AJAA JOURNAL
Vol. 30, No. 12, December 1992

Active, Passive, and Semiactive Vibration Suppression
by Stiffness Variation
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This paper investigates the vibration suppression by stiffness variation. First, optimal on-off control logic for
a single-degree-of-freedom variable-stiffness system is proposed. A control logic for a multiple-degree-of-free-
dom system with multiple variable-stiffness elements is also proposed. As an example of a variable-stiffness
system, a string whose tension is controllable is studied. Numerical simulation demonstrates the effectiveness of
the proposed control logic. Next, a dry friction is shown to vary the tension of a string in the same way as this
active control when the longitudinal stiffness is high, realizing a passive vibration suppression. The performance
of the passive system is studied. To overcome the disadvantages of the passive system, a semiactive control is
proposed, that controls the frictional force. Numerical simulations and an experiment demonstrate its effective-

ness and robustness, although it is primitive.

Introduction

ARGE space structures are expected to be flexible be-
cause of the stringent demands of lightweight and large
dimensional size. Their damping is also expected to be very
slow, whereas the shape accuracy requirements are stringent in
many future missions, including the huge space antennas and
optical interferometers. Therefore, the vibration suppression
of space structures is an important and difficult problem.
One of the most attractive approaches for this problem is
active vibration suppression.! Numerous works have been re-
ported about this subject. In most of them, the control forces
or torque are directly applied to the structure to suppress the
vibration. However, in some of them, another approach, the
vibration suppression by stiffness variation, is studied. To
suppress the lateral vibration of tension-stabilized strings,
Chen? has proposed to control their tension. Because the
lateral stiffness of the string is proportional to its tensile force,
his work suggests that the vibration can be suppressed by
varying the stiffness. Later, Fanson et al.? and Sekine? studied
the vibration suppression by this type of stiffness variation.
Recently, Onoda et al.’ introduced another type of hysteretic
variable-stiffness system, which is referred to as type 1I,
whereas the known variable-stiffness system such as variable-
tension strings is called type I in theor paper. They showed a
significant difference between the characteristics of the two
types, especially that the type II variable-stiffness system is
always stable even if it is improperly controlled. Furthermore,
they proposed an approach to suppress the vibration of multi-
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ple-degrees-of-freedom (MDOF) systems by controlling the
stiffness of type 1II variable-stiffness elements. However, the
general strategy for the vibration suppression of MDOF vibra-
tion of the type I system by the stiffness control does not seem
to have been studied sufficiently.

The active vibration suppression is usually very powerful.
However, the spillover instability is still a tough problem in
the active vibration suppression, even though many works
have been published on robust control logic. On the other
hand, passive systems, which have no artificial control and
whose vibration energy is dissipated by the structural damp-
ing, viscosity, friction, etc., are always stable. This robustness
is their great advantage. Therefore, it seems to be meaningful
to investigate if the vibration can be suppressed by the stiff-
ness variation resulting from passive devices. In many cases,
however, passive systems have disadvantages in their perfor-
mance. A possible attractive approach to reduce this disadvan-
tage, keeping the advantages of passive systems, may be the
semiactive vibration suppression, which controls the states of
the systems such that the damping performances are maxi-
mized.

In this paper, the investigation concentrates on type I vari-
able-stiffness systems. First, active vibration suppression of
single and multimode vibrations of a type I variable-stiffness
system is studied and a control logic is proposed. Next, it is
applied to the active vibration suppression of a string, which is
a typical example of a type I variable-stiffness system (and
also the simplest example of tension-stabilized structures), and
modified into a more suitable form for the local implementa-
tion. Subsequently, it is shown that the stiffness variation that
is equivalent to this active control can be implemented by
using passive dry friction if the longitudinal stiffness of the
string is high. This system with dry friction is robust because
it is a passive system. But if the longitudinal stiffness is not
high enough, vibration ceases to be suppressed when it has
been suppressed to a certain level because the frictional slip
stops. As a result, a certain amplitude of residual vibration
remains. Therefore, a semiactive approach is proposed to
eliminate the disadvantages, including the residual vibration,
still keeping the advantage of robustness. The effectiveness of
these approaches is investigated and compared with each other
other based on the numerical simulations. Finally, an experi-
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ment is performed to demonstrate the effectiveness and practi-
cality of semiactive vibration suppression.

