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ABSTRACT 
This paper presents improving the head position servo control system of hard disk drive (HDD) using adaptive mechanism. The dynamic model of HDD servomechanism was presented as a transfer function to describe the behaviour of the R/W head position servo of the hard drive in a computer system. An internal model control tuned compensator was designed. Simulation analysis was conducted for conventional control state of the R/W head positioning of the HDD. The performance of the system was largely impacted by cycling which resulted in instability and therefore maintaining accurate track for efficient read and write operation was not guaranteed. Notwithstanding fast response in terms of very much reduced rise time of 0.0373 s, the step response performance of the uncompensated system indicated high overshoot of 95.4% and extended settling time of 9.13 s. Besides, the system in this situation was not able to track the desired position, which in this case, is represented by a step input and thereby yielding a final value of 0.0113 that caused steady state error of 0.9887. With the introduction of the designed IMC based compensator, the performance of the system was largely improved such that the rise time, settling time, overshoot, and steady state error were: 0.283 s, 0.492 s, and 0 overshoot and steady- state error. Comparison with MRAC-PID and PID revealed the superiority of the IMC over the two previously implemented controllers.
Keywords: Hard Disk Drive, Positioning System, Internal Model Control, PID.
1.  INTRODUCTION 
Most servo systems in their classical state of design are usually not capable to meet certain desired performance criteria that will make them practically attractive for practical application for commercial purposes. For this reason, subsystem called controller or compensator are usually integrated within most industrial plants or processes. The same holds for majority of engineering systems. For instance, in electrical discharge machining controller is implemented to ensure accurate and proper positioning and speed control of the metal removal process [1]. In microsatellite attitude control system, adaptive proportional and derivative (APD) controller is implemented as subsystem to meet performance criteria [2], while satellite antenna positioning control systems have used controllers such as, Proportional plus integral plus derivative (PID) and linear quadratic regulator (LQR) controllers respectively [3,4]. The stabilization of human heart based on mathematical model has been achieved by PID [5]. In this study, the focus is on using a feedback compensator to enhance a servo system, which in this case is a hard disk drive (HDD). 

The prevalent trend in hard disk design is towards smaller hard disks with increasingly larger capacities. This implies that the track width to be smaller, which leads to lower error tolerance in the positioning of the head. In order to meet with increasingly demand in hard disk drives, the most important change in hard disk drive technology has been carried out with an increase in data storage density. The HDD applications are expected to be seen in digital camera, car navigation and audio systems, and even mobile phones in the near future due to the ever increasing effort of HDDs areal density. The servo system must achieve precise positioning of read-write head (R/W) on a desired track (track following) and fast transition from one track to another targeted track (track seeking) within shortest track seeking time for faster data transmission rates.

Most of the servo systems in hard HDD use a voice-coil motor (VCM) actuator to actuate the read/write (R/W) recording arm assembly which consists of a pivot with a ball bearing, a metal arm, and a rigid suspension that holds the R/W head and slider. In order to come up with devices that are smaller, cheaper and able to store more data and retrieve them with faster speed, the presence of friction in the rotary actuator pivot bearing becomes a more noticeable problem in the HDD industries. The pivot friction hysteresis nonlinearity introduced by the bearing of the actuator pivot 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 servo systems. Thus, it is highly desirable to design a position control algorithm to address the resulting positioning error. Thus, this work is designed to improve the position of HDD using internal model control (IMC) tuning mechanism.

