LUND UNIVERSITY

A New Modular Approach to Active Control of Undamped Modes

Panagopoulos, Helene; Hagglund, Tore

2000

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Panagopoulos, H., & Hagglund, T. (2000). A New Modular Approach to Active Control of Undamped Modes.
(Technical Reports TFRT-7589). Department of Automatic Control, Lund Institute of Technology (LTH).

Total number of authors:
2

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/47ac62aa-7608-43c6-959f-28cfc1a6453f

ISSN 0280-5316
ISRN LUTFD2/TFRT--7589--SE

A New Modular Approach to Active
Control of Undamped Modes

H. Panagopoulos, T. Hagglund

Department of Automatic Control
Lund Institute of Technology
February 2000



Department of Automatic Control

Lund Institute of Technology
Box 118
SE-221 00 Lund Sweden

Document name

INTERNAL REPORT

Date of issue

February 2000

Document Number

ISRN LUTFD2/TFRT--7589--SE

Author(s)
Hélene Panagopoulos and T. Higglund

Supervisor

Karl Johan Astréom and Tore Hagglund

Sponsoring organisation

Title and subtitle

A New Modular Approach to Active Control of Undamped Modes

Abstract

In this paper, an active control system is designed to handle processes with undamped modes. A medular
approach has been taken, where an active control system has been designed, which consists of an allpass
filter and a bandpass filter. To determine the parameters of these two filters the only information needed
is a few characteristics of the process frequency response.

Key words

Undamped modes. Load disturbance. Oscillations. Vibrations. Allpass filter. Bandpass filter. Design.

Classification system and/ or index terms (if any)

Supplementary bibliographical information

ISSN and key title

ISBN
0280-5316
Language Number of pages Recipient's notes
English 10
Security classification

The report may be ordered from the Depariment of Automatic Control or borrowed through:

University Library 2, Box 3, SE- 221 00 Lund, Sweden
Fax +46 46 2224422  Email ub2@ub2.lu.se




A New Modular Approach to
Active Control of Undamped
Modes

H. Panagopoulos, and T. Hiagglund

Department of Automatic Control
Lund Institute of Technology
Box 118
S-221 00 Lund, Sweden
Phone: +46-46 2228789, Fax: +46-46 138118
Email: hp@control.lth.se

Abstract In this paper, an active control system is designed to han-
dle processes with undamped modes. A modular approach has been taken,
where an active control system has been designed, which congists of an all-
pass filter and a bandpass filter. To determine the parameters of these two
filters the only information needed is a few characteristics of the process
frequency respoense.
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Allpass filter. Bandpass filter. Design.

Introduction

Undamped systems occur in many areas, for example in mechatronics, in
industrial robots, in drive systems as steel mills, in HVDC, in combustion
control, in cranes, in aufomotive systems, and in ship movements. They
are clagsified into two cases: those who are intentionally made to contain
undamped modes and those who are not. For example, cranes are inten-
tionally made to have undamped modes on the contrary to motors which
are affected by vibrations. Furthermore, todays’ trends show that future
machines will be faster, lighter, have softer materials and be more flexible.
This implies that future machines will be unintentionally made to contain
undamped modes. Examples are industrial robots and vehicles.

The standard PID controller have many advantages, but there are cases
when it does not suffice to meet the required control performance. For
example, when the process contains long time delays, undamped modes,
and nonlinearities. There are two ways to improve the performance of the




closed loop system, by either using a modular/synthetic approach or a
unimodular/analytic one. For example, in the case of processes with long
time delays a modular approach is taken when a Smith predictor is inserted
into the loop to improve the performance of the closed loop system. In this
paper the former approach is used to improve the performance of the closed
loop system for processes with undamped modes.

The control structure proposed in this paper has two degrees of free-
dom. A controller C(s) stabilizes the plant, and an active control system F
rejects harmonic disturbances. In the conventional method the controller
C(s) must simultaneously play both roles, leading to performance limita-
tions.

