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SUMMARY

The active vibration control system for 3D mechanical structures is presented in the paper. The steel space frame-
work which consists of 126 steel bars and 44 aluminium joints is a subject of our investigations. It is equipped in
two piezoelectric stacks which are a part of chosen vertical bars in a plane X-Z. Bars, joints and piezo-stacks
have got glue connections. The mathematical model was decoupled to change Two Input Two Output (TITO)
system into two Single Input Single Output (SISO) systems. Such approach allowed us to design simple control
laws with help of computer simulation procedure. In the last chapter the investigations on the laboratory stand of
the active vibration control system with local controllers PD are described. Experimental results have proved that
these PD controllers work good increasing the damping level. Additional damp in the system causes the excellent
vibration reduction for the whole mechanical structure.

Keywords: active vibration control, piezo-stack actuators, decoupled system, active structure

AKTYWNY UKEAD STEROWANIA DRGANIAMI
PRZESTRZENNEJ PRETOWEJ KONSTRUKCJI MECHANICZNEJ

Aktywne sterowanie drganiami przestrzennej konstrukcji pretowej zostalo przedstawione

w ponizszym artykule. Obiektem badan jest przestrzenna konstrukcja pretowa zawierajqca 126 elementow preto-
wych, 44 aluminiowe wezly oraz dwa piezostosy. Wspomniane piezoelektryczne aktuatory stosowe zostaly wklejone
do konstrukcji w wybranych pionowych elementach pretowych w plaszczyznie X-Z. Globalny model matematyczny
obiektu jest ukladem o dwoch wejsciach i dwoch wyjsciach (TITO), ktory na potrzeby projektowania praw stero-
wania zostal rozprzezony na dwa poduklady o jednym wejsciu i jednym wyjsciu (SISO). Projektowanie praw ste-
rowania zostalo przeprowadzone na drodze badan symulacyjnych w Srodowisku Matlab. W koncowej czesci arty-
kutu opisano badania eksperymentalne wraz z zaprojektowanymi lokalnymi regulatorami PD. Wyniki tych badan
udowadniajq, ze wspomniane regulatory PD zwiekszajq poziom tlumienia. Tym samym dodatkowe tlumieniem ktore

pojawilo sie w ukladzie powoduje znakomitq redukcje drgan calej konstrukcji mechanicznej.

Stowa kluczowe: aktywne sterowanie drganiami, piezostos, aktywne sterowanie, rozprzezony ukiad

1. INTRODUCTION

The vibrations control of the 3D bar structures has a great
practical interest in a many industrial applications, e.g.
modern structures of the huge space vehicles, aircrafts, so-
lar batteries, robots, rotors, etc. Two demands are required
in design of such structures. The excellent dynamic behav-
ior is the first one in order to guarantee the stability of the
structure and high precision pointing. The necessity to ob-
tain light structures, which allow reduce the cost is another
one. However, these two requirements are often contradic-
tory. The weak internal damping in light structures hinders
the accuracy requirements (Premount 2002).

These difficulties can be overcame by applying recently
developed advanced materials, for instance, piezoelectric
materials. Several researchers have proved that piezoelec-
tric elements can effectively counteract the vibrations
(Pietrzko and Mao 2009, Szolc and Pochanke 2010, Pietrza-
kowski 2004). Of course, the appropriate active damping of
these vibrations can be achieved by the optimal location and
control of the piezo-elements in the structure.

The vibration control of 3D mechanical structure with
two piezo-stacks as actuators and two eddy-current probes
as sensors is consider in the paper. It leads to two input and
two output (TITO) control system. Exactly saying, control
law was designed to eliminate the vibrations of the structure
free end in the plane parallel to the fixed base (2D control).

By proper excitations the open loop system was decoupled
into two single input and single output (SISO) subsystems.
For the decoupled system local control laws were designed
in the computer simulation procedure. Next, the experimen-
tal stand was designed with actuators and sensors located in
the structure. The searching procedure of quasi-optimal lo-
cation was presented in earlier paper (Gosiewski and Ko-
szewnik 2010) while identification procedure of open-loop
system dynamics will be described in (Koszewnik and
Gosiewski 2011). The experimental results confirm the ana-
Iytical and simulation considerations.

