TO Mfill stability and stability robustness requirements here Co is de- 
signed such that the maximum peak in de sensitivity function is maximum 6 dB. This will be 



Figure 5.6: COGsis, feedback system 

demonstrated in section 5.3. The corresponding gain margin is 10.9 dB at 8.9 kHz and the phase 
margin is 43.9 degrees at 687 Hz. 

- 3 & O . .  

Frequency (Hz) 

Figure 5.7: Bode diagram Gsi,, (dashed) and CoGsis, (solid) 

5.2 Conversion to Discrete Time Controller 

The controller Cd, designed in the previous section is a continuous time controller based on con- 
tinuous time system models. A general closed loop system in continuous time can be given as in 
figure 5.8(a). Since controller Cd, has to be implemented digitally side effects will occur because 
of the AID and the D/A conversions of signals. In figure 5.8(b) the implemented closed loop of 



figure 5.8(a) is given. Here the discrete time controller C ( z )  is an approximation of the contin- 
uous time controller C ( s ) .  The sampler is the A I D  conversion representing the PES sampling 
with a sample period T and the zero-order hold (ZOH) is used as the D / A  conversion. A ZOH 
holds each discrete value u ( k T )  at the output of controller C ( z )  constant until the next value, 
u ( k T  + T ) ,  is available from the computer. Now the output of the ZOH u(t) ,  given in the imple- 
mented closed loop of figure 5.8(b), is a sequence of step functions and can be characterized in 
the Caplace domain by transfer fuction 

where T represents the sample period of the signals. So by implementation the ZOH adds desta- 
bilizing phase lag to the feedback loop. For evaluation of stability and performance of the closed 
loop system given in figure 5.8(b), a discrete equivalent closed loop system is given in figure 
5.8(c). Here P ( s )  is converted into discrete time by determining the ZOH equivalent. The dosed 
loop combination of P ( z )  and C ( z )  exactly models P ( s )  in the closed loop, as given in figure 
5.8(a), at the sample times. For determining P ( z )  a ZOH equivalent can be determined [8]. The 
ZOH equivalent of P ( s )  is given by 

where Z and C-' represents respectively the 2-transform and the inverse Caplace transform. 
This results for P ( z )  in 

The foregoing was applied to a general closed loop system. Concerning the hard disk drive system 
the transformation of (5.14) has to be applied to system dynamics P,,(s) and F ( s )  because of 
the representation of the discrete dual stage controller given in figure 5.1. 

For the approximation of controller C ( s )  a bi-linear transformation like Tustin's method can be 
used to determine a discrete equivalent [8]. Given the continuous time transfer function C ( s ) ,  
the discrete equivalent can be determined by the substitution 

where T is the sample period. For the dual stage controller Cds designed in the previous section 
the discrete equivalents of (5.1) are given by respectively 



Figure 5.8: (a )  Closed loop system in continuous time. ( b )  Implemented closed loop system. 
(c) Stability and performance evaluation of the closed loop system given in (b) .  

To determine the discrete time controllers C,,(z), Cma(z) and Co(z)  the substitution given in 
(5.15) has to be used. This results in respectively 

When determining a discrete equivalent a cut-off frequency occur at half the sample frequency, 
also called the Nyquist frequency. In the case the discrete equivalence is determined by Tustin's 
method the practical cut-off fsequency occurs already before the Nyquist frequency. Observing 
the hard disk drive system with a PES sample frequency of 20 kHz, the consequences for both 



