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An Efficient Sensorless Rotational Vibration and Shock Compensator (RVSC) for Hard Disk Drives with Higher TPI

ABSTRACT: The present invention uses an observer scheme to estimate rotational vibration and shock in a disk drive servo system and provides a compensation signal. A filter with variable relative degree is used to filter this compensation signal and the filtered signal is used to attenuate the tracking error caused by shock, vibration and windup disturbances to the system. 

Introduction:

The TPI (track per inch) is now crossing 20K for low cost hard disk drives (HDD). TPI is kept increasing up to a point that a dual actuator (micro-actuator) has to be used. However, using a dual actuator will increase the production cost. If we do not have to use a dual actuator, it has been identified that ZAP (zero acceleration path) and RV-Feedforward (RVFF) technique will be required as high priority items in HDD servo techniques. ZAP is a technique to compensate the WI-RRO (written-in repeatable run out) resulting in that the actuator is actually following a nearly straight track (zero acceleration path) instead of following the physically written in track.  RVFF is a rotational vibration (RV) compensation technique using an additional sensor signal from sensors such as accelerometer or velocity transducer to enhance the servo performance. This invention develops a practical and efficient scheme for RV/shock compensation without any additional sensor.

It is well known that the accurate placement of the read/write head is crucial to the utility of disk systems. In order to reliably read data from or write data onto a disk media surface of a disk drive, a read/write transducer or head must be positioned precisely over a track of the media surface from which data is read or on which data is written. Failure to accurately position the read/write head over the desired track during a read operation results in unreliable data retrieval. If the read/write head is improperly positioned during a write operation to the disk, not only may the written data be lost, but also data on adjacent tracks may be written over and destroyed. This situation becomes increasingly worse as TPI increases. Therefore, a good disk drive servo system must be carefully designed for head position control. 
There are many control schemes used in HDD servo. PID (Proportional-Integral-Derivative) or SFB (State-Feedback) controller is used as a major control scheme. To enhance the servo performance, adaptive and robust schemes are also used as feedforward loops such as Model Reference Control, AFC (Adaptive Feedforward Cancellation), PTOS (Proximate Time Optimal Servomechanism), ILC (Iterative Learning Control), Command Shaping etc. In this invention, a robust controller based on a disturbance observer is presented.  The disturbance observer (DOB) [1][2] is capable of canceling various disturbances such as modeling uncertainties, unmodeled dynamics, variations of system parameters, and external disturbances. Unmodeled dynamics include nonlinear friction (i.e., stiction and Coulomb friction).  External disturbances include a step disturbance, shocks and vibrations.  Since our major target is to attenuate RV/shock, several new techniques are combined into the DOB design where for the first time, we have discovered that the phase margin loss due to DOB can be controlled by the relative degree of  Q-filter.

Present Design: 

Present designs need to use an additional sensor or a dedicated circuitry. In low cost HDD, since cost is one of the most important issues, no special design reported for RV/shock compensation without using any sensor. 

The Proposal Solution:

The proposed solution is within the framework of disturbance observer (DOB). The basic idea behind is: observe it then compensate it. The most important contributions of this invention are as follows:

· Minimization of the side effect of the proposed RVSC on the normal servo track following performance. 

· Concept of variable relative degree of Q-filter to obtain stronger compensation when shock/RV appears to be heavier. 

· Minimal model parameter (only one parameter in this invention)  needs to be known which cuts the modeling efforts to minimum.

The overall block diagram of the proposed RVSC is shown in Fig. 1. The plant to be controlled P(s) is subject to an external RV/shock disturbance denoted by d. A nominal model of P(s) is assumed to be known and is denoted by 
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, known as Q-filter, is used to filter out high frequency contents in 
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. A compensation signal d’, which contains low frequency contents of 
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. Also, the level of tracking error (PES) is used to tune the relative degree of 
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as well as the proportional gain of controller
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 according to pre-specified PES thresholds.
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Fig. 1. Rotational vibration/shock compensator based on the framework of disturbance observer (DOB)

· Scheme for 
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An HDD actuator is roughly a double integrator and therefore, approximately, 
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 could be a double differentiator. There are many schemes to obtain 
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. A popular way is through plant identification. This will result in a non-causal form of 
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 represented by IIR (infinite impulse response) transfer function. Since the concerned frequency range of RV/shock rejection is, from the HDD specification, between 20Hz to 500Hz, using a digital double differentiator (DDD) will be accurate enough should an accurate plant gain be available. This is true in HDD servo. A lumped gain 
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can be measured in drive level with high accuracy and the plant 
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It is true that (1) holds for wide frequency range up to 1000Hz and even to 2000Hz. 

Therefore, 
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 is simplified by a DDD with a known parameter 
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. The DDD used in this invention is not simply a finite difference or central difference. To reduce the noise and rounding-off problem due to fixed-point computation, the following DDD by the well-known Savitzky-Golay smoothing filter is used:
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· Determination of  nd
The principle for choosing a suitable nd is to minimize the phase mismatch between 
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 can be measured by sweep sine method routinely used in HDD servo development.  It is found that nd=3 is a suitable compromise. 

