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Abstract

This paper proposes a scheme for auto-tuning a lag-lead compensator to satisfy frequency-domain specifications of a feedback control
system. Most previous studies proposed algorithms for tuning either lag or lead compensators. A study presented a self-tuning lag-
lead compensator whose proportional gain, however, needs to be set manually. In contrast to previous studies, a fully automated
tuning process for a lag-lead compensator is devised in this paper. In the proposed scheme, the plant's frequency responses at specific
frequencies are first estimated, and an iterative algorithm adapts all controller parameters. To facilitate the estimation of high loop
gain at a low frequency, a notch filter is introduced to the control loop while estimating this high low-frequency loop gain. Without this
mechanism, a real-time data acquisition system of a wide dynamic range would be required. In addition to fulfilling the requirements
for the low-frequency loop gain and phase margin, another feature of the proposed scheme is the satisfaction of the required gain-
crossover frequency. However, the proposed method supposes that the frequency-domain specifications can be met for a plant using
a lag-lead compensator, which is the plant's requirement for the proposed method. Experimental results for controlling a voice-coil

motor are reported in this paper, showing that the proposed auto-tuner can practically provide a lag-lead compensated system

satisfying frequency-domain performance requirements.
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1 Introduction

The lag-lead compensator and the proportional-integral-
derivative (PID) controller are the two most important cat-
egories of feedback controllers in practical applications.
Owing to its convenient form and simple implementation,
the PID controller is widely used for industrial automation
processes [1], where the processes to be controlled are also
referred to as plants in the context of control system engi-
neering. Designing a PID controller often requires a plant's
mathematical model that is always either uncertain or un-
known, and there is a need to automatically tune control-
ler parameters, which attracts a lot of research efforts.
The most well-known heuristic tuning guidelines for the
PID controller are the Ziegler-Nichols rules [2], which do
notrequire prior knowledge of a plant's mathematical model
to determine three controller gains. These are the gains of
proportional, integral, and derivative control terms. In the
Ziegler-Nichols rules, the ultimate-cycle method uses only

a proportional controller, adjusts the proportional gain to
produce persistent oscillations in the plant's output, and
records the corresponding proportional gain and oscilla-
tion period respectively referred to as the ultimate gain
and period. The ultimate gain and period are then used
to determine the PID gains. Rather than bringing about
a risk of closed-loop instability during the tuning process,
the relay feedback test [3] and its modifications [4—7] were
proposed to automatically measure the ultimate gain and
period. Many other tuning algorithms have also been pro-
posed based on the iterative feedback tuning method [§],
pole-compensation method [9], frequency-domain ap-
proach [10, 11], or internal model control structure [12].
Heuristic search algorithms, such as genetic algorithm [13]
and artificial bee colony optimization algorithm [14], have
been applied to determine PID gains. Besides, fuzzy logic
and artificial neural networks are used to mimic or online
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tune the PID controller [15, 16], being an emerging area
of control technologies.

A lag-lead compensator has been applied to control a lot
of physical systems, such as an optical image stabilization
system [17], a head-positioning control system in a disk
drive [18], and a power system [19]. Compared with the PID
controller, the lag-lead compensator can provide high-fre-
quency attenuation, thus reducing sensitivity to high-fre-
quency measurement noise and unmodeled dynamics.
Due to limited low-frequency gain, it also alleviates the
so-called integrator-windup phenomenon that is commonly
encountered in a PID-controlled system. The lag-lead com-
pensator that aggregates both lag and lead compensators is
an improved form of the PID controller [20]. However, the
tuning of a lag-lead compensator involves more parame-
ters and thus more complex algorithms than that of the PID
controller. Previous works on the auto-tuning of a lag-lead
compensator are much less than those on the PID auto-tun-
ing. For integrating processes, Tsang et al. [21] proposed
a method for auto-tuning a lead compensator, in which
a specification for relative stability is given in terms of
phase margin. The studies [20-23] proposed algorithms
for tuning either a lag or a lead compensator, rather than
a complete lag-lead compensator. Nassirharand [24] devel-
oped a self-tuning lag-lead compensator, in which a pro-
portional gain needs to be set manually.