Active Vibration Suppression of a
Single-Degree-of-Freedom System
When the external force is zero, the equation of motion of
a single-degree-of-freedom (SDOF) type I variable-stiffness
system is

mit+ ku =0 6}

where m is the mass, k the variable stiffness, and u the dis-
placement. Usually, the variation range of stiffness k is limited
by the hardware capability. Therefore, let us assume as

k(l-e)=k=k(l+¢ )

where £ is the nominal stiffness and e is a constant. Then the
vibration is most reduced per cycle by controlling the stiffness
such that®

if uu>0

3
if ut<0 ®

- (k(l+eo
* {k(l —€)

However, it should be noted that this control logic does not
necessarily result in the maximum damping per time, which is
our goal.

To obtain the on-off control logic which damps the vibra-
tion most rapidly, let us modify the control logic of Eq. (3) as

follows:
i {k(l +9 if (= mE +vau)>0 -
k(=) if (u=mE)E + vau) <0
where
t=m/k i ®)

and where v, and v, are constants related to the on-off timing.
Then it can be seen from Egs. (1) and (4) that the amplitude of
vibration decreases by the factor of

_U—e+yDll +7i0 + o)

= 6
S (U F e DI+ 231 = o] ©
per half-cycle, and the half-cycle period T} is
r, -1 { L g Q1T+
w 1+e¢ [vi(1 +¢) — 72l
1 1 V1 —
+ tan-! (1 +772) € } )
V1 —¢ [v2 — 711 — &)
where
w=vk/m (8)

By using these equations, the optimal values of v, and vy, that
maximize the equivalent damping ratio

= — 1/(Tyo) ba(ry) ©)

are numerically searched. The optimal values of v, and v,, the
resulting optimal damping ratio, and the damping ratio result-
ing from other types of control logic, including Eq. (3) (.e.,
v1 = v2 = 0), are shown in Fig. 1 against e. The figure shows
that the optimal timing of stiffness reduction is later than the
control logic of Eq. (3), whereas that of stiffness recovery is
the same as it. The optimal value of ¥, coincides with the
optimal damping ratio. The figure shows the advantage of the
control logic of Eq. (4) over the logic of Eq. (3) when e is
relatively large. This advantage is brought in by the reduction
of the cycle period due to the delay of the stiffness reduction

timing. For the logic of Eq. (3), € has an optimal value, that is
slightly less than 0.9. Beyond this value, the damping ratio
decreases because the cycle period becomes longer.

When the stepwise variation of stiffness is not practical, the
following logic can be used instead of Eq. (4):

k(l+e)  if o —7EE +vau) = e
| KD+ o = 1aE)E + ya)] ,
k= if — e<a(u — mE)E +yay<e @)
k(=€) i a(u — 1E)E + yau) < —¢

where « is a constant.
In Ref. 2, the following two types of control logic are shown
to be effective;

- k(1 + ayti) ifu>0
k= . (10)

k(1 — a,i) ifu<0

- k(1 + asu if a>0
. { (o) 1 )

k(1 — azu) if u<0

The damping ratio obtained by these two types of logic are
also calculated and plotted in Fig. 1. The gain constants «; and
a; are adjusted such that

€= oy litl ey 12)
e=aplte | gy (13)

so that the stiffness variation does not exceed the limit of Eq.
(2), where lul ., and lu |, are the maximum values of il
and lu | in a cycle of vibration, respectively. The figure shows
much rapid damping of the on-off control compared with
those of Eqs. (10) and (11); even the control logic of Eq. (3)
results in a superior damping.

