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Abstract: In this paper, a synthesis method of new disturbance observer, which can cope with
frequency variation, is proposed. The main idea is to synthesize the disturbance observer as
a gain-scheduled controller. The proposed disturbance observer gives the same low sensitivity
property for disturbances with frequency variation as the conventional disturbance observer
does. As an application, we consider vibration suppression control system for a flexible beam
with multiple vibration modes. By numerical simulations and experiments, the proposed control
scheme is shown superior to the conventional disturbance observer with respect to vibration

suppression as compared.

1. INTRODUCTION

Disturbance observer is effective controller to reduce
adverse effects of disturbances. There are many arti-
cles which demonstrate the usefulness of disturbance ob-
servers(Godler al. (1994) and Ohnishi (1995)). In these
articles, disturbances are assumed to have constant and
single frequency. On the other hand there are many indus-
trial situations where the disturbance frequency varies ac-
cording to the interaction with the environment. For these
disturbances the conventional disturbance observer cannot
be applied because it is effective only to the disturbance
with fixed frequency.

Also, in order to asymptotically cancel the adverse effects
of periodic disturbance, a new synthesis method of repet-
itive control has been proposed (Yu et al. (2001)). Based
on the observation, digital repetitive controller can be
synthesized to reduce periodic disturbance whose period
is not exactly an integer multiple of the sampling interval.
However, when the disturbance is periodic with the period
different from an integer multiple of the sampling interval,
it may be difficult to attain perfect asymptotic disturbance
reduction. Thomas et al. (1997) have proposed the tip
positioning controller of a single flexible link using variable
structure model following controller. Since the controller
can force the error between the model and the plant
variables to zero as time tends to infinity, responses of
the tip positioning can be improved by a suitable choice of
the damping factor and natural frequency of the desired
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model. Choi et al. (1999) have proposed vibration control
and position tracking control of a flexible smart structure
using the quantitative feedback theory(QFT). The QFT is
a frequency domain design technique utilizing the Nichols
chart. Based on the technique of loop shaping, controller
is synthesized so that specifications of robust stability,
tracking and disturbance reduction are satisfied. However,
in these articles, the variation caused by disturbance fre-
quency has not been considered.

Meanwhile, the vibration suppression control using H,
controller has been studied. Sivriogle et al. (1997) have
proposed an active vibration control method by means
of LMI-based mixed Hy/H,, state feedback control. At-
tainable specifications of both time-domain and frequency-
domain are shown by numerical simulations. Tchernychev
et al. (1997) have proposed a synthesis method of ro-
bust controllers for an experimental flexible beam with
noncolocated sensors-actuator. By using the constrained
H control approach (Sideris et al. (1993)), it is shown
that time-domain constraints are directly treated without
conversion into the frequency-domain. By these control
methods, the vibration suppression performance in the
wide range of frequency can be carried out. However, since
the control performance is decided by minimizing the H
norm of the transfer function matrix from disturbance
input to the control output, the obtained performance of
control system may be conservative.

To improve the conservative performance, Yang et al.
(1997) have proposed vibration suppression control of
smart structures using backpropagation neural network.
The robustness of the controller against the model uncer-
tainty of the first bending mode in the frequency domain
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Fig. 1. Disturbance observer to cope with frequency vari-
ation (DOFV)

is demonstrated. Zhou et al. (2001) have proposed the
approach to estimate the imbalance force and the im-
balance itself of a rigid rotor system during acceleration
mode using a time-varying observer. However, the control
strategy for time-variant system has not been considered.

In this paper, a new synthesis method of disturbance
observer which can cope with the frequency variation
(DOFV) is proposed. The main idea is to synthesize
disturbance observer as a gain-scheduled controller based
on an LMI-based approach. The proposed disturbance
observer has following properties:

(1) Same low sensitivity property as traditional distur-
bance observer can be obtained for wide frequency
area.

(2) Many design constrains are expressed as matrix in-
equalities and they can be solved efficiently.

