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a) 7-deg strut

b) 11-deg strut

c) 14-deg strut

d) 26.5-deg strut

Fig. 3 Centerbody static pressure distributions and limiting stream-
lines.

Horseshoe vortices formed near the strut leading and trailing edges
are each bounded by a coalescense line. The leading-edge vor-
tex entrains boundary-layer fluid; the entrained flow accounts for
higher shear stress at the wall under the vortex, as confirmed by oil
flow visualization results,3 and diminishes the flow energy through
viscous dissipation. The compression face corner vortex entrains
low-energy boundary-layer fluid, which is convected up the strut
expansion face toward the duct midplane, and adds low-energy
fluid into the strut wake, as illustrated by the total pressure con-
tours in Figs. la-Id. In reference to Fig. 1, it can be seen that
the leading-edge horseshoe vortex has traveled progressively far-
ther away from the 26.5-deg strut than for the 7- or 14-deg strut
cases. For the 26.5-deg strut, this vortex reaches the 45-deg plane
of symmetry between struts and lifts off the centerbody surface, as
implied by the static pressure distributions and limiting streamline
patterns in Fig. 3d. This vortex lift off is associated with a severe
separation cell that encompasses the entire width of the flow do-
main in front of the horseshoe vortex. Large-scale boundary-layer
separation is also present on the cowl surface that is not shown
here.

Conclusions
A numerical study of supersonic flow about struts of various thick-

nesses in an annular duct has been conducted. The strut thicknesses
evaluated were 0.125, 0.188, 0.25, and 0.5 strut chord lengths that
correspond to strut half-angles of 7, 11, 14, and 26.5 deg, respec-
tively. In reference to vortical flow behavior, the compression face
corner vortex was observed to migrate up the strut expansion face,

away from the centerbody. This behavior is important because this
vortex, once downstream of the trailing edge, dominates the vis-
cous wake of the strut. Similar behavior was observed for the cor-
ner vortex generated at the cowl-strut intersection. An expansion
face vortex has also been identified on the centerbody surface.3
The formation of a recompression vortex was noted at the trail-
ing edge of the strut. This vortex rotates in the same direction as
the leading-edge vortex and is formed by mechanisms similar to
those that form the leading-edge vortex.3 For the strongest inter-
action studied, the 26.5-deg half-angle strut, these vortices, along
with severe boundary-layer separation on the endwalls, dominate
the flow. Boundary-layer flow separation with local flow reversal
was computed on the cowl surface for the 14-deg strut. These re-
sults indicate that, for a core flow Mach number of 3.0, struts of less
than 14 deg should be used in flight hardware to ensure unseparated
boundary-layer flow.
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Introduction

:
ONSIDERABLE attention has been focused on the develop-
ment of smart structures with integrated distributed control
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and/or self-monitoring capabilities.1 These smart structures are
employed to control the static and elastodynamic responses of dis-
tributed parameter systems operating under variable service condi-
tions. This may be accomplished by tailoring or controlling the mass
distribution, the stiffness characteristics, and the energy dissipation
characteristics of the structures.

Recently, significant progress has been made in the synthesis
of smart structures incorporating piezoelectric films (piezofilms in
short). Bailey and Hubbard2 applied a piezofilm as an active vibra-
tion damper for distributed systems. Simulations and experimental
investigations on the transient vibration control of a cantilever beam
were conducted. They derived two types of controllers based on the
Lyapunov stability: a constant-amplitude controller (CAC) and a
constant-gain controller (CGC). It has been shown that the CAC
is more effective than the CGC with the same maximum voltage.
However, when the CAC was employed, undesirable chattering was
generated in a settled phase due to excessive supply of control volt-
ages associated with inevitable time delay of hardware systems.
This phenomenon has been also observed in the paper studied by
Destuynder et al.3 Research has been also pursued on controlling
the dynamic response of articulated machine systems by employing
piezofilm actuators and sensors.4

In this paper, a hybrid control algorithm that combines the CAC
and the CGC is proposed to alleviate undesirable vibration chatter-
ing in the settled phase which is the impediment in the successful
realization of the CAC. The controller is constructed on the basis of
the sign of the tip angular velocity of a cantilever beam as well as the
magnitude of the tip deflection. In both the transient and the forced
vibration controls, by employing the proposed control algorithm
undesirable chattering in the settled phase is completely elimi-
nated or substantially attenuated. Experimental implementations
are undertaken to demonstrate these superior control performance
characteristics.

Dynamic Modeling
Figure 1 presents the proposed one-dimensional cantilever beam

which comprises piezofilms bonded to the top and bottom of the
original composite (glass/epoxy) beam. The subscript 1 refers to the
original composite beam, and the subscript 2 refers to the piezofilm
layer. The governing equation of motion and associated bound-
ary conditions for the proposed system are obtained by consider-
ing a conventional Euler-Bernoulli beam model with no internal
damping.2

They are

(1)
ox

dt2
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for x = L

Here El = EJi + E2I2 and pA = piAi + p2A2. FE(x, t) is the
external force, p the density of the layer, A the cross-sectional area
of the layer, E Young's modulus, / the area moment of inertia, L the
beam (or piezofilm) length, and c a constant implying the bending
moment associated with the piezofilm strain constant (d^). It is
noted that the control voltage V(x,t) may be replaced by V(t) for
the proposed piezofilm actuator since it has uniform geometry along
its length.