Active Vibration Suppression of an MDOF System
with Multiple Variable-Stiffness Members

When the external force is zero, the equation of motion of
an MDOF system is

Mi+Ku=0 a14)

where M is the mass matrix, K the variable stiffness matrix,
and u the displacement vector. Let us assume that the variable-
stiffness matrix K is a linear function of drive signals s; to the
Jth variable-stiffness structural element as
ny
K=K+ Y s;AK; (15)
j=1
where K is the nominal stiffness matrix, AK; is the variation of
stiffness matrix due to the unit drive signal to the jth variable
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Fig. 1 Eqguivalent damping ratios of an actively controlled SDOF
system and the optimal values of y; and v3.
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stiffness element, », is the number of variable stiffness ele-
ments, and the range of s, is limited to

-l=5=1 (16)
In the modal coordinates based on the mode shapes of the

structure whose stiffness is K, the equation of motion is as
follows:

g+ @+G)g=0 0]
where
G= 2] 5;9TAK;®/m (18)
0= ding(eh, . . . ) (19
b=1[d1, ... 8] 20
¢/Mo; =m @n
/K = wim (22)

and where m is the total mass, and w? and ¢; are the eigenvalue
and the eigenvector of the ith mode of the structure whose
stiffness matrix is K.

The total energy of the system is

E=m/2(¢gT¢+q"Qq + q7Gq) (23)
From Eqs. (17), (18), and (23), the derivative of the energy can
be derived as
E= ViLe; (29
where

e =qT®TAK;®q (25)

Equation (24) indicates that the total energy varies by e;; — e;,
if the value of s; varies from —1to 1 and from 1 to — 1 when
the value of ¢; is ¢;; and ¢;,, respectively. In other words, the
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Fig. 2 Tension-stabilized string.
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Fig.3 Simulation result of active vibration suppression by tension
control.

total energy decreases if e;; <e;,. Therefore, when the varia-
tion range of s; is limited as Eq. (16), an efficient strategy for
vibration suppression is to change the value of s; from 1 to — 1
when ¢; is at a maximum and from —1 to 1 when ¢; is at a
minimum. This strategy is implemented by the following logic

s-{‘
N

When the degree of freedom of the dynamic system is one, this
control logic coincides with Eq. (3). If the stepwise variation
of the stiffness is not practical, the following logic can be used
instead of Eq. (26):

if >0
if &, <0

(26)

1 if aej = 1
5; =9 ag if —l<ag;<1 (26")
-1 if agj < — 1

where « is a constant.

When AK; is proportional to the nominal stiffness of the jth
variable-stiffness structural member, Eq. (25) shows that ¢; is
proportional to the strain energy stored in the jth variable-
stiffness member. Therefore, the control logic of Eq. (26) can
be implemented by monitoring the strain energy of variable-
stiffness members. Because the strain energy of each variable-
stiffness member can be locally measured, this control logic is
suitable for local implementation.

It is also possible to introduce weighting factor w? for the ith
mode by modifying the definition of e; as follows:

e =qgTWTdTAK,®Wyq 257
where
W = diag(wy, . ..,w,) 27
Active Vibration Control of a String

by Tension Control

A string is the simplest and typical example of tension-stabi-
lized structures. Therefore the investigation of the vibration
suppression of the tension-stabilized string seems to suggest
the characteristics of that of general tension-stabilized struc-
tures. When the external force is zero, the equation of lateral
motion of the tension-controlled string shown in Fig. 2 is

pti—p(d*u/dx?) =0 28)
where p is the mass per unit length, u the lateral displacement,
P the variable tensile force, and x the coordinate along the
string. In this case, the number of variable-stiffness elements
is one. The equation shows that the stiffness is proportional to

the tension. Therefore, if the range of tension variation is
limited as

(A-ep=p=+ep 29
the variation of stiffness matrix is
AK, = eK (30)
From the definition of ®, it can be seen that
PTAK D = ed"KD = em 3D
where Q is defined by Eq. (19) by using
w; =~p/p i/l (32)

and / is the length of the string. Therefore the derivative of e,
defined by Eq. (25) can be estimated as

