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Partial feedback linearization is applied to a harmonically excited beam with
one-sided spring to reduce vibration amplitudes while keeping the control effort
small. Vibration amplitudes are reduced by globally stabilizing the small amplitude
1-periodic solution which is one of the coexisting solutions. As the 1-periodic
solution represents a natural solution of the uncontrolled system, no control effort
will be needed once the system vibrates in the 1-periodic response. To control the
multi-degree-of-freedom (d.o.f.) beam system to the 1-periodic solution, only one
actuator is used that controls one (d.o.f.). The behaviour of the other d.o.fs is
eventually described by the zero dynamics. Whether these d.o.f.s converge to the
1-periodic solution depends on the stability of the zero dynamics. The global
asymptotic stability of the non-autonomous zero dynamics can be partially
determined by a frequency domain technique known as the circle criterion.
However, the circle criterion does not guarantee stability at all actuator positions
along the beam

© 1999 Academic Press

1. INTRODUCTION

Frequently, non-linear dynamical systems such as suspension bridges [1], gear
boxes [2], or ships colliding at fenders [3], possessing several different periodic
solutions at the same values for the system parameters occur. Some of these
so-called coexisting periodic solutions appear as large-amplitude vibrations which
can cause damage and increasing wear to the system. Stabilizing one of the
coexisting periodic solutions with small-amplitude vibration can prevent damage
and wear while the control effort can be kept small because once the system
vibrates in the low-amplitude response no further control effort is needed.

Much effort has been made to stabilize periodic solutions embedded within
chaotic attractors [4, 5], mainly because almost any small neighbourhood around
any point in the attractor will be reached in finite time such that a control scheme
based on a linear approximation of the system dynamics can be used to stabilize
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a desired periodic solution [6,7]. In many mechanical applications, chaotic
attractors only exist in a few small regions of the parameter space, whereas damage
and wear to such systems can occur in many large regions as a result of
large-amplitude periodic vibrations [8]. If no chaotic attractors exist, other control
schemes are needed to stabilize one of the coexisting small-amplitude periodic
solutions to obtain vibration amplitude reduction [9, 10]. In this paper, non-linear
control based on feedback linearization [11] will be used. Partial feedback
linearization is applied because only part of the dynamics can be linearized by
feedback as a result of under-actuation [12]. Under-actuation is inherent to many
practical applications and occurs whenever there are less actuators than d.o.fs.

Partial feedback linearization is used to control one actuator position on
a harmonically excited beam with a one-sided spring; only if the actuator is placed
at the middle of the beam, opposite to the one-sided spring, the dynamics can
entirely be linearized by feedback. The actuator position is controlled from
a large-amplitude 2-periodic response to a small-amplitude 1-periodic response
both in simulations and experiments. At the 1-periodic response, vibration
amplitudes are reduced whereas the control effort converges to zero whenever the
so-called zero dynamics are globally asymptotically stable. Global asymptotic
stability of the zero dynamics can be proved by applying the circle criterion [13].
However, the circle criterion guarantees stability only at certain actuator positions
along the beam.

2. BEAM WITH ONE-SIDED SPRING

The harmonically excited beam with one-sided spring captures three essential
elements that characterize many non-linear dynamical systems in engineering
practice; see Figure 1. Firstly, it contains a beam, a large flexible structure that is
supported by leaf springs and can be accurately modelled applying a linear
multi-d.o.f. model. Secondly, it contains a one-sided spring, a non-smooth local
non-linearity that adds a restoring force to the middle of the beam for positive
displacements ¢,,;; [ 14, 15]. Thirdly, it contains a harmonic exciter represented by
a rotating mass unbalance that adds a sine-shaped force to the middle of the beam.
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Figure 1. Beam with one-sided spring.
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A simple, though, sufficiently accurate model of the beam is required for control
design. A 3-d.o.f. model is obtained after reducing an accurate model with 152
d.o.f.s applying a component-mode synthesis method [16]. The 152 d.o.f. model is
reduced to avoid large computational times both in simulations and experiments.
The reduced model is, of course, less accurate. However, the loss of accuracy mainly
applies to the high-frequency behaviour of the linear beam while our interest
focuses on the low-frequency response of the non-linear beam system. The 3-d.o.f.
model contains two interface d.o.f.s (q.., gmia) needed to apply the external forces
caused by the exciter v(t), the one-sided spring F,;(q), and the input u. Furthermore,
it contains one virtual d.o.f. (¢¢) that accounts for the first eigenmode of the beam
[17]. The 3-d.o.f. model contains three positive-definite matrices: a mass matrix M,
a damping matrix B, and a stiffness matrix K. These matrices depend on the
position where the input u is applied. In the sequel, the input can be applied at one
of the equidistantly distributed positions between the leaf spring, position 2, and the
middle of the beam, position 67, see Figure 1. Initially, the input is applied at
a quarter of the beam, position 34. If the actuator position is changed, the values for
M, B, and K change.

