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Effects of Atmosphere on Slewing Control
of a Flexible Structure

Jer-Nan Juang* and Lucas G. Hortat
NASA Langley Research Center, Hampton, Virginia

Air drag forces are introduced into the equations for a slewing control maneuver of a flexible structure to
assess the effects of atmosphere on the controller design. Simulated modal parameters and transient responses
are compared with experiments in normal atmosphere and vacuum. Analytical techniques for control laws are
examined and verified. Physical insight into the air damping is gained so that results in vacuum can be ex-

trapolated from results in air.

Introduction

N the past decade, a considerable volume of literature has

been devoted to the problem of controlling the maneuvers
of a system having flexible structural components. Optimal
slewing control of a flexible structure is important in the con-
trol design of future industrial manipulators and a variety of
space structures. Optimal slewing offers the improvement of
manipulator performance and relaxation of the structural
stiffness requirement imposed by conventional rigid body con-
trol techniques. Most research to date has been performed us-
ing computer simulations. A crucial step in the transition from
mathematical simulation to the practical use of the technology
is the demonstration of control design methodologies in the
laboratory. References 1-6 are some examples of laboratory
implementations that either validate theoretical control con-
cepts for practical application or determine the reason for the
difficulties and ineffectiveness of some control strategies.
Research in Refs. 1-4 was performed to actively damp the
vibrational motion of flexible structures. Investigators in
Refs. 5 and 6 were interested in slewing a flexible structure and
simultaneously damping induced vibrational motion at the
end of the maneuver. ,

In all the tests discussed in Refs. 1-6, the time required for a
controller to damp flexible motion was less than predicted in
simulation, probably because the design model did not take
into account air drag. The difference may be quite dramatic,
particularly for large initial displacements with high velocities.
Due to the lack of laboratory facilities, it may not be possible
to test in vacuum. Studies to assess the effects of atmosphere
become necessary to allow the extrapolation of results in
vacuum from results in air. The system characteristics in orbit
can then be predicted by analyzing the experimental results in
normal atmosphere on the ground. The objective of this paper

is to. compare and measure differences between experimental |

results for the slewing control of a flexible panel in air and
vacuum and to assess the effect of air drag on the controller
design.
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Hardware Setup
A 3.9-m-long flexible panel having a cross section of
0.64 m x 0.33 cm. is used for laboratory experiments in air and
vacuum. The vacuum facility is a 15-m-diam thermovacuum
chamber at the NASA Langley Research Center. The test
model is cantilevered in a vertical plane and rotated in the
horizontal plane by an electric gearmotor as shown in Fig. 1.

. The instrumentation consists of three full-bridge strain gages

to measure bending moments induced by bending deformation
and an angular potentiometer to measure the angle of rotation
at the root. The strain gages are located at the root, at 22% of
the panel length from the root, and at the midspan. Signals
from all four sensors are amplified and then monitored by an
analog data acquisition system. An analog computer closes the
control loop, generating a voltage signal for the gearmotor
based on an output feedback law.

Analysis: Dynamics and Control

The test apparatus is mathematically modeled as a flexible
beam rotating about a vertical axis. The flexible beam is can-
tilevered from the motor at the root x=0 and free at the tip
end x={. By denoting EI the bending rigidity, o the mass den-
sity of the beam per unit length, y the bending deflection in the
horizontal plane, and 6 the root angle, the kinetic energy T
and potential energy ¥ can be expressed by (neglecting higher
order terms)

14 . ot 4
2T={ o(b+i2ax=1,02 +24( pvides | oax @

4
2V=S EIy,2 dx
o T @

b4
where (") =d( }/dt, ( ), =0%( )/0x?,and I, = SO px2dx.

The generalized Hamiltonian principle is used to derive the
equation of motion; i.e.,

t
“S,f (T=V+ Wy )dt=0 3)
0

~ where W, is the work of the dissipative forces and #, and ¢,

represent the initial and terminal time, respectively.

