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Abstract

This report presents a design method for a multi-rate digitetroller with interlacing and its
application to hard disk drives. The objective of this mudtie controller design is to reduce the amount
of real time computation. In general, a digital controllentains slow modes and fast modes. The slow-
mode portion can be updated less frequently in order to eethee computational load. In other words,
one can decrease the sampling rate of the slow-mode camtrbliénce, the resulting multi-rate digital
controller is composed of a fast-mode controller with higimpling rate and a slow-mode controller
with low sampling rate. The slow mode controller and the faside controller may be configured in
either parallel form or serial form. The amount of compwtatis uniformly reduced by interlacing the
slow-mode control outputs. This report also addressesgsues due to slow rate implementation of the
slow-mode components: performance degradation and sidjaalng. The multi-rate control system is a
linear periodically time-varying (LPTV) system. Using &itig approach, the frequency response of the

multi-rate system is represented by a frequency domainixndthis matrix provides the information



to quantify the aliasing and the distortion effect in the tiatdte system. As an example of multi-rate
control with interlacing, track-following control for hdrdisk drive is considered. Performance and
aliasing analysis is presented for both the series andlpbstiuctures. This design method for a multi-
rate digital controller with interlacing is evaluated bythaimulation and implementation results. The

advantage of multi-rate control with interlacing is denoated.

I. INTRODUCTION

Multi-rate digital control has been a popular subject oeggsh in the last two decades [1]-
[4]. The digital control system may become multi-rate baeait naturally involves more than
one sampling period. An example is a motor control systerh witrrent, velocity and position
feedback loops; the current loop is normally closed at tegefd rate. The control system becomes
multi-rate if the control input is updated faster than theaswwement sampling rate. Motivation
for such multi-rate control is to make the control input sitoehen the measurement sampling
rate cannot be arbitrarily increased because of the serammiwbdth or any other hardware
constraint. The computer hard disk drive (HDD) is such am®da [5], [6]. In the sectored
servo system for HDD, a circular disk is divided into equalized angular pieces (called sectors)
and position information is written on the disk surface stiedt the position error signal (PES)
is obtained once from each sector. While the numbers of sestwuld be large for increased
measurement sampling frequencies for PES and improvedot@erformance, it should be kept
small to reserve an ample space to store data on the disk. GU@anizuka studied how the
multi-rate control approach, which updates the contrgllimput faster the measurement sampling
rate at a factor ofV, may improve the control performance [6].

In this report, we study multi-rate control from the viewpof saving real time computation.

In the implementation of control algorithms on consumerdpicis such as hard disk drives, the



amount of computation for real time control should be kephimal in order not to overload
the digital signal processor or microprocessor, which mayaldow end processor and may be
performing various tasks in addition to real time controk Wpproach this problem by updating
different components (modes) of the controller at difféneates: fast modes at a fast rate and
slow modes at a slow rate. Furthermore, slow modes are upbgtenterlacing them so that the
amount of computation remains uniform from one time instatacanother.

The remainder of this report is organized as follows. In ®edt, the multi-rate digital control
with interlacing is proposed by taking a single-rate trackoiving controller for HDD as an
example. The multi-rate control schemes are analyzed itiddetll in frequency domain. In
Section 1V, the analytical results are applied to the HDDbgm, and some simulation results
are presented. Finally, experimental results are showreati®& V and conclusions are given in

Section VI.

II. MULTI-RATE DIGITAL CONTROL WITH INTERLACING

Dynamic controllers normally include slow dynamics andt fdgnamics. For example, in
PID (Proportional plus Integral plus Derivative) contes|l we may regard that the | action
represents slow dynamics or activities at relatively loeqgfrencies, and the D action represents
fast dynamics or activities at relatively high frequencidswe decompose a digital control
algorithm to the slow dynamic (low frequency) component &t dynamics (high frequency)
component, we may expect that we do not have to update thedsiommics component as fast
as the fast dynamics component.

As an example, we consider a digital controller designedtfack following in a HDD
application. The overall control system is as depicted g Ej and the zero order hold equivalent

of the controlled plant (a suspension/carriage asseminherdiby a voice coil motor (VCM) is



characterized by the frequency response in Fig. 2. The phknbits second order characteristics
with several structural resonance modes. The gain plot isafldow frequencies due to pivot
friction [7]. The measurement sampling time 15 = 99us. The track following controller is

described by

(z —0.9971)(z — 0.9387)2

= 7.5e4
Cp(z) =T5e (z —0.9999)(z — 0.9987)(z + 0.2142)

(1)

Note that this third order controller possesses two slow esocharacterized by two poles at

0.9999 and 0.9987 and one fast mode characterized by a pede2ad?2.