The 3-d.o.f. model together with the external forces determine the equations of
motion of the non-linear beam system and can be given as

Mgq + Bq + Kq + E,(q) = h,v(t) + hyu, (1)
with the excitation force v(t) represented by a known function of time
U(t) = Aexc COS (27 fexcl), 2
and the restoring force of the one-sided spring F,;(q) given by

L if gpia >0,

0 if g <O, ©)

Fnl(q) = knlg(qmid)hzhg(’b 8(qmid) = {
withq" = [quer  Gmia  q:]", Where h; represents a 3 x 1 transition matrix with zeros
except for the ith entry which equals one, 4., represents the amplitude of the
excitation force, f,.. represents the excitation frequency, and k,; represents the
stiffness of the one-sided spring; see Appendix A for numerical values of a 3-d.o.f.
model. The equations of motion are written in state-space form as

X = A(X)X + byo(t) + byu = £(t, X) + byu, 4)

T, and

with x = [q"q

0 I 0
A= [ — M Y(K + kue(gmia)h2h)  — M_lB} h= [ - Mth ®

The accuracy of the model of the beam system is shown in Figure 2 for a 2-periodic
solution at an excitation frequency of 35 Hz. In Figure 2, both the measured
displacement, reconstructed velocity, and measured acceleration at the actuator
position (Guer» Gact» Gact), and at the middle of the beam (g,mid, Gmia> Gmia), are depicted
together with the numerical results; the velocities were reconstructed from the
measured displacement and accelerations applying a switching extended Kalman
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Figure 2. 2-periodic solutions of the uncontrolled beam system (1 = 0) with an actuator placed at
position 34.

filter based on the two linear regimes of the beam system: ¢,,;; > 0, and ¢4 < 0. It
can be seen that a good agreement is obtained between the measured and
calculated response of the uncontrolled beam system (u =0). The periodic
behaviour of the uncontrolled beam system as a function of the excitation
frequency is depicted in Figure 3. It shows the maximum absolute values of the
periodic displacement for both the actuator position | g, |max and the middle of the
beam |Gialmax- The periodic behaviour is also shown for the linear model, thus,
without the one-sided spring. There are two main differences in periodic behaviour
between the linear and the non-linear model. Firstly, the natural frequencies of the
linear model precede the harmonic resonance frequencies of the non-linear model
due to the additional stiffness of the one-sided spring in the non-linear model.
Secondly, coexisting n-periodic solutions, n € {2,3, ...}, appear for the non-linear
model at certain frequencies. Figure 3 shows that if different periodic solutions
coexist, the 1-periodic solution has the smallest vibration amplitude in absolute
value. This supports the objective to stabilize the 1-periodic solution to obtain
vibration amplitude reduction.

3. EXISTENCE OF A 1-PERIODIC SOLUTION

The existence of a 1-periodic solution at an arbitrary excitation frequency is
needed for the ability to stabilize it within the entire frequency domain; Figure 3 is
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Figure 3. Periodic behaviour of the uncontrolled beam system (u = 0) with an actuator placed at
position 34.

only an indication that such a solution indeed exists. The existence of a 1-periodic
solution can be proved applying Yoshizawa’s theorem [18].

Theorem. Let x =1f(t,x) =f(t + T,Xx) denote the uncontrolled dynamics of the
beam. Assume that, for any initial condition X(ty) = Xg, these dynamics have a unique
solution, and assume moreover that the solutions are ultimately bounded with bound
AB. Then there exists a periodic solution x of period T such that | x| < 4, Vte R; | X]|

denotes the Euclidean norm of matrix X, or | X|| = «/ Amax(XTX) with the maximal
eigenvalue of XTX.

Yoshizawa’s theorem exploits Browder’s fixed point theorem, and requires two
conditions to be fulfilled: uniqueness of solutions and ultimate boundedness.

Uniqueness of solutions can be proved if f(z, x) determined via equation (4)
satisfies a global Lipschitz condition. A global Lipschitz condition for the beam
system can be obtained if it can be shown that x will always be in a set where f(z, x)
is uniformly Lipschitz in x [19]. To ensure this, two conditions need to be fulfilled.
Firstly, f(¢, x) should be uniformly Lipschitz in x, or

1@z, x) — £z, y)Il = [AX)x — A(y)y|

<Dg”X_yHa\lea)IEIQn and VIGEIO,tlj, (6)
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with the so-called Lipschitz constant #. For the beam system, % is given by

2 [P | ™
+k,,,h2h)—MB

Secondly, for each finite x(ty) = X, there should exist a positive constant h = h(xg)
such that

12, Xo0) [ = [A(x0)Xo + b20(1)[| < L[ Xo|l + [[b2 Aexe COS (2T fexcl)|
S Zxoll + bz Aexcll < h, Vit € [to, 11 ] ®)

As both conditions are fulfilled for the beam system whereas t; in equations (6) and
(8) can be chosen arbitrarily large, f(¢, x), which is piecewise continuous in t, can be
proved to satisfy a global Lipschitz condition [19] which results in the fact that
there exists a unique solution for x = f(¢, x) with x(to) = xo over [tg, t;] for all
ty > to.

Ultimate boundedness can be proved with Khalil’s lemma on non-vanishing
perturbations [19]. For the application of this lemma, two conditions need to be
fulfilled. Firstly, the homogeneous system, i.e., X = A(X)x, see equation (4), must be
exponentially stable at the equilibrium point x = 0. Secondly, the perturbation
b,v(t) must be uniformly bounded.

