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I. Introduction

IBRATION reduction is a critical problem related to the ma-

neuvering of spacecrafts, which often employ flexible struc-
tures such as solar arrays. Research in this area has been taken
along two directions: one direction concentrates on modifying the
input command to reduce vibrations, and the other focuses on active
suppression of the induced vibrations. Input shaping'-? and the com-
ponent synthesis vibration suppression (CSVS) method®~> are two
commonly used methods to modify the input command to reduce vi-
brations of flexible structures. These two methods share the similar
principle to reduce the vibration of the flexible structures, whereas
the major difference between input shaping and CSVS lies in the de-
sign methodology of input command. Input shaping employs com-
plicatedly numerical optimization to derive an input shaper and then
convolve it with the reference input commands. In contrast, by the
CSVS method the commands are directly designed without solv-
ing nonlinear equations, and the CSVS commands can be of many
forms.

One promising method for actively suppressing the induced vi-
brations is to use piezoelectric materials as actuators/sensors be-
cause piezoceramics possess the property of piezoelectricity, which
describes the phenomenon of generating an electric charge in a
material when subjected to a mechanical stress (direct effect) and
conversely generating mechanical strain in response to an ap-
plied electric field. A wide range of approaches has been pro-
posed for using piezoelectric material to actively control vibra-
tion of flexible structures. Positive position feedback (PPF) con-
trol was used for active damping of a flexible structure.®~® In this
approach, the structural position coordinate is fed to the compen-
sator, and the compensator position coordinate, multiplied by a
scalar gain, is fed to the structure. Other motivations and ben-
efits in the use of active control technology can also be found
in Ref. 9.

In this Note, a new approach integrating CSVS-based command
shaping technique and PPF control is proposed for vibration re-
duction of flexible spacecrafts actuated by on-off thrusters during
attitude maneuver. The CSVS method is used to modify the exist-
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ing command so that less vibration will be caused by the command
itself. In addition, to extend the CSVS method to the system with
on-off thrusters, a scheme of combining CSVS method with the
pulse-width pulse-frequency (PWPF) modulation®? is first given,
which do not require the complicated nonlinear optimizations to
design the constant amplitude commands for the system and can
suppress the relatively large-amplitude vibrations excited by rapid
maneuvers. With the presence of this command shaping control,
an additional independent flexible control system, the PPF control
technique using piezoelectric materials, acting on the flexible parts
can be designed for further vibration suppression during and af-
ter the maneuver. Numerical simulations performed on a five-mode
model of the spacecraft with flexible appendages during rest-to-
rest maneuver demonstrate the theoretical and practical merit of the
proposed approach.

IL.

Figure 1 shows the model of a flexible spacecraft, which consists
of a rigid hub with radius b, a uniform cantilever flexible beam
with surface-bonded piezoelectric sensors and actuators, the length
[, and the tip mass m,. Define the OXY and oxy as the inertial
frame and the frame fixed on hub, respectively. The attitude angle 0
denotes the relative motion of these frames. Denotes W (x, t) as the
flexible deformation at x with respective to the oxy frame, where
x €[0,1].

For system modeling, several assumptions are made: 1) the beam
is assumed to be an Euler-Bernoulli beam and flexible only in a
direction transverse to its length in the plane of motion; 2) the
piezoelectric layer is homogeneous and is uniaxially polarized;
3) the piezoelectric material is perfectly bonded to the beam; and
4) the gravitational effect, hub dynamics, and internal/external dis-
turbances are neglected for simplicity.

Now, applying the extended Hamilton’s principle, the equa-
tions of motion for the flexible spacecraft with surface-bonded
piezoceramics are’-®
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Fig. 1 Model of flexible spacecraft with surface-bonded piezoelectric
material.
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ye=BTq (3)

where J is the flexible spacecraft moment of inertia, ¢; is the modal
coordinate, g is the modal coordinate vector [¢q; ¢ q.17, D;
is the rigid-elastic coupling for each vibration mode, D is the rigid-
elastic coupling vector [D; D, D,1", Z is the modal damp-
ing matrix diag{2& w;}, and A is the matrix of natural frequen-
cies diag{w?}. BT is the electromechanical coupling term, y is
the constant of the piezoelectric material, and e is the electrical
voltage.