A. Parallel Decomposition and Serial Decomposition

By applying the partial fraction expansion to the controly. (1), we obtain

CD(Z) = CDsl(Z) + CDSZ(Z) + CDf(Z) + KD (2)

5.19¢2 n —2.75€2 n —8.20e4 47 5ed
= .be
z—0.9999 2 —-0.9987 24 0.2142

The controller can be implemented as shown in Fig. 3. Notie¢ in this configuration, the slow
dynamics blocks and fast dynamics block are in parallel,\aactall the decomposition in Eq.
(2) a parallel decomposition. In view of the slow dynamicstlod first two terms in the right
hand side of Eq. (2), if we implement them at the lower sangptiate, the controller becomes
as depicted in Fig. 4. Note that the constant g&in is combined toCp¢(z).

In Fig. 4, | 2 denotes down sampling by the factor of 2. Assume that thesunement sampling
rate is high enough so that the down sampling will not inteelserious aliasing. Each controller
block implemented at the lower sampling rate is obtaineddsyming that’ £S(k+ 1) remains
the same a?ES(k): i.e. the down sampler is followed by a zero order hold andngothe

following relation.



Lemma 1: Given a first order discrete time blodk (z — a), if its input is held constant for
N time steps, the transfer function at a slower sampling rgta Eactor of V is

N gN 3)

Proof: This relation is easily obtained by first converting the oraj first order block to

T —a

a state-space form, i.e(k + 1) = ax(k) + u(k) , y(k) = z(k) and noting
z(k+ N)=a"z(k)+ ("' +aV 2+ +a+ Du(k)

foru(k) =u(k+1)=---=ulk+N—-1) u

By updating the slow modes of the controller at lower rates,tttal amount of computation
may be reduced. In the implementation in Fig. 4, however, dheunt of computation at
instances of down sampling is essentially the same as th@arisingle rate digital controller
while it is reduced between two adjacent down sampling imc&a. The non-uniform nature of
amount of computation is not quite attractive from pradtpaint of view. If we are to utilize
multi-rate control for reducing the amount of real time cagtion, such a reduction must be
nearly uniform among all time instances. For the third orclantroller under consideration, the
uniformity may be achieved by interlacing the two slow modecks at even and odd time
instances as shown in Fig. 5. The output of each block of tméralbler may look as shown in
the time chart in Fig. 6.

The controller transfer function Eq. (1) can be decomposéal serial form as shown below.

Cp(2) = Cps(z) - Cpy(2) (4)



where

Cps(2) = Cpsi(z) + Cpsa(2) + Kp

1.027e4  —0.555¢4
- 7 5ed 5
. 00999 > 09987 € )

=~ — 0.9387
C = 6
ps(?) = 0914 (6)

Noting that the gain factor.5e4 in Cps(z), but it could have been distributed @p<(z) and
Cpy(z). Fig. 7 shows the diagram for implementation of this seretamposition. Noting that
Cps(z) represents the slow dynamics, it is expected that we mayeimght this part at slower
rate without losing performance. By implementi6g(~) at a rate slower than far'p¢(z) by a
multi-rate ratio of 2 and letting two slow dynamics blockteitace, we obtain the implementation
diagram in Fig. 8. In the figure, th& blocks represent interpolators using repetition which
convert the signal from slow rate to fast rate. Notice thatrfrthe view point of computation,
the amount of real time computation for implementing thedarder controller Eq. (1) in the
proposed multi-rate schemes with interlacing is equivalenhat for implementing a single-rate
second order digital controller. In the next section, wel wkamine these multi-rate schemes
in both the time domain and frequency domain to compare theiformance to the original

single-rate controller.

B. Some Generalization

The multi-rate digital control with interlacing that we pased in the previous subsection
may be generalized in several ways. In this subsection, weider multi-rate implementations

of single-rate digital controllers expressed in the form

[l (z = 20) 12 (2 — 2) (= — 2)

o) = R ) TS G~ p) G~ )

(7)




wheren; + 2n, = my; + 2my = n. andn,. is the order of the controller. Note that the digital
controller obtained by digital redesign of analog con&dlis expressed in this form [8], [9].
Assume that the (fast) sampling period for Eq. (7Jisand that there are no poles outside of the
unit circle. The slow sampling rate and the multi-rate ratiuld be selected by the distribution
of all poles in Eq. (7), but let us assume here that the mata-rratio is/N. Then, a rule of
thumb may be developed to classify the poles to slow modedastdnodes. Under the above
stated assumption, the Nyquist frequency for the lower sampate is given by