Background

Due to physical, economical and safety constraints the oscillation and vi-
bration control have become a prime consideration in the general manu-
facturing industry. For example, a ships roll motion due fo the waves is a
highly resonant system. It is then, necessary for ships carrying passengers
or weapon platforms to control this undesirable motion. Another example
is the use of cranes to move containers. In this case it is required that the
payload does not undergo excessive swing, if not damage to personnel and
cargo may occur, Moreover, in the automotive industry recent trends are
towards smatler and lighter vehicles for better fuel economy and market
expansion, see Karkosch and Svaricek (1999). At the same time, there has
been a major increase in consumer awareness of long term health impacts
of exposure to high noise and vibration levels.

Due to these physical, economical and safety constraints, conventional
techniques such as passive sound absorptive materials, mass tuned dampers,
maodification of the system design, ete., by themselves would not satisfy the
requirements of producing a minimum weight system with an optimal fuel
economy and in those cases needed a high comfort level. Consider for ex-
ample, an engine mount; in order fo limit engine movement, it is desired to
have a very stiff mount. However, to minimize transmission of engine vibra-
tions into the passenger compartment, a very soft engine mount is required.
These contradictory requirements have made engine mount manufactures
to design passive vibration absorbers that provide an optimal compromise.
But, passive noise and vibration treatments at low frequencies are phys-
ically not realizable. Consequently, active control technologies have been
investigated for low frequency noise and vibration control. Congequently,
the complete solution to the noise and vibration problems can be obtained
by integration of passive and active systems.

The problem of active control of noise and vibrations has been a subject
of much research in recent years, see Karkosch and Svaricek {1999) and
references there in, The main part of the published literature makes use of
adaptive signal processing and filtering techniques, According to Ohmori
et al. (1999), the most popular techniques for harmonic disturbance rejec-
tion are (i) the feedback controller design method based on internal model
principle; and (ii) the feed forward controller design method based on ex-
ternal model principle. .

In the feedback control structure of (i) approach the requirement is




Figure 1 The use of a noteh filter I to handle undesired excitation of undamped
modes of the process P.

an asymptotic disturbance rejection. This can be realized by the insertion
of notch filters. The advantages of this type of algorithm are that it is
linear making analysis easier, and that convergence is very rapid. The
disadvantages are that there are some performance limitations because the
algorithm must satisfy both closed loop stability and disturbance rejection.

On the other hand, in external model controllers of (ii) approach, the
disturbance model is placed outside the basic feedback loop. The distur-
bance model is adjusted adaptively to match the actual disturbance. The
advantage of this approach is that compensation is like feed forward, then
the effect on the nominal open loop gain can be made small. The disad-
vantages are that the analysis and implementation are somewhat more
complex than for the internal model based algorithms.

Notch Filtering Limitations

A classical method to avoid unnecessary excitation of undamped modes is
illustrated in Figure 1. The process P which consists of undamped modes
is controlled by a controller C. To avoid unnecessary excitation of the un-
damped modes in P a notch filter F is introduced. Unfortunately, the notch
filter F will not provide any additional damping of these modes, when the
disturbance ! in Figure 1 excites them.The paper will present a new method
to overcome this problem,
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Figure 2 Control with active damping. In the inner feedback loop the active
control system K rejects undamped modes of the process P, In the outer control leop
the controller € gives goed disturbance rejection, robustness to model uncertainties,
and set point following.




Y
{ ) -t —— -
P

Yr

Figure 3 The reduced block diagram, describing the relation from load distur-
bance ! to measurement output y.

The New Approach

Consider the two degree of freedom controller in Figure 2. The controller
consists of an inner feedback loop where the purpose of the active control
system F is to increase the damping of the plant. In the outer control
loop the purpese of controller C is to achieve good disturbance rejection,
robustness to model uncertainties and set point following. There are no
requirements on the controller structure and design. The objective of the
active control system F is to damp the oscillations in the output y, when
the disturbance [ excites the undamped modes of the process P. Thus, the
design problem of F given in Figure 2 is reduced to the block diagram in
Figure 3.

Agsume that the disturbance [ is a sine wave whose frequency corre-
gponds to the one of the undamped modes of the process P. The purpose
of F' is then to synthesize a waveform y; which is identical in magnitude,
phase and frequency to the original signal /. This is realized if the filter F
is the product of an allpass filter K, with transfer funetion,

32 - 2{3&)&_8 + a)g

FGI(S) - SZ + Zgawas + (Z)g’ (1)

and a bandpass filter ¥, with the transfer function,

Fy(s) =

(2)
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The allpass filter F, makes it possible to obtain the right amount of phase
lag of the output y at a specific frequency without affecting the gain, be-
cause, F, gives only a phase and no gain contribution for all frequencies,
compare with the left figure of Figure 4.