The primary objective of HDD is to ensure effective dynamic response for R/W head operation by means of accurate positioning control. This type of control is essentially desirable in such area as antenna positioning system where different control strategies such as digital cascade compensator, proportional integral and derivative (PID) controller, model predictive control (MPC), back propagation neural network tuned PID have been implemented [6-9] and in robot grinding system where linear quadratic regulator [10]. For HDD, dynamic response of R/W head tracking system has been improved by a good number of methods. Instances include the use of model reference adaptive control (MRAC) to improve R/W head servo positioning system [11] and [12]. A state feedback-based optimal control scheme for two typical kinds of head-positioning systems with nonlinearities of hard disk drives that combine the improved event-triggering reset condition and an optimal reset law design problem was developed in [13]. Three actuation systems with different combinations of proportional plus integral (PI), proportional plus derivative (PD), and PID controller, lag-lead controller, lag filter, and inverse lead plus a PI controller were designed and analyzed through simulation to achieve high-precision positioning in HDD [14]. A tracking controller for dual stage-actuator HDDs based on a frequency domain data-driven feedback control design technique was presented in [15]. Head positioning control for HDDs with dual-stage actuator using stroke controller was achieved by [16]. Multi-input multi-output (MIMO) data driven feedback control system to achieve improved robust and performing tracking following in R/W head positioning for dual stage HDDs was presented in [17]. 

2. SYSTEM DESIGN
In this paper, the main tools employed are the MATLAB codes and the Simulink embedded blocks, which were used for the computer modelling and simulations. In order to determine the stability of the system, a transfer function representing the dynamics of the HDD head position was developed and a root locus plot was performed using the MATLAB codes, and also included is the open loop step response analysis of the system. The generated transfer function was subsequently implemented using MATLAB/Simulink.
2.1 Dynamic Modelling
The VCM is a direct current (DC) motor, thus Figure 1 shows the circuit arrangement of a DC motor in order to define the mathematical relationship between the rotary actuator torque and the coil current.

 [image: ]
Figure 1 Circuit diagram of DC motor
It can be seen from Figure 1 that the DC motor circuit diagram is of two parts comprising the electrical and mechanical components. Thus the equation that connects the rotary actuator torque and the coil current (which is the armature current of the DC motor) is given by:

						(1)


whereis the torque constant, and  is the VCM coil current (or armature current).
The motion of the rotary actuator torque is defined by:

			                             (2)




whereis the moment of inertia of the head assembly,  is the viscous damping coefficient of the bearing, is the return spring constant, and  is the angular displacement or position. 
Equating (1) and (2) gives the mathematical model of HDD servo system given by the following differential equation:

                                                          (3)
Taking the Laplace transform of Equation (3) assuming zero initial conditions, gives:

                                                     (4)
 Rearranging Equation (4) as a transfer function expression of HDD head position servo system gives:

                                                                       (5)
Substituting the values of the model parameters of HDD read/write head positioning servo system taken from [18] as presented in Table 1 gives:

                                                                       (6)

Table 1. System parameters [18]
	Definition
	Symbol
	Value

	Rotary actuator (motor)torque 
	

	-

	Coil current 
	

	-

	Motor torque constant
	

	9.0 Nmrad-1

	Moment of inertia of the head assembly
	

	1.0 kgm2

	Viscous damping coefficient
	

	0.85 Nmrad-1s-1

	Spring constant 
	

	788 Nmrad-1

	Angular displacement 
	

	-



2.2 Internal Model Control Tuned Compensator
In control system, a compensator is used when the response is very unstable and requires to be stabilized so as to ensure particular performance is realized. The HDD servo-positioning system considered is prone to high level of oscillation without a compensator. There is need to cancel this effect by introducing Internal Model Control (IMC) tuned compensator. The design of the compensator was carried using the MATLAB control and estimation tool manager (CETM) and subsequently introduced to HDD servo-positioning control loop to enhance the dynamic response of the system. The use of CETM in compensator design has been performed in [19-21]. The structure of the IMC compensator control HDD R/W head system in MATLAB/Simulink is shown in Figure 2. The approach to the designed compensator via dominant closed-loop time constant adjustment and desired controller order is shown by the graphical user interface (GUI) in Figure 3. 