Exponential stability for the homogeneous system can be shown with the
following Lyapunov function candidate:

V(. 4) =24'Mq +3(q" +q")M(q + q) + q" (K + 3(B — M))q
+ q"kue(gmia)ho g, )

which represents an energy-like function that does not need to have a physical
meaning besides the fact that V(q,q) as a whole should be positive definite.
A sufficient condition for V(q,q) to be positive definite is obtained if
K+12(B—M)>0 because M=M">0, B=B">0, K=K">0, and
kyhyh} = (k,h,hD)T > 0. V(q,q) is bounded by positive-definite quadratic
functions, or

Li(q,q) < V(q,q) < Lz(q, q), (10)
with
Li(q,4q)=34"Mq+3(q"+q")M(q +q) +q"(K + 3(B—M))q
>34"Mq + 3(q" + q)M(q + q) = 3x" [
> ¢y [x]I%, (11)

L,(q,9q) = L(q,q) + q"k,h,h3q
< e Ix|* (12)
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The positive constants ¢; and ¢, equal
C1 =3 Jmin( M¥), (13)
c2 =3 IM]| + K| + 2B — M| + ku, (14)

with /,,;, the minimal eigenvalue of the corresponding matrix. For the derivative of
V(q, q).

V(g.4)=—q"'Kq —q"2B — M)q — q" kue(qmia)h2h3gq

K 0
< _aT _aT _ F— — vl
q Kq—q 2B—M)q X [0 2B—M}X
< — o x|? (15)

holds with positive constant ¢; = min(Aui(K), Anim(2B — M)), V(q, §) is negative
definite provided that (2B — M) is positive definite. Both conditions (2B — M) > 0
and K + 1/2(B — M) > 0, are satisfied for the beam system at hand. Substitution of
V(q, q) < ¢, ||x||%, equation (10), gives

Vigd) < —2V(.9. (16)
2

This yields
V(q, @) < V(q(to), 4(to))e™ /™", Vi > 1o, (17

that assures the equilibrium point x =0 of the homogeneous system to be
exponentially stable, or

C _ —
Ix@ < /c—:e (@R Ix(to)|, Vi = to, (18)
1

because ¢ |x||? < V(q, q) < ¢, ||x|>. Exponential stability for the homogeneous
system results in ultimate boundedness of the perturbed system, i.e., the
homogeneous system together with the perturbation b,v(t), if the perturbation is
uniformly bounded at an arbitrary excitation frequency, or

||b20(t)H = HbZAechOS(znfexct)H < ”bZAexc” = Cq, Vt 2 0 (19)

This can be seen as follows. If V' (q, q) in equation (9) is used as a Lyapunov function
candidate for the perturbed system, the following upper bound can be obtained on
the derivative V(q, q),

o oVad)
Viad < - ealxl? = M o)
aV(q, ¢
<—c3|x||2+H (‘? “)‘u
q

< = alx)* + caes|xll, (20)
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since for the partial derivative of V(q, q),

av(q,4)
aq

H = [12Mq — Mq| < 3|M x| = ¢s x| (21)

holds. This upper bound on V(q, q) can be written as
V(Q,q) < — (1 = 0)csllx|? — Ocs x> + cacs x|, (22)

with 0 < 0 < 1. It follows that for all || x| = (c4c5)/(0c3), V(q, q) is negative definite.
In other words, all solutions of equation (20) are ultimately confined to the region
x|l < (cacs)/(Bc3) because here

— cac
V(g @) < — (1 —0cs|x]|? Vx| > 94735 (23)
holds. Substitution of V(q, q) < ¢, || x||?, gives

CyqCs

. . C3 .
Vigd) < —(1—0=V(gq, Vx| =
(q,9) ( 0) s (q, ), Vx| Oc

(24)

3

This results in the following behaviour for | x|,

Ix(0)] < \/C:Ze(l9)(C3/262)(tt°)||x(to)|, Vx| =22 <<, (25)
Cq 9C3
as ¢ [[x[|? < V(q, §) < ca|[x[|%. So, far all x| > (cscs)/(0cs), [x] is bounded by
a function that decreases exponentially. Therefore, || x| is ultimately bounded by the
value of this function at |x|| = (c4¢5)/(0c3), or

IxO < [Zx1x28 3 Vi1, (26)
Cq Ocs
It can be concluded that for any finite x(t,), the solution x of the uncontrolled beam
system will remain below the positive constant # after some finite time ¢;.
Ultimate boundedness combined with the existence and uniqueness of solutions
enables the application of Yoshizawa’s theorem which guarantees the existence of
a 1-periodic solution for the uncontrolled beam system. The existence of
a l-periodic solution p justifies the study of the error dynamics related to this
solution which is used in the control design based on feedback linearization.

