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Multiaxis Tracking and Attitude Control of Flexible Spacecraft

with Reaction Jets

Hari B. Hablani*
Rockwell International, Seal Beach, California 90740

The objective of this paper is to show that integral pulse frequency modulation (IPFM) reaction jet
controllers can perform, with precision: multiaxis tracking of moving objects, attitude control of flexible
spacecraft under orbit-adjustment forces, single-axis slews, and vibration suppression. Two sets of position,
rate, and acceleration command profiles for multiaxis tracking are presented: one for a payload initially
facing the zenith and the commands based on a pitch-roll sequence; the other for a payload facing the
nadir and the commands based on a roll-pitch sequence. The procedure for designing an IPFM controller
for tracking a given, inertial acceleration command profile is summarized. Important elastic modes of a
spacecraft are identified according to their spontaneous attitude and rate response to the minimum impulse
bit of the thrusters. The stability of control-structure interaction is shown to be governed by the ratio of
the moments of inertia of the flexible to the rigid portions of the spacecraft. If this ratio is below unity
for each axis, the spacecraft is stable; otherwise it is not. The stability inequality for symmetric elastic
modes, when they induce attitude motion because of a moment arm from the vehicle mass center, is
formulated. Extensive numerical results conclusively establish that the IPFM controllers are eminently

suitable for the tasks mentioned above.

I. Introduction

HIS paper presents novel applications of integral pulse

frequency modulation (IPFM) reaction jet control systems
for flexible, precision pointing spacecraft; the applications are
multiaxis tracking of moving objects, spacecraft attitude control
under station-keeping or orbit-adjustment forces, single-axis
slews, and vibration suppression to minimize jitter. The contents
of the paper and the pertinent literature are reviewed below
briefly.

Section IT of the paper, following Ref. 1, develops multiaxis
position, rate, and acceleration command profiles for tracking
a moving object. The position commands involve Euler angles,
and the rate and acceleration commands are inertial, expressed
about the spacecraft axes. The following two possible scenarios
are considered: a payload rigidly attached to the spacecraft bus,
facing the zenith initially, and tracking commands based on a
pitch-roll sequence; and the payload facing the nadir initially
and the commands based on a roll-pitch sequence. These com-
mands are used as reference trajectories to determine the posi-
tion and rate errors for the IPFM reaction jet controllers.
Farrenkopf et al.? presented a complete procedure for designing
this controller, and compared its performance with a saturating
proportional-plus-derivative controller and a relay controller
with a deadband and hysteresis. Abdel-Rahman® compared it
further with a dual time constant pseudorate controller. The
unique characteristics and benefits of an IPFM controller are
that it activates a thruster pulse of constant width whenever
the integral of a linear combination of position and rate errors
exceeds a certain threshold; the frequency of the jet firing is
thereby modulated, keeping the pulsewidth constant. Farren-
kopf et al.? conclude that because of integration of the errors,
the effect of sensor noise is mitigated considerably and the
attitude control is much smoother by an IPEM controller than
by a pseudorate controller. This is true also because of availabil-
ity of the rate error. Owing to these features, the [PFM controller

Received Sept. 18, 1992; revision received Sept. 20, 1993; accepted
for publication Sept. 21, 1993. Copyright © 1993 by H. Hablani.
Published by the American Institute of Aeronautics and Astronautics,
Inc., with permission.

*Senior Engineering Specialist, Guidance and Control Group, Space
Systems Division. Senior Member AIAA.

831

is not as debilitated by structural flexibility as a pseudorate
controller is, even when the natural damping of the structure
is low ({ = 0.0025) and the sensor time lag large.> For these
reasons, the IPFM controllers are employed here for target
tracking which requires large-angle multiaxis attitude motions,
and for spacecraft attitude control under disturbance torques.
Section III of the paper summarizes the relationships for
determining the control parameters for these tasks, and describes
a multiaxis tracking controller.