2. MATHEMATICAL MODEL
OF 3D STRUCTURE

Following steps are proposed for the design of the vibration
control systems for mechanical structures:

1. Analytical and creative part of the design.

2. Determination of the optimum location of sensors and
actuators within the structure (with the use of the finite
element method, FEM).

3. Identification of the mathematical model of the vibra-
tion process.

4. Control law design.

. Experimental verification of the design.

6. Return to the first step, if the results are not satisfactory.
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The first three steps was carried out and their results are
presented in (Gosiewski and Koszewnik 2010, Koszewnik
and Gosiewski 2011).

The laboratory stand with the controlled structure is
shown in Figure 1. The identification procedure was carried
out for the case when actuators were used as input and sen-
sors as output for different form of excitations. We were
looking for such excitation form which allows us to decou-
ple TITO system into two SISO subsystems, one — to con-
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that the best excitations are obtained when piezo-actua-
tors generate force moments around X and Y axis, re-
spectively. For both excitations the vibrations were mea-
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Fig. 1. Laboratory stand for the identification purposes

H(s) = |:HXX (s) Hxy (S)]

Hyx(s) Hyy(s)

H yy (s)=0,014163

Hyy (s)=0,011018

H yy (s) =0,002691

(1)
(s2 +35,845+ 2,10464)(3‘2 +33,18s +3,57565)(S2 +38,03s+1, 459e6) ,
(s2 +14,475+ 9383)(s2 +38,99s +1,827e5)(s2 +86,64s +9,581e5) &
(s2 +19,79s + 2,57264)(S2 +20,76s + 3,16365)(S2 +68,07s +1,033e6)
(s2 +2,6925 + 9687)(s2 +22,45+3, 096e5)(s2 +116,25+7, 793e5) ©
(s2 +15,81s +1,815e4)(s2 +99,425 + 2,68e5)(s2 +33,79s +1, 403e6)
(3)

(s2 +2,418s +9629)(s2 +108,7s+2, 49465)(S2 +77,765+9, 789e5)

Hyy (s) =0,00359

(s2 +6,1655+2, 001e4)(s2 +15,495 +3, 73965)(S2 +59,85 +1,151¢6
5

(52 +4,828s +1.07364)(S2 +27,74s + 2,1965)(5‘2 +53,925+8,127¢5

)) 4)
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Fig. 2. The comparison the amplitude-frequency characteristics of both directions for the: a) excitation in direction Y;
b) excitation in direction X

In interesting range of frequency 10-200 Hz all elemen-
tary transfer functions are of 6" order since they have three
resonance peaks. All elementary transfer functions (their
amplitudes) are presented in Figure 2.

As we can see in Figure 2 both models have different
resonance and anti-resonance frequencies. It is correct,
since we analyze structure vibrations in two different planes
X-Z and Y-Z. Furthermore, we can notice, that excitation in
one direction has much smaller influence on the vibrations
in perpendicular direction. The amplitude of the transfer
function Hy(s) is about 10 dB lower than the amplitude
of the transfer function Hy(s) in considered range of fre-
quencies. Similar situation we can note also comparing
transfer functions Hyy(s) and Hyy(s). In this case the
amplitude of the transfer function Hy(s) is about 20 dB
lower than amplitude of the transfer function Hy(s). So, in
equation (1) we can omit out-of-diagonal transfer functions.
In such a way we have obtained the decupled system. It
allows us to design appropriate local control law for transfer
function Hy(s) and Hy(s).

3. CONTROL LAW FOR THE STRUCTURE
WITH PD CONTROLLERS

TITO system may be controlled in a global way. It would be
resulted in TITO controller. It is not simple to design such
controller and so more the number a microprocessor calcu-
lations increase in power two. Because the vibration pro-
cess is very fast it is desired to make the control laws as
simple as possible.

We have designed the local control laws for subsystems
represented by diagonal elements in the matrix transfer
function (Eq. (1)). With help of computer simulations the
closed-loop system with two classical PD controllers was
investigated. One controller was used to damp the vibration
in the plane X-Z while second — in plane Y-Z. High level of
damping and very short transient period of the vibrations

were the criteria in the design procedure of control laws.
The controller parameters were chosen during computer
simulation by the comparison of the time plots (responses to
step, impulse and sinusoidal force excitations) and the Bode
characteristics. So more the plots for closed-loop systems
were compared with the plots for open-loop systems.