The frequency-domain method is reliable and practi-
cal for control system applications [25]. Based on the fre-
quency response technique, this study develops a fully
automated tuning process for a lag-lead compensator that
consists of a lag compensator for adequate low-frequency
loop gain and a lead compensator for sufficient relative sta-
bility. Unlike the study [24], the proposed tuning process
does not require manually setting a proportional gain for
the lag-lead compensator. In contrast to the previous stud-
ies, there are two additional salient features of the proposed
scheme. One is the achievement of online estimation of
a high low-frequency gain, which would require a real-time
signal processing system of a wide dynamic range without
using the proposed scheme. The other feature is the fulfill-
ment of requirements not only on the phase margin but also
on the gain-crossover frequency. An experimental study
is conducted for a voice coil motor of a disk drive. The rest
of this paper is arranged as follows. First, an experimen-
tal system and performance specifications in the frequency
domain are presented. Second, how to estimate frequency
responses of the plant at specific frequencies is explained.

Third, an iterative algorithm for auto-tuning a lag-lead
compensator is proposed. Lastly, experimental results are
reported, and conclusions are provided.

2 An experimental system with performance
specifications

Consider a focus system of an optical disk drive, in which
a voice coil motor drives an objective lens. This servo
system is to concentrate a laser beam onto an informa-
tion layer of an optical disk by actively adjusting the posi-
tion of the objective lens. However, due to disk wobbles,
the rotation of a disk causes persistent movements of the
data layer, and the focus servo needs enough low-fre-
quency loop gain, bandwidth, and relative stability to con-
tinually move the lens and regulate the focal point as close
to the information layer as possible.

The focusing error should be within = 0.23 um whereas
the maximum allowable disk wobble is + 0.3 mm, requir-
ing a minimum loop gain of 1300 or, equivalently, 62.3 dB.
According to the DVD (Digital Versatile Disc) physical
specifications for read-only disk, the loop gain should be
between 66 and 86 dB from 9.6 to 23.1 Hz. Hence, the spec-
ification for the low-frequency loop gain is set to 76 dB
at 25 Hz. Moreover, according to the DVD physical speci-
fications for read-only disk, the maximum allowable accel-
eration of the disk wobble is 8 m/s?, giving the specification
of at least 2000 Hz for a gain-crossover frequency. In the
DVD physical specifications for read-only disk, there is no
specification for the phase margin. The phase margin for
the focus system is generally required to be greater than
35 degrees based on experience in industrial practice.
The specification for the phase margin is chosen to be
40 degrees in this paper. The performance requirements
for the focus system are summarized as follows:

1. a low-frequency loop gain of 66 dB at the frequency

of 25 Hz;

2. a gain-crossover frequency of at least 2000 Hz;

3. a phase margin of 40 degrees.

In some literature, the gain-crossover frequency is also
referred to as the unity-gain frequency. Fig. 1 shows a block
diagram of the focus system, where » denotes the refer-
ence, P(s) denotes the plant's unknown transfer function,
u is the plant's input, and C(s) represents a focus controller
that is a lag-lead compensator. In this system, the measur-
able signal for feedback is the output error, e , and the dis-
tance between the lens and the disk's information layer is
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Fig. 1 Block diagram of the focus servo system in normal operation

kept constant by regulating e, to zero. That is, when e =0,
this distance almost equals the focal length. The lag-lead
compensator has Eq. (1):

s+ Po, Xa(s+wg/\/a)
oo,

C(s)=K M

1ﬁ(s+a)l)

in which w, = 2z x 25, and K, f, o and w, are control-
ler parameters to be auto-tuned. Fig. 2 shows the asymp-
totic magnitude Bode plot for the lag-lead compensator,
in which Kg denotes the gain at the frequency of o, and
K denotes the constant gain in the frequency range of
po, and o, / Ja. 1t is worth noting that the asymptote
between o, and fw, is given by K w,/ s whereas the asymp-
tote between o, / Ja and Vo o, is described by Kgs/ w,
It is desired to devise an auto-tuning law to decide the
controller parameters, K, §, a and @, for satisfying the
performance requirements.