When a thin plate rotates and vibrates transversely in air,
various dissipative forces can cause free vibrations to decay.
The dissipative forces can arise from external effects such as
air drag and dissipation in the beam support or from internal
characteristics of the beam material or structure. In this paper,
the specific effect studied is the air drag. Some reasonable
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comprehensive studies to date have been given in Ref. 7,
reporting that one must consider two types of drag forces,
namely one proportional to the instantaneous velocity and the
other proportional to the square of the instantaneous velocity.
Based on these reports, the drag forces per unit length on the
_beam slewing about a vertical axis can be written as

'

Fp, =C, (x6+5) x6+ p1 , @
and
Fpy=Cy(xf+y) %)

where C, and C, are two coefficients to be specified. The coef-
ficient C, is given in Ref. 8 as ’
Cy=Y2p,C; W, C,;=5.638% 6)
in which p, is the air density, W, is the width of the surface
area S normal to the flow in square meters, and C, is a dimen-
sionless drag coefficient. The physical parameters entering C,
are not clearly established, so this coefficient will merely be
carried for completeness. Reference 8 shows that it is not clear
froim previous experiments whether the forces Fp, and Fp,, are
operable simultaneously at all velocities or there is a transition
from Fp,; to Fp, at some critical velocity. However, damping
proportional to the velocity squared dominates at large
amplitudes of motion.
Let the control torque 7 be applied at the root of the beam.
The virtual work produced by the control torque and the drag
forces has the form of ’

£

The substitution of Egs. (1), (2), and (7) into Eq. (3) yields the
equations of motion

¢ ¢ .
Li+ So pxjdx+ So C, (xB+ ) | x6+ 1 xdx

f
+ SO C, (xb+7)xdx =7 ®)

and

o+ px+C, (x0+3) x84+ + Cy (X6 +5) + EIY, 0y =0 (9)

and the boundary conditions for a cantilever beam as

Y(0,8) =3,,(0,8) =y, (6£) =0 (10

The set of equations (8-10) then constitutes equations of mo-
tion including air damping. The combined continuous and
discrete system leads to nonlinear integrodifferential equa-
tions of motion that are difficult to solve analytically and even

numerically; thus some simplification is helpful. For the case:

of a fast slew maneuver of the flexible beam, the- instan-
taneous velocity x8 due to the root angular velocity is usually
one order of magnitude higher than the instantaneous velocity
¥ due to the flexible bending. Based on this observation that
x0>y for all #=x=0, Egs. (8) and (9) can be reduced to

£ P P 4 .

and

i+ pxb+ C 26161 + Cy(0+7) +EY e =0 (12)
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Slew 30 deg.

Strain Gages
Fig.1 Test setup of a slewing control experiment for a flexible panel.

where

C =Ct%/4; C,=C,03/3

To solve this set of nonlinear equations, consider the
discretization

n

Y =Y, q:(H);(x) (13)

i=1

in which # is the number of flexible modes included in the con-
troller design, g;(¢) are modal amplitudes, and ¢;(x) are
shape functions satisfying the boundary conditions of Eq.
(10). Introducing Eq. (13) into Egs. (11) and (12), and apply-
ing the Rayleigh-Ritz method to Eq. (12), which minimizes the
equation error, leads to an ordinary matrix differential
equation

mw+d,w+kw=br—f8 14l 14
where
w= (0)q19-'~’qn)T
1
1, SO oxg;(x)dx
m=

¢ ¢
go pxe; (x)dx SO pd; (x)¢; (x)dx

i=column index=1,...,n; j=row index=1,...,n
n [
C, So Cyx¢; (x)dx
d,= ¢ ¢
[, Cxt,000x || Cotiws nax
0 0

k= ¢
0 go Ely 1 (X)$ 5 ()l
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The vector b is null except for the first element b, =1, and the
_vector f is given by

~ [f ¢ T
f= [C,,SO Cx%¢, (x)dx, ..., So C, %9, (x)dx]

For the case where C, =0, the vector f become null and Eq.
(14) reduces to a linear matrix equation that includes only air
drag proportional to velocity. :

The actuator. dynamics and sensor characteristics used in
conjunction with Eq. (14) were fully described in Ref. 5. For
the sake of completeness, a brief description is as follows.

The actuator located at the root of the beam is a direct cur-
rent electric motor with a gear train and electromechanical
brakes modified for vacuum application. The electric motor is
modeled as a standard armature circuit. Denote the armature
resistance by R,, the back-EMF (electro-motive-force) con-
stant by k;, the motor torque constant by k,, the motor inertia
by I,,, the gear train viscous drag coefficient by C,, and the
overall gear ratio by N,. The torque 7 produced by the ac-
tuator can be expressed by

7= (N,k,/R,)e, — (kk,/R,+ C,)N20—1,N20 a5)

where e, is the applied voltage (command signal) to the ar-
mature and 0 is the root angle.