First, the local controller PD was designed for the trans-
fer function Hy(s). All investigations proved the best PD
control law in plane Y-Z has the following form
PDy (s)=s+0.05. Therefore, all presented characteristics
are results of the computer simulations for the closed-loop
system with such control law. The step answers of the open-
loop system and closed-loop system are presented in Figu-
re 3. Please note different time scales in both plots. The
closed-loop system is very fast — its control time is 0.04 s
while transient period in open-loop system reaches 1.2 s.

The same results are presented in the Figure 4 for
the impulse excitation. The transient period of closed-loop
systems was reduced several times in comparison with
the open-loop system. Both systems were also harmoni-
cally excited (opposite applied voltage to piezo-stack
u = 100sin(2*pi*16.5*¢)). To underline differences the exci-
tation frequency equals frequency of the first resonance
(f;y = 16.5 Hz — see left plot in Fig. 2). As we can notice in
Figure 5 the vibration amplitude of closed-loop system was
reduced almost five times in comparison with the vibration
amplitude of the open-loop system.

All time plots showed significant reduction of the Y-Z
vibrations of the structure when we have used the control
subsystem with PD control law. The dynamic behavior of
the systems was also check in desired frequency band. The
amplitude-frequency characteristics of both open-loop and
closed-loop systems are shown in Figure 6. We can notice
the strong damping in the case of the closed-loop system
particularly in the range of lower frequencies. Stronger
damping in full desired frequency range (10-200 Hz) re-
quires of a higher-order control law.
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Fig.
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Fig. 3. The comparison of open-loop subsystem and closed-loop subsystem for step excitation in plane Y-Z
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In the second stage similar PD control law was designed
for the open-loop model described by the transfer function
Hy(s). Also in this case all investigations proved the best
PD control law in plane X-Z has the following form
PDy (s)=0.1s +3.2. Therefore, presented below character-
istics result from the computer simulation of the closed-loop
system with this control law. Step answers of both systems
are shown in Figure 7. The closed-loop system is significant-
ly faster in comparison the open-loop system. Transient pe-
riod in open-loop system reaches up 0.4 s, while this same
parameter for closed-loop system is 0.08 s. Similar results
are presented in Figure 8 for the impulse excitation. In this
case the transient period of closed-loop systems was reduced
four times in comparison with the open-loop system. Addi-
tional both systems were also sinusoidal excited results are
shown in Figure 9. This time the signal excitation was the

sinusoidal force with frequency of the first resonance in di-
rection X (f,, = 15.3 Hz — see right plot in Figure 2, applied
voltage to the piezo-stack is u = 100sin(2*pi*15.3*7)). As
we can see in Figure 9 in this case the amplitude of closed-
loop system was reduced six times in comparison with the
vibration amplitude of the open-loop system.

Results from Figure 7 to Figure 9 show correct acting the
closed-loop system in plane X-Z. However we do not know,
how this control law will damp the vibrations the structure
in consider frequency range 10200 Hz. Bode plot in Fi-
gure 10 is an answer to the question.

Amplitude characteristics in consider frequency range
confirm the appearing of the additional damp in the sub-
system. Evidently it is significant in vicinity of the two
lowest resonances where the amplitude of closed-loop sub-
system decreased about 10 dB.
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Fig. 7. The step responses of open-loop subsystem and close-loop subsystem for the excitation in plane X-Z
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4. EXPERIMENTAL INVESTIGATIONS

In this chapter the experimental results obtained for open-
loop system and closed-loop system with local control laws
are discussed. The laboratory stand consists of mechanical
bar structure, two eddy-current sensors, two piezo-stacks,
two voltage amplifiers and digital signal processor DSP
which play the role of the controller. As it was mentioned
earlier the local control laws have the following form:

.0 =3.2( e(1)+0. 1dz(tt))
and

uy (1) = 0.05( e(t)+ dil(tt))

Such control law was implemented at the processor DSP.
The block diagram of the whole control system is shown in
Figure 11.