3 Estimation of frequency responses at specific
frequencies

Auto-tuning a compensator needs information on the
plant [26]. In practice, the plant's transfer function, P(s),
is either uncertain or unknown. Implementation of a gen-
eral self-tuning controller involves setting up a mathe-
matical model for the plant as well as online identifica-
tion of the model's parameters using a system identifier,
which is a demanding task. Rather than performing com-
plete modeling and identification of the plant, this paper
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Fig. 2 Asymptotic magnitude Bode plot for the lag-lead compensator
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presents an approach that online measures frequency
responses of the plant only at some specific frequencies
that are required for satisfying the performance require-
ments. This is done by injecting exogenous sinusoidal sig-
nals of specific frequencies into the control loop and esti-
mating corresponding frequency responses.

Fig. 3 shows the block diagram for estimating frequency
responses at specific frequencies, in which a sinusoidal
signal having an amplitude of K is introduced to the con-
trol loop, and e_equals e, plus that sinusoid. The sinusoi-
dal signal, the controller, the bandpass filter, and Fourier
analyses, shown in Fig. 3, are realized using a DSP (digital
signal processor). Fourier analyses are employed to find
the loop gain by calculating Fourier coefficients of e :

a, = i . e, cos ot dt, 2
NT 70
2 .
b, = —J'NT e, sinwt dt, ©)
NT 70

and those of e;:

a, = 2 NTeY coswt dt, )
* NTY

b, = LJ.NTeS sinwt dt, ®)
" NT o

in which @ equals either o, or w, T'= 27/ and a natural
number, N, denotes the number of cycles of the sinusoid used
to perform Fourier analyses. Through gain and phase calcu-
lations, the loop gain at the frequency of w is obtained as:

. . \/ao2 +b02 14 1 4
C(ja))G(Ja))=—L tan” -~ —tan~ — |, 6)
CISZ + bsz bo bs
in which G(s) equals either P(s) or P(s) in cascade with
a notch filter. As shown in Fig. 3, the notch filter is imple-
mented as 1 + H(s), in which H(s) is a bandpass filter
described by:

Band-pass |
filter / : I

Sine-wave

G(s)

Gain & phase a,, b, . i
N ) g esransennnnes Fourier analysis
calculation

Fig. 3 Estimation of frequency responses at specific frequencies
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Q)

H(s)- 2(¢-0.707) o,
2 +2x0.707w,s +

The parameter, ¢, in Eq. (7) is used to determine the
magnitude of attenuation of the notch filter at w,. The notch
filter has a Butterworth polynomial of order 2 and provides
a gain of {/0.707 at the frequency of @, In normal oper-
ation or when measuring the frequency response at @,
the switch shown in Fig. 3 is open, and the notch filter is
ineffective. The notch filter is active only when estimat-
ing the frequency response at w,. Because the loop gain at
the low frequency, w,, is rather high, making the magni-
tude of e extremely small relative to that of e . To reduce
the difference between the dynamic ranges of e and e
for stable implementation, the auto-tuner incorporates
the notch filter into the control loop while estimating the
frequency response at w,. Moreover, to have a bumpless
transfer, a zero-crossing detection mechanism is imple-
mented, which makes the notch filter become effective
once there is a zero-crossing in the output of the bandpass
filter, H(s). In this study, {'is selected to let the filter have
an attenuation of 46 dB at w,. Using Eq. (6), the loop gains
at , and w, can be obtained; that is, C(jw,)G(jo,) and
C( jcog)G( ja)g) can be estimated. Moreover, since the fre-
quency responses of C(s) and H(s) are known, the plant's
gains, P( jw) with @ equal to w, and w_, can be evaluated,
enabling subsequent tuning procedures.

