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Abstract 

The increased disk rotational velocity to improve the data transfer rate has raised up many serious problems in its servo control system which 
should control the position and velocity of a spot relative to a rotating disk. This paper proposes gain-scheduling-based track-seek control for 
single stage actuator of hard disk drives. Gain scheduling is a technique that can extend the validity of the linearization approach to a range 
of operating points and one of the most popular approaches to nonlinear control design. The proposed method schedules controller gains to 
improve the transient response and minimize overshoot during the functions of the read/write head positioning servomechanism for the seek 
control. The validity of the proposed method is demonstrated through stability analysis and simulation results. 
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1. Introduction 
 
Hard disk drives (HDDs) have been an important data-

storage medium for computers and other data-processing 
systems. The disk drive industry has developed through 
dramatic changes in recent decades. The most significant trend 
in disk drives is that track density and storage capacity are 
increasing rapidly while access time is being reduced. This 
trend has led to the need for improved performance of the head-
positioning servo system in order to accurately maintain the 
selected head position along the center of the track and to 
provide rapid movement of the head from one track to another 
selected track [1]. Demand for larger capacity, smaller 
dimensions and higher data transfer rate are some of the driving 
forces directly linked to the demand for increasing storage 
density [2]. Decreasing the HDD track width is a feasible idea 
to achieve these objectives. 

Track density is correlative to the track width. Tracks should 
be written as close as possible to maximize the data-storage on 
the disk surface. Therefore the track density should be 
increased, which means a more rigorous requirement of the 
position of the heads from the true track centre [3].  

However, the increased disk rotational velocity to improve 
the data transfer rate has caused many serious problems. The 
presence of disturbance in the rotary actuator results in large 
residual errors and high-frequency oscillations, which may 
produce larger positioning error signal to hold back the further 
decreasing of the track width and to deteriorate the 
performance of the servo systems [4]. 

One of the main functions of the read/write head positioning 
servomechanism in HDDs is track seeking. Track seeking 

moves the read/write head from the present track to a 
destination track in minimum time using a control effort. Track 
seek control is a point-to-point control, and track-to-track 
maneuver of the heads must be performed in as short as 
possible. It is difficult to satisfy both the requirements of 
minimum-time seek using a linear controller. A linear 
controller can be optimized to meet the specifications of 
disturbance rejection and good tracking performance. Gains of 
the controller required to meet these specifications when the 
position error is low cause actuator saturation when the 
reference command is several tracks. Performance of linear 
control deteriorates under control saturation. Although the time 
optimal control or bang-bang control is a well known solution 
for point-to-point maneuver, practical realization of the bang-
bang control has several drawbacks such as control chatter and 
sensitivity to parameter variations. The basic limitation of the 
linearization approach is that the controller is guaranteed to 
operate only in some neighborhood of a single operating point 
[5], [6]. Therefore, we introduce gain scheduling, a technique 
that can extend the validity of the linearization approach to a 
range of operating points. Gain-scheduling is one of the most 
popular approaches to nonlinear control design and has been 
widely and successfully applied in many fields.  In many 
situations, it is known how the dynamics of a system change 
with its operating points. It might be possible to model the 
system that the operating points are parameterized by one or 
more variables, which we call scheduling variables [7], [8]. In 
this case, we may linearize the system at several equilibrium 
points, design a linear feedback controller at each point, and 
implement the resulting family of linear controllers as a single 
controller whose parameters are changed by the scheduling 
variables. The concept of gain scheduling is intimately 
connected with the track-to-track maneuver of seek control [9].  

Track seek control is a point-to-point control, and track-to-
track maneuver of the heads must be performed in as short as 
possible. Gain scheduling extends the validity of the 
linearization approach to a range of operating points and 
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consists of a family of a linear controller which can be 
optimized to meet the specifications of disturbance rejection 
and good tracking performance. Therefore, gain scheduling is 
one of the most effective technique for seek control for 
reducing the effects of parameter variations. Furthermore, a 
good tracking performance and small settling time of servo 
actuators near a fixed operating point can be achieved by a 
gain-scheduled controller. 

In this paper, a gain scheduling control algorithm for 
reducing access time and tracking randomly varying parameters 
in HDDs seek control is proposed. In addition, simulation 
results are presented to show its efficiency of the proposed 
controller.  

This paper is organized as follows. Section II describes gain-
scheduling control. In section III, seek control of controlled 
model is described. Section IV presents simulation results. 
Finally, some concluding remarks are given in section V. 

