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You should refer to the benchmark problem on a hard disk drive servo system design attached

in the appendix for all three homework assignments.

Homework Assignment 1:

Using the LQR design, the Kalman filter design and their combination, i.e., the LQG control
method to design an appropriate measurement feedback control law that meets all the design

specification specified in the problem.

Show all the detailed calculation and simulate your design using MATLAB and/or Simulink. Give
all the necessary plots that show the evidence of your design and compare your results with

those given in the appendix.

Homework Assignment 2:

Using both the H; and H.,, control techniques to design appropriate measurement feedback

control laws that meet all the design specification specified in the problem.

Show all the detailed calculation and simulate your design using MATLAB and/or Simulink. Give
all the necessary plots that show the evidence of your design and compare your results with

those given in the appendix.

Homework Assignment 3:

Using the loop transfer recovery control technique to design appropriate measurement

feedback control laws that meet all the design specification specified in the problem.
Show all the detailed calculation and simulate your design using MATLAB and/or Simulink. Give

all the necessary plots that show the evidence of your design and compare your results with

those given in the appendix.
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Appendix

A Benchmark Problem on an HDD Servo System Design
adopted from the monograph

B. M. Chen, T. H. Lee, K. Peng and V. Venkataramanan
Hard Disk Drive Servo Systems

2nd Edition, Springer, New York, 2006
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A Benchmark Problem

Before ending this book, we post in this chapter a typical HDD servo control design
problem. The problem has been tackled in the previous chapters using several design
methods, such as PID, RPT, CNF, PTOS and MSC control. We feel that it can serve as
an interesting and excellent benchmark example for testing other linear and nonlinear
control techniques.

We recall that the complete dynamics model of a Maxtor (Model 51536U3) hard
drive VCM actuator can be depicted as in Figure 11.1;
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Figure 11.1. Block diagram of the dynamical model of the hard drive VCM actuator

The nominal plant of the HDD VCM actuator is characterized by the following
second-order system:

e {8 é] v {6.401g>< 107} (Sat(“) +win) (11.1)

and
g=[1 0]z (11.2)

where the control input « is limited within £3 V and wj, is an unknown input dis-
turbance with |wi,| < 3 mV. For simplicity and for simulation purpose, we assume
that the unknown disturbance wi, = —3 mV. The measurement output available for
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control, i.e. y (in pm), is the measured displacement of the VCM R/W head and is

given by
4
H Gm-(s)
i=1

where the transfer functions of the resonance modes are given by

Yy = ¥ + wous + Noise (11.3)

Gorls) = 0.912s2 + 45745 + 1.433(1 + 6) x 108 1

BT T g2 1 350,25 + 1.433(1 + 6) x 108
Gonls) = 0.758652 + 962.2s + 2.491(1 4 ) x 10®

P2 T T2 1789 15 + 2.491(1 4 6) x 108

b (11.4)

Grals) = 9.917(1 + 6) x 108

DI T 2 15755 + 9.917(1 + 0) x 108
Goals) = 2.731(1 + 6) x 10°

DT 2 126135 + 2.731(1 + 0) x 10° )

with —20% < § < 20% represents the variation of the resonance modes of the actual
actuators whose resonant dynamics change from time to time and also from disk
to disk in a batch of million drives. Note that many new hard drives in the market
nowadays might have resonance modes at much higher frequencies (such as those
for the IBM microdrives studied in Chapter 9). But, structurewise, they are almost
the same. The output disturbance (in pm), which is mainly the repeatable runouts, is
given by

Wout = 0.18in(1107t) + 0.05 sin(2207t) + 0.02 sin(4407t) + 0.01 sin(8807t)
(11.5)
and the measurement noise is assumed to be a zero-mean Gaussian white noise with
avariance o2 = 9x 10~ (um)?.

The problem is to design a controller such that when it is applied to the VCM
actuator system, the resulting closed-loop system is asymptotically stable and the
actual displacement of the actuator, i.e. h, tracks a reference »r = 1 pm. The overall
design has to meet the following specifications:

1. the overshoot of the actual actuator output is less than 5%;

2. the mean of the steady-state error is zero;

3. the gain margin and phase margin of the overall design are, respectively ,greater
than 6 dB and 30°; and

4. the maximum peaks of the sensitivity and complementary sensitivity functions
are less than 6 dB.

The results of Chapter 6 show that the 5% settling times of our design using the
CNF control technique are, respectively, 0.80 ms in simulation and 0.85 ms in actual
hardware implementation. We note that the simulation result can be further improved
if we do not consider actual hardware constraints in our design. For example, the
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CNF control law given below meets all design specifications and achieves a 5%
settling time of 0.68 ms. It is obtained by using the toolkit of [55] under the option
of the pole-placement method with a damping ratio of 0.1 and a natural frequency of
2800 rad/sec together with a diagonal matrix W = diag{1.5, 0.01, 2 x 10 ~1°}. The
dynamic equation of the control law is given by

i’i _ 0 0 T . —10 + 0 sat(N)_ 10r
i)~ [0 —4000|\ z, 1.6x107 | Y7 | 6.4013 %107 U 0

(11.6)
Ti
@ = p(e)[0.61237 0.049449 8.4622x10°] y—r
z,+4000y
i
—[1.2248 0.12335 1.0310x1077] y—r 117
z, +4000y

where

ple) = —2.65 [e 07lel — =07 (11.8)
and

u = Gnotch(s) U (119)

with Goten (s) being given as in Equation 6.9.

The simulation results obtained with § = 0 given in Figures 11.2 to 11.4 show
that all the design specifications have been achieved. In particular, the resulting 5%
settling time is 0.68 ms, the gain margin is 7.85 dB and the phase margin is 44.7 °,
and finally, the maximum values of the sensitivity and complementary sensitivity
functions are less than 5 dB. The overall control system can still produce a satisfac-
tory result and satisfy all the design specifications by varying the resonance modes
with the value of § changing from —20% to 20%.

Nonetheless, we invite interested readers to challenge our design. Noting that
for the track-following case, i.e. when » = 1 pm, the control signal is far below its
saturation level. Because of the bandwidth constraint of the overall system, it is not
possible (and not necessary) to utilize the full scale of the control input to the actuator
in the track-following stage. However, in the track-seeking case or equivalently by
setting a larger target reference, say » = 500 pm, the very problem can serve as a
good testbed for control techniques developed for systems with actuator saturation.
Interested readers are referred to Chapter 7 for more information on track seeking of
HDD servo systems.



294

11 A Benchmark Problem

o
(2}
T
Il

°
i
T
I

o
N
T
Il

R/W head displacement (um)

0 0.5 1 1.5 2 2.5 3 3.5 4
Time (ms)

Control signal to VCM (V)

0 0.5 1 1.5 2 25 3 35 4
Time (ms)

(a) h and w for the system without output disturbance and noise

[N

o©
©

©
)

°
IS

o
N

R/W head displacement (um)

o

1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 35 4
Time (ms)

(=
[N
(4]

o
i

0.05

Control signal to VCM (V)
o

1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (ms)

(b) h and u for the system with output disturbance and noise

Figure 11.2. Output responses and control signals of the CNF control system
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Figure 11.3. Bode and Nyquist plots of the CNF control system
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Figure 11.4. Sensitivity and complementary sensitivity functions with the CNF control