4 Iterative auto-tuning of a lag-lead compensator
The control system needs to have a low-frequency loop
gain of 66 dB at 25 Hz so w, is fixed to 2z x 25 rad/s. On the
other hand, the system requires a unity-gain frequency of
at least 2000 Hz so o, is initially set to 2z x 2000 rad/s.
Once the auto-tuner completes the evaluation of P(jw,)
and P(jw,), the following tuning process is commenced:
1. Step 1. (Determination of K,): since the loop gain at
o, requires 66 dB, the low-frequency gain of the lag-
lead compensator is given by letting:

K, =D,/|P(jo,) ®)

in which the desired loop gain D, = 1066 *3720 = 1092,

2. Step 2. (Determination of K, and a): as shown in Fig. 2,
the compensator gain at o, is denoted as K. This gain
should be chosen to have e, be the gain-crossover fre-
quency, giving:

K, =|P(jo,) ©

To obtain a desired phase margin of 40 degrees, the
phase that needs to be provided by the lead com-
pensation is initially set to ¢ = —140°—4P(jcog),
which is then used to decide the parameter:

_l+sing
1-sing

(10)

3. Step 3. (Determination of K and p): the gain, K ,
can be decided from the lead part of the compensator.
As shown in Fig. 2, the asymptote between o, / Ja
and \/;cog is described by Kgs/cug. The gain, K , is
the magnitude of this asymptote at the frequency of

o, /\/E, giving:
=K, e, an

K, =|K,s /a)gL:ng e
in which K, and o have been determined in Step 2.
To decide f, consider the asymptote between o,
and pw,, which is described by Kw,/s. As shown in
Fig. 2, the magnitude of this asymptote at the fre-
quency of fw, equals K , leading to:

K, =|K o, /s|s =K,/B. (12)

=jPoy

Equating Eqgs. (11) and (12) gives:
B=vakK, /K, (13)

in which K, is specified in Step /, and K and o are
given in Step 2.

4. Step 4. (Examination and iteration): so far, a proto-
type of the lag-lead compensator has been decided.
Subsequently, the phase margin of the resulting sys-
tem is examined. If the phase margin is unsatisfac-
tory, then increase the nominal phase lead, ¢, by 1°,
and redo from Step 2 until the phase margin cannot
be further increased by increasing ¢. When the phase
margin cannot be improved by increasing ¢, then
increase o, by 200 Hz, estimate P( ja)g), and redo
from Step 2. If the phase margin is satisfactory, then
the auto-tuning process is terminated. This so-ob-
tained analog compensator is then digitized using
the bilinear transformation with prewarping of the
gain-crossover frequency, o , and the compensator
parameters are updated.

Fig. 4 illustrates the flow chart of the auto-tuning algo-
rithm, in which PM denotes the phase margin. The pro-
posed auto-tuning algorithm yields a lag-lead compensator's
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Fig. 4 Flow chart of the auto-tuning process

parameters using the reasoning based on an asymptotic mag-
nitude Bode plot, which approximates an actual Bode plot.
When the parameter, f, of the compensator's lag part is large,
the phase lead by the compensator can diminish and become
smaller than expected, giving an unsatisfactory phase mar-
gin. As shown in Fig. 4, when the phase margin is insuffi-
cient, the nominal phase lead, ¢, is increased by 1° per iter-
ation. Furthermore, if the phase margin cannot be improved
by increasing ¢, then w, is increased by 200 Hz per iteration.