To demonstrate the usefulness of the proposed DOFV,
we apply to the vibration suppression control system of
flexible beam. Both simulations and experiments show
that vibration of the beam excited by disturbance is
remarkably suppressed in the wide range of the frequency.

The following notations are used throughout in this paper.
Re{A(M)} denotes real part of eigenvalues of matrix M.
{A, B,C, D} denotes the transfer function matrix with
order n, i.e.

{A,B,C,D}:=C(sl, —A) 'B+D

where I,, denotes the n x n identity matrix. O;«,, denotes
the [ X m zero matrix.

2. CONSTRUCTION OF DOFV
2.1 Problem Statement

Fig.1 depicts the overall structure of the control system
for disturbance reduction. G),(s) represents a given plant,
r(s),u(s),d(s),y(s),n,(s), and e(s) are reference input,
control input, disturbance input, measurement output,
sensor noise input and error signal, respectively. K is the
state feedback gain matrix to assign desired poles to the
closed loop system. C\(s) and C.(s) are observer transfer

functions for disturbance reduction. When a disturbance d
with frequency variation is impressed in plant, we change
properties of Cy(s) and C.(s) according to its frequency.
By measuring of the channel output y and error signal

e, we can derive the estimation d for d. By the feedback
of d to the input, disturbance d can be reduced. Thus,
by changing the properties of observer according to the
disturbance frequency, disturbance can be reduced for
wide range of frequency.

The plant dynamics is described by equations

#(t) = Ax(t) + B{e(t) + d(t)} )
y(t) = Ca(t)

where z(t) € R",u(t),d(t) € R™,y(t) € R! are state, con-
trol input, disturbance, measurement output, respectively.
It is assumed that the pair (A, B) is controllable and the
pair (C, A) is observable.

We consider the case when disturbance d(t) is described
by the following state equations:

a(t) = Aaza(t), za(t) € RS (2)
d(t) = Caxa(t).

We assume Re{A\(A4)} > 0 and characteristic polynomial
of Ay is minimal, and also the pair (Cy, A4) is observable.
Expressing the eigenvalues of Ay as

As = 05 + jws(algebraic multiplicity %)

As = 05 — jws(algebraic multiplicity %)

where w; is assumed to be measured and satisfies quasi-
static process (Shamma et al. (1990)). Without loss of
generality, we can assume that A; admits the following
canonical form.

Ad = blockdiag {Adh ety Adh} (3)
with
As I
Ags = Lo (mg x my), Ag = {—G;S L;z]
A I
s=1,---,h
For Js := {_01 (1)}, we can write
Ags = Ags + wSA‘;l)S
where
O'SIQ 12 J2 O2><2
A= JAG = .
O'SIQ 12 J2 O2><2
So,

Aq = blockdiag {A",---, A"}
+ blockdiag {w1 A5, -, wn A"}
= blockdiag {AJ", -, A7"}
h
+ ) wsblockdiag {02;11 xS AL,

s=1

O
Z:l=s+1 i XZ?=5+1 mi }
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h
=t AT+ wAj. (4)
s=1

By equations (1) and (3), the state equation of the aug-
mented system including the disturbance is
j?L(t) ALJ?L(t) +BLe(t)
y(t) = Cror(t) (5)
d(t) = Carwr(t)

where e(t) := u(t) — d(t) and

_ | =) _ | A BCy _| B
IL(t) = [azd(t)] 5 AL = |:O€><n Ad :| 5 Byp, = |:O§><m:| 5
Cr:=[C Oix¢l, Car :==[ Omxn

For system (5), note that the observability of the pair
(CL, Ap) is guaranteed by the following conditions.

(1) The pair (C, A) is observable.
(2) For A\; € A\(44)C

N A- NI, BCy
rank {AL C?\JI”%] =rank | Ogxn Ag— Nl
L C Oixe

:’I’L—Ff, jzlvag

Under these conditons, which are assumed here and after,
the state observer for the augmented system (5) can be
constructed. Next, we show a synthesis method of DOFV
using minimal order observer.