(L

~ NT,

(8)

WN

We will consider any mode involved in Eq. (7) be slow and thmvssampling rate is adequate
if the modal frequency is below the Nyquist frequency givgnHu. (8) by a factor of five: i.e.
the critical frequency is

_ YN
we =~ 9

Let us now represent each of positive real poles in Eq. (7) as
pi — e_wnirs (10)

Rule 1: p; is considered to represent a slow mode,jf < w.. Notice that all negative real poles
represent fast modes.

Each pair of complex conjugate poles are expressed as
pj =r;el%, Py =r;e % (11)

where

Ty = G_Cjw"st, Gj = wanS 1-— Cj2 (12)

Rule 2: p; andp, represent slow modes if,,; < w..



Rule 1 and Rule 2 mean that poles located inside the hatchemhragiFig. 9 represent slow
modes and all other poles inside or on the unit circle reprtefsest modes.

After grouping controller poles into the slow and fast mqdée controller transfer function
may be represented as

CD(Z> = ODS(Z) + ODf(Z) (13)
in case of parallel decomposition, or
Cp(z) = Cps(2) - Cpy(2) (14)

in case of serial decomposition. The further developmenimplement Eqg. (13) or Eq. (14)
as a multi-rate controller with interlacing follows the pealure as explained in Section II-
A. When multi-rate ratio/V is large, the power spectrum of the disturbances and PESI coul
probably contain major components in the frequency regioova the Nyquist frequency of
slow sampling rate. Adding a low pass filter before the dowmar is a good way to filter
out the high frequency components to prevent aliasing. odiifn some computation may be
introduced by adding low pass filter, the amount is relayiahall compared to that saved by

multi-rate control with interlacing.

I1l. ANALYSIS OF MULTI-RATE CONTROLLER WITH INTERLACING

The multi-rate control system is a linear periodically tiwerying (LPTV) system. One method
to describe LPTV systems is to use a frequency domain litixatpnique such that the frequency
response of the LPTV system can be represented by a freqaenegin matrix [10]. Based on
the information in the frequency response matrix, a measarebe obtained to quantify the
aliasing effect. If aliasing is negligible, we can approaim it by a linear time invariant (LTI)

system [11]. Some key results of the frequency response dVLEy/stems are reviewed



Some key results of the frequency response of LPTV systemseaiewed. In the remainder
of this section, the aliasing in the multi-rate controllettwinterlacing is studied. Aliasing is
presented due to the down sampling operation in the slosvinaplementation. It is shown that
the aliasing level is small base on the assumption that thesamrement sampling rate is fast
enough so that the down sampling will not introduce seridiasiag. The performance analysis

of the multi-rate controller is also considered.

A. Frequency Domain Representation of LPTV Systems

The concept of frequency response for LPTV systems is defimgd0], [12]. Assume an

LPTV system with inputz(k), outputy(k) and periodP is given by

y(k)y = f(k Dz () (15)
where f(k, 1) is the response of the system at tifn¢o a unite impulse at timéand f(k,[) =
f(k+ P,l + P). By defining h(l,k) = f(k + [,1), the P-periodic condition gives(l,k) =

h(l + P, k). Equation (15) can be rewritten as

k
y(k) = 37 bk = i)a()

P-1
= > Y Al k= (Pr+10)a(Pr+1) (16)
=0 r=—o00
Define the LTI systenH'(z) = >".°, h(l,k)z~%, and due to periodicity>, H' = H'*". Then
the LPTV system can be represented®yT| systemsH'! with a switch in the output as shown

in Fig. 10 [13]. The switch is connected ' at sampling timePk + [.

By lifting the input and output sequences into vectors of teng

y(k) [y(Pk) y(Pk+1) - y(Pk+P— 1)]

z(k) {x(Pk) r(Pk+1) -+ xz(Pk+P— 1)1
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This system can be represented using an equivalent LTImy&tevhich hasP inputs andP

outputs
V(") = H(z")X(2") (17)
with ) )
Hy(=") =""Hp_y(z") - =7 "H{7'(2")
HO ZP Hl ZP L. Z_PHP_l(ZP
oy | FED D) £() s
Hp_((2")  Hp_o(z") - Hy (")
whereY = [Yy(zF) Y1(2F) - Yp,l(zp)}T is the Z-transform of the vector sequenge and