First, the structure vibrations were excited by the piezo-
stacks with the frequency of the Y-Z plane first resonance in
(applied voltage: u = 1.2sin(2*pi*16.5%f) [V]), next, the
structure was exited with the frequency of the X-Z plane
first resonance (applied voltage: u = 1.2sin(2*pi*15.3%*t)
[V]). The voltage signals from both eddy-current sensors
were recorded and recalculated to obtain the displacements
at the free end plane of the structure. During these experi-
ments the piezo-stacks working as a vibration generators
were switched off after several seconds (after about 15 s)
to obtain transient response of open loop-systems (upper
plots in Fig. 12 and Fig. 13). In some experiments the piezo-
stacks were switch off as a generator and immediately were

RIGhT FIEZC
OMIOFF

Reforeriasisiie Source of vibration control signal
- RIGH T RIGHT
i FOfs) for
)
PO [
o s |
Bad Link output signal X-Z T
Dsz102_E1
OS2002_EA
i @::E_,I:
BLOCk OPENICLOSE
LA GOMN TROL
» ] [ {4 )
0020 + PO} o+ : conitrol sigral
l=vel aftar switch1 LEFT
FReference walus
-2 FOy
LEFTPIEZC
CMICFF
C Source of vibration
LEFT
Fig. 11. Block diagram of the control system
a) Sensor X-Z: open-loop system b) Sensor Y-Z: open-loop
., 004 : " . " : : : . 04 : : : : :
E £
0.02 0.2
g g i
= £ IV
S 002 Q 02
£ =
< siod i i . ) i ] A < i i : : i ! i |
14 15 16 17 18 19 20 21 22 14 14.5 15 15.5 16 16.5 17 17.5 18
Time [s] Time [s]
Sensor X-Z: close-loop Sensor Y-Z: close-loop
., 004 . r : : . 04 : : : : :
E E ozﬂ\ i ”\ i
= ‘ | n = i ”“”””‘MH‘ \‘M‘
| 1
] HI | “ﬂ “‘1 AL AN =2 0”1 L‘ i Lﬁ‘hﬁﬂu
= H\ (ERRARA = ‘HMH“”‘ “h\
B i L
2 o002 g 0z M i “‘J
< 5 o4 : i : . . . <L 54 i . : . . :
16 17 18 19 20 21 22 14 14.5 15 155 16 16.5 17 175 18
Time [s] Time [s]

Fig. 12. Transient vibrations of open-loop system and closed-loop system in plane Y-Z: a) right sensor (sensor plane X-Z);
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Fig. 13. Transient vibrations of open-loop system and closed-loop system in plane X-Z: a) right sensor (sensor plane X-Z;
b) front sensor (sensor plane Y-Z)

switch on as a actuators of closed-loop systems to show the
transient period of the closed-loop system (lower plots in
Fig. 12 and Fig. 13). The results of such experiments are
presented in both directions for the excitation in directions X
(Fig. 12) and for excitation Y (Fig. 13). Please notice again
the different scales of the amplitudes in presented plots.

Experimental results have proved that local PD con-
trollers were designed correctly. In both cases the transient
vibrations of the closed-loop system significantly faster
disappear in comparison with the open-loop system. It was
appeared such decoupled closed-loop system with simple
controllers is sufficient to have the excellent active damping
of the whole structure vibration.

5. CONCLUSIONS

In the paper we have described the process design of 2D
control laws for the vibration control of 3D mechanical sys-
tem. Results of dynamic process identification have showed
that the whole system is really decoupled for chosen forms
of the excitation. Such excitation approach was used in con-
trol loops. Ipso facto process of design control laws was
reduced to the design of two local controllers each of them
for one diagonal transfer function in TITO model of the full
system. In such solutions the local control laws have simple
form, typical for PD controllers. Control laws parameters
were obtained in computer simulations procedure. Next
dynamic behavior of open-loop system and closed-loop
system was analyzed with help of standard excitations like
step function, impulse function and sinusoidal function. All
dynamics characteristics show the advantage of the closed-
loop system in comparison to the open-loop system. For
example transient period time was reduced several times.

Next, the experimental stand was designed and obtained
control laws were implemented to processor DSP. Experi-

mental results completely confirmed the computer simula-
tions and they show proper operation of the closed-loop
system with two local PD controllers. The active system
significantly increases the damp level in structure vibra-
tions. The transient period is much shorter than in case of
the open-loop system.

All carried out investigations and obtained results have
proved that designed 2D active vibration control system
perfectly control the vibrations of 3D flexible bar structure,
especially for the first mode of vibration.
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