 
 

2. Gain-Scheduling Control 
 
In many cases it is possible to find measurable variables that 

correlate well with changes in process dynamics. These 
variables can be used to change the controller parameters. This 
approach is called gain scheduling because the scheme was 
originally used to measure the gain and then change, that is, 
schedule, the controller to compensate for changes in the 
process gain. A good tracking performance and small settling 
time of servo actuators with controlled position near a fixed 
operating point can be achieved by a gain-scheduled controller. 

Gain scheduling is a powerful technique that is 
straightforward and easy to use. The key problem is to find 
suitable scheduling variables, that is, variables that characterize 
the operating conditions. Typical choices are filtered versions 
of process input, process output or external variables. It may 
also be a significant engineering effort to determine the 
schedules. This effort can be reduced significantly by using 
automatic tuning because the schedules can then be determined 
experimentally. Auto-tuning or adaptive algorithms may be 
used to build gain schedules. A scheduling variable is first 
determined [10]. 

The development of a gain-scheduled tracking controller 
follows these three steps. First, the nonlinear model is 
linearized about a family of operating points, parameterized by 
the scheduling variables. Second, using linearization, a 
parameterized family of linear controllers is designed to 
achieve the specified performance at each operating point. 
Finally, a gain-scheduled controller is constructed such that the 
closed-loop system under the gain-scheduled controller has the 
same equilibrium point as the closed-loop system under the 
fixed-gain controller.  

Consider the system 

 
( , , , )
( , )

( , )

=
=
=m m

x f x u v w
y h x w
y h x w

 

where f , h and mh are twice continuously differentiable 
functions in ( , ,x u v ) and continuous in w  in a 
domain × × × ⊂ × × ×n p q l

x u v wD D D D R R R R . Here, x is the 
state, u is the control input, v is a measured exogenous input, 
w is a vector of unknown constant parameters and disturbances, 
∈ py R is the controlled output, and ∈ m

my R is measured 

output. 
A gain-scheduled controller can be obtained from the fixed-

gain controller by scheduling the gains, continuously 
differentiable functions of α, as functions of the scheduling 
variable ρ, that is, replacing α by ρ. We represent the gain-
scheduled controller as  

 1 2( ) ( ) ( )ϕ ρ ϕ ρ ρ= + + mF G e G y  (1) 

 1 2( ) ( ) ( )η ρ ϕ ρ ρ= + + mL M e M y  (2) 

 3( )η ρ= +u M e  (3) 

When this controller is applied to the nonlinear system, it 
results in the closed-loop system 

 ( , , )χ χ ρ= g w  (4) 

 ( , )=y h x w  (5) 

where 

 
3
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1 2
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η ρ ϕ ρ ρ

+⎡ ⎤ ⎡ ⎤
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 3( , ) , ( , ) ( , ( ) , , )η ϕ∂
= − = +

∂
m

m
he h x w r y x w f x M e v w
x

 

When ρ=α, the system (4)-(5) has a unique equilibrium point 

 
( , )

( , ) 0
( , )

α
χ α

α

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

ss

ss

ss

x w
w

u w
  (6) 

at which α= ry .  
Linearization of (4)-(5) about χ χ= ss  and α=y yields 

 ( , ) ( , )δ δ δχ α χ α ρ= +ms msA w B w  (7) 

 ( , )δ δα χ= msy C w   (8) 

where 

 δχ χ χ= − ss , 

3

1 2 3 2

1 2 3 2
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 2 1

2 1

0 0⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

m

m

I
P G C G F

M C M L
  (9) 

is nonsingular and  

 1− =ms fP A P A , 1− =ms fP B B , =ms fC P C   (10) 

If measurement of my is not available, we can use the gain-

scheduled controller 

 1 2( ) ( ) ( )ϕ ρ ϕ ρ ρ ϑ= + +F G e G   (11) 

 1 2( ) ( ) ( )η ρ ϕ ρ ρ ϑ= + +L M e M   (12) 

 3( )η ρ= +u M e  (13) 

where my is replaced by its estimate , provided by the filter 

 εζ ζ=− + my   (14) 

 

1 ( )ϑ ζ
ε

= − + my
 

 (15) 

where ε is a “sufficiently small” positive constant and the filter 
is always initiated at (0)ζ such that  

 (0) (0)ζ ε− ≤my k  (16) 

for some k >0. Since my is measured, we can always meet this 

initial condition. Furthermore, whenever the system is initiated 
from an equilibrium point, the condition (16) is automatically 
satisfied, since, at equilibrium, ζ=my . The filter (14)-(15) acts 

as a derivative approximator when ε is sufficiently small, as it 
can be seen from its transfer function 

 
1ε +

s I
s

 

which approximates the differentiator transfer function sI for 
frequencies much smaller than 1

ε
. 