X is similarly defined forz. H}(2")'s are the polyphase components iéf(z)
P-1
H'(z) =) = "Hj(z") (19)
k=0
Equation (17) and (18) represent the time domain liftedesyst

As shown in [12], the expression for the input-output relatin frequency domain can be

written as

P-1

Y(2) = Go(2)X(2) + ) Gul2) X (29") (20)

n=1

where¢ = ¢/27/F, The lifted system in time domain and that in frequency donsae connected

through

P-1P-1

Gn(z) = 113 Z Z "2 Hi y(27) (21)

i=0 j=0

whereH; ;(z"") denotes the entry in rov columnj of the matrixH (z"). Note that in the Eq.
(20), the output spectrum is the sum of the shaped versiofregdiency shifted input spectrum,

X(z¢™). If Gi(2) =--- = Gp_1(z) = 0, then the aliasing is absent. Therefotg,(z)|,=1.... p-1
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give a measure of the aliasing effect in an LPTV system [11drddver, the frequency spectrum
of the input signal also affects the level of aliasing.

Equation (20) can be written in a matrix form.

Go(2) G1(2) -+ Gp_i(2)
N GP—l(ZQb) G0(2¢) T GP—2(Z¢) N
Y(2) = X(2)
-G1<Z¢P 1) G (Z¢P 1) Go(ZQbPil)_
= G"(2) X(2) (22)

whereY (z) = [Y(2) Y(z¢) --- Y(z¢?™1)]", andX(z) is similarly defined. In Eq. (22)37%(z)
is called the frequency response matrix of the LPTV syste@), [[IL1]. It is obvious that the

frequency response matrix for a LTI syste(z) = Go(2)U(z), is in diagonal form

Go(s) 0 0|

. 0 Go(zo 0 .

Y(2) = =0 X(2) (23)
K 0 e Golo )]

The frequency response matrix transforms the LPTV system ntaulti-input, multi-output LTI

system. This description is used as an analysis tool in thewimg sections.

B. Multi-rate Digital Control with Interlacing

The main purpose of the multi-rate controller discussed isaive real-time computation. The
multi-rate controller is designed from a single-rate dibitontroller. The slow-mode and fast-
mode components of the single-rate controller are sepheateording to the locations of poles.

The slow-mode controller is implemented at slow rate. Farmtiore, the slow-mode controller is
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decomposed to several elements and updated at differ@siafapling time instances. Therefore,
the amount of computation is uniformly reduced among alétinstances. There are two kinds of
multi-rate controller structures. In the parallel struetithe slow part and fast part are connected
in parallel while in the serial structure the slow part iddaled by the fast part. In this section,
the multi-rate digital control systems are representedgu$iequency response matrices. The
aliasing effect presents in the multi-rate controller doedbwn sampling is evaluated. The
system performance for disturbance rejection is also densd. To simplify the discussion, we
consider a multi-rate controller with a multi-rate ratio 2f Furthermore, the slow part of the
controller has been decomposed into two blocks and ardanést.
1) Parallel Sructure: Fig. 11 shows the multi-rate controller implemented in pgakdorm

[14]. The output of the slow mode controller at even samptinge 2k is related to its input by
us(2k) = uq(2k) + ug(2k — 1)
= COpa(2°)e(2k) + Cpsa(2?)e(2k — 1) (24)
while at odd sampling timék + 1
us(2k + 1) = uy (2k) + uz(2k + 1)
= Cpa(22)e(2k) + Cpsa(2?)e(2k + 1) (25)

Equations (24) and (25) show that this multi-rate contrallea periodic system with a period
of 2. Since the multi-rate controller makes the system a LF}j8tem, the analysis method
discussed in the Section IlI-A can be used to analyze thigifrate system.

From Eq. (24) and (25), the lifted input and output signal tfeg slow part are related by

C sl 2 _QC s2 2
vty = | R ) (26)

CDSI(ZQ) CDSZ(ZZ)
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Notice that the slow-mode controller inpat(z?) and outputUs(z?) correspond taX (=) and
Y () respectively in Eq. (17).
The overall controller can be expressed in switch strucagreshown in Fig. 10H°(z) and
H'(z) are obtained from Eq. (18), (19) and (26).
HO(Z) = (CDsl(ZQ) -+ Z_ICDsl(ZQ)) + CDf(Z) (27)
Hl(z) = (CDSQ(ZQ) + Z_IODSQ(ZQ)) + CDf(Z) (28)
The additional ternC¢(z) comes from the fast-mode controller branch. The contrafiput
error signal is connected t&°(z) at even time instants and ' (z) at odd time instants. This
gives us a better insight of how the multi-rate controllemrkego