parallel systems, C,,P,, and Cm,F, are an attenuation of the resonance peak at 9.1 kHz. 
Therefore also the resonance peak at 9.1 kHz of G,,,, is attenuated. Now this attenuation of 
G,,,, creates new design freedom for Co in increasing the bandwidth of the system. But since 
in the windage disturbance model a resonance peak occurs at 6 kHz, which does not want to be 
amplified, a compromise has to be found in increasing the bandwidth. The fact is that increasing 
the bandwidth of the system gives a disturbance reduction below the bandwidth, but according 
to Bode's sensinvity integral this is at the COST of disturbance ampiification at high frequencies. 
Now Co is redesigned under the condition that the negative influence on the windage disturbance 
is as small as possible and again, to fulfill stability and stability robustness requirements, Co is 
redesigned such that the maximum peak in de sensitivity function is maximum 6 dB. The new 
Bode diagram of the open loop system COG,,,, is given in figure 5.9. The corresponding gain 
margin is 9.9 dB at 3.70 kHz and the phase margin is 68.9 degrees at 1.7 kHz. 

i$ : i? lil' 1 nb 
Frequency (Hz) 

Figure 5.9: Bode diagram GsisO (dashed) and CoGsisO (solid) in discrete time 



5.3 Controller Results 

The results of the stable dual stage controller Cds are presented here. The control parameters are 
given in table 5.1 for the continuous time controller, as given in (5.1), as well as for the discrete 
time controller, as given in (5.16). The corresponding bode diagrams are given in figure 5.10. 

Table 5.1: Control parameters and degree of stability for continuous and discrete time domain 

Discrete I 1.001 26 9.091 9.091 9.091 0~118 0.7 1 9.9 68.9 

GM PM Time Domain 

Continuous 

The stability and stability robustness requirements for the closed loop system, as given in figure 
4.2, can be analyzed using the Nyquist diagram of the open loop system COGsi,,. This diagram 
is given in figure 5-11. The Nyquist diagram of the open loop system can be used to check the 
stability of the closed loop system since the poles of the dosed loop system correspond to the 
point -1. For point -1 in the Nyquist diagram of the open loop system, the phase shift is -180 
degrees and the magnitude is 1. For stability it is important to stay away from this point. When 

k ko ~d 70 TI m Po 

Figure 5.10: Discrete time controller Cds,,, (dashed) and Cdsm, (solid) and continuous time 
controller Cds,,, (dash-dotted) and Cds,, (dotted) 

[-I [-I [msl [msl [msl [msl [-I 

1.001 20 9.091 0.244 9.091 0.118 0.5 

[dB1 [%I 

10.9 37.7 



the phase shift is -180 degrees the magnitude has to smaller than one or when the magnitude 
is 1 the phase shift has to be less than -180 degrees. To check stability and stability robustness 
requirements in the Nyquist diagram, also a contour is given for the sensitivity function as shown 
in figure 5.11. This contour shows the magnitude at which the sensitivity function (S) is 6 dB. For 
the hard disk drive system the corresponding degree of stability is given by the Gain Margin (GM) 
and Phase Margin (PM) in table 5.1. 

Real Part 

Figure 5.11: Nyquist diagram of the open loop system COGsis, in discrete time (solid) and in 
continuous time (dashed) and with IS/ = 6 dB (dotted) 



Chapter - 6 

Closed Loop Results and Analysis 

In this chapter the results of the discrete dual stage controller design for the closed loop system 
will be given. In the first section the frequency separation as proposed by the modified PQ method 
is discussed. In section 6.2 the disturbance reduction obtained by the dual stage controller as well 
the instrumented suspension controller is presented. 

6.1 Frequency Separation 

In the design of controller Cd, the modified PQ method was used to obtain a frequency separation 
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Figure 6.1: Bode diagram of the contribution of yuy,, (dashed) and y,, (solid) to yt (dotted) 



-21 I 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

time [msl 

Figure 6.2: Time response of the contribution of y,, (dashed) and yma (solid) to yt (dotted) 

in the working range of the two parallel subsystems. This was necessary since there were two 
actuators with different bandwidths. In figure G.I the contribution ofthe output ofthe subsystems 
to yt are given as function of the frequency. This figure makes dear that at the lower frequencies 
the response of yt is dominated by the VCM actuator whereas at the higher frequencies the MA 
dominates. This is expected since in the modified PQ method the transfer functions for C,, and 
Cma were selected according to these results. 