Thrusters are particularly prone to exciting flexible modes
of a spacecraft. To examine this interaction, we present scalar
metrics in Sec. IV to identify important modes from infinite
of them. The interaction between nonlinear reaction jet control-
lers and structures has been analyzed in the past using describing
function and Lyapunov techniques; see, for example, Refs. 4-6
for the former and Ref. 3 for the latter. These analyses tend to
be rather sophisticated, however; so, by way of contrast, we
furnish in Sec. IV simple but intuitive criteria of stability involv-
ing the ratio of the moments of inertia of the flexible to the
rigid portions /;/I, of the spacecraft about each of the three axes.
Next, when symmetric elastic modes interact with spacecraft
attitude owing to their moment arm from the vehicle mass
center, thrusters must be located carefully because their transla-
tional force is not of the same genre as the angle measured by
an IMU gyro. The corresponding linear stability conditions for
thrusters are derived in Sec. IV following Gevarter.” Moreover,
even if this linear stability condition is satisfied, unstable con-
trol-structure interaction becomes inevitable when a certain axis
of the spacecraft is very flexible (/;/I, > 1) unless filters—a
double notch filter (Blakelock®), for example—are incorporated
in the controller. See Wie and Plescia® for an example of this
instability for I;/I, ~ 5.8. An alternative to these filters, namely,
aminimum-rise-time, low-pass filter is considered in the confer-
ence version of this paper.® Finally, Sec. V of the paper illustrates
multiaxis tracking and attitude control under disturbances, and
the paper is concluded in Sec. VI.

II. Command Profiles for Tracking a
Moving Target
Position Commands

Figure 1 illustrates relative locations of the Earth, a spacecraft
in a circular orbit, and a moving target to be tracked. The
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Fig. 1 Earth, spacecraft, and target to be tracked.

spacecraft’s orbit and the target’s trajectory are both taken to be
known. Measured from the Earth’s mass center, the spacecraft is
at a location r, and the target at r,. The ideal line-of-sight (LOS)
vector € is € = — r, + r. Ideally, this vector must be along
the payload boresight, which is assumed to be along the negative
yaw axis (—b; unit vector, b for body). Before acquiring the
target, the spacecraft-fixed triad (b, by, bs) is aligned with the
local-vertical-local-horizontal unit vector triad ¢, ¢,, €3 (shown
in Fig. 1), implying that, initially, the payload boresight is along
—c; (facing the zenith). Because the vectors r, and r, are known
in the geocentric inertial frame, the LOS vector € can be calcu-
lated, after coordinate transformations, in the orbital triad ¢,
), ¢; and expressed as

=€ -cici+€ -6+ € ¢3¢ )

To bring the target to the focal plane center of the payload, the
spacecraft is rotated about the vector ¢, by an angle 6,. and
then about the displaced axis ¢, by an angle 8,.. Following Ref.
1, these angular commands can be shown to be

0, =tan ' {—€ ¢,/ —€"c5] (2a)
0, =sin'[€-c,/ €] (2b)

where £ & |€l. The negative signs in the numerator and the
denominator in Eq. (2a) are retained so as to identify the correct
quadrant of the pitch command 8,.; the roll command 8,, will
always be —m/2 < 6,. = /2. In Ref. 9, these commands are
simplified for landmarks on the rotating Earth. The commanded
yaw angle, 0, is zero and so is its rate 0,; this does not mean,
however, that the yaw (z-) component w,, of the commanded
inertial rate «, is zero. The commanded roll, pitch and yaw
inertial rate components (w,., o, w,;) of . are derived below.

Rate and Acceleration Commands

The inertial LOS-rate £ (an overdot implies inertial differenti-
ation) is calculated from € = — F, + r,, which can be transformed
readily from the geocentric inertial frame to the orbit frame ¢,
¢,, ¢;. Knowing the position command angles from the preced-
ing, € can then be expressed in the desired orientation of the
body frame b, b, bs. Also, the allowable change in € in the
body frame is £ = —¢ b, where an overcircle denotes the
differentiation in a rotating frame. Following Ref. 1 again, the
inertial roll and pitch rate commands w,. and w,., respectively,
are found to be

e =40 -b,/¢ (3a)
w,=—€ b /¢ (3b)
and the rate of change Pis: 6= —¢ - b;. Next, to determine

the yaw component o,., we recognize that, in all, the spacecraft

has three desired angular rates: the clockwise rotation — w, ¢,
for Earth-pointing, the pitch rate command 0, ¢,, and the roll
rate command 0, b,. The total inertial rate command . is there-
fore

w, = [mxc Wy (’)zc]r

= [éxc (eyc - (:)0) Cexc - (éyc - (’-)0) sexc]T (4)

where ¢(*) = cos(+) and s(-) = sin(-). The second and third
elements of Eq. (4) yield

W, = —o, tan 0, %)

Thus, the inertial yaw rate w, is not a second-order quantity
even for a small roll angle 9,..