· 
[image: image24.wmf])

(

1

-

z

Q


Multiple first order Butterworth LPFs are used. The maximal relative degree of 
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(

1

-

z

Q

is set to 4. The cut-off frequency of each 1st order LPF can be equally set. More flexibility can be achieved by differently setting the cut-off frequencies as shown in Fig. 2.  Pre-specified PES thresholds are used to auto-select the relative degree of Q-filter. A RVSC deadzone is proposed by using a pre-specified PES threshold. That is, when PES is smaller than 
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 shown in Fig. 3, the RV/shock compensation signal d’ will be set to zero. When PES exceeds a larger PES threshold 
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 shown in Fig. 3, Q-filter with the lowest relative degree (1st order LPF alone) will be used for stronger compensation. This rule-based procedure is illustrated by Fig. 3.  In Fig. 3, the RVSC is inactive in the shaded area.
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Fig. 2. Rotational vibration/shock compensator using a Q-filter with variable relative degree and a compensation deadzone set by pre-specified PES thresholds.
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Fig. 3. PES threshold triggered scheme for auto-selection of the relative degree of Q-filter.

Proper arrangement should be made to avoid the filter state jump during the switch of the relative degree of Q-filter. A simple method is to keep on-line the computation of the all four 1st-order Q-filter even though the actual relative degree is now set to 1. In this case, the internal state jump due to relative degree change can be kept small as observed in our large shock experiments. 

The major reason for scheduling Q-filter in the way proposed in Figs. 2 and 3 is that the relative degree and the cut-off frequency of Q-filter have a fundamental restriction on the performance of RVSC and its impact on the overall system performance index such as phase margin etc.

· 
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 Redesign

It is quite clear that to achieve a more satisfactory design, 
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 should be redesigned together with Q-filter. However, it is not preferred to totally redesign the original controller.  In this invention, we propose to change the proportional gain (K1) to achieve a better RV/shock compensation performance. As shown in Fig. 1, we increase K1 by 2 dB or 3 dB  when PES exceeds certain threshold, say, 
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 or 
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Claims:

1. Use of a Double-Digital-Differentiator (DDD) and a nominal coefficient 1/Klump in estimating the acceleration signal.

2. Use of the delayed VCM DAC signal to get an estimate of RV/shock from the estimated acceleration signal obtained in Claim 1.

3. Use of three (3) steps of delay for VCM DAC signal in Claim 2.

4. Use of a low pass filter to filter the estimated RV/shock signal in Claim 2.

5. Use of a low pass filter with higher relative degree.

6. Use of multiple first order LPFs with constant or different frequencies.

7. Use of PES thresholds to determine/switch the LPF’s relative degree.

8. Use of a redesigned SFB (State Feedback) controller with minimal efforts. Especially, use an increased proportional gain (K1) to achieve higher RV/shock frequency bandwidth and less PM (phase margin) loss.

9. Use of a proper cutoff frequency as high as possible according to allowed PM loss and the LPF’s relative degree.

10. Use of a deadband (deadzone) to turn off RVSC when PES is within a prescribed threshold.

The Design Concept:

1). Basic Idea of Disturbance Observer (DOB)

In practice, a physical motion control system will not be the exactly same as a mathematical model no matter how the model is obtained.  The disturbance observer regards the difference between the actual output and the output of the nominal model as an equivalent disturbance applied to the nominal model.  It estimates the equivalent disturbance and the estimate is utilized as a compensation signal.  The disturbance observer concept was proposed by Ohnishi (1987) [1]. Umeno and Hori (1991) [2] refined the framework of disturbance observer theory based on the design of TDOF (two-degree-of-freedom) servo controllers and the factorization approach. Figure A1 shows how the disturbance signal d is reconstructed (observed) and fed back to cancel itself.  This structure follows the one suggested by Umeno and Hori.  However this novel idea does not work in practice due to the following reasons: 

· the inverse of the plant, is not realizable, 

· a perfect mathematical model of the plant cannot be obtained,  

· measurement noise may degrade the performance.  

These points are remedied by adding a low-pass filter (Q-filter) after the disturbance estimate (
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Fig. A1. Basic idea of disturbance observer (DOB).

[image: image37.wmf]C(z

-1

)

P(s)

P

n

-1

(z

-1

)

z

-n

d

Q(z

-1

)

+

_

_

+

+

+

+

_

d

d'

y

u

u'

r=0

d

obs

u

a

u'

a

y


Fig. A2. Feasible idea of disturbance observer (DOB).