The separation frequency in working range at 489 Hz was obtained by selecting the 0-dB crossover 
frequency of the P Q  feedback system. In figure G.I the phase of yVm and yma at this frequency is 
respectively -162 degrees and 84 degrees. This gives a phase difference between y,, and yma of 
246 degrees or 360 - 246 = 114 degrees. According to the theory as stated in the the PQ method 
[5] the phase margin of the open loop PQ should be 180 - 114 = 66 degrees. Indeed this exactly 
equals the selected phase margin of the open loop PQ for the hard disk drive system. 

The obtained frequency separation can also be demonstrated in the time domain. The responses 
y,,, yma and yt are simulated in the case a windage disturbance is acting on the system. The 
results are given in figure 6.2. It can be seen that the reaction of MA on a windage disturbance is 
much heavier than the VCM reaction. This also becomes clear when observing the inputs to VCM 
and MA as given in appendix E. The MA utiizes its maximum iripiii range (&I0 Volt) whereas 
the VCM utilizes only a few percent of its capacity (zt5 Volt). 

One other aspect that can be seen in the simulation results offigure 6.2 is the constructive motion 
of the two subsystems. There is still a phase difference between y,, and yma but in fact we have 
selected a relatively small phase margin. If a fully constructive motion is desired a phase margin 
of 180 degrees should be selected. Also from a physical point of view the phase lag is expected. 
This because the MA is a faster responding system that the VCM. 



6.2 Disturbance Reduction 

The attenuation of the high frequent windage vibration by the high bandwidth control loop was 
already discussed and presented in section 4.1. For analyzing the disturbance reduction obtained 
by the dual stage controller the closed loop system, as given in figure 4.2 for configuration B, 
is &sewed. This dist.abznce redmtim is necessary fcr track fc!lcwing since there exist !cw fre- 
quent mn out errors. The sensitivity function of this closed loop system is given by 

This sensitivity function gives the disturbance reduction obtained by the combined subsystems. 
The disturbance reduction obtained by only controlling the VCM input is given by 

With this sensitivity function of only the VCM actuation the overall sensitivity function S,  as given 
in (G.I), can be rewritten into 

S(z) = Svcm (z)Sma(z) (6.3) 

Here Sma gives the contribution of the MA to the overall disturbance reduction and so the im- 
provement on the disturbance reduction obtained by only the VCM actuation. 

Figure 6.3: Closed loop sensitivity functions S (dotted), Sum (dashed) and Sma (solid) 
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Figure 6.4: Bode diagram of the disturbance reduction without (dashed) and with controI 
(solid) 

With the derivation of (6.3) given in appendix C.4? Sma is defined by 

Now when observing Sma directly the improvement on S,, can be seen. In figure 6.3 the bode 
diagrams of Sma, S,, and S are given. For the lower frequencies the disturbance reduction is 
obtained by the VCM till a frequency of 489 Hz as is given by Sum. Observing Sm,, an additional 
disturbance reduction on S,, between 170 Hz and 1.7 kHz is obtained. This results in a total 
disturbance reduction till a frequency of 1.7 kHz as is given by S. On the other hand in the 
frequency range of I.? kHz to 5.9 kHz in the bode diagram of S there exists an amplification. This 
amplification is directly a consequence of the Bode's sensitivity integral property as discussed in 
section 5.2. In this section a compromise was made in the design of controller Co concerning the 
bandwidth and the amplification of the resonance peak at 6 kHz of the disturbance model. 