&, =2meqTQ§ = 2meLwiq;q; (33)
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Because «? is proportional to i2, the strategy of Eq. (26) can be
implemented for the string by the following control logic:

p(l+e (e,s1=1)
- {p(l —o (e, 5= 1)

when Li%q;¢; =0
= ! 34
p when Li%q;q; <0 34
I
When the longitudinal response of the string is fast enough
compared with its lateral dynamics, the displacement of the
floating end of the string d shown in Fig. 2 can be estimated as

d=6-(p—pVke (335)
where
8 = 7¥/(2)Li%q}? (36)

and where £, is the longitudinal stiffness of the string. Equa-
tions (35) and (36) show that d is proportional to %i%gg when
D is kept constant. Therefore, the control logic of Eq. (34)
can be replaced by the following logic:

{p(l +e (e,s;=1) when d =0

P=lpa-9Ge,si=-1) whend=0 @7
Because d can be measured at the floating end of string, this
logic can easily be implemented by a local control. This is an
important advantage of this logic.

Equation (37) shows that this approach is to take out the
energy of the string by using the longitudinal motion of the
floating end of the string. It should also be noted that the
present logic is not necessarily optimal in the sense of maxi-
mum damping per time.

To confirm the effectiveness of the present logic, a simula-
tion was carried out based on the control logic of Eq. (37) by
numerically integrating Eq. (17). Figure 3 shows an example
of simulated time history of vibration suppression. Five modes
are included in the mathematical model. The initial conditions
areg; =1fori=1,3,and 5; ¢; = 1/w; for i =2 and 4; and all
other g; and g; are zero. Other parameter values are w; = 1 and
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Fig. 5 Tension-stabilized string with dry friction at the floating end.

e = 0.5. In the simulation, a dead band is introduced in the
logic of Eq. (37) in order to avoid excessive chattering by
setting the tension as p = p when

IEizq;qi|<10‘5 (38)

The figure shows that the vibration of all of the modes is
suppressed, indicating the effectiveness of the approach. Be-
cause of the dead band, the control system ceases to vary the
tension when the vibration is suppressed enough.

In an actual situation, some time lag may be inevitable in
the controller. Therefore, to investigate its effect, a time lag is
introduced in the simulation. Figure 4 shows an example of
the results, where the initial condition is the same as that of
Fig. 3. The time lag is 0.135, which is only 2.1% of a cycle
period of the first mode. The figure shows that the system is
unstable. The mathematical model that is used in the simula-
tion has only five modes. However, if the mathematical model
includes higher modes with a nonzero initial condition, a
smaller time lag causes instability. For example, a mathemati-
cal model including eight modes is unstabilized by a time lag
of 0.0825, which is 1.3% of the cycle of the first mode. These
examples indicate that we have to be careful when some time
lag is inevitable. This possibility of instability is an annoying
disadvantage of the active control. The identification of the
optimal value of e is still left for the future works.

Passive Vibration Suppression of a String

To investigate if the tension control discussed in the preced-
ing section can be implemented by a passive device, let us
introduce a dry frictional device at the floating end of the
string as shown in Fig. 5, where f;is the frictional force and p
the constant tension. Then it can be seen that, when 6 is in the
range of

~-fis@—-d, <fs 39
no slip occurs, and the tension in the string is
P=p+@-dk, (40)

When 6 exceeds the limit of Eq. (39), the frictional surface
slips. If & is positive, the displacement and tension become

d=58—f/k, @1)
p=p+Jf; 42)
and if § is negative, they are
d=5+f/k @3)
p=p-J; 49

Therefore, when the value of k; is so large that the second
terms on the right-hand side of Eqgs. (41) and (43) are negligi-
ble compared with the first terms, respectively, the control
logic of Eq. (37) can be approximately implemented by the
frictional element, i.e., by a passive device. When the ampli-
tude of vibration is very large, the second terms can be negligi-
ble because the first terms become large, and the situation
becomes the same. Because the passively damped systems are
always stable and require no energy, this approach in these
situations is very attractive.