The angle is measured by a rotary potentiometer, whereas
the bending moment is measured by strain gages. Let c, be the
conversion factor between the root angle # and the output
voltage e, of the potentiometer and ¢, be the conversion factor
between the strain and the strain gage output voltage e,. If
there are three strain gages distributed along the beam located
at x;, X, and x;, an output measurement equation can be
written in matrix form as

€p
e,(xy) { c, 0 }
e= = w (16)
€ (xz) 0 Ce
eo (X3

where
¢1,XX (xl ))"ud’n,xx (xl )
e =Cs ¢l,xx (x2):"':¢’n,xx (xz)

¢1,xx(x3 ))---’d)n,xx (x3)

C

The coefficients of the matrix can be determined by inserting
the assumed shape functions. This equation relates the output
voltage e to the root angle ¢ and the generalized coordinates
q;. An active controller can then be designed using Eqgs. (15)
and (16). A A

Now let k, 2 [k,.ky,ky,k317= [k, kT 17 be the gain vector
for the output measurement e such that the applied voltage e,
(command signal) to the gearmotor in Eq. (15) is given by

€, =kgTe= _kpep —kleo (xl ) —kzea (xz) _k3eo (x3)
= [kycpklc 1w an

This is the output feedback law. No velocity feedback is in-
. cluded in Eq. (17) because the motor back-EMF provides suf-
ficient damping, which is shown in the following equations.
Substituting Egs. (15) and (17) into Eq. (14) yields a closed-
loop equation of motion in matrix form as

i +dw+kw=—f8 16| . (18)
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where
N2 0
m=m+
0 0
N
- (kk,/R,+C, )Ng 0
d=d,+
0 0

- kyc, kic,
=k+ (Nk,/R,)
0 0

m, d,, and k are defined in Eq. (14).

Equation (18) is the fundamental equation of motion, in-
cluding air damping, for a beam rotating about a vertical axis.
When the system is in vacuum, the linear damping matrix d,
and the nonlinear damping vector f in Eq. (18) become null.
The equation of motion thus reduces to a simple linear matrix
form by which closed-loop system eigenvalues can be
computed. .

In order to shape the control torque to minimize the excita-
tion of vibrational motion, a differential equation describing
the torque profile should be augmented to the state equation.
Instead of Eq. (17), let the torque equation in terms of the ap-
plied voltage e, (command signal) be given by

é=Ce,+e, (19)

where C, is the torque shaping constant for the torque profile
and e, is a new feedback control variable. Note that this is
referred to as a first-order filter equation. Now using the nota-
tion of the gain vector in Eq. (17), assume that the feedback
control variable e,, is determined by

w
ey, = — [kTk,]

] s kD =1k,c,kfc,] (20
ea

Here k, is a gain constant for the applied voltage e, to the
motor. The substitution of Eq. (20) into Eq. (19) and Eq. (15)
into Eq. (14) yields closed-loop equations of motion in the
following matrix form:

mw+dw+ kw=be,N,K,/R, 3161 @1

é,+(k,—C,)e,+kTw=0 22)

where the matrices /1, d, and k are defined in Egs. (14) and

(18).

Table 1 Model parameters

Motor Strain gages
k,=.0297 n-m/A G=2.115
kj, =0.0296 V-s/rad =50V
R,=4.19 Atmosphere$
L,=10mh 0, =1.1595 N s2/m*
1,,=4.02x 105 n-m-s? C,=2.78
N, =941 C,=0.
Flexible panel (aluminum/honeycomb)

{=39m

EI=328.3 n-m?

p=3.08 kg/m

h=0.65 cm

Conversion factors (machine units)
¢p=0.17 V/rad
c;=2.64V/m/m
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" Table 2 Controller design gains for flexible panel (Ref. 5)

Control law e, =k e, + kye, (X)) +kye,(X;) + ks, (x3)

Gain constants -~ k,=—43.48 k;=6.5 k;=11.8 k;=0.06
Torque shaping
constant C,—k,=—6.5

Time
50 v 50 m —H WA
Angle Angle
Signal Signal

2 mv —f 1my—

J. GUIDANCE

Table 3 Comparison of analytical predictions
* with experimental results

Air Vacuum
Frequency, Damping, Frequency, Damping,

Mode Hz % Hz %

Analysis 1 0.28 8.4 0.28 3.7
2 2.03 6.6 2.04 6.6
3 5.99 2.0 5.99 2.0
Experiment 1 0.25 13.9 0.27 8.6
2 2.21 0.5 2.45 0.4

3 a— - - -
Analysis® 1 0.22 36.6 0.22 33.6
2 2.13 6.9 2.14 6.4
3 6.00 1.4 6.00 1.6

Experiment® 1 0.24 28.9 0.23 - 324
2 ., 2.14 1.5 2.49 1.6

3 — — _ —

Root Root
Strain Strain
Signal Signal
_ 5.4 v
Command , Command ,
Signal Signal
6 sec. 6 sec.

a) in air

b) in vacuum

Fig. 2 Time responses from the slewing control experiment.