III. Control Strategy

Figure 2 presents a block diagram of the proposed control scheme.
The control system for vibration reduction of the flexible spacecraft
during attitude maneuvers consists of two subsystems, the attitude
control subsystem using PWPF modulation and the active vibration
suppression subsystem using piezoelectric materials. The PWPF
modulation is used to control thruster firing, and the attitude feed-
back control subsystem also employs a proportional plus derivative
(PD) controller, which is used to follow the shaped command. The
active vibration suppression subsystem uses PPF control strategy,
which implements the lead zirconate titanate (PZT) sensors and ac-
tuators to actively cancel the thruster-firing-induced vibration. These
two subsystems work together to reduce vibrations during attitude
maneuver.

A. CSVS Method

In this section, the principle of the CSVS method®~? is discussed
briefly, which is a vibration self-canceled method by which the vi-
bration excited by the former input can be canceled by the other
inputs with suitable time delays. Considering the following Eq. (4),
which is a generalized vibration system:

i+ 2cwx + w’x = F(1) )

where x is the state coordinate, w is the natural frequency, ¢ is the
damping ratio, and F'(¢) is the control input. The damped vibration
frequency can be represented by w; = w./(1 — ¢?), and the corre-
sponding period is T; = 27 /w,. Figure 3 demonstrates the simplest
example of application of CSVS method. The vibration excited by
impulse 1 at time 0, with the amplitude A, is cancelled by impulse 2
implemented at time T, /2 with the amplitude Ae~"sV1=5") Ideally,
no vibration exists after such superimposition.

The following Lemma 1 gives the principle of CSVS method to
design the component sequences:

Lemma 1: Give a vibration mode with the natural frequency w,
period Ty, and damping ratio ¢. Implementation of n (the number of
the input components » can be any positive integer) similar compo-
nents (the components can be in the form of either impulses or time
variable functions), whose amplitudes are scaled by an attenuation
factor of e~5*" at n time instants of 0, Ty /n, ..., (n — 1)T;/n, leads
to suppression of this vibration mode completely.

Ideally, all vibrations can be canceled after applying the CSVS
commands, provided that these two parameters can be known ex-
actly. In practice, however, as a result of estimation errors of these
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Fig. 2 Block diagram of control system for vibration reduction during
attitude maneuver.
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Fig. 3 Basic principle of CSVS method.

two parameters, vibration can still exit after applying the CSVS
commands. The robust CSVS command? can be recognized by the
derivative of the system response with respect to the parameter of
vibration frequencies or damping ratios.

Lemma 2: If a CSVS input command can suppress a vibration
mode with the pth-order robustness to the frequency estimation
error, then the new command, formed by synthesizing n of such
commands according to Lemma 1, can suppress the same vibration
mode, but with the p + 1th-order robustness to the frequency error.

The robustness to uncertainty of the damping ratio can be an-
alyzed in a similar manner because the derivative of the system
response with respect to the frequency has the same expression as
that with respect to damping ratio.

The CSVS method can also work on suppression of multiple
modes of vibrations. The principle of constructing the multimode
CSVS commands is similar to that of constructing the robust CSVS
commands. The following Lemma 3 gives the principle of construct-
ing the multimode CSVS commands.

Lemma 3: If aCSVS input command can suppress all of the m — 1
vibration modes, then the new command, formed by synthesizing
n of such commands according to lemma 1 to suppress the mth
vibration mode, can suppress all the m vibration modes.

According to Lemmas 1-3, various CSVS commands can be con-
structed, with any number of components n, any order of robustness,
and any multiple modes. However, the number of components n
plays an important role in CSVS commands. If 7 is too large, con-
siderable online computational work will be needed, although the
higher-order robustness can be enhanced. If 7 is too small, the ro-
bustness for higher-order modes will be degraded.

B. Positive Position Feedback Control

Foe the control of flexible structures, the PPF control scheme is
well suited for implementation utilizing the piezoelectric sensors
and actuators. This approach has several desirable characteristics:
it is insensitive to spillover, it offers quick damping for a particular
mode, and it is easy to implement.