For the frequency analysis, it is more convenient to reprtetbe lifted controller in frequency

domain. According to Eq.(21) and (26), the frequency respamatrix for the slow part is
Cyf(z) = (29)

where

Galz) = 5Hio () + 2Hon()
+2 i) (2%) + Hapy(2%))
_ %(1—1—2_1)(6’51(22)+Csz(22)) (30)
Galz) = %(H<070>(22)—ZH<0,1>(22)

+2 ' Hpu0)(2%) — Hap (%))

= S0+ 2)(Ca() - Cal2) (31)
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For the fast-mode component, LTI transfer functi@p,(z) is written in matrix form

C
crrgy = |0 (32)
0 Cpy(—2)

Hence, the overall controller is expressed as

FR Col2)  Ci(2) FR FR
crt = =0, (2) + Cr 7 (2) (33)
Ci(=2) Co(—2)

Notice that the aliasing component in the controller is oigd from
Cl(Z) = Gsl(Z) (34)

2) Serial Structure: Figure 12 shows the multi-rate controller implemented ineseform. If

the controller is represented in switch structure in Fig. 80 and A are given by
H°(z) = (Cpa (%) + 27 Cps1(2?)) Cpy(2) (35)
H'(2) = (Cps2(2%) + 27 Cpea(2?)) Cpy(z) (36)
For the frequency domain analysis, the fast part and slotvgz@ressions are the same as that

of the parallel case except that there is an additional eohgiain K in Gy (z). The overall

controller is expressed as

Co(z Cy(z
grr_ | OO e,y g 37)
Cl(—Z) Co(—Z)

Also the aliasing component is
01(2’) = 05(1 + Z_l)CDf(Z) (CD51<22) — C’DSQ(Zz)) (38)

Notice that the multi-rate implementation results in a lpass filter0.5(1+ 2~1) in Cy(z). This

low-pass filter helps to reduce the signal aliasing at higlgdencies.
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3) Performance of the Multi-rate Control System: If the aliasing effect is small, then the
multi-rate controller can be best approximated by the L™temn Cy(z). Therefore, the output

sensitivity function for disturbance rejection is given by
S(z) = (I+ P(2) Co(2))™ (39)

where P(z) is the ZOH equivalent of the controlled plant. If the aligs&ffect is not negligible,
we can use the frequency response matrix to model the clamtamid the plant. Hence, the overall
system becomes a enlarged MIMO system. Its performanceeawduated using MIMO system

analysis methods.

IV. EXAMPLE: HDD TRACK FOLLOWING CONTROL

In this section, we present the analysis of multi-rate acdrgystems in the frequency domain
for the hard disk drive system and the controller designeresl in Section |I.

For parallel implementation, the multi-rate controllemsists of

Cpsi(2%) %
Cps2(7%) %‘%574
Cpy(z) = 75000 5;00—51192 -
while for serial implementation,
Cpa(2?) = %
Cpa(z®) = %
Cpy(z) = %gi)i;

Kp = 75000 (41)
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A. Frequency Domain Analysis

1) Aliasing effect in the controller: From the frequency response matrix, the input-output

relation of the controller is given by
U(z) =Co(2)E(z) + C1(2)E(—=2) (42)

To quantify the aliasing in the controller, we use the ratioCh(z) to Cy(z) as a measure of
aliasing.

A(z) = C1(2)/Co(2) (43)

Figure 13 shows how aliasing may present in parallel an@s@mplementations of the multi-
rate controller. Notice that aliasing may be more seriouth@series case in this example. The
effect of aliasing depends ofi;(z) as well as high frequency components in the error signal
E(z) above the Nyquist frequency corresponding to the slow sagphte (2,500 Hz in this
example). Thus, it is important to check these two aspectsarmmulti-rate implementation and
to make it sure the aliasing ter (z) E(—z) is negligible.

2) Performance analysis. If the aliasing effect is negligible, the sensitivity fuiat of the
multi-rate system can be calculated from EQ.(39). The feegy responses of the sensitivity
functions for the multi-rate system with parallel and Sesiauctures are shown in Fig. 14 and
Fig. 15. From the performance comparison in the figures, abserved that the performance of

the multi-rate systems in this example is close to that ofathginal single fast rate system.

B. Time Domain Smulation

Using the simulated hard disk drive servo system and theraltert described in Section
IV, time domain responses are simulated in the presencestirdances including windage

torque, servo written-in position error, disk vibrationdagensor noise, which enter the system
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TABLE |

PERFORMANCE COMPARISON

Scheme Case 1: 3(%track) | Case 2: 3(%track)
Single-rate 5.2461 7.3632
MR parallel 5.2827 8.1282
Degradation 0.7% 10.4%

MR series 5.4026 12.2649
Degradation 3.0% 66.5%

as depicted in Fig. 1. Their power spectral density plotssamvn in Fig. 16. Time plots of PES
for the systems using single-rate controller, multi-ratatooller in parallel form and series form
are given in Fig. 17 (a), (b) and (c). These simulation resaife used as a reference. In the next
set of simulations, we introduce an additional large amgét disturbance above the slow rate
Nyquist frequency and investigate the effect of aliasingteNthat this disturbance is artificial
and does not exist in real HDD systems. The additional distoce is an output sinusoidal
disturbancel(k) with magnitude0.04 and frequency, 800H z. Figures 17 (d), (e) and (f) show
the PES plots for the single-rate and multi-rate contrsligith the additional disturbancé&k).
The performance of a controller in time domain is evaluatadeld on the TMR which is

the 3 times standard deviations(B8of PES. In Table I, case 1 is the simulation withal(t).
The multi-rate controllers can achieve nearly the sameopmdnce of the single-rate controller.
When the additional disturbance is added in case 2, thgabue is increased by 10.4% using
parallel multi-rate controller and by 66.5% using seriedtiatate controller. The performance

deterioration in the multi-rate system is caused by theogeraliasing effect which comes from
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d(k). The results are consistent to the analytical predicatimws in Fig. 13.

V. EXPERIMENTAL RESULTS

The experimental setup for HDD single-stage track follayvicontrol is shown in Fig. 18.
The position error is measured by a Laser Doppler Vibromg@tBV). A floating point DSP
(TMS230C67X) is used for controller implementation. The LBMplacement output is sampled
by DSP with sampling frequency0k H z. Therefore, the fast-mode controller is implemented
at Ty, = 1/50kH 2, while the slow-mode controller &k, = 1/25kH z, i.e. the multi-rate
ratio is 2. The controlled plant is characterized by the Wy response in Fig. 19. The track
following controller is described by

(z —0.9813)(z — 0.9681)(z + 1)
(= — 0.9999) (> — 0.8496)(z — 0.6137)

Cp(z) = 1.0882 (44)

Figure 20 shows the PES time plots for original single fasé reontrol system and the
multi-rate control with interlacing using parallel decoosgtion and serial decomposition. The
performance of a controller in time domain was evaluate@das the 3 times standard deviation
(30) of PES. From Table Il, the 3 value only increased by 1.7% for parallel decomposition
case and by 4.7% for serial decomposition case. The perfaren& slightly deteriorated using

multi-rate control with interlacing while the amount of cpuotation has been reduced.

VI. CONCLUSIONS

Multi-rate control with interlacing has been proposed aseams to reduce the amount of real
time computation in the implementation of digital contrig@ithms on DSP or microprocessors.
The original single-rate digital controller is decomposatb two parts: one represents slow

modes and the other fast modes. The part representing sladesrmie implemented at a low
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TABLE Il

PERFORMANCE COMPARISON

Scheme Fast Rate| MR parallel | MR serial

3o (nm) 49.94 50.82 52.32

Degrade % - 1.7% 4.7%

sampling rate; furthermore it is decomposed into multipecks and those blocks are interlaced
to uniformly reduce the amount of real time computation. #dtorder track following controller
for HDD has been used as an example throughout the report.

Performance and aliasing effect have been studied for raiki control for saving of com-
putations. Using the frequency domain lifting techniquegtiency response matrices were used
to analyze the multi-rate system. The aliasing effect dueldaen sampling in the multi-rate
controller depended on off-diagonal elements of the fraquaesponse matrices and the error
signal, which is the input to the controller. Analysis meathavere applied to the HDD example
to quantify the aliasing effect and performance. Finallgthbfrequency domain analysis and
experimental results verified that the performance is rmaetl using the proposed multi-rate

control with interlacing while the computation has beenuast.
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Fig. 9. Boundary of fast modes and slow modes

HO
z(k) — H! y(k)
input . output

Fig. 10. Switch structure of LPTV system
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Fig. 13.
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Fig. 14. Sensitivity function for parallel structure
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Experimental setup
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PES Time Plot
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