Equation (22) provides the freedom to choose the initial ap-
plied voltage e,(0), which usually is set to zero to minimize the
excitation of high-frequency modes due to the torque discon-
tinuity at the initial time. It will be shown in the following sec-
tions that Eq. (19) in conjunction with the feedback equation
[Eq. 20)] provides smooth torque profiles that not only
minimizes the excitation of the high-frequency modes but also
reduces the effects of system nonlinearities and uncertainties
such as deadband and backlash. To smooth the torque profile
further, a differential equation of higher order than Eq. (19)
can be defined to allow the choices of initial applied voltage e,
and initial voltage derivatives d’e,/d# (i=1,2,...). Note that
several different approaches have been developed and
demonstrated for control profile shaping (see Refs. 9 and 10).

Experimental Results

Table 1 shows the electric motor, strain gage and flexible
panel parameters, and conversion factors used in the feedback
control law design, whereas Table 2 gives the control gains
defined in Egs. (17) and (20). Figures 2a and 2b show different
time response curves of the angle signal e,, the root strain
signal e,, and the torque command signal e, for the panel ex-
periments performed in air at normal atmospheric pressure
and in near vacuum (4 mm Hg). These curves are directly ob-
tained from the analog plotter. The flexible panel, as shown in
Fig. 1, is slewed about 30 deg. The angle signal is measured
relative to a reference signal, which is given initially to initiate
the control maneuver. The command signal transmitted to the
gearmotor is computed by feeding back the strain signals
measured from the strain gages and the rotation angle signal
from the potentiometer [see Eq. (17)]. The rotational angle
and three lowest flexible bending modes are used to represent
the panel dynamics. The time to damp the motion in air (Fig.
2a) is about one-half less than that in vacuum (Fig. 2b). This
higher damping rate is due to air drag.

3Unable to identify. bwith torque shaping.

Time Time
50 mv [ PE——— 50 m ]
BV ]
Angle / Angle
Signal Signal
2 mv imv:
Root
Root
s"“"‘l Strain
Signa signal
5.4 v 5.4 v
c
Signal

6 sec.

a) in air

b) in vacuum

Fig. 3 Time responses from the slewing control experiment with
torque shaping.

Now consider a controller design including a first-order
filter to shape the feedback command signal [see Eq. (19)] so
as to provide a high damping ratio for the first mode and
minimize the excitation of high-frequency modes. The time
responses of the angle signal, the root strain signal, and the
command signal are shown in Figs. 3a and 3b for experiments
in air and vacuum respectively. The panel is slewed about 30
deg in 4 s. The time to slew the panel in vacuum, shown in Fig.
3b, is less than that shown in Fig. 3a because there is no air
resistance during the maneuver. The vibrational motion in this
case is minimized so that air drag plays a minimum role in pro-
viding damping. It is shown that the effect of air drag on the
damping values for vibrational motion in a slewing control
maneuver depends on the controller design.

Comparison of Theory and Experiment

Only two strain signals, located at the root and 22% of the
beam length, are recorded in all of the experiments for tran-
sient analysis and modal parameter identification. Since both
strains behave in a similar manner, only the root strain signal
will be shown to illustrate the comparison of the analytical
simulation with the experimental results. Figure 4 shows the
results for 30-deg maneuvers in air and vacuum. The solid line
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Fig. 4 Transient responses for
simulated and experimental
data for a 30-deg maneuver.

Simulation
xperiment

e - TP |
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a) Air Time (sec)

Fig. 5 Transient responses for
simulated and experimental
data for a 30-deg maneuver
with torque shaping.

a) Air Time (sec)

represents simulation data, whereas the dashed line represents
the experimental data. Similar trends. are observed in the
transient responses. The ordinate is in millivolts, which can be
converted to strain by using the conversion factor ¢;. During
the slewing maneuver, the root end of the panel has zero veloc-
ity, but the free end has maximum velocity. Therefore, the
analytical simulation in air uses the nonlinear drag coefficent
C, =2.78, which is an average value for the panel cantilevered
at the rotating axis.