2.2 DOFV using Minimal Order Observer

In this sub-section, we synthesize DOFV by Gopinath’s
method. Assume that C has a full row rank, that is, rank
C =1. Define g :=n+ £ — [ and

o C leg
re[ 2 %]

where [My;  Msy] is ¢ X (n + £) real constant matrix and is
assigned so that T is nonsingular. We express the inverse
matrix of T' with n x [ matrix U;; as

71 .— [Uu U12} _

(6)

Us: Uss (7)

Now, we consider state transformation Zr(t) = Txp(¢),
where the matrix TA;,T~! can be partitioned as

_ Ay A
TALT 8
L |:A21 A22:| ( )

with

All - CAUll + CBCdUQl,
Ay =CAU5 + CBCyUss,
Aoy = My AU + MiCBCyUsy + M AyUs,
Here, only Aoy and Aoy depend on the parameters w,. It
can be easily seen that Ass admits the following affine
dependence on wy:
h
Agp = A3, + Zwsf‘_l§2
s=1

)

Cql.

with

ASZ = MlAU12 + MchCdUQQ + M2A§U22,
/_1;2 = MZAZUQQ

On the other hand, if the pair (Cr, Ar) is observable, then
the pair (Alg, A22) is observable too. Then elgenvalues of
matrix

A = AQQ - L/_llg (10)

can be arbitrarily assigned by a suitable choice of matrix
L.
Now, we consider wy to be restricted on the box

s=1,---,h (11)

1 2
wy S ws < wy,

with vertices

Ql: 7w}lb)aQ2:(w]l_aw%a"'7w}2L)7"'7
Q2h = (w%’ w%aawi)

Then, by equation (9), Ay can be represented by

(w]1-7 OJ%, e

2h
Ay = ZQkAk (12)
k=1
with
h h—1
q = Hs:l (wg B ws) _ (wh — wlll) Hs:l (wg — (US)
- ) - R
[Te— (@2 —wi) [To— (w2 — wi)
Hg 1 Ws - wi)
) ;qon 1= 7 3 qr = 1
Hs:l ( wé) Z
and
h—1
Ay = A, + Zw A3y, Ay = A5y + ZW1A§2
s=1 s=1
_|_whA22 Sty
—_ h —
Age 1= A9, +> Wl A3,
s=1

To obtaip DOFV, we consider LMI-based approach. The
matrix A is stable if and only if the following Lyapunov
inequality

XA+ATX <0 (13)

admits positive definite solution. Now, if L is made as

2h

L=> gLy,
k=1

(14)

then by equations (12) and (14) the matrix A becomes

2h
A= "q (Ax — LiAra) (15)
k=1
and inequality (13) is guaranteed by
XA+ AFX — NyAp, — ALNE <0, k=1,---,2" (16)
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where

Ny =XLy, k=1,---,2", (17)

that is, if there are matrices X > O and N} satisfying
LMIs (16), then A is stable. This means that the matrix
A is stabilized in the box written by equation (11). From
equations (14) and (17), the observer gain matrix L is
written by
2h
L= Z @ X ' Ng.
k=1

(18)

Remark. The set A(A) can be assigned by LMI-based ap-
proach(Chilali et al. (1996)). Consequently, the dynamical
equation of minimal order observer to estimate zr,(t) is

C(t) = AC(t) + Be(t) + Gy(t)

#L(t) = CC(t) + Dy(t), (19)

where ((t) is state of minimal order observer. Letting the
matrix T be set as

TBy, := [g;:| s Bl(l X m),

parameter matrices of equation (19) found by the Gopinath’s
method are

B := —LBl + BQ (q X m), G = AL + Agl — Lfill (q X l),
5 m—1 | Oixgq A et | D
C:=T { =T

Since the estimated disturbance ci(t) can be obtained as

d(t) = Carir(t), (20)
DOFV C.(s) and Cy(s) can be written as
Co(s) = 14, B, C, Opiexm
(s) = {4 B, C. Onsexm} o
o,s) = {4, G, &, D}.