The final disturbance reduction becomes dear when observing the closed loop disturbance model. 
For the closed loop system with the dual stage controller the disturbance model is given by 

- -   ere E(z )  is the discrete equivalent of the disturbance model E(s )  as was discussed in section 
4.1. Now the control architecture of configuration B is considered and so both the controllers Ci 
and Cds are taken into account. In figure 6.4 the new disturbance model H is compared to the 
original uncontrolled diswbance model Hma. Here again the low frequent disturbance reduction 
can be seen, but the consequence of the dual stage controller is that an amplification of 3 dB of 
the resonance peak at 6 kHz is involved. 



Figure 6.5: Time response of the simulation of the PES without (dashed) and with control 
(solid) 

The improvement of both the controllers Ci and Cd, on the disturbance reduction can also be 
found in the time response of the PES as is shown in figure 6.5. For the improvement the energy 
ratio in de controlled and uncontrolled situation can be observed. This energy ratio is given by 
the ratio of the squared 2-norm of the PES output. 

This ratio means an improvement on the PES of 48 percent when using control. 



Chapter 7 

Conclusions 

In a hard disk drive system with a dual stage instrumented suspension and a large windage dis- 
turbance a dual stage controller was designed by using the modified PQ method. Therefore first 
a description of the system with the windage disturbance was made and models describing the 
system and windage dynamics were given. Second the control problem was discussed. Because 
of the large and high frequent windage disturbance two controllers were suggested. For attenuat- 
ing the windage disturbance a high bandwidth controller already existed. The second controller 
was the dual stage controller. This controller was designed under the condition that the negative 
influence on the windage disturbance was small and with the stability requirement of a maxi- 
mum peak in de sensitivity function of maximum 6 dB. This has resulted in a control loop with 
a bandwidth of 1.7 kHz and a gain and phase margin of respectively 9.9 dB and 68.9 degrees. 

Since the dual stage instrumented suspension contained two different bandwidth actuators, a 
frequency separation in the output contribution of the two actuators was desired. To obtain the 
frequency separation the modified PQ method was introduced for the controller design. The 
modified PQ method is a modification of the PQ method and in stead of the PQ method the 
modified PQ method explicitly considers the bandwidth limitations of the two actuators. This 
has resulted in a separation frequency at 489 Hz and this frequency corresponds to the @dB 
crossover frequency of the PQ feedback system. To prevent the two actuators also moving in 
opposite directions when the output contribution is equal, a phase margin for the PQ feedback 
system was selected to be 66 degrees. The selected frequency separation frequency as well as the 
selected phase margin were also shown in the closed loop results. Finally together with the high 
bandwidth controller an improvement on the PES of 48 percent was obtained. 



Chapter 8 

Recommendat ions 

When observing the closed loop disturbance model the resonance peak at 6 kHz dominates the 
disturbance in stead of the resonance peak at 9.1 kHz. This is directly a consequence of the 
high bandwidth controller as well as the dual stage controller. The high bandwidth controller was 
mainly designed to attenuate the resonance peak at 9.1 kHz in stead of the resonance peak at 
6 kHz and when the dual stage controller was designed a compromise was found in increasing 
the bandwidth and affecting the windage disturbance. Since it is desirable to have both resonance 
modes, at 6 kHz and at 9.1 kHz, as small as possible in magnitude, it is recommended to redesign 
the high bandwidth controller. In the new design of this controller more attention should be paid 
to the resonance mode at 6 kHz. 

Further in this report it is only shown that the modified PQ method give good and acceptable 
results for the dual stage controller design. However it is possible that the original PQ method or 
other design methods, like a master slave design method or optimal control, give better results. 
Therefore, when interested in the best result, it is recommended to compare the modified PQ 
method for dual stage controller design to the controller results obtained from other methods. 