4. PARTIAL FEEDBACK LINEARIZATION

Feedback linearization [11] can be applied to control the beam system as an
accurate model is available. The multi-d.o.f. beam system is controlled with only
one actuator, i.e., the controlled system is under-actuated. Due to under-actuation,
only part of the system dynamics can be linearized by feedback. Therefore,
a version of partial feedback linearization is applied which linearizes that part of the
dynamics needed to guarantee the actuator position to vibrate in the 1-periodic
response. For the special case where the actuator is placed at the middle of the
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beam, opposite to the one-sided spring, the entire dynamics can be linearized by
feedback. This enables a version of feedback linearization that compensates only
for the non-linear terms resulting in the control effort to be zero part of the time.

Both feedback linearization and partial feedback linearization will be applied
to the error dynamics of the beam system. The error dynamics are obtained
by subtracting the equations of motion of the 1-periodic solution p, p =
[Pact Pmia Pc]", from the equations of motion at the momentary solution g, see
equation (1), or

Me + Bé =+ Ke =+ h2¢(t, emid) = hlu, (27)
withe=q—p=_[€w e€ma e:]", and
O(L, emia) = Kn&(qmia) Amia — knie(Pmia) Pmia- (28)

A special feature of these error dynamics, which will be exploited in the stability
analysis in the next section, is the sector-bounded non-linearity ¢(t, e,,;s) for which

G (t, emia)

0 < &(t, epia) =
Cmid

<k, @(1,0)=0 (29)
holds. The sector-boundedness is depicted in Figure 4 for two periodic solutions of
the error dynamics with u = 0: a 2-periodic solution at 38 Hz, and a 3-periodic
solution at 57 Hz. It can be seen that &(t, e,,;;) remains bounded by [0, k,; ]; note
that @(t, e,iq) 1s periodic with a fundamental frequency w, of 19 Hz.

Partial feedback linearization is applied with an actuator placed at an arbitrary
position along the beam where the dynamics can only be partially linearized by
feedback. In this case, the input u is chosen as

1
~ hIM ™ 'h,
The first part of u compensates part of the error dynamics whereas the second part

consists of a new input w. This input is chosen such that a desired behaviour for the
actuator position is obtained, or

u ("M~ (Bé + Ke + h, (1, eia)) + 0} (30)

w= — KDéact - KPeact: (31)
x10° 2-periodic at 38 Hz x10° 3-periodic at 57 Hz
2:5 T 2:5
an knl
E
&
0 . 0 P mtn
-0-5 - -0-5 .
] 0-05 0 0-05
Time (s) Time (s)

Figure 4. Sector-bounded non-linearity ®(t, e,;;) of the uncontrolled beam system (u =0) for
a 2-periodic solution at 38 Hz and a 3-periodic solution at 57 Hz.
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where Kp and K, are positive control parameters. The feedback (30, 31) transforms
the error dynamics of equation (27) into

éact + KDéact + KPeact = 07 (32)
for the d.o.f. at the actuator position, and
Miné + Biné + Kine + hin¢(t> emid) = 0, (33)

Wlth hin = [1 O]T, Min = LinM: Bin = LinB: Kin = LinKa and Lin = [h2 h3]T, for
the so-called internal dynamics which are assumed to have a bounded solution.
Equation (32) is globally asymptotically stable at e, = é,., = 0 using Lyapunov’s
second method with the Lyapunov function candidate Vppr(€ser> €act):

VPFL(eact, éact) = %égct + %KPegcta
I7PFL(eacta éact) = - KDégct‘ (34)

AS Vppr(€aer» €ae) is only negative semi-definite in the state (ey, 4o, it is necessary
to determine the largest invariant set in { (€ue;> €4er) € R?| Vorr(€act» €act) = 0}. For the
beam system, this set equals the origin. Therefore, the global asymptotic stability at
Caet = €4 = 0 1s guaranteed after using LaSalle’s theorem [19]. When (e, €,c)
tends to zero, the internal dynamics of equation (33) is no longer influenced by
eq.; and is now called the zero dynamics. The zero dynamics is defined to be the
internal dynamics of the beam system when the output y = ¢, is kept at zero by the
input u. The stability of the zero dynamics cannot be influenced by the control
parameters Kp and K. Therefore, vibration reduction with small control effort
depends on whether the zero dynamics converges to zero, i.e., whether the zero
dynamics is globally asymptotically stable.

The special case for which the feedback linearization is applied with an actuator
placed at the middle of the beam, i.e., the entire dynamics can be linearized by
feedback, the controlled error dynamics of equation (27) enables the input u to be
zero part of the time. For this purpose, the input only compensates the non-linear
term ¢(t, epiq), OF

1

= m {h2M ™ hy (1, emia) } = O, emia)- (35)

u
As ¢(t, e,;4) €quals zero in one regime of the state variable e,,;; = ¢miad — Pmia» the
input also equals zero at this regime; see Table 1. Besides ¢(t, ¢,:4), also the
complementary function — ¢'(t, e,,iq), can be compensated by the input. The
complementary function — ¢'(t, e,iq) is related to ¢(t, e,iq) by

G (L, emia) = kni€mia — @' (L, emia)- (36)
The error equation based on each of the inputs is given by
Mé + Bé + (K + ik, h,h})e =0, ie{0,1}, (37)

with i = 0 for the input that compensates ¢(t, e,,;q) and i = 1 for the input that
compensates — ¢’(t, e,i4). This error equation is globally asymptotically stable for
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TABLE 1
Input u related to the sector-bounded non-linearity