The proposed method supposes that the frequency-do-
main specifications can be met for a plant using a lag-
lead compensator, which is the plant's requirement for
the proposed method. Specifically, the proposed method
is applicable to minimum-phase plants with a relative
degree of two or fewer. Note that the frequency-domain
specifications considered in this paper include a required
gain-crossover frequency. When a plant has a relative
degree higher than two, a high required gain-crossover
frequency implies that the specifications cannot be all sat-
isfied using a lag-lead compensator, demanding the use of
multi-stage lead compensation or specification relaxation.
With the validity of the assumption that the specifications
can be met using a lag-lead compensator, the auto-tuning
process, shown in Fig. 4, can converge. When this assump-
tion cannot be ensured, the auto-tuning process should be
amended with an additional exit condition.
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5 Experimental study

5.1 Realization of the auto-tuner

The control system is realized using DSP/FPGA (field-pro-
grammable gate array) hardware. The FPGA handles the
timing of all input-output peripherals and sends an exter-
nal interrupt request signal to the DSP. After receiving this
interrupt request, the DSP commences an interrupt service
routine to execute the algorithms for the auto-tuner and the
compensator. The clock speed of the FPGA is 100 MHz.
This clock is divided by 2°, producing an interrupt request
signal of 195.3125 kHz to the DSP. Hence, the sampling
frequency of the DSP is 195.3125 kHz.

With this sampling frequency, practical o, is set to
27 x 25.0016 rad/s, and the initial o, is approximated to
27 % 1992.9846 rad/s. Table 1 lists parameters for estimat-
ing P(jw,) and P( ja)g), where 0 denotes a tolerance bound-
ary of gain estimation in percentage, and y is a parameter to
determine whether the system has entered a steady state for
stable gain estimation after being subject to an injected sinu-
soid. In the proposed algorithm, P( jw), @ = w, or W, is esti-
mated every N cycles of the injected sinusoid with an ampli-
tude of K . Let P( jw) denote the i-th estimate of P(jw) for
® =, or w . If the relation, |l -P_ (jo)/P (ja))| <6/100,
is valid for y consecutive times, then the current estimate,
P(jw), is considered a valid estimate of P(jw). Once
P(jow,) and P( Jjo,) are estimated, the DSP automatically
starts finding parameters of the lag-lead compensator using
the algorithm described in Section 4.

5.2 Results from different initial controllers

The plant was identified, giving a nominal transfer func-
tion of 1.065 x 10%/(s* + 39.82 s + 4.119 x 10°) for designing
initial controllers. This nominal transfer function reveals
that the plant has a damping ratio of 0.03 and a natural
frequency of 642 rad/s. Unlike a general DC motor, the
plant does not include an integrator and has a pair of lightly
damped dominant poles. Because of the lag compensation,
an integrating effect is not required in the controller. Based
on the plant's nominal model, two initial controllers are
chosen using the trial-and-error method. The two initial
controllers, C (s) and C,(s), are respectively described by:

Table 1 Parameters for evaluating P(jw,) and P( ja)g)

. Notch filter
0,
K (V) N(cycles) d(%)  (times) introduced?
For P(jw,) 0.2 5 20 15 Yes
For P(jw ) 0.1 1 2 15 No
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2498 5% +1.475x10%s +1.221x107