The acceleration commands are eminently useful for feedfor-
ward and/or for determining the inertial resistance the spacecraft
will put forth in tracking a moving target. The derivation of
these commands parallels the development in Ref. 1 and we
arrive at

=@ b~ 28w/ €+ 0, 6)
ae=-C b +280)/€— 0,0, )

where the inertial acceleration £ of LOS ¢ equals (— ¥, +
7). The inertial yaw acceleration command @, is derived by
differentiating Eq. (5) and recognizing that, for the pitch-roll
sequence, w, = 0,.. We then arrive at

O, = —@, tan 6, — w, o, sec’ B, 8)

From the commands (5) and (8) we see that, although 0, and
#,. are both zero, w, and @, are not. [Eq. (15c), Ref. 9, is
incorrect, as it does not contain the second term in the right
side of Eq. (8) of this paper.]

While the preceding pointing commands are based on a pitch-
roll sequence and are for a payload initially facing the zenith,
Table 1 furnishes the commands using a roll-pitch Euler angle
sequence for a payload facing the nadir initially. The rate and
acceleration commands o, and @, in Table 1 are lengthier than
their counterpart, commands (5) and (8) because, for the roll-
pitch sequence, the orbit rate w, about ¢, cannot be expressed
as simply about the pitch axis b, as it can be for the pitch-roll
sequence. Both sequences are useful nonetheless, because when
one is singular the other is not.

The conditions of visibility of the target from the spacecraft
are covered in detail in Ref. 9.

Table 1 Pointing commands for tracking a moving object:
payload boresight initially facing nadir and roll-pitch
sequence

Attitude 8, = tan™' (=€ - e)/(€ - ¢3),0,, = sin”' (£ - ¢/C)
commands

=—0-b/lw, =8 b /¢
g 58, / €0, + w, tan O,

£
|

Inertial rate
commands ,

]

Inertial == b +28 )/ €+ 00,
acceleration @, = (€ - b —2{ 0, )/ € — 0, @,
commands @, = wg (0, O, cB,. + 0, 50, 56,) sec? [

+ o, 0, sec’ 8, + @, tan 6,

where =0 b,
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ITI. Integral Pulse Frequency Modulation
Reaction Jet Controller

Single-Axis Mode of Operation

A single-axis IPFM reaction jet controller—a modified ver-
sion of the one considered in Refs. 2, 3, and 10—is shown in
Fig. 2. Bernussou' formulates a varying integral threshold,
called A, in Fig. 2, to keep the attitude error extrema nearly
the same whether external disturbances are present or not; A,
is constant in this study, however. The special features of the
IPEM controller in Fig. 2 are: timevarying position and rate
commands O, and O, [Because of flexible modes, an angle
based on rigid body analysis is denoted ®, while the total angle
is denoted 0], a rate gyro to measure the spacecraft rate 6, and
a structural filter to strain out excited flexible modes from noisy
gyro signal 8, if the axis under consideration is overly flexible.
When the IPFM controller is used to slew the spacecraft or
acquire a moving target, the commands 0, and ©, may be the
reference trajectories developed in Refs. 11 or 12, and when a
target is to be tracked, the position and rate commands of Sec.
II are used. Moreover, for attitude hold, both ©, and ®, will
be zero. An IMU gyro is included in Fig. 2 instead of an attitude
sensor and a lead-lag compensation (as in Refs. 2, 3, and 10)
because precise attitude and rate measurements facilitate a
smooth control of attitude as well as jitter caused by elastic
modes (See Sec. V). Very briefly, the [PFM controller functions
as follows.

The spacecraft attitude 8 and the rate § consist of rigid and
elastic modes, as shown in Fig. 2. The rigid attitude is denoted
0, and the attitude angle contributed by pth vehicle elastic
mode 8, where 8,(1) = ®,1, (1), ®, equals the pth rotational
modal coefficient at the sensor location, and m,(¢) is the pth
modal coordinate. Mathematically,