To investigate the characteristics of a passively controlled
system whose k; and vibration amplitude are not so large, the
damping characteristics of a single mode are studied first. Let
us consider a half-cycle of free decay vibration of mode i, in
which the modal displacement g; starts from zero, goes up to
the maximum value @, and again goes down to zero. Figure 6
shows the locus of state point in the 5-5 plane for this half-cy-
cle. The amplitude of vibration is assumed to be so large that
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the frictional slip occurs. Because the initial condition of this
half-cycle is the final condition of the preceding half-cycle, the
initial value of pis p — f;. As & increases due to the increment
of g;, p linearly increases in the initial phase. When the value
of p becomes p = p + frat the point 4 of Fig. 6, the frictional
slip occurs. The value of 6 is 2 f;/k, at this moment. When the
modal displacement is at the maximum, the value of & be-
comes

8, = m%a?/2]) (45)
Therefore, the length of frictional slip is
d, =6, - 2f1/k, (46)

When the modal displacement starts to decrease, the tension p
starts to decrease. At the moment when p = p — f;, the slip
starts again, and p remains at p — f;. The length of slip in the
return process is same as Eq. (46).

The initial kinematic energy is identical with the sum of the
increment in the strain energy of the string and the work done
by the displacement of the floating end in the initial quarter
cycle. Because the displacement of the floating end is d,, this
sum, i.e., the initial kinematic energy can be obtained as
follows from the figure:

E;=38,(p +fy) -2/} kL @n

The dissipated energy in a half-cycle is the area inside the loop
drawn by the state point in Fig. 6, which can be obtained as

Ep= {2[6,, ~ 2(fe/ k) fr if 2f;/k, <8, @8)
0 if 2f;/k;, =6,
Therefore, the energy reduces by the factor of
1= (fi/p) + 2(f+/P)Ip/(k1b
s/p) (ffp)zlp (k1.6.)] if 2£/k, <6,
r?= 1+ (f/p) — 2(fy/p)*p/(kLba)] (49)

1 if 2f/k, = 6,

per half-cycle. From Eq. (49), the equivalent damping ratio
defined by Eq. (9) is obtained as Fig. 7 by calculating the
half-cycle duration 7}, with numerical integration of the equa-
tion of motion.

The figure shows that the damping ratio is larger than 0.2
when 0.7 < f;/p < 0.9 and 7 < k. 8,/p . If the initial condition
of free vibration is in this area, the vibration damps relatively
rapidly at the beginning. However, when it damps and the
value of k;6,/p decreases to less than 10, the damping ratio
decreases. Generally, the vibration cannot damp beyond the
line

Ji/p =0.5k.8,/p (50)
This is because the frictional slip at the end of string stops.
From Fig. 7, we can design the system such that this passive
damping becomes effective when the vibration amplitude ex-

ceeds an allowable limit. For example, the value of &k, 8,/p has
to be larger than approximately 5 to make the damping ratio

D p—— d, —

p+fy

P-ff

Fig. 6 Half-cycle locus of state point in 5-p plane.
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Fig. 8 Transient time history of a string with dry friction (large
initial value, f7/p =0.8).
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larger than 0.2. As a result, from Eq. (45), the longitudinal
stiffness has to satisfy the following condition to suppress the
vibration to the allowable level keeping this damping ratio of
0.2:

k;, = 10pl/(xia,)? 1

where a, is the allowable amplitude of vibration. When Eq.
(51) cannot be satisfied, the figure indicates that the maximum
damping rate is obtained for the given value of k; 6,/p when

/D = Vak,8,/p (52)

Therefore, to keep this damping rate until the vibration is
suppressed to the allowable level, the frictional force should
be adjusted as

_ Ky (mia,?

8l (53)

Jr

Unfortunately, the damping ratio decreases when the value of
Jyis small, i.e., when the values of &, and g, are small.

To investigate the cases of the MDOF system, the lateral
vibration of a string is numerically simulated. The value of «w,
is unity, and five modes are included in the mathematical
model. Figures 8-10 show the results, where

g =qVki/(p) (54

d=dk,/p (55)
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Fig. 9 Transient time history of a string with dry friction (large
initial value, f;/p =0.2).
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Fig. 10 Transient time history of a string with dry friction (small
initial value, f;/p =0.2).