The equations describing PPF control operation are given as’

ﬁs+Dsﬁx+ans :alCTGE (5)
€+ DsE +QE = arQCr, (©6)

where 7, is the modal coordinate vector describing displacement
of the structure, Dy is the modal damping matrix of the structure,
; is the modal frequency matrix of the structure, a; is a constant
related to actuator sensitivity, G is the feedback gain matrix, £ is
the compensator coordinate vector, D the compensator damping
matrix, ¢ is the compensator frequency matrix, a, is constant rep-
resenting sensor sensitivity, and C is a fully populated participation
matrix, which determines the influence of each sensor/actuator pair
on each compensator and vice versa.

The selection of PPF gains is dictated by a stability criterion,
which is in the form of positive definiteness of a matrix consisting
of feedback gains and system parameters as follows.

Lemma 4: The stability condition for the two combined systems
(5) and (6) can be written as’

Q, — a1, CTGC >0 7
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The feedback gain matrix G consists of each feedback gain, which
is associated with each flexible mode.

IV. Simulation Results and Comparisons

The spacecraft simulation involves a single-axis rest-to-rest ma-
neuver. The parameters for the simulated flexible spacecraft are
given in the Ref. 5. Because the goal is to suppress vibrations of
low-frequency modes, the first two modes of five, 3.161 rad/s, and
16.954 rad/s with all modal ratios of 0.004, respectively, are major

concerns for vibration suppression. The type of PZT-5A piezo-
electric ceramic plates® is bonded to the surface of the flexible
appendage. The PPF compensator parameters are selected as
g1=0.5,2=0.5, 0.4 =2.5,w,=16,¢.,=0.5,and {, =0.5. The
proportional gain and the derivative gain of the PD controller for atti-
tude control are 15 and 50, respectively. Eight components, second-
order robust with four components for the first mode and zero-order
robust with two components for the second, are designed according
to the CSVS principle as shown in Sec. IIL.A.
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Fig. 4 Slew with PD control without CSVS method.
EED' T T T T T T T T T
R s PAMAAAA]
Z 59.83
[ -

e 2% 30 3

E D 1 1 1 1 1 1 1 1 1
~ 0 5 10 15 20 25 30 3 40 45 &0
w

% 15 . ; : , . . , , .

@

=

= 10 ! 4
z 5 38 1
> 25 30 35
& gt

=1

3

E _5 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
E 04 . T . T T . . T T
=
w3 4
B
2 02 i
w
c
: DJM ]
s
=
£ . . . . . . .

0 5 10 15 20 25 30 35 40 45 &0
E
=
[
=1
=
50
S
]
=
5
(&)

0 5 10 15 20 25 30 35 40 45 50

t (sec)

Fig. 5 Slew with PD control with CSVS method.
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In this simulation, for comparative purposes, four cases of a
60-deg slew of the flexible are conducted: 1) slew using PD without
CSVS method, 2) slew using PD with CSVS method, 3) slew using
with PD control with PPF control, and 4) slew using PD control with
a second-order robust for the first mode, zero-order robust for the
second mode and PPF control. Case 1 is compared with case 2 to
show the effectiveness of CSVS method. Plots of angle and angular
velocity, vibration energy level E =¢7 ¢ +¢” Ag, and the applied
control torques are shown in Figs. 4 and 5, respectively. To demon-
strate the effect of the active vibration suppression using PZT sen-
sors and actuators, the active vibration suppression subsystem is now
turned on. Time histories of cases 3 and 4 are shown in Figs. 6 and 7,
respectively. Because the PPF control only targets as the first and
second modes, it is reasonable to see that the higher modes vibrate
at the same energy level in either case.

V. Conclusions

In this Note, a new approach for vibration reduction of flexible
spacecraft during attitude maneuver is presented. The new approach
integrates the method of component synthesis vibration suppression
(CSVS) and the technique of positive position feedback (PPF) con-
trol with the PZT sensors and actuators. By using the pulse-width
pulse-frequency (PWPF) modulation for thruster control, the CSVS
method can be extended to the system with on-off actuators and can
suppress the relatively large amplitude vibrations excited by rapid
maneuvers. The technique of PPF control with PZT sensors and ac-
tuators is used to actively suppress the microvibrations during and
after the slew. Simulation results demonstrate that the new approach
can significantly reduce the vibration of the flexible appendages dur-
ing maneuver operations.
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