8(2) = @) + Z 8,00 = O@) + Z om0 9
p=1 =1

The attitude rate counterpart of Eq. (9) passes through the IMU
gyro of bandwidth w,, giving rise to a noise-free output Og,
which, when blended with gyro noise n,, becomes the noisy
attitude rate 6,. The gyro output 6, is passed through a struc-
tural filter if necessary, yielding thereby 8,, a quantity very
similar but not identical to the rigid rate ®. When the axis
under consideration is moderately flexible, this filter is not
used, and Onf = §,. Knowing the command profiles ®, and 0,
the position and rate errors are calculated as shown, and a
composite error signal e equal to (8, + K, 6,) is formed, and
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a desired sampling frequency. When le;l = A,, the thrusters are
fired for a constant pulsewidth T,, with the polarity of the
control torque T, determined by sgn T, = sgn e,. As soon as
the thrusters are turned on, the integral e, is reset to zero and
the integration of the error signal e commences afresh (with
the initial condition ¢; = 0). The integration proceeds even while
the thrusters are on to ensure that, if necessary, the thrusters will
be saturated. The control torque T, and the disturbance torque
T, act on the spacecraft, producing the attitude rate 6, and the
preceding operation recurs in a closed-loop fashion.

To determine the control parameters appearing previously,
we observe that a reaction jet controller is required to counteract
disturbances such as those caused by station-keeping or orbit-
adjustment forces which produce a torque when the resultant
force does not pass through the vehicle mass center. Analo-
gously, when a spacecraft is slewed or commanded to track a
target, the controller confronts inertial resistance of the space-
craft equal to the central, principle moment of inertia Iy times
the desired acceleration. The controller then must prevail against
the extreme inertial resistance and slew the spacecraft or track
the target within desired tracking accuracy. For these situations
as well as for zero disturbance torque, the relationships required
for designing an IPFM controller, following Ref. 2, are pre-
sented in Table 2.

Multiaxis Tracking Controller

Figure 3 depicts a three-axis IPFM controller for flexible
spacecraft for target tracking. The six translational and rota-
tional rigid modes are governed by

mR, = F, 19, =T, (10)
where m = mass and I = 3 X 3 the central inertia dyadic of
the vehicle; R, = 3 X 1 rigid translation vector of the spacecraft
mass center, measured from its nominal orbit and produced by
the jet force F, passing through the vehicle mass center; )y =
3 X 1 rigid, inertial angular velocity of the spacecraft; and T
= 3 X 1 the control torque vector produced by the jets, about
the spacecraft principle axes. In the rotational equation, it is
assumed that (), is sufficiently small so that the gyric term £,
X I. ) is negligible compared to I}, or T,. In Fig. 3, the
Laplace transform of Eqgs. (10) (with s as the Laplace variable)
represents the rigid dynamics of the spacecraft. The translational
deviation r, of the gyro base from a nominal circular orbit, and
the measured inertial angular rate @ of the spacecraft, are
obtained by augmenting R, and 2, with the contributions of
the flexible modes as shown in Fig. 3 where x,, and ®,, (n

its integral ¢; (¢, = ) is compared with the threshold *A,; at = 1, 2, ...) are, respectively, the 3 X 1 translational and
» OTHER
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Fig. 2 Single-axis integral pulse frequency modulation reaction jet controller for flexible spacecraft.
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Table 2 Determination of control parameters for rigid spacecraft*!

Disturbance acceleration

Specified steady-state attitude offset under 7,

Specified viscous damping coefficient of an
equivalent linear proportional-plus-
derivative controller

Minimum angular rate increment
Integral threshold

Parabolic limit cycle period under T,
Rate gain

Bandwidth of equivalent linear controller

Rectangular limit cycle attitude O, (specified

under no disturbance; dictated by
preceding quantities when T, is specified)

Rectangular, symmetric limit cycle period

Static saturation limits in attitude and rate

ay = T/, or commanded acceleration
®:S

g(‘

20, =TI 1./,

A =2040, /oy

T =2 0o, = AlOg

Kd = Cc VZA//G)L

Wpy = 2€(‘/Kd

0, = A/(K)

7, =40,/0,=A/2020) =K,/
&

Ou = A1, Ou = AlKs,)

rotational modal coefficients at the gyro base. The question of
how many modes to retain in the simulation is taken up in the
next section. The vehicle elastic modes are governed by

ﬁu+2€uwuﬁu+winu:leFc (11)
where , is the pth modal frequency and {, the associated
modal damping coefficient; X, is the pth translational modal
coefficient at the jet location.