The nonzero initial values of Figs. 8 and 9are § = 10 fori = 1,
3, and 5; and g; = 10/w; for i = 2 and 4. In Fig. 10, they are
gi=1fori=1,3,and 5; and §; = 1/w; for i =2 and 4. The
values of f;/p are 0.8 in Fig. 8 and 0.2 in Figs. 9 and 10. It
should be noted that some ordinate scales for the region of ¢ >
350 are different from the others. The figures show that the
vibration of all of the modes damps rapidly when the ampli-
tude of vibration is large enough. But when the amplitude is
small or has been reduced to a low level, the frictional slip
stops. As a result, the vibration does not damp any more, and
residual vibration remains. When the value of f;/p is large
(Fig. 8), the initial damping rate is high, but larger residual
vibration remains (compared with Fig. 9). After the stop of
the frictional slip, Eq. (39) is held, and the displacement of the
floating end d becomes constant. In such a situation, we can
see from Eq. (39) that

Adk; =2fy (56)
where Ad is the difference between the maximum and mini-
mum values of § in the residual vibration. In addition, Aé can
be roughly estimated from Eq. (36) as

A = 7r2§i2a,%/(21) 7

where a;, is the amplitude of the /th mode residual vibration.

Therefore, the amplitude of residual vibration can be roughly
estimated as

)';iza,% =4f:1/(k, T (58)

The simulation results indicate that this is roughly true. The
comparison of Fig. 9 with Fig. 10 shows that the amplitude of
residual vibration is almost independent from the initial value
of vibration. In general, the damping characteristics of a
passively damped MDOF string are similar to the case of an
SDOF.

Semiactive Vibration Suppression

As has been mentioned in the preceding section, the damp-
ing with dry friction has the disadvantage of residual vibra-
tion. The possibility of the variation of the frictional coeffi-
cient due to the variation of the characteristics of frictional
surface is also a disadvantage. A possible approach to elimi-
nate these disadvantages is to optimally vary the frictional
force according to the state of vibration. Let us investigate the
case of an SDOF system first. As has been mentioned, Fig. 7
shows that the damping ratio is larger than 0.2 in the range of
k. 6,/p >T when f;/p = 0.8. Because this damping ratio is not
so bad, let us control the frictional force to be 0.8p in this
area. When the amplitude of vibration is further reduced
however, the damping rate decreases, and finally it becomes
zero before the vibration damps out completely. In the cases
where k;6,/p <3, the maximum damping ratio is obtained
when Eq. (52) is satisfied. Therefore, let us control the fric-
tional force as Eq. (52) in this case. Because of Eq. (46) and
Jr=Ap/2, Eq. (52) is equivalent to

Ap =dyk;, 59

where Ap is the variation of p (i.e., the difference between the
maximum and minimum values) during the half-cycle. Since
we can easily measure the length of slip d, and the variation of
tension Ap at the floating end of the string, a convenient
implementation of the aforementioned approach is to

increase frif Ap<d,k, and Y245 <0.8p
(60)
decrease frif Ap>dk, or V2Ap >0.8p

In the case of MDOF, the system has many modes with dif-
ferent frequencies. Therefore, Ap and d, are not defined
clearly, and, instead of them, we have to introduce similar
indexes which represent the amounts of variations of § and d.
The difference between the maximum and minimum values in
the near past can be such indexes. Figure 11 shows a possible
algorithm to estimate such an index o, for an arbitrary vari-
able a, where 7/ is a time constant for decay. The algorithm is
a combination of peak holders and decay operators. Then an
implementation of the present semiactive vibration control for
MDOF system is to control f; such that

55/ = 0a/o,) - B1/7. (1)
with a constraint
Jfi/p <0.8 (62)

where 0,4 and o, are the indexes obtained by the algorithm in
Fig. 11 for dk; and p, respectively, 8 is the target value for
04/ 0,, and 7. is a time constant for control.