s)= , 14

A( ) 6.34 s> +2.036x10°5+3.182x107 (14
110.6 s* +1.095x10%s+2.711x10°

B(S)= 2 6 g (13
31.65 s +1.012x10°s+1.582x10

in which C (s) has less low-frequency gain than C,(s).
The low-frequency loop gains with C (s) and C,(s) are
respectively 37.3 and 70.2 dB at 25 Hz, being respectively
lower and higher than the specification of 66 dB. On the
other hand, the nominal phase margins with C (s) and
C,(s) are both less than the specification of 40 degrees.
These initial compensators were intentionally detuned to
verify if the auto-tuner could modify the compensators to
meet the specifications. With a disk's rotational frequency
of 1200 rpm, Fig. 5 shows signals during an auto-tuning
process with the initial controller, C,(s), in which a pull-in
detection signal, P/, indicates if the laser beam is focused
onto the information layer of an optical disk. Moreover,
to indicate status of the DSP controller, a single-bit flag,
Flag, is toggled whenever the DSP initiates a different
task. As shown in Fig. 5, when the DSP has the focus
servo on, the P/ goes high, revealing that the laser spot has
been nearly focused on the information layer. After the P/
remains high for some time, the focus status is designated
as Focus OK, which allows the auto-tuner to first estimate
P( ng) with o, near 2.0 kHz. Subsequently, the auto-tuner
estimates P(jo,) and starts an iteration process for finding
compensator parameters. When the desired phase margin
is unattainable with w, near 2.0 kHz, then o, is increased
to near 2.2 kHz, and the auto-tuner estimates P( jo,) and
continues the iteration process further. As shown in Fig. 5,
the auto-tuner finally decides compensator parameters
with , near 2.2 kHz and updates the lag-lead compensator
for normal operation. Fig. 6 shows the evolution of phase
margin during the tuning process. It is seen that the phase
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Fig. 5 Auto-tuning process with the initial controller, C (s)
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Fig. 6 Evolution of phase margin during the tuning process

margin is initially increasing with respect to the number
of iterations. However, the phase margin obtained at the
18 iteration becomes smaller than that obtained at the 17%
iteration, so the auto-tuner increases w, to near 2.2 kHz
and continues the iteration process. As shown in Fig. 6, the
desired phase margin is achieved at the 27 iteration.

Fig. 7 shows the loop gains before and after auto-adjust-
ment using the preliminary compensators, C (s) and C,(s),
in which these loop gains are obtained using a sound-and-vi-
bration module, PXI 4461, National Instruments. It is seen
that these loop gains with C (s) and C,(s) are quite different
and do not fulfill the required specifications. After auto-ad-
justment, the loop gains become close to each other. Table 2
lists performance indices after auto-tuning using different
initial controllers. It is seen that although the initial con-
trollers are distinct, both auto-tuned systems have perfor-
mance indices close to the desired specifications.

5.3 Results for systems subject to large disturbances

Another disk drive is used in the following experiments
to examine the same auto-tuner with another physical
plant. Besides, a disk with a wobble of = 0.5 mm from
Teac Corporation is used to test the auto-tuner with sig-
nificant disturbances due to the rotation of this wobbling
disk. Fig. 8 shows auto-tuning results of two experiments
with the same initial controller, C (s), but with two dif-
ferent rotational speeds of the disk, 1200 and 2400 rpm.
It is seen that the tuning results are satisfactory despite
significant disk wobbles. However, with a disk's rotational
speed of 1200 rpm, there are fluctuations in the measured
loop gains at 20 and 40 Hz respectively corresponding to
one and two times the disk's rotational frequency. Since
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Table 2 Auto-tuning results with different initial controllers

Gain at o, (dB) Gain at w_(dB) PM. (°)
With the initial 65713 0253 40321
controller, C (s)
With the initial 66301 ~0.486 41.297

controller, C,(s)

the interested frequency of the auto-tuner is 25 Hz, these
disturbances at 20 and 40 Hz do not noticeably influence
the auto-tuning of low-frequency loop gain. Moreover,
as shown in Fig. 8, doubling the disk's rotational speed to
2400 rpm does not have much influence on auto-tuning.
Fig. 9 shows the time response of the focus servo sys-
tem before and after auto-tuning at the disk's rotational
speed of 2400 rpm. It is seen that before the auto-adjust-
ment, the output error, e, is excessive and much affected
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Fig. 9 Dynamic responses before and after adjustment with a wobbling disk
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by disk wobbles. After the auto-tuning, the output error
is greatly alleviated, implying that the lag-lead compen-
sator has been well tuned. Table 3 shows the performance
indices of the auto-tuned system with the wobbling disk
at different rotational speeds. In these experiments, the
gain-crossover frequency, o, is automatically adjusted
to near 3.4 kHz, and the performance indices after tun-
ing are close to the aforementioned requirements. These
results show that the proposed auto-tuner can be robust
to unknown disturbances and also to the variation of the
disk's rotational speed.