The predicted and experimental frequencies and damping
values are shown in Table 3. In addition to the transient
analysis, the laboratory data was analyzed using the Eigen-
system Realization Algorithm (ERA).!'? Since the system
dynamics including air damping are nonlinear, the data length
must be considered in the interpretation of modal parameters.
However, examination of modal parameters identified using
several different data lengths indjcates that no significant
variation of results occurs. Harmonic frequencxes reflecting
nonlinearities of the system dynamlcs do appear. 3 As aresult,
the dynamic behavior for those cases in air can be approx-
imately described by the modal parameters. The slewing
maneuvers designed for this experiment excited primarily the
first mode. Because the second and third modes are not
significantly excited by the maneuvers, their corresponding
dampings and frequencies are not considerably affected by the
air. Therefore, the predicted dampmgs and frequencies shown
in Table 3 are the same whether in air or vacuum, The
predicted first-mode frequency in air (Fig. 4a, Table 3) is 13%
lower than measured in the experiment. This is because of the
softening effect of the gear train backlash that is not properly
modeled if cantilever modes are used in the beam discretiza-
tion. The same phenomena in vacuum is shown in Fig. 4. The
experimental result for the first mode shows a decrease in
damping by a factor of 1.6 whereas the analysis predicts a fac-
tor of 2.3. In both cases (in air and in vacuum), the analyti-
cally predicted damping values for the first mode are lower
than those in the experiment. The difference for the first mode

Simulation
Experiment

b) Vacuum

Time (sec)
b) Vacuum me fsee

is attributed to the dissipative effect of the gear train backlash
not modeled. A reduction of the peak strain signal is also
observed in vacuum because no air opposes the maneuver.

Figure 5 shows the results for the same maneuver in air and
vacuum when the command signal profile is shaped according
to Egs. (21) and (22). The corresponding frequencies and
damping values are also shown in Table 3. In vacuum, the
first-mode frequency and damping are within 5% of the
predicted values. Thus good agreement is pbserved in the tran-
sient analysis. The experimental data in air (Fig. 5a) depict a
residual motion caused by air circulation in the laboratory
while conducting the experiment. The predicted frequency for
the first mode is within 8% of the experimental values, but
damping differs by almost 40%. This discrepancy results in an
underestimation of the peak strain valyes as shown in Fig. 5a.
With the exception of the peak strain signals, the trends of the
curves in Fig. 5a agree reasonably. It is believed that the gear-
train backlash and deadband effects contribute s1gn1ﬁcantly to
the increase of the peak strain value when air is opposing the
slew maneuver, particularly for the case with torque shaping.
The discrepancy is also attributed to modeling errors of the
drag forces. The drag coefficient C,; as shown in Eq. (6) is
generally a function of vibration amplitude.

In general, the virtual mass effect should be included in the
equations of motion for the flexible panel. The air inertia
primarily affects the natural frequencies of the system,®
whereas the air drag affects the damping. However, the results
in Table 3 show good agreements in frequencies, which sug-
gests that the discrepancies between analysis and experiment
are not attributed to the virtual mass effects.

Conclusions
In this paper, the effects of atmosphere on the slewing con-
trol of a flexible panel is investigated by including air damping
terms in the differential equations for an angular rotation
coupled with beam vibration. The prediction of transient
responses, frequencies, and damping ratios is compared with
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experrmental results Based on these comparlsons the follow—
ing conclusions are drawn:

1) Damping effects due to atmosphere can be systematrcally
and effectively included in the equatrons for the slewing
maneuvers of a flexible panel. By using the analysrs technique
shown here, one can include air damping in-the numerical
simulation to extrapolate the characteristics of the system in
vacuum.

2) Torque shapmg makes srgmfrcant changes in the system
performance. The agreement between analysis and experiment
is improved when torque shaping is used. Nonlinearities are
minimized because the number of system miodes excited are
minimum. Partrcular hlgh-frequency modes are hardly
excited. .

3) The 51gmf1cance of air damping effects depends on the
controller design for flexible structures. The smoother the
controller is, the less the effects of air damping will be.

'4) System uncertainties’ and nonlinearities can also con-
tribute to the effects of air dampmg on the transient
responses. For-example, the deadband in the actuator. may
significantly increase the amplitude of the vibrational motion
for a specific controller design.
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