The preceding quantity r, is in the spacecraft-fixed frame.
In the inertial frame, it is denoted r} and is obtained by using
the transformation matrix C;,. The system flexible modes do not
possess momentum, and therefore the deviation of the spacecraft
mass center from the nominal circular orbit is still R,. However,
the spacecraft navigation system registers the quantity r,, not
R,. But the difference between the two is negligible compared
to the nominal orbit radius r,, and therefore the instantaneous
radius of the spacecraft orbit could be regarded as the measured
quantity r, + ri, as shown in Fig. 3, to determine the instanta-
neous line-of-sight vector €, in the inertial frame. The quantity
r, (or Ry), ignored in Sec. I, is included in Fig. 3 for precision
tracking. Next, knowing the orbit inclination i and the instanta-
neous ascending node angle () (keeping nodal regression in
mind), the line-of-sight vector €; is transformed to the local-
vertical-local-horizontal circular orbit frame (Fig. 3): €. = C,;
{,. To obtain the attitude error vector 0,, the Euler angle rate
vector 0 is determined first from the gyro-measured inertial
angular velocity vector . The current attitude is obtained next
by integrating 8 and knowing the previous 0. The small attitude
error vector 0, is then: 8, = 8, — 0 where 6, = [0, 6, 01"
While this calculation of 0, is based on gyro measured w, a
more direct (closed-form) procedure is shown in Fig. 3 instead,
based on the location of the target image in the focal plane.
Using the last known attitude © of the spacecraft relative to
the local orbit frame, the line-of-sight vector £, is transformed
to €, in the spacecraft-fixed frame. Ideally, €, should be along
the payload axis —z,, but in reality the target image is off-
centered by (£, {,,) in the focal plane x,y,. Therefore, if the
spacecraft is commanded to rotate by the angles 6, and 6,,
(defined in Fig. 3) about the x;,- and y,-axis, respectively, the
target image will then be centered on the focal plane. Due to
the focal plane noise and quantization, however, the measured
errors will be 8,4, and 8,5, as shown in Fig. 3.

The advantage of this alternate scheme is that it does not
use gyro measurements. During tracking, it is likely that the
gyro measurements cannot be updated using stars and, therefore,
depending on the tracking duration, the measurements could
be grossly erroneous. The yaw attitude error, nonetheless, can-
not be obtained from the focal plane measurements, and so it
must be deduced from the yaw rate error w,, provided by the

yaw gyro, as shown in Fig. 3. Recalling the linear relationships
between the inertial rate errors (w,,, w,,., w,) and small attitude
errors (0., 0., 0.), namely,

Wy, = exe — Wy eze (12&)
@y = 0, — o (12b)
W, = eze + o exe (12C)

the Euler rate error §,, is determined from w,, using Eq. (12c),
and then the yaw error 0, by integrating 9,, (Fig. 3). The rate
errors w,, and ®,,, on the other hand, are obtained by substituting
the quantized attitude errors 0,,, and 6,5, and their derivatives
in Eqgs. (12a) and (12b). Finally, having determined the position
and rate errors, the control torque about each axis is determined
as before for a single axis; for illustration, the determination
of the x-axis control torque T, is shown in Fig. 3. [l am indebted
to Mr. Eugene Wells, Control Dynamics Co., Huntsville, Ala-
bama for this idea.]

The IPFM controller discussed here can be used for large
angle, multiaxis, attitude maneuvers as well, either from a given
initial state to a fixed final state or for acquiring a moving target.
For three-axis attitude maneuvers, the reference trajectories for
attitude and rate for each axis can be constructed from the
eigen-axis trajectory, following D’Amario and Stubbs,? and
used in lieu of the target trajectory and the line-of-sight calcula-
tions in Fig. 3. Likewise, for acquiring a moving target, the
iterative algorithm of Redding and Adams'' can be employed
to generate the position and rate command trajectories about
the three axes.

IV. Spacecraft Flexibilit); Considerations

The IPFM controller design procedure in Sec. III. is for a
rigid spacecraft, but it is intended to be used on a flexible
spacecraft. Therefore, flexibility concerns are addressed below.