5.4 Experimental results for systems with substantial
noises

In the following experiments, the wobbling disk is re-
placed by another test disk also from Teac Corporation.
Onto this test disk, black-band defects were deliberately
introduced. When the laser spot is within the zone of black
band, almost no light will be reflected from the disk, so
valid feedback signals will vanish. In this situation, there
exist substantial noises in the feedback signals. Fig. 10
shows the auto-tuning process with a black-band disk using
the initial controller, C (s). Compared with the P/ signal
shown in Fig. 5, the P/ signal shown in Fig. 10 can abruptly
drop down for short periods due to black-band defects. It is
also seen from the Flag signal shown in Fig. 10 that the

Table 3 Auto-tuning results with a wobbling disk at different
rotational speeds

Gain at o, (dB) Gain at w_(dB) PM. (°)
Wobbling disk at 66.295 0.163 39.961
1200 rpm
Wobbling disk at
2400 rpm 65.091 0.496 39.812
. : ;
e, I i I
T |
[ ! i
N (B 1 i
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Fig. 10 Auto-tuning with a black-band disk using the initial controller,
C,(s)

auto-tuner increases o, several times to meet the require-
ment of phase margin. Fig. 11 shows the evolution of phase
margin during the tuning process. It is seen that whenever
the phase margin cannot be further increased at a specific
,, the auto-tuner increases by 200 Hz until the desired
phase margin is attained. In this experiment, w_ is succes-
sively increased to near 3.4 kHz, and the phase margin is
automatically tuned to reach 40 degrees.

Fig. 12 shows the auto-tuning results with a black-band
disk using two initial controllers, C (s) and C,(s). Here,
initial low-frequency loop gains are either lower or higher
than necessary, and initial phase margins are all lower
than required. Despite the black-band defects, both auto-
tuned systems have loop gains close to the specifications.
Table 4 lists the resulting performance indices. It demon-
strates that the gains at o, and w, are respectively close
to 66 and 0 dB with o, greater than 2.0 kHz. Moreover,
the resulting phase margins are approximately 40 degrees.
It demonstrates that the auto-tuner is able to deal with
noises induced by black-band defects.

6 Conclusion

This paper presents a scheme for auto-tuning a lag-lead
compensator to satisfy frequency-domain requirements.
In the proposed scheme, sinusoidal signals of specific fre-
quencies are injected into the feedback system, and the
plant's frequency responses at these specific frequen-
cies are estimated. Especially, a notch filter is imple-
mented as a unity gain in parallel with a band-pass filter
and is used to enable stable estimation of high loop gain
at a low frequency. Based on the concept of asymptotic
Bode diagram, an auto-tuning algorithm is proposed to

45 v — — ,
2kHz 22kHz 24kHz  2.6kHz! 28kHz | 3.0kHz | 32kHz |
g0 b T T T T T T Ak
35

30

25

Phase margin (Deg)

20

10 T Vi iy Py I .
20 40 60 80 100 120
Number of iterations

F

g. 11 Evolution of phase margin during the tuning process
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Table 4 Auto-tuning results with a black-band disk

Gain at o, (dB) Gain at w_(dB) PM. (°)
With the initial 66.208 0.394 39.679
controller, C (s)
With the initial 66.853 ~0.486 40.601

controller, C,(s)

iteratively adjust all compensator parameters for fulfill-
ing the requirements on both the phase margin and the
gain-crossover frequency. Experimental studies on the
voice coil motor of a disk drive have been conducted.
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