2) Basic Properties

In order to see how the overall system based on the disturbance observer behaves, we examine the error transfer function (ETF) [image: image38.wmf])

(

w

j

S
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· Without DOB
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· With DOB
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Clearly, the disturbance observer cannot be implemented if 
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 in this invention is an FIR (finite impulse response) which is always realizable by itself.  No constraint is to be put to the relative degree of 
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 have to be made realizable by letting the relative degree of 
[image: image47.wmf]Q

s

(

)

 be equal to or greater than that of 
[image: image48.wmf]P

s

n

(

)

.  

A group of typical measurements of the above transfer functions are shown in Figs. A3, A4 and A5. In this particular case, referring to Fig. 1, 
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Hz are used.  With different relative degree of the Q-filter (
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=1,2,3,4), the RVSC performance is differently achieved. For the lowest relative degree (
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 cannot be 0), the best RV/shock attenuation is achievable. However, this is at the cost of largest amplification of mid-band frequency contents of both measurement noises as well as the RV/shock! Therefore, when RV/shock is not presented or is small, 
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as illustrated in Fig. A6, in this invention, a switching strategy is used. According to the pre-specified PES thresholds, when PES is larger, a smaller 
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 is used. However, when PES is within a small threshold, say 
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 shown in Fig. 3, RVSC will be turned off. This is to minimize the effect of RVSC on the nominal PES track-following performance when RV/shock is absence or small.
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Fig. A3. Original Bode plots of 
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Fig. A4. Bode plot comparison of 
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 Fig. A5. Bode plots of 
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Fig. A6. Bode plots of 
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 before and after RVSC for different relative degree of Q-filter.
3) Design Method

3.1) .  Delay steps in control signal u’?


As stated in the above, here the major consideration is to minimize the mismatch between the phases of 
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Fig. A7. The phase mismatch between 
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3.2). Q-filter Design 

Existing schemes:

Umeno and Hori (1991) suggested Q(s) in the following form:
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where N is the order of Q(s), 
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 is a filter time constant, and r is the relative degree of Q(s) and it must be greater than or equal to that of the transfer function describing the nominal plant.  Also, a binomial filter is proposed for Q(s) which is in the following form:
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In this invention:

Relative degree: 

Multiple of first order Butterworth low pass filters is used as shown in Fig. 2.  The relative degree is equal to the number of the 1st-order LPFs denoted by 
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 can be started from 1.  By using the structure shown in Fig. 2, 
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 can be switched from one value to another according to the PES amplitude. A typical implementation is shown in Fig. 3 with a deadzone of RVSC compensation.

Cutoff frequency: 

The cut off frequency of the Q-filter 
[image: image88.wmf]c

w

 is another key design parameter. Too high 
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 may result in worse robustness of the overall system. This can be seen from the variation of PM (phase margin) of the overall closed-loop system.  PM is in fact a function of 
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 the less PM loss. This is demonstrated by a set of measured data shown in Fig. A8. The red-grid plane represents the PM of the original system.  Therefore, Fig. A8 can guide us to choose a right combination of 
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Fig. A8. Phase margin as a function of cutoff frequency and relative degree of Q-filter in RVSC.

It seems quite hard to achieve a good RVSC performance without loss of PM. A compromise should be made in between RVSC performance and the robustness of the original system. 

However, the variable relative degree of the Q-filter of this invention relieved the problem of this compromising job as verified in our practice.

3.3) Redesign of the proportional gain of the original controller.

When the RV/shock is large, we can increase the proportional gain of the original controller by 2 to 3 dB. This technique is similar to the one used in the fast track-follow-settling period. 

This helps to gain back some lost phase margin.

4) RV attenuation results on a dedicated shaker.


Refer to “Performance Characterization of Rotational Vibration/Shock Compensator (RVSC) - Testing Results on a Dedicated Rotational Shaker”. Technical Report, Singapore Science Park Design Center, Seagate Technology International, Sept. 1999. 

A typical result is shown in Fig. A9. The RV rejection bandwidth of RVSC is about 350 Hz.
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Fig. A9. (a). PES one sigma versus shaker frequencies for OD, MD and ID tracks (Drive 3CR0024I). (b): Averaged RV attenuation in terms of PES one sigma improvement in percentage versus shaker frequencies for OD, MD and ID tracks (Drive 3CV003KK). Shaker RV level @ 26 rad/sec/sec.
5) Shock attenuation result using simulated shock.

Refer to “RVSC: Shock Compensation Performance.” Technical Report, Singapore Science Park Design Center, Seagate Technology International, Sept. 1999.

We present two representative plots to demonstrate the effectiveness of the proposed RVSC. In Fig. A10, shock attenuation with a smaller 
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 significantly improves the shock compensation performance. However, this is at the risk of destabilizing the system when the original controller design has little margins. Therefore, it is very interesting and practically valuable to see if we can achieve better shock attenuation without using a modified 
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Fig. A10. 5G equivalent,11msec half sine shock responses. (Trace-A: w/o RVSC compensation; Trace-B: 
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Fig. A11. 5G equivalent,11msec half sine shock responses. (Trace-A: w/o RVSC compensation; Trace-B: 
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