The closed-loop system under the gain-scheduled controller 
(11)-(15) takes the singularly perturbed form 

 ( ) ( )( ),ٛχ χ ρ ρ ϑ= + − mg w N y   (17) 

 ε   ϑ ϑ=− + my  (18) 

 ( , )=y h x w  (19) 

where 

 

( ) ( )( )3

2

2

 ,ٛ

0
N=

η ρ∂
= +

∂
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

m
m

h x w f x M e vy w
x

G
M

 

Setting ε=0 results in ϑ = my  and the system (17) – (19) 

reduces to the system (4) – (5). The next theorem justifies the 
use of the filter (14) – (15) for sufficiently smallε . Figure 1 
shows the realization of the gain-scheduled controller. 

 
Fig 1. Diagram of Gain-Scheduling controller 

 
Theorem 1   

Consider the closed-loop system (17) – (19) under the stated 
assumptions. Suppose ( )ρ t is continuously differentiable, 

( )ρ ∈t S  (a compact subset of ρD , and ( )ρ μ≤t  for all 

0≥t . Then, there exist positive constants 1 2 3, , ,k k k k  and T  
such that if 1μ < k , 2(0) ( (0)) ,ٛχ χ ρ− <ss k and 3ε < k , 

then ( )χ t  will be uniformly bounded for all 0≥t  and 
( ) ,μ≤ ∀ ≥e t k t T . 

Furthermore, if ( )ρ ρ→ sst and ( ) 0ρ →t  as →∞t , then 
( ) 0→e t  as →∞t . 
 

Proof:  
To analyze the closed-loop system (17)-(19), we combine 

stability analysis of slowly varying system with stability 
analysis of singularly perturbed systems. We write (17)-(19) as 

 ( , ) ( )[ ( , )]χ χ ρ ρ ϑ φ χ ρ= + −g N  (20) 

 ( , )εϑ ϑ φ χ ρ=− +  (21) 

When 0ε = , we obtain the reduced system ( , )χ χ ρ= g by 
using the quadratic Lyapunov function  δ δχ χT

msP . It can be 
verified that ( , )φ χ ρ  is continuously differentiable in a 
domain χ ρ×D D . The change of variables 

 ( ), ( , )χ χ ρ ϑ φ χ ρ= − Ζ = −ssY  

transforms the system (20)-(21) into 

 ( ( ), ) ( ) χχ ρ ρ ρ ρ
ρ

∂
= + + Ζ −

∂
ss

ssY g Y N   (22) 

 [ ( ( ), ) ( ) ]φ χε ε χ ρ ρ ρ ρ
χ ρ
∂ ∂

Ζ = −Ζ − + + Ζ −
∂ ∂

ss
ssg Y N  

 
(23) 

Using (1 / 2)ν = + Ζ ΖT T
msY P Y  as a Lyapunov function for 

(22)-(23), we obtain 

 

2 2 3
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∂
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∂
∂ ∂
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in some neighborhood of the origin, for some positive constants 

ic . Limiting our analysis to a neighborhood where 

7 12
1 / (4 )≤ ≤Y c c  we arrive at the inequality 

 

2 2
32 2 2

4 7 62 2 2

22 2

2 52 2

1 1 (
2 2

)

1 / 4 / 2
/ 2 1 / (2 )

ν
ε

ρ

ε

≤ − − Ζ +

+ + Ζ

⎡ ⎤ ⎡ ⎤−⎡ ⎤
− ⎢ ⎥ ⎢ ⎥⎢ ⎥Ζ Ζ− −⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

T

Y c Y

c c Y c

Y Yc
c c

 

Choosing *ε  small enough that the 2 2×  matrix is 
positive definite for all *0 ε ε< < we end up with 

 2
2 2ν αν β ν ρ≤ − +  

for some positive constants α and β . Hence, ν=W satisfies 
the inequality 

 2
α β ρ+ ≤ − +D W W  

Applying the comparison lemma concludes the proof [8]. 
This theorem shows that if the scheduling variable is slowly 

varying and the initial state is sufficiently close to the 
equilibrium point at the initial time, then the tracking error will 
tend to zero if the scheduling variable approaches a constant 
limit.  