The bandpass filter F, makes it possible to obtain the right amplitude of
the output y at a specific frequency without affecting the phase, because,
Iy gives only a gain but no phase contribution at a specific frequency,
compare with the right figure of Figure 4. A good overview of different
filters is found in Wie and Byun (1989).

In the next section it is shown how to determine the parameters of the
allpass filter F,: {,, w,, and of the bandpass filter Fy: K3, {3, @y based
on a few characteristics of the process frequency response.
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Figure 4 The Bode diagram of the allpass filter F, (left} with a,
0.2,0.4,0.6,0.8, and the bandpass filter F, (right) with @y, = 1, Kp
0.2,04,0.6,0.8,
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Design of the Active Control System F

For the design of the active control system # it is assumed that the un-
damped process P has the same structure as the flexible shaft system, This
is no severe restriction, since a lot of undamped systems occurring in differ-
ent areas may be modeled as a flexible shaft system. The system consists of
two flywheels which are coupled with a spring, where the spring coefficient
is assumed to be constant. It is driven by a torque input on the driving
fly wheel, and the speed of the load flywheel is measured. The transfer
function of the system is given by,

@
(s + wp)(s? + 20 pops + @0%)

P(s) = (3)

where {, and ®, are the damping and the resonance frequency of the
undamped modes of P.

The active control system F is the product of the allpass filter F, in
(1), and the bandpass filter Fy, in (2). To determine the parameters of the
two filters the following characteristics of the process frequency response
P(iw) is needed: the resonance frequency @p, and the amplitudes Pp,, and
Pyin defined in Figure 5.

The Allpass Filter Design: The purpose of the allpass filter F, is to
shift the phase of the output y at the resonance frequency @, such that,

arg { P(imp) } + arg { F,(imp) } = —360°,

which is equal to

82~2é‘aﬂ)a3+wg ’ o
e {32 + 28 a5 + WF } . arg {P(iay) ) = 360 )

where the damping coefficient {, determines the rate of decrease of arg Fp,{iw),
compare with the left figure of Figure 4. It was noted from simulations that the
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Yigure 5 Characteristics of the process frequency response P{iw) needed to de-
sign the active control system F.

choice of &, is quite insensitive to performance. The choice of {, = 0.5 was
made based on Wie and Byun (1989).

If Equation (4) is solved for @,, with {, = 0.5 the filter F, will give the
desired phase lag at ;.

The Bandpass Filter Design: The purpose of the bandpass filter is
to change the amplitude of the output y at the frequency @, such that
|P(iwp)| - |Fylimp)| = 1 at 0 = wp, that is,

|Pliop)| - | Ko =1, (5)

8
+2{p0ps + 02 ety

where Equation (2) have been used. If Equation (5) is solved for K3, then

_ 28wy
= Pl (6)

Ky

gives the right amount of gain reduction at @ = w,,.

In the right figure of Figure 4 it is illustrated how the damping coeffi-
cient ¢ affects the amplitude and phase curve of F(iw). In this case, the
effect of {5 on the amplitude curve is the interesting one. A small value will
give a narrow width of the notch gain at @, compared to larger values of
{p. It was noted from the simulationg that best performance was obtained
by using relative large values of {3. The choice {; = 0.9 gave a desirable
performance,

The Characteristics of the Resulfing Design 'To analyze the effects
of the determined active control system F, consider the transfer function
Y(s) _ P(s)
L(s) 1+ P(s)F(s)’
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Figure 8 The gain %; of the bandpass filter ¥, plotted as a function of the char-
acteristics P,uc/Puin of the process frequency function Pliw).

given by Figure 3. A performance measure of the design of the active filter
F is its damping at the resonance frequency @,, that is,

Pliwp)
1+ Pliw,)F(iop)

- (7)

To estimate the magnitude of Equation (7), the following results are needed:
|P(iwp)| = Ppax and | Fy(iwp)| = 1. Furthermore, from Equation (1) and (6)
it follows that |Fb(ia>p)| = Ky /2y = 1/Ppax. Then, Equation (7) gives,

|P(i60 )| _ Pmax
= 1+1P(iwp)|p|F(ia>p)| o2 (®)

Pliay)
‘ 14 Pliay) Fiop)

where the triangle ineguality has been used. Consequently, the filter F will
reduce the gain at the most with half the magnitude of the process P at
the resonance frequency @p.