Regime d)(ta emid) - ¢/(t: emid) u= d)(ta emid) u=— ¢l(t: emid)
Amia = 0, Pmia = 0 kpiemia 0 u = kyepig u=0

Gmia = 0, Pmia <0 Ky Qmia K1 Pmia U = Ky Qmia U = Ky Pmia

Amia < 0, Pmia = 0 — Ky Pmia — Kt Gmia U= —KyPmia U= — Ky QGmia
Gmia <0, Pmia <0 0 —Kuiemia u=0 U= — kyeuy

the entire beam system e = é = 0 using Lyapunov’s second method with the
Lyapounov function candidate V;; (e, €) for each of the inputs:

V(e &) = 3¢TMeé + Je"(K + ik, h,h))e, i € {0, 1},
Vip(e, &) = — éTBe. (38)

Ver(e, &) is negative semi-definite, but again the largest invariant set in
{(e, &) € R®|VpL(e, &) = 0} equals the origin. Therefore, global asymptotic stability
at the origin is guaranteed after using LaSalle’s theorem.

In general, it will not be possible to choose the input u to compensate the
non-linear terms. Therefore, the ability to stabilize the 1-periodic solution of the
beam system will depend on the stability of the zero dynamics. To determine this
stability, the circle criterion can be applied.

5. STABILITY OF THE ZERO DYNAMICS BY THE CIRCLE CRITERION

Stability proofs for non-autonomous zero dynamics that contain a non-smooth
non-linearity are often related to a frequency domain technique known as the circle
criterion [19]. The circle criterion can be used to guarantee the existence of
a quadratic Lyapunov function which guarantees the global asymptotic stability of
the zero dynamics [13]. However, for the beam system, the circle criterion
guarantees this stability only for a limited range of actuator positions.

The zero dynamics of the controlled beam system is given by

Mzi + lgzZ + I(zZ + hzq’)(t: emid) = 0: (39)
with z =[e,q  e:]", h. =[1 0]", and positive-definite matrices M, = L, ML,
B. = L.BL!, and K, = L_KL! with L, = [h, h3]". A state-space model for the
zero dynamics is written as
£¢=A,e — b,u,
Y =C¢lg = epi,

u=— (t, emid), (40)



950 M. F. HEERTJES ET AL.

with ¢ = [z" Z2T]", and

0 I 0 h
A, = = = 7 1
T R T o e b e

This model constitutes the linear transfer between the input u and the output y,
represented by the frequency response function y.(jw):
_Y(jo) _ 5

= Tlja) = & (A, —joI)™'b.. (42)

x=(J)

If A, has no eigenvalues on the imaginary axis, if the non-linearity ¢(t, e,q) 1S
sector-bounded, and if the linear error dynamics with u = — k;e,.i4, k;€[0, k], is
globally asymptotically stable, then the circle criterion can be applied to investigate
whether z =27 =0 is globally asymptotically stable [13]. The circle criterion
guarantees this stability when the inequality

R{y.(jo)} > —ki,‘v’weR, (43)
nl

is satisfied where R denotes the real part of the corresponding function. The circle
criterion is based on the linear part of the zero dynamics. This linear part differs
when the complementary system description of the zero dynamics is used. The
complementary system is obtained by substitution of ¢(t, emig) = kp€mia —
¢'(t, enia), €quation (36), in the state-space model of equation (40). The circle
criterion applied to the complementary system gives

R{y.(jo)} > —ki,VweR, (43)
nl
with y.(jw) = e¢f(A, —jwI)"'b, and ALe = A, ¢k, b.e,.., Which can give less
conservative results.

The graphical representation of both inequalities (43) and (44), requires that
1-(jw) and y.(jw), respectively, remain to the right of the vertical line through the
point (—1/k,;, 0) in the complex plane. This can be seen in Figure 5 where y.( jw) is
depicted for an actuator placed at a quarter of the beam, position 34, or closer to
the middle of the beam, position 52, see Figure 1. At position 34, the global
asymptotic stability of the zero dynamics cannot be proved with the circle criterion
based on y.(jw) because y.(jw) does not remain to the right of the vertical line
through the point (—1/k,;, 0). However, at position 52, the global asymptotic
stability of the zero dynamics is proved with the circle criterion because y.(jw)
remains to the right of this line.

The circle criterion guarantees global asymptotic stability of the zero dynamics
only for a limited range of actuator positions. This is shown in Figure 6, where the
minimal real values for both frequency response functions are depicted. It can be
seen that one of the frequency domain inequalities is always satisfied for actuator
positions in a range between the middle of the beam, position 67, and position 50.
As each of the inequalities provides a sufficient condition for global asymptotic
stability, the 1-periodic solution can be stabilized globally asymptotically with one
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Figure 5. Graphical representation of the circle criterion for the zero dynamics with an actuator
placed at position 34 and position 52 respectively.
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Figure 6. The circle criterion for the zero dynamics at different actuator positions along the beam.

actuator placed anywhere between position 67 and position 50. This range can be
extended when the stiffness of the one-sided spring is decreased. For example, when
ky <2x10*N/m, —1/k, <—5x10"°/Nm, the circle criterion guarantees
global asymptotic stability of the 1-periodic solution at any actuator position.