To investigate the effectiveness of the approach, a numeri-
cal simulation is carried out. Figure 12 shows an example of
time histories where the initial conditions are the same as those
in Figs. 8 and 9. The parameter values for the control logic are
B =1, 1,=2, and 7, = 20. In the figure, some ordinate scales
in the region of #>350 are different from the others. The
figure shows that the value of fis at the maximum value (i.e.,
0.8p) and the damping rate is high when the amplitude of
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vibration is large. When the amplitude of vibration is de-
creased, the value of o, decreases to a lower level than the
value of g,, showing too short slip. Then the value of f; is
decreased by the control logic, and the values of 6, and o, are
controlled to be almost identical with each other. The compar-
ison of the figure with Figs. 8 and 9 indicates the advantage of
the semiactive control. In Fig. 12, the damping rate in the
initial phase is as large as Fig. 8, and still the vibration contin-
ues to damp when it has damped to a smaller level than the
amplitude of final phase of Fig. 9 whose initial damping is
slow. However, even in the semiactively controlled case, the
damping rate in the final phase is small compared with that of
initial phase where the amplitude of vibration is large.

This control is a semiactive control, which does not directly
control the structure. In this approach, the control speed may
be slow compared with the period of vibration. It should be
noted that when the control logic is improper, the damping
becomes slow at worst. But it never becomes unstable, unlike
the usual active control. Therefore, the control system can be
very simple. An anxiety in using the dry friction is the possible
variation of frictional coefficient. Even when it varies, this
control system will adjust the normal force. Therefore, this

next time-step

Cmin, 141 = min, 1~ (%nin,1~Cmax, 1 )AL/ T¢
%max,1+1 = Omax,1~ (max, s =%min,1)AL/Te
Oa = Cmax,141 &nin,1+1

Fig. 11 Algorithm to obtain an index o, that represents the variation
of signal o.

F I ['(\)/;/]\.N\/\I\N\N\/\/\/\/\J
fo/p ol o
2~ 0.2
O,
P
. M\W‘*‘MM .
2r F0.2
Cd
° e R

5 0.5
< L | [ |
9% U I |
5 0.5
5 N | [ |
U b Los !
5 0.5
5 i . |
T I os |
10 1
-10 -1t

i 1ov\ N | 1r
1 L\/

-10

ol L J

o Lo

o o]
(o] 100 350 400

N O
N
1

TIME

Fig. 12 Result of the simulation of semiactive vibration suppression
of a string.
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Fig. 13 Diagram of experimental setup for semiactive vibration sup-
pression of a steel tape.
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strategy seems to overcome the disadvantages of the active and
passive controls while still keeping the advantages by introduc-
ing a primitive control system. It should also be noted that this
control logic can easily be implemented by a local control
because it uses only the signals of d and p. This is an important
advantage, especially for the flimsy tension-stabilized struc-
tures, because it is difficult to mount massive actuators and
sensors on them.

Semiactive Vibration Suppression Experiment

To confirm the effectiveness and reality of the present semi-
active vibration control, an experiment on lateral vibration
suppression of a steel tape was carried out. Figure 13 schemat-
ically shows the diagram of the experimental setup. The steel
tape is 8 mm in width, 0.1 mm in thickness, and 2 m in length
(i.e., distance between the pulleys). The longitudinal stiffness
k; is 14 N/mm when the constant tension p = 3.2 N is given by
the soft spring k. At the center of the tape, a 140-g mass is
attached to decrease the frequency. Lower frequency is prefer-
able to reduce the effect of air damping and to control by
using a slow processor.

The frictional force is controlled by varying the normal
force on the frictional surface by using the device shown in
Fig. 14. When the electromagnetic linear actuator is driven
forward, the normal force for the friction increases. When it
is driven backward, the normal force decreases.

In this experiment, more simple control logic than Fig. 12 is
applied. The longitudinal displacement d measured by the
eddy current noncontact displacement sensor and the tensile
force p measured by the strain gauge are monitored for a
duration 7 that is slightly longer than a cycle period of the
lowest frequency. At each end of the duration, the variations
(i.e., the difference between the maximum and minimum val-
ues) of each signal during the duration Ad and Ap are calcu-
lated, respectively. Subsequently, the values of these two vari-
ations are compared, and the linear actuator of Fig. 14 is
driven according to Table 1, which lists the drive direction and
drive duration for various ranges of Adk;/Ap. The time con-
stant 7, in the table is set at 5 ms in the experiment.