2.8 Stability Analysis of the Closed Loop System

In this subsection, we consider stability of the closed loop
system shown in Fig.1. The transfer matrix U(s) from all
exogenous inputs to all internal signals is

Ui1(s) Uya(s) Uis(s)
U(s) = | Ua1(s) Uaa(s) Uas(s) |, (22)
Usi(s) Us2(s) Uss(s)
where

U11(s) = U21(s) := a(s) ={A - BK,B,—K, I, },

Uia(s) = a(s) {xCe(s) + I} — I,

Urs(s) = Uas(s) = —a(s)xCy(s),

Uza(s) = Uia(s) + I,

Usi(s):=0(s) ={A— BK,B,C,O1xn},

Us2(s) = B(s) {xCe(s) + Im},

Uss(s) = —=B(s)xCy(s) + L,

G.Sensor

Flexible Structure
(Plant) l
~Z hvaliik
Power Amp @ CAhIar:‘se
/
Actuator Actuator

for the Generation for the Control

of Disturbance

DSP

(Disturbance Generator and Controller)

Fig. 2. Schematic diagram of experimental system

In equation (22), det U ~1(s) = det a~1(s). Since we choose
a feedback gain matrix K such that ReA(A — BK) < 0,
then a(s), B(s) € RHo. Consequently, since U(s) € RHo,
the closed loop system is internally stable.

3. VIBRATION SUPPRESSION CONTROL USING
DOFV

8.1 Experimental System

The schematic diagram for the experimental vibration
suppression system is shown in Fig.2. The flexible beam
is made of aluminum material with 1000 mm in length,
50 mm in width and 2 mm in thickness, and fixed by
actuators at each side from each end. Two actuators of
moving coil type are used as shakers to excite the flexible
beam. One is used to be a disturbance source and the
other is used to generate the control inputs. The flexible
beam is vibrated with their largest amplitudes at the tip.
To suppress the vibration at the tip of flexible beam,
the acceleration is measured by using an accelerometer
which is attached at the beam tip through the charge
amplifier. By integrating the measured acceleration, the
displacement and the velocity are obtained. The obtained
displacement is sent to DSP via an A/D converter. The
DSP which is linked by a personal computer is used to
implement the synthesized controllers and to generate the
disturbance signal. The control signal which is computed
by DSP is sent to power amplifier to generate control force.
The disturbance signal with frequency variation which
is computed by DSP is also sent to power amplifier to
generate exciting force. On the other hand, the information
about disturbance frequency is directly given to DOFV.

The model of the flexible beam is given by identification
technique of frequency response as follows.
G ( ) Ku(sz +2Cw.s + w?)
S) =
P (82 + 2¢p1wp1s + %2)1)(32 + 2(powp2s + “’12)2)

(23)

where K, = 1525, (. = 0.02, w. = 27 x 203, Cp1 =
0.015, wyr = 27 x 16.1, (po = 0.015, wyy = 27 x 24.6. As
G)p(s) is stable, the closed loop system in Fig.1 is stabilized
by K= Ol><4~

8.2 Synthesis of DOFV

The control system is constructed by the observer-based
controller. The convergent rate of #r,(t) approaching xp,(¢)
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is determined by the observer poles. So, the observer poles
must be placed sufficiently left distant from imaginary

axis. To find the observer gain such that ’Re{)\(A)}

is larger than |Re{A(A)}|, inequality (16) and LMIs for
pole placement constraints(Chilali et al. (1996)) should be
simultaneously solved.