6. EXISTENCE OF PERIODIC SOLUTIONS FOR THE ZERO DYNAMICS

To possibly extend the range of actuator positions for which the 1-periodic
solution of the beam system can be stabilized globally, the stability of the zero
dynamics is related to the existence of periodic solutions for these dynamics.
Namely, if no periodic solutions for the zero dynamics exist no quasi-periodic or
chaotic solutions exist. A quasi-periodic solution is composed of a countable sum of
periodic solutions, whereas a chaotic solution has embedded within it an infinite
number of unstable periodic solutions [20, 21]. If no periodic, quasi-periodic, or
chaotic solutions exist for the zero dynamics of the beam system besides z =z = 0,
consequently no bounded long-term solutions exist besides z = z = 0. However, all
solutions for the zero dynamics can be proved to be ultimately bounded similar to
the proof obtained for the uncontrolled dynamics. Therefore, z =z = 0 must be
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globally asymptotically stable if no periodic solutions for the zero dynamics of the
beam system exist.

Periodic solutions for the zero dynamics can only exist when the inequalities (43)
and (44) from the circle criterion are not satisfied. Otherwise, the sector condition is
violated which can be seen as follows. The sector condition

0< ‘j’(; Y <k, VieR, (45)
implies
— o, Y)(kuy() — ¢(t, y) <0, VieR, (46)

which can be shown by multiplying the sector condition with y?, subtracting
¢(t, y)y from it, and using the fact that a < 0 < b implies ab < 0. A violation of the
sector condition with u = — ¢(t, y) would result in

R{u‘u + kyuy} >0, VteR, (47)

where the superscript ¢ denotes the complex conjugate; since u is real-valued one
has u¢ = u. integration of this equation gives

R {f (uu + kn,u“y)dt} > 0. (48)
0
Applying Parceval’s theorem as both u and y are periodic results in
?R{J (U(jo)U(jo) + kanC(j(U)Y(jw))dw} > 0. (49)

Substitution of y.(jw) = Y(jo)U ™ '(jw) gives

— 0

muw U(jo)U(jo)(A + kuy:(jw)) dw} >0, (50)

which always holds if
R{1 + kyy.(jo)} >0, Vo e R. (51)

Inequality (51) is equal to inequality (43) used in the circle criterion. Apparently, for
the beam system, the circle criterion can be interpreted being a condition for the
non-existence of periodic solutions due to a violation of the sector condition. To
avoid such a violation, every periodic solution for the zero dynamics should satisfy
for at least one frequency w

Y= - Cn0(@ — nwy)

1
Rir(jo)} < ——

2
knl ’ (5 )

1=(jo) = ST T ——
where ¢} denotes the jth Fourier coefficient belonging to the periodic signal i. For
the individual frequency components,

Y(jnos) o

' == L,2,...
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holds. From this equation it can be concluded that, in terms of y.(jw), all
n-periodic solutions, n e {1,2, ...}, with the same fundamental frequency w, are
equal.

To show that periodic solutions for the zero dynamics, represented by y.(jw),
satisfy equation (52), first the uncontrolled error dynamics, represented by y(jw),
are studied. The uncontrolled error dynamics are depicted in Figure 7 with an
actuator placed at position 34. It can be seen that the 2-periodic solution at 38 Hz
(O), and the 3-periodic solution at 57 Hz(x), both based on w, = 19 Hz, indeed
have a frequency component that satisfies R{y(jw)} < — 1/k,, whereas both
solutions are equal in terms of y( jw). In Figure 7, also the eigenvalues belonging to
the homogeneous systems are depicted for both linear regimes: wh ; if g,ig < 0, and
w2 if gumia >0, i€ {1,3}. It can be seen that the existence of periodic error
solutions is restricted by the eigenvalues w$ ; and w{ ,; for the considered
dynamics this can be shown numerically for values of k,; up to ~107 N/m which
can be increased significantly when decreasing the modal damping. Periodic error
solutions based on fundamental frequencies @, larger than wg , would always
satisfy the frequency domain inequality (51) and so they do not exist for the
considered dynamics; R{y(jws.,)} being almost equal to —1/k,;, can be derived
from R{y'(jws.»)} ~ 0 resulting from the system being proportionally damped.

The existence of periodic solutions for the zero dynamics is restricted by the
eigenvalues w§! and w§!, belonging to the homogeneous systems in both linear
regimes of the internal dynamics; see the left part of Figure 8. However, it can be
seen in the right part of Figure 8 that when the stiffness of the one-sided spring is
increased to ten times its value, 10k,;, periodic solutions with fundamental
frequency w; e {w§3, w§3} can also exist. Furthermore, Figure 8 shows that
inequality (51) is not satisfied for the current beam system with an actuator placed
at position 34. Therefore, it is expected that the controlled beam system contains
coexisting periodic solutions. This is shown in Figure 9, where in the left part the
local asymptotic stability of the 1-periodic solution is depicted at different actuator
positions and at different excitation frequencies. Local asymptotic stability of the
1-periodic solution is determined by its Floquet multipliers [20]. If all Floquet

x10™*  x(jw) at position 34 x1076 x(jw) zoomed
1 X 5 1 T
Wop OF oo A
@ O e 4
3 wt),z
E w?),z
Wy wz‘l
-3 - -5 .
-2 -l/k, 0 2 -4 -1/k,, O 4
Real axis x107* Real axis %107

Figure 7. Existence of periodic solutions for the uncontrolled error dynamics with an actuator
placed at position 34.
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Figure 8. Existence of periodic solutions for the zero dynamics with an actuator placed at posi-
tion 34.