Mode Selection
The attitude angle 9,(f) contributed by the pth mode and
introduced in Eq. (9) is governed by [cf. Eq. (11)]
B, + 20, @0, +l0, =0, &, T0 (13)
where ®,,, is the equivalent pth modal slope at the thruster
location, defined as follows. If a vehicle mode is antisymmet-
ric, and if the thrusters residing in the bus produce a pure
control torque T; at the vehicle mass center, ®,, is then the
modal slope @, at the thruster location. Otherwise, ®,,, is
related to the translational modal coefficients at the thruster
location according to Eq. (18) given below. To select important
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Fig. 3 IPFM controller for flexible spacecraft: multiaxis tracking.
elastic modes from a large number of them in a NASTRAN Ab, <20, (15)

model, there are well-known metrics that quantify the impor-
tance of each mode. However, these metrics signify a long-
term, steady-state modal response, not relevant to jet control-
lers. The spontaneous response of a mode is more relevant
now, because it reveals immediate effects of thruster firings.
The changes in the amplitudes of the modal rate 6,(f) and
the mode 0, denoted A6,, and A6, respectively, arising
from the minimum impulse bit T.t,, are:

A, =D, D, T.7,., A8, =0, DT 1./0, (14
Assuming 7, T, to be unity, the modes can be selected on the
basis of Eq. (14). Unlike the steady-state metrics in the literature,
A9, and A8, are independent of the damping coefficient {,, for
now we focus on a quarter or one-half modal period, following
the impulse, and in this duration the damping has an insignifi-
cant influence on the modal response.

Interference of Modes in Controller Operation

Describing function and Lyapunov technique apart, it seems
that for a reaction jet control system to be effective on a flexible
spacecraft, the changes AE'),L (= 1,2,...) should be

The condition (15) will be satisfied if the ratio of the moment
of inertia ; of the flexible parts to the moment of inertia I, of
the rigid parts, both at the vehicle mass center and about the
axis under consideration, is’

L/L<1 (16)

Whereas the conditions (15) and (16) consider a steady-state
limit cycle regime, the excessive excitation of elastic modes
during transients, wherein the reaction jets are away from the
limit cycling, will be avoided if the equivalent linear controller
bandwidth ,,, Table 2, is a decade smaller than a critical
modal frequency w,: w,, <€ w,.

Instability Due to Symmetric Elastic Modes: Linear Analysis
When the mass distribution of a spacecraft is symmetric, the
attitude motion of its bus interacts with antisymmetric vehicle
elastic modes only. However, for a spacecraft with two solar
arrays with a z-offset, when the arrays are in the pitch-yaw (yz)
plane, symmetric vehicle elastic modes—transverse bending,
for instance—induce a pitch motion. As a result, any arbitrary
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thruster pair that produces a y-torque is not acceptable, lest it
produce instability despite the colocation of the thrusters and
the gyros residing in the central rigid body. The precise stability
condition that applies now is derived below.

In the transient regime, a reaction jet controller is equivalent
to a linear proportional-plus-derivative controller. It is well
known that this linear controller does not destabilize a vehicle’s
flexible mode if the actuator and the sensor are colocated and
if they are both of the same genre: a torque actuator paired
with a gyro or an attitude sensor, and a force actuator paired
with a linear displacement sensor; see Conclusion 3 of Gevarter.”
Otherwise, the colocation does not guarantee stability of flexible
modes. Mathematically, when a rectilinear force acts on a flexi-
ble mode of a spacecraft, the mode is governed by [cf. Eqgs.
(11) and (13)]

B, + 2000, + w6, = D, Z XL/, (17)
J

where f; is the force vector produced by the j-jet, 2, extends
over the thrusters fired simultaneously to produce a torque
about a certain axis, and the superscript 7 means the transpose.
The vector f; may be written in terms of the jet’s direction
cosine vector a;, possibly different from a unit vector because
of thruster canting: f; = a,f, where fis the scalar force produced
by each j-jet, assuming that ail jets firing simultaneously pro-
duce the same thrust f. We further assume that these jets produce
a control torque T, at the vehicle mass center; then, if £,, denotes
the equivalent moment arm, the torque T, will be given by T, =
f€.,- The stability of the mode ., then, requires (Gevarter”) that

®, D, 2P, {Z XL, a,} / €,>0 (18)
j

(where from the definition of ®,,, is evident). If X, denotes
modal translation of the point that represents the vehicle mass
center, and if the thrusters and the attitude sensors both reside
in the central rigid body, the condition (18) can be written as’

®, Xio {2 a,} / oy + @ >0 (19)

j

For antisymmetric modes, X, equals zero, and then the inequal-
ity (19) is automatically satisfied. Thus, when symmetric elastic
modes interact with spacecraft attitude, those jet pairs should
be selected that satisfy the requirement (19) the most for all
critical elastic modes.