 
 

3. Seek Controller Design 
 
Consider the second-order system 

 
1 1 2

2 1

2

tan= +
= +
=

x x x
x x u
y x

  

where y is the only measured signal; that is, =my y . We 
want y  to track a reference signal r . We use r  as the 
scheduling variable. We want to design an output feedback 
controller that achieves small tracking error = −e y r in 
response to the exogenous input 

 ρρ
⎡ ⎤

= ∈ = ×⎢ ⎥
⎣ ⎦

r v

r
D D D

v
 

We use integral control to achieve zero steady-state error 
when α=v  and rely on gain scheduling to achieve small 
error for slowly varying ρ . We partition α as 

,α α α⎡ ⎤= ⎣ ⎦
TT T

r v , αr and αv are constant values for r and v , 

respectively. We use ρ  as the scheduling variable. For the 
design of integral control, we assume that there is a unique pair 
( , ) : ρ × → ×ss ss w x ux u D D D D , continuously differentiable in α  

and continuous in w , such that 

 ( ( , ), ( , ), , )α α α= ss ss vo f x w u w w   (24) 

 ( ( , ), )α α=r ssh x w w   (25) 

for all  ( , ) : ρα × ww D D . 

When α= =r constant, the equilibrium equation(24) and 
(25) have the unique solution 

 
1

1tan
( ) , ( ) tan

α
α α α

α

−
−⎡ ⎤−

= =⎢ ⎥
⎣ ⎦

ss ssx u  

We use the observer-based integral controller 

 

1 2

ˆ ˆ ˆ( ) ( )( )
ˆ( ) ( )

σ

α α
α α σ

= = −

= + + −
= − −

e y r

x A x Bu H y Cx
u K x K

 

where 

 
[ ]

2 01 1
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11 0
α
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2 2 2
1 22 2

1 1( ) (1 )(3 ) 3 3 , ( )
1 1

α α α α α
α α
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K K

 

2 2

2

10 (4 )(1 )
( )

(4 )
α α

α
α

⎡ ⎤+ + +
= ⎢ ⎥+⎣ ⎦

H
 

Since y is not available, we implement the gain-scheduled 
controller (11)-(15) with 0.01ε = . 

 
 

4. Simulation Results 
 
The feedback gains 1( )αK  and 2 ( )αK  are designed to 

assign the closed-loop eigenvalues at 1, (1 / 2) ( 3 / 2)− − ± j . 
The observer gain ( )αH  is designed to assign the observer 
eigenvalues at (2 / 3) (3 3 / 2)− ± j . We have chosen the 
eigenvalues independent of α   for convenience, but we 
could have allowed them to depend on α  as long as their real 
parts are less than a negative number independent of α . 

 

 
Fig. 2. The reference (dashed) and output (solid) signals of the 

gain-scheduled controller for the step inputs 
 
Figure 2 shows the response of the closed-loop system to a 

sequence of step changes in the reference signals. The output 
signals track to the reference step signals well. 
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Fig. 3. The reference (dashed) and output (solid) signals of the 

gain-scheduled controller for the random inputs 
 

 
Fig. 4. The reference (dashed) and output (solid) signals of the 

gain-scheduled controller for the random inputs 
 
Figure 3 and figure 4 shows the response of the closed-loop 

system to random changes in the reference signals. The output 
signals track well to the reference signals which are randomly 
changed.  

 

 
 Fig. 5. The reference (dashed) and output (solid) signals of the  

gain-scheduled controller for the random inputs 

 
Figure 5 represents the response of the closed-loop system to 

random changes in the reference signals in relatively short time. 
The output signals track well to the reference signals which 

are randomly and slightly changed in a short time. The 
simulation results represents that the proposed controller 
satisfies with the demand of accurate and rapid movement of 
the head from one track to another selected track.  

5. Conclusion 
 
Gain scheduling based on measurements of operating 

conditions of the process is often a good way to compensate for 
variations in process parameters. Gain scheduling is an 
effective technique that is straightforward and easy to use for 
seek control for reducing the effects of parameter variations. 
Furthermore, a good tracking performance and small settling 
time of servo actuators near a fixed operating point can be 
achieved by a gain-scheduled controller. In this paper we have 
focused on seek control of HDDs adapted gain-scheduling 
controller. When the system parameters are changed for track 
seeking, gain-scheduled controller makes the tracking error 
zero and achieves the desired stability and performance 
requirements. The simulation results show that the proposed 
algorithm is successfully adapted for reducing access time and 
tracking randomly varying parameters in HDDs seek control. 
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