Actuator position

foxe (H2) 100 66 30 638 842 100

[ (Hz)

Figure 9. Local and global asymptotic stability of the zero dynamics at different actuator positions
and excitation frequencies.

multipliers u; are less than one in absolute value, the 1-periodic solution is locally
asymptotically stable. In the right part of Figure 9, it is shown that the 1-periodic
solution is unstable at certain excitation frequencies for all actuator positions up to
position 43. This can be seen by the lines marked 1 to 1-5 which represent lines of
equal height for the largest Floquet multiplier in absolute value. As the 1-periodic
solution is unstable, periodic solutions for the zero dynamics must exist. However,
these periodic solutions are restricted by the eigenvalues belonging to both
homogeneous systems, w¥’; and w§’,. These eigenvalues change if the actuator is
placed at different positions along the beam because the positive-definite matrices
M., B., and K, change with the actuator position. For example, with an actuator
placed at position 34, 2-periodic solutions with fundamental frequency w,, or
20, € 2wEl, 2w§,], can exist for excitation frequencies restricted by
foxe = 208! = 63-8 Hz and f,,. = 20§}, = 84-2 Hz, see the right part of Figure 9.
As 2-periodic solutions exist up to position 43, global asymptotic stability cannot
occur below this actuator position. However, global asymptotic stability could be
guaranteed with the circle criterion for actuator positions ranging from position 50
to the middle of the beam at position 67. So, if conservatism is induced when
applying the circle criterion, it only occurs within a region of actuator positions
between position 43 and position 50.
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7. SIMULATIONS AND EXPERIMENTS

Simulations and experiments illustrate the ability to stabilize the 1-periodic
solution of the beam system. Simulations are performed for two different actuator
positions: at the middle of the beam, and at a quarter of the beam. At the middle of
the beam, stability of the error dynamics is guaranteed for all d.o.f.s whereas the
input can be kept zero part of the time. At quarter of the beam, stability is
guaranteed only for the d.o.f. at the actuator position whereas the stability of the
other d.o.f.s depends on the stability of the zero dynamics. To illustrate the ability
to stabilize the 1-periodic solution in case only local asymptotic stability for the
zero dynamics can be obtained, experiments are performed with an actuator placed
at this position.

Feedback linearization applied at the middle of the beam guarantees global
asymptotic stability at e = &€ = 0 for the entire beam system whereas the input u can
be kept zero part of the time. This is shown in Figure 10, by simulations, where the
input is chosen to compensate the sector-bounded non-linearity: u = ¢(t, e,,;4) In
the left part, and u = — ¢'(t, e,;4) in the right part. With these inputs, all d.o.f:s
starting from the large-amplitude 2-periodic solution at 37 Hz converge to the
small-amplitude 1-periodic solution after control is switched on at ¢t =0-5s.
Stabilizing the 1-periodic solution results in vibration amplitude reduction as seen
in the upper part of Figure 10 where ¢, is depicted. The corresponding control
effort converges to zero as the errors converge to zero as seen in the lower part of
Figure 10. The error convergence is similar for both inputs because the damping

x1073 u=¢(t,€,:0) x1073 u=—¢’'(t,e,.,)
3 ;
2:5
2:5
550 (1] OTS 25 550 4] 05 25
2 I
= 0 I Aﬂh A 0
—200 i ‘ -200 :
550 0 0-5 Zoomed 25 550 0-5 _ Zoomed 25

Time (s) Time (s)
Figure 10. Simulations with feedback linearization applied at the middle of the beam, position 67.
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matrix B is equal in both error schemes. However, the error scheme based on
¢'(t, eniq) Tesults in a high frequent input, which is caused by adding the stiffness of
the one-sided spring k,,; to the linear stiffness matrix K; see equation (37). The input
u can be kept zero part of the time which can be seen for both control schemes in the
lower part of Figure 10.