In the experiment, a certain displacement is given to the
center mass, and it is released. Figure 15 shows the time
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Table 1 Control logic used in the experiment (duration and direction of drive)

Adkp/Ap 0 1720 1/10 1/5 2/5 4/5 5/4 5/2 S 10 20 )
| ] 1 | | | ] i |
Duration 16TdTlOT;[ 41;{ 274 ] Td 0 Td I 274 I 41q I IOTdI 1674
Direction Backward No drive Forward
= 42Np From the time histories of u. and p of Fig. 17, the values of
28t ¢, k. 8,/p, and f/p are estimated for each cycle and plotted in
. 0 W Fig. 7. The numbers in the small circle are the percent values
1mm of {. Although the frictional force is increased only slowly
-— e because of the limitation of hardware, frictional force is con-
30mm trolled such that Eq. (52) is roughly satisfied enough later. The
U 0 I figure shows fair coincidence of the experimental and calcu-
»30mm lated values of ¢.
¢ SV 1t should be noted that this semiactive control is very prim-
sV itive, and precise information about the system is not re-

Fig. 15 Free vibration decay of steel tape without friction.
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Fig. 16 Vibration decay of steel tape with constant friction.
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Fig. 17 Vibration decay of semiactively controlled steel tape.

history of u., d, and p for the case of no friction, where u, is
the lateral displacement of the center mass measured by an
optical displacement sensor. Although no frictional force is
applied at the device shown in Fig. 14, vibration damps slowly
due to the air damping, etc. The damping is relatively large
when the amplitude of vibration is large. Because the spring
constant k7 is not zero, p varies slightly. Although the ampli-
tude is large, measured d is saturated.

Figure 16 shows the case where a constant friction is given.
Variable v denotes the drive signal for the friction adjust
device. The figure shows relatively large damping when the
amplitude is large. But the damping decreases extremely when
the amplitude has been decreased to a low level.

Figure 17 shows the case where the present semiactive con-
trol is activated. When the control is activated, the processor
senses that Ad is too large compared with Ap and drives the
actuator forward several times. When the frictional force be-
comes large, the vibration damps more rapidly than the initial
phase of Fig. 16. When the vibration is damped to a lower
level, the processor senses that Ad is too small, and it drives
the actuator rearward several times, adjusting the friction.
Although the damping rate decreases as expected from Fig. 7
when the amplitude is decreased, the vibration damps to a
much smaller amplitude sooner than in Fig. 16.

quired. In this experiment, even the quantitative relation be-
tween the actuator stroke and the frictional force is not
known. Still, the system works well, demonstrating the robust-
ness.

Concluding Remarks

An optimal on-off control logic for active vibration sup-
pression of variable-stiffness SDOF systems has been derived.
For an MDOF system with multiple variable-stiffness ele-
ments, a control logic has been proposed. This logic has been
applied to a tension-controlled string and modified into a
convenient form for the local implementation. Its effective-
ness has been demonstrated by a numerical simulation.

It has been shown that the aforementioned control logic can
be implemented by a passive device by using dry friction when
the longitudinal stiffness of the string is high. The perfor-
mance of the passive system with low stiffness has also been
investigated. It has been shown that the damping rate de-
creases when the amplitude of vibration is decreased and that
the vibration does not damp beyond a certain level. A guide-
line for the design of this passive damping system has also
been proposed.

To overcome the disadvantages of the passive system, a
semiactive vibration suppression approach has been proposed.
A numerical simulation and an experiment of vibration sup-
pression of a string has shown the effectiveness of the pro-
posed semiactive approach, even though it is very primitive.

The approaches investigated in this paper seem to be most
suitably applicable to the tension-stabilized structures that are
too flimsy to support usual massive vibration suppression
devices, because the devices for the present approaches can be
incorporated into the tension control devices which are almost
inevitable for the large-scale tension-stabilized structures. Al-
though the practicality of the present approaches depends on
the development of practical devices, piezoelectric materials
and the Ti-Ni shape-memory alloy suggest the possibility of
their realizations.
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