[image: ]
Figure 2: Designed IMC-compensator based HDD system
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   Figure 3 Graphical user interface (GUI) of the designed IMC-compensator

The mathematical expression of the designed compensator, C(s) and the closed-loop transfer function of the designed system are given by:
                                                       (7)
                                                          (8)
With the system designed, performance comparison was performed with previously implemented MRAC-PID and PID control systems presented in [12]. The Simulink Model for the computer based simulation comparison analysis is shown in Figure 4.
[image: ]
Figure 4: Simulink model of different control systems for HDD servo-positioning system
3. RESULTS AND DISCUSSION
This section presents the results of the simulations conducted in MATLAB/Simulink for the performance analysis of the read/write head position of HDD system. Simulations were basically performed for open loop and closed loop scenarios. In the open simulation analysis the HDD system was assumed to be operating without a feedback network and it was regard as uncompensated system (Sys1). The simulation curve and numerical analysis for the uncompensated system are shown in Figure 5 and Table 2. In the closed loop model (regarded as compensated), the designed IMC tuned compensator and other control methods were separately integrated with the HDD and the resulting dynamic response curves are shown in Figure 6. The numerical analysis of the performance of each of the control algorithm is listed in Table 3.  

[image: ] 
[bookmark: _GoBack]Figure 5: Step response of HDD system (uncompensated)
Table 2. Dynamic response parameters for HDD system in uncompensated state
	Parameter
	Value

	Rise time
	0.0373 s

	Overshoot
	95.4%

	Settling time
	9.13 s

	Final value
	0.0113

	Steady state error
	0.9887



The performance evaluation of the response of the HDD servo positioning system dynamic response in Figure 5 is listed in Table 2. It can be seen that the system in this state is marred significant cycling or oscillation of the R/W head of the HDD operation as can be seen is very much high and overshooting the desired tracking value by 95.4%. This oscillation results in system instability and can cause undesirable positioning of the R/W head of the HDD on appropriate track. The HDD positioning performance efficiency will be largely affected by this effect. 


[image: ]
Figure 6 Responses of different HDD servo-positioning control systems



Table 3 Numerical performance comparison of  IMC, PID, and MRAC control methods
	Parameter
	PID
	IMC
	MRAC-PID1
	MRAC-PID2
	MRAC-PID 3

	Rise time (s)
	0.3169
	0.283
	0.0894 
	0.0415 
	0.0066 

	Overshoot (%)
	0 
	0
	0.85
	1.1
	1.15

	Settling time (s)
	2.51 
	0.492
	1.45 
	1.45 
	1.45 

	Final value
	1.0000
	1.00
	1.0000
	1.0000
	1.0000

	Steady state error
	0
	0
	0
	0
	0


 
Figure 6 is the step response performances of the designed IMC tuned compensator, PID controller, and MRAC-PID based controllers. Looking at the simulation curves in Figure 6 and numerical analysis of the curves in Table 3, it can be seen that the IMC compensator outperforms the PID in terms of all the time domain parameters except the percentage overshoot wherein both produced the same effect. Also, the IMC based compensator offered better performance than the MRAC-PID based controllers in terms for dynamic response parameters except rise time. Thus, the comparison showed that the IMC compensator provides most effective performance for the R/W head function. 

The observations from the simulation test conducted are that: considering the step response curve of the transient characteristics of the HDD system without controller as shown Figure 5, the R/W operation of HDD will not be effective. Thus, for effective tracking in HDD, a servomotor based positioning system to improve the dynamic characteristics of the system is required. The performance of IMC compensator proves the robustness and the ability of the designed scheme to provide improved dynamic response to R/W head positioning of HDD. The simulation analysis of the designed controller with PID and MRAC-PID controller has shown that the IMC-compensator provides better robust control process effect in the for HDD system.
 
4. CONCLUSION
In this paper, the read/write (R/W) head position servo control system of hard disk drive using has been managed using IMC compensator. The mathematical equation of hard disk drive servomechanism was respected as a transfer function to describe the dynamic behaviour of the R/W head position servo of hard drive in a computer system. An IMC system was designed. The IMC was introduced to improve R/W operation of HDD. The system was modelled using control and estimation tool manager in MATLAB/Simulink environment for the purpose of analyzing its effectiveness. The evaluation of the performance of the HDD system was basically performed under two conditions that include open loop (or uncompensated system) and closed loop control. The designed compensator was implemented and it was observed that the IMC can used to effectively improve the performance of the R/W head positioning of HDD. The proposed control scheme was further compared with the popular PID control technique and MRAC-PID based controllers, where it proved to be superior.
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