Partial feedback linearization applied elsewhere on the beam guarantees global
asymptotic stability for the actuator d.o.f: e,;, = é,., = 0. The behaviour of the
other d.o.f's is eventually described by the zero dynamics. The stability of the zero
dynamics determines whether vibration amplitudes are reduced and whether
the control effort converges to zero. For actuator positions between position 2
and position 50, stability can only be guaranteed locally; see the right part of
Figure 9. The ability to stabilize the 1-periodic solution based only on the local
asymptotic stability of the zero dynamics, is shown by simulations as depicted in
Figure 11 with the input u based on equations (30) and (31). The simula-
tions are performed with an actuator placed at a quarter of the beam, position 34;
see Figure 1. At this actuator position, the 1-periodic solution at 35 Hz is stabilized
after control is switched on at t = 0-5s. Once the d.o.f. at the actuator position
vibrates in the 1-periodic response, at t = 0-8 s, the behaviour of the other d.o.f.s is
described by the zero dynamics. The stability of the zero dynamics is illustrated in
Figure 11, where it can be seen that the errors e,,;; and e; converge to zero. As the errors
converge to zero, the control effort decreases. The error convergence of the zero
dynamics is independent of the control parameters: Kp = 10*/s* and K, = 100/s.

x107*

0 05 08 2.5
Time (s)

Figure 11. Simulations with partial feedback linearization applied at a quarter of the beam,
position 34.
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Experiments with partial feedback linearization and an actuator placed at
a quarter of the beam, position 34, show a similar behaviour as compared to the
simulations which can be seen in Figure 12. In the upper part of Figure 12, the
displacements at the actuator position ¢, and at the middle of the beam g,,;; are
depicted. Both displacements are measured with linear variable differential
transformers (LVDTs) having an accuracy of ~10 °m. Up to t = 0-5s, the
uncontrolled system vibrates in the stable 2-periodic response with large-amplitude
vibration. At t = 0-5 s, control is switched on after which the 1-periodic solution is
stabilized giving both a vibration amplitude reduction and a control effort that
converges to zero. The input u accounts for the main difference between experiment
and simulation as can be seen in the lower part of Figure 12. This difference is due
to the generation of the control force by a shaker amplifier combination. The
shaker-amplifier combination contains mechanical and electrical parts that are
being modelled accurately only within a limited frequency range; for practical
reasons a restriction is made to a third order model [22]. Besides the
shaker-amplifier combination, some other error sources ought to be mentioned,
namely inaccuracy in the measured displacements (g4 gaer), accelerations
(Gmia» 4act), and forces (u, v(t)), inaccuracy in the state reconstruction of the velocities
(Guct> Gmia) and the state variables of the virtual d.o.f. (¢, ¢, &), inaccuracy by limiting
the number of d.o.f.s in the model of the beam, inaccuracy in the approximation of
the 1-periodic solution needed as the desired trajectory for control, and inaccuracy
in the model of the one-sided spring which is constructed as a second beam and
which is modelled by only considering its static behaviour [22].

x107*
5 !
_ 0 ................
g
o Numerical
Experimental
-15 L
0-;& 107 0-5 1
5 T
.0
E
3
= Numerical
Experimental
_1 5 1
0-4 0-5 1
40 T
Numerical
I
=
Experimental
—40
0-4 05 1

Time (s)

Figure 12. Experiments with partial feedback linearization applied at a quarter of the beam,
position 34.
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8. CONCLUSIONS

Stabilizing the 1-periodic solution of a harmonically excited beam with one-sided
spring can reduce harmful vibration amplitudes whereas the control effort needed
converges to zero. The 1-periodic solution is stabilized with non-linear control
based on feedback linearization. Feedback linearization applied at the middle of
the beam guarantees global asymptotic stability of the entire error dynamics while
the control effort can be kept zero part of the time. Partial feedback linearization
applied elsewhere on the beam guarantees global asymptotic stability of the d.o.f. at
the actuator position. The behaviour of the other d.o.f:s is described by the zero
dynamics once the errors at the actuator position tend to zero. The stability of the
zero dynamics determines whether vibration amplitudes are reduced for the entire
beam. The global asymptotic stability of the zero dynamics can be guaranteed for
a limited range of actuator positions applying the circle criterion. At the other
actuator positions only local asymptotic stability can be obtained at certain regions
for the excitation frequency. However, local asymptotic stability of the zero
dynamics can be sufficient to stabilize the 1-periodic solution of the beam system as
shown by simulations and experiments.

Further research is focussed on a control scheme based on linear error feedback
[9]. Linear error feedback does not globally asymptotically stabilize the error of
a particular d.o.f. but modifies the entire error dynamics by adding damping or
stiffness such that the entire error can become stable at the origin. In this way, the
input u can be chosen just large enough to guarantee local or global asymptotic
stability, respectively, which is expected to reduce the required control effort.
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APPENDIX A

For an actuator placed at a quarter of the beam, position 34, the following
matrices were used:

2:49171266x 10°  —7-39353071x 107! —1-00670592x 10~ 2
M =| —7-39353071x10~!  4-70207355x 10° 2:55145832x 107 % | (kg),
| —1:00670592x 1072 2:55145832x 1072  2:78179792x 10~ *

[ 913975994 % 10" —546796875% 10* —3-12421552x 107!
B =|—546796875x 10! 730340017 x 10* 354360794 x 101 | (Ns/m),
| —3-12421552x1071 354360794 x 1071 1-08926256x 1072

[ 3-82896231x10° —2:59390789% 10° 9-78184925x 108
K =| —2:59390789 x 10° 2:10586254 % 10° —2:65589609x 10~ 7| (N/m),
9-78184925x 1078  —2:65589609x 10~ 6:10747501 x 10*

ku = 1:9656x 105 (N/m),
Apre = 939810 ™% (27 foe)? (N).
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