Appendix A 

System State Space Models 

A. l  VCM Dynamics P,, 

D = [o] 



A.2 MA Dynamics P,, 

A.3 MA Windage Dynamics H,, 



A.4 Instrumented Suspension Dynamics Pi 

A.5 Instrumented Suspension Windage Dynamics Hi 



Appendix B 

System Frequency Responses 
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Figure B.l: Estimated (dashed) and measured (solid) frequency response of P,, 
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Figure B.2: Estimated (dashed) and measured (solid) frequency response of Pi 

Figure B.3: Estimated (dashed) and measured (solid) frequency response of P,, 
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Figure B.4: Estimated (dashed) and measured (solid) frequency response of H,, 
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Figure B.5: Estimated (dashed) and measured (solid) frequency response of Hi 
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Figure B.6: Estimated frequency response of H,, (dashed) and measured frequency response 
of Ii-,, (solid) 



Appendix C 

High Bandwidth Control Loop 

C. l  Closed Loop Equation 

Observing figure 4.2. The equation for the input of the MA uma, including the high bandwidth 
control loop, is given by 

Here e represents the non-repeatable nature of the windage induced disturbance and T represents 
the control input for the MA coming from the dual stage controller Cds The PES output yl is 

With the definition of um, the PES output yl can be given by 

where 

The sensiiivii-y function of the high band-width dosed loop system is given by 

The Bode diagram of controller Ci is given in section C.2 and the Bode diagram of the sensitivity 
function Si is given in section C.3. 



C.2 Controller Ci 

C.2.1 State Space Model 

C.2.2 Bode Diagram 

Freqvency (Hz) 

Figure C.l: Bode diagram of Ci 



C.3 Closed Loop Results 

Figure C.2: Bode diagram of Si (dashed) and Hma + CiPiHma - CiPmaHi (solid) 

C.4 Improvement Disturbance Reduction 



Appendix D 

Generalized System Models 

D.1 Disturbance Model E 

Figure D.l: Disturbance model E in configuration A (dashed) and in configuration B (solid) 



D.2 System Model F 

Figure D.2: System model F in configuration A (dashed) and in configuration B (solid) 



Appendix E 

Control Inputs 

-150 
lo1 lo2 1 o3 1 2  

Frequency (Hz) 

I 
10' lo2 1 oP 10' 

Frequency (W) 

Figure E.l: Bode diagram of inputs u,, (dashed) and u,, (solid) 



Figure E.2: Time response of inputs u,, (upper) and u,, (lower) 



ibliogra 

[I] M. Rotunno, R. A. de Callafon, and F. E. Talke, "Comparison and design of servo 
controllers for dual-stage actuators in hard disk drives," IEEE Transactions O n  Mag- 
netics, Vol. 39, No. 5, September 2003. 

[zj A. P. Teerhuis, S. j. Cools, and R. A. de Callafon, "Reduction of fhw induced sus- 
pension vibrations in a hard disk drive by dual stage suspension control," IEEE 
Transactions O n  Magnetics, vol. 8, 2003. 

[3] Y. Li, and R. Horowitz, "Active suspension vibration control with dual stage actua- 
tors in hard disk drives," Proceedings ofthe American Control Conference, Arlington, 
VA, 2001, pp 2768-2791. 

[4] N. Nilsen, and R. A. de Callafon, "Control of flow induced disturbances in a hard 
disk drive with a Piezo- electric Instrumented Suspension". 

[5] S. J. Schroeck, W. C. Messner, and R. J. McNab, "On compensator design for linear 
time invariant Dual-Input Single-Output systems," IEEE/ASME Transactions O n  
Mechatronics, Vol. 6, No. I, pp. 50-57, March 2001. 

[GI L. Ljung, System Identij'ication: Theoryfor the user, Prentice Hall, Englewood Cliffs, 
New Jersey, 1987, ISBN 0-13-881640-9. 

[7] M. Crowder, and R. A. de Callafon, "Estimation and prediction of windage induced 
suspension vibrations in a hard disk drive", Journal oflnfirmation and Storage Pro- 
cessing Systems, 2003. 

[8] G. F. Franklin and J. D. Powell, Digital Control of Dynamic Systems, Addison-Wesley 
Publishing Company, 1980. ISBN o-201-02891-3. 