The performance of the designed active filter F was evaluated on a test
batch for the process (3) with wy = 1, and different values of ®, and ¢,,.
As a performance measure the integrated absolute error TAE, defined in
Astrém and Hagglund (1995), was computed for ¢ = r — y with r = 0. The
calculated TAE for the different processes in the test batch showed that
in some cases smaller values could be obtained. In other words, the use
of K in Equation (6) will not give the optimal gain reduction at w, for
all processes in the test batch. For some processes Kj should be larger for
other ones if should be smaller. Consequently, the performance of the active
filter F' would improve if its gain K, depends on the process characteristic
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Figure 7 The time response for a short pulse on the input of the flexible shaft
system system for the cases with no active control (left) and with active control

{right}.
given in Figure 5. Equation (6) should then be refined to,

K, = kw Bl (9)

where kp is a function of P/ Pinin. The function &y (Prgsx/ Pmin) is obtained
in the following way: for each process in the test batch calculate the TAE
values of the closed loop system in Figure 3 for a set of k5 and choose the &
which gives the minimum IAE. These values of &2, have been marked with
a cross (x) in Figure 6 together with corresponding values of Pyqx/Prin -
A rough approximation of ky(Ppqy/Pmin) i given by,

by = —0.46 + 0.335maz, (10)
Pmin

which corresponds to the full line drawn in Figure 6.

Coneluding Remarks: In this section an active control system F, has
been designed. It rejects the excitation of undamped process modes in the
output y, which are excited by the disturbance [ in Figure 3. The active
filter F is the product of the allpass filter F,; in (1), and the bandpass
filter ¥, in (2). The filter parameters of F,, and Fj are determined in the
following way:

g solve Equation (4).

{at £a=0.5

Wpt Wp = Op

{pr §p=0.9

kyt Ry = —0.46 + 0.33Pn0x/ Prin

Example

The proposed active control system has been applied to an example found
in the literature, the flexible shaft system in Farrugio (1998).
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Figure 8 The time responses of the closed loop system when controlling the
flexible shaft system system with a PI controller for the cases with no active control
{undamped response) and with active control (well damped response).

The Flexible Shaft System

The flexible shaft system from the paper Farrugio (1998) consists of two
flywheels which are coupled by a spring and can be approximated by the
transfer funetion,

K

P(s) = (s + 07) (52 + 20 ,0ps + 0Z)°

The proposed active control system has been tested on the nominal model
in Farrugio (1998), with x = 15.21, {, = 0.02, w, = 7.66, oy = 0.10. To
determine the active filter ¥ the parameters needed are: wp = 7.66, Py =
0.85, Pyip = 0.088, @, = 7.64, and &, = 2.75. In Figure 7 the time response
for a short pulse on the input of the flexible shaft system system is shown
for the cases with no active control in the left figure and with active con-
trol in the right figure. Consequently, the active control system gives an
improvement in performance.

Furthermore, the active control system has been tested in closed loop
where a PI controller with controller parameters K = 1.0 and T} = 12.5 is
used. In Figure 8 the time response of the closed loop system is shown for
the cases with no active control and with active control. The well damped
response is obtained with the active controller which gives an improved
performance of the closed loop system.




Conclusions

In this paper, an active control system is designed to handle processes
with undamped modes. The objective of the active controller is to damp
the oscillations in the process output, when a disturbance excites the un-
damped modes of the process. A modular approach has been taken, where
the active filter consists of an allpass filter and a bandpass filter, The pa-
rameters of the allpass and bandpass filter are determined in a systematic
way, where the only information needed is a few characteristics of the
process frequency response. There are no requirements on the controller
structure and design. The active filter has been applied to a variety of
typical undamped systems, and it works well.
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