V. Numerical Results and Discussion

The control schemes discussed earlier are implemented on
two spacecraft—one with two solar arrays with a z-offset, and
the other with only one solar array. Using nonlinear digital
simulations, controller performance was studied under varied
circumstances but, due to space limitations, only some of the
most revealing results are discussed below.

Multiaxis Tracking with One-Winged Spacecraft

Figure 4 illustrates segments of ground tracks of a spacecraft
in a circular orbit and a target in a certain trajectory. The
direction of the LOS vector from the spacecraft to the target
varies with time, as displayed by the succession of arrows in
Fig. 4, with time ¢ as a parameter. It is clear from the figure
that the target is out of the spacecraft orbit plane, so both in-track
(pitch, 6,.) and cross-track (roll, 6,,) commands are required for
tracking. These commands are illustrated in Fig. 5, obtained
by simulating the commands in Table 1 based on the roll-pitch
sequence for a payload facing the nadir initially. The actual
roll (8,) and pitch (8,) angles are also shown in Fig. 5, obtained
by simulating the multiaxis IPFM controller shown in Fig. 3.
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Fig. 4 Ground tracks of a spacecraft and a target on the rotat-
ing Earth.
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Fig. 5 Intrack (8,) and crosstrack (0,) Euler angle commands
for tracking a moving object: spacecraft at 370 km altitude.

| (A)
2.04 | = 25 pRAD/
, [T

Bex (RAD)*10°5

"*-0" Oss = +61.5 uRAD

-7.0+ T T T T U B T T T 1
g 18 36 54 72 90 108 126 144 162 180

TIME (S)

Fig.6 Roll error during tracking a moving object with IPFM con-
trollers.

The difference between the commanded and the actual angles,
not visible in Fig. 5, is shown in Fig. 6 at a magnified scale
for the roll axis. The profile of this tracking error resembles
the commanded inertial angular acceleration profile about the
same axis because the steady-state offset error ®, equals
A/ (2 ©)) (see Table 2) where @, is equivalent to o,. Also,
the controller is designed for the maximum commanded acceler-
ation, leading to a permissible maximum offset 0, equal to
61.5 prad in Fig. 6. The controller is designed to be sufficiently
fast so as to track the varying acceleration command profile in
all axes, and therefore the instantaneous position errors 6,, and
0,. are very close to the respective, instantaneous offsets O,
with slight jitter around them. Using single-axis dynamics, it
can be shown that 8,, varies between 0, — p*/(24a,) and 0,
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+ w¥(12@,), and therefore the peak-to-peak amplitude of the
jitter around @y is p*(8a,.), inversely proportional to the com-
manded acceleration. This trend is observed in Fig. 6 where
jitter amplitude is small in the high-acceleration regime after
¢t = 100 s. In the low-acceleration regime, the jitter amplitude
is not governed by this relationship; instead, it becomes equal
to the peak-to-peak limit cycle amplitude 2 @,, observed in
Fig. 6 in the low-acceleration regime before r = 100 s. The
rate command ,, about the x-axis and the actual rate w, are
shown in Fig. 7. The corresponding quantities about the y-axis
have the same form, with slightly different magnitudes, and
the rate command o, is related to o, as shown in Table 1;
space limitations forbid the illustration of these quantities here,
however. The spacecraft rate at + = 0 is set to be equal to the
commanded rate, and therefore transients do not arise near ¢
= 0 in Fig. 7. Furthermore, we observe from the numerical
results that, whereas the commanded rates w,, and w,, are tracked
closely, the rate w, is not, particularly in the high-acceleration
regime; this is intentional, as the yaw-axis controller need not
be as tight as the roll and pitch controllers. The rate error w,,
is shown at magnified scales in Fig. 8 for 160 s = ¢ = 180 s,
the duration in which the associated rate commands and the
rate errors are the largest. The peak-to-peak jitter amplitude of
the rate error is typically equal to 20, equal to 32 prad/s. The
control torque history about the roll, pitch, and yaw axes to
effect multiaxis tracking is illustrated in Ref. 9. The results
show that, when the roll and pitch track accelerations are much
smaller than the control acceleration, the double-sided firings
occur. Gradually, as the high track acceleration regime is
approached, the one-sided firings take over.
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Fig.7 Multiaxis tracking of a moving object: commanded inertial
rate o, and actual rate o, in spacecraft frame.
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Fig. 9 Roll jitter caused by ten flexible modes.

The position error 6,, shown earlier in Fig. 6 is made