On the other hand, the output voltage V/(f) produced from the
piezofilm sensor is obtained by integrating the electric charge de-
veloped at a point on the piezofilm along the entire length of the
film surface as follows5:

v>(0 = (3)
x=L

Fig. 1 Schematic diagram of a cantilever beam.

Here C is the capacitance of the distributed film sensor, #31 the
piezoelectric stress constant, and K^\ the electromechanical cou-
pling factor. It is noted that the output voltage in Eq. (3) represents
the angular displacement at the tip of the beam.

Control Algorithm
The impending control issue is to suppress the vibration of the

system (1) by employing the control input voltage V(t) to the
piezofilm actuator. Bailey and Hubbard2 employed Lyapunov's sec-
ond method to formulate control algorithms. This method was
chosen because it was simple to drive and an implementable
distributed-parameter control law. They proposed a positive definite
Lyapunov functional which is basically a measure of the energy in
the system. It is given by

(4)

Minimizing the time derivative of the functional, vibration control
is achieved through bringing the system to an equilibrium state.
Therefore, taking the time derivative of Eq. (4) and subsequently
substituting Eqs. (1) and (2) into the resultant yields the follow-
ing two types of control laws: 1) CAC: V(t) = —K\ - sgn(cV/),
and 2) CGC: V(t) = -K2 - (cV». Here Kl and K2 are feedback
gains. It has been experimentally verified that the CAC is more ef-
fective than the CGC with the same maximum voltage.2 However,
from a practical point of view the CAC causes the structure to pro-
duce undesirable chattering in the settled phase. This is attributed to
the excessive supply of the control voltage associated with the
time delay of the hardware systems. This problem becomes more
serious when small vibration levels are considered with a rela-
tively high magnitude of control voltage. On the other hand, the
CGC also has some shortcomings in controlling the oscillations
in forced vibration. Because of insufficient control forces the sup-
pression efficiency is degraded. This problem becomes more se-
rious when large vibration levels are considered with a relatively
small magnitude of control voltage. In this paper, a modified con-
troller is proposed to circumvent these drawbacks. The proposed
controller combines the effect of the CAC and the CGC (call it the
CAGC, for convenience), and its mathematical expression is given
by

-J^.sgnfcV/),

-^3 • sgn(cV»,

-K4-

(V/)w >
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Fig. 2 Determination of switching constant ai.

where Kt are feedback gains, a,- are switching constants to
determine appropriate voltage magnitudes, (V/)max represents
initial angular amplitude in the absence of control voltage,
and (V/)m denotes controlled angular amplitude at a certain
time.

The determination of the switching constants is the key prob-
lem for the control algorithm (5) to be effective. It depends on im-
posed initial magnitude of the tip deflection and the magnitude of
applied maximum feedback voltage in the CAC. Figure 2 briefly
shows how to determine the switching constant a\. For instance,
suppose that 3.5 mm of the initial tip deflection is imposed and a
KI = 1000 V in the CAC is chosen. For this case, the switching
constant <*i is equal to the reciprocal of the normalized chattering
magnitude (NCM) of 0.166. The NCM was experimentally obtained
by normalizing the chattering magnitude at different level of ini-
tial deflections and feedback voltages with respect to the chattering
magnitude at the level of 0.5 mm and 1000 V. The determination
method for the constant «2 is similar to that for the a \. As expected,
it is clearly observed from Fig. 2 that the chattering magnitude
increases as the applied voltage increases for the prescribed initial tip
deflection.

Experimental Results and Discussion
The control voltage of the microcomputer was amplified by an

amplifier (Trek609A) with a gain of 1000. The controllers were
implemented using a personal computer (IBM 386) with a sampling
rate of 1000 Hz. The implemented feedback gains Kt and switching
constants at for Vmax = 1000 V are as follows: Kv = 1000, K2 =
2.6, K3 = 330, K4 = 15, on = 6.026, and «2 = 15.

Figure 3 presents measured transient-vibration control responses.
The transient vibrational response characteristics were obtained
by exciting the beam with the first-mode natural frequency of
20.0 Hz and subsequently removing this excitation and applying
the feedback voltage. It is clearly observed that the CAC is more
effective than the CGC but shows unwanted chattering in the set-
tled phase. The chattering was almost eliminated by employing the
proposed control algorithm, the CAGC. This implies that the pro-
posed control algorithm produces relatively small adverse control
force associated with the time delay in the settled phase, while
maintaining a high control effectiveness in the transient phase.
The damping factors at 20.0 Hz are distilled by 0.00952, 0.02987,
0.01512, and 0.02659 for the zero voltage, CAC, CGC, and CAGC,
respectively.

Figure 4 presents measured forced vibration control responses.
The forced vibrational responses were generated by exciting the
beam with the first natural frequency of 20.0 Hz and control algo-
rithms applied. It is evident from this figure that the CGC is insuf-
ficient to suppress the imposed magnitude of oscillation, whereas
the CAC is effective except for the occurrence of chattering in the
settled phase. The magnitude of the chattering was substantially
reduced by employing the proposed control algorithm. The damp-
ing factors for the CAC and CGAC are distilled by 0.02910 and
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Fig. 3 Transient vibration control responses.

3.5

-3.5 Zero voltage

Fig. 4 Forced vibration control responses.

0.02646, respectively. However, the smaller time delay of the exper-
imental hardware is still required to improve control performances
especially in the settled phase.

The experimental results presented in this study indicate that the
application of an appropriate magnitude of control voltage with
respect to the oscillation magnitude and also the employment of
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high-resolution hardware systems may improve the control perfor-
mances of distributed parameter systems featuring piezofilm actua-
tors and sensors.
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