Consequently, for instance, C.(s) and Cy(s) at f = 16.1
Hz can be obtained as

—1.090 x 10* {(s + 2.551)% + (1.275 x 10%)?}
B (5 +2.603)2 + (1.274 x 102)2
y s —6.622 x 10
{(s +4.930)2 + (1.091 x 102)2} (s + 6.968 x 10)
(24)

Ce(s)

7.148 {(s + 1.517)% + (1.011 x 10%)?}
Cu(8) = 52,6087 + (1274 x 107)?
(s +2.318)% + (1.545 x 10%)?
(s +4.930)2 + (1.091 x 102)2
L 5= 6622x10
5+ 6.968 x 10

(25)
4. SIMULATIONS

In this section, simulation results of vibration suppression
control using DOFV are shown. Assume that the distur-
bance is a sinusoidal signal written by

Ad=27rf[0_1}, Cs=[1 0], (26)

where f is disturbance frequency and the variation range
is

10 [Hz] < f < 30 [Hz]. (27)

n

o
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Fig. 3. Output responses of plant without control
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Fig. 4. Output responses of control system with distur-
bance observer(at f =16.1 [Hz])
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Fig. 5. Output responses of control system with distur-
bance observer(at f =24.6 [Hz])

0 6 12 18 24 30 36 42 48 54 60
Time [sec]

Fig. 6. Output responses of control system with DOFV

The frequency is started from 10 Hz and is increased at
the rate of 1/3 Hz per second.

Fig.3 shows the deflection of the beam tip in case without
control. From this result, it is confirmed that the natural
frequency of the first bending mode is about 16.1 Hz and
the natural frequency of the second bending mode is about
24.6 Hz, respectively. Fig.4 and Fig.5 show the control
performances of the conventional disturbance observer
synthesized at the fixed frequency 16.1 Hz and 24.6 Hz,
respectively. From these results, it can be stated that the
conventional disturbance observer suppresses the vibration
at only single frequency specified in the synthesis. Fig.6
shows the control performance of the proposed DOFYV.
Compared to previous results, the control performance of
the proposed DOFV is remarkably improved.

5. EXPERIMENTS

In this section, experimental results of vibration suppres-
sion control using DOFV are shown. We implement the
proposed DOFV into DSP and perform calculations in
sampling time 2 msec. Experimental results are shown
in figures from Fig.7 to Fig.10. Each condition of con-
trol parameters of these results corresponds to that of
the simulation results from Fig.3 to Fig.6, respectively.
Comparing the simulation results with the experimental
results shows that the experimental results have almost
the same excellent performance as the simulation results.

Also, in the neighborhood of time 30 sec, the result of
performance depicted in Fig.10 is slightly worse than
the simulation result in Fig.6. This may be caused by
the existence of anti-resonance point of flexible beam.
However, since the vibration is also suppressed naturally
at the neighborhood of anti-resonance frequency, this will
not be disadvantage in practical application.
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Fig. 9. Output responses of control system with distur-
bance observer(at f =24.6 [Hz])
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Fig. 10. Output responses of control system with DOFV

From these results, it is shown that the proposed DOFV
can be successfully applied to the vibration suppression
control system.

6. CONCLUDING REMARK

In this paper, a design technique to reduce the adverse
effects of disturbance with frequency variation is proposed.
The proposed controller is called the Disturbance Observer
to Cope with Frequency Variation (DOFV). DOFV is
theoretically improved from conventional disturbance ob-
server which gives excellent sensitivity property for a peri-
odic disturbance with single frequency and it is synthesized
as gain-scheduled controller using a LMI-based approach.

Therefore, DOFV has the low sensitivity property against
the disturbance with frequency variation. Moreover, in
the LMI-based approach, many design constrains can be
written by matrix inequalities and they can be solved
numerically very efficiently.

In order to verify the effectiveness of disturbance reduction
using DOFV, the numerical simulations and experiments
are carried out. These results of both the simulation
and experiment demonstrate almost the same excellent
performance of vibration suppression. From these results,
it can be stated that DOFYV is useful and noble controller
to reduce the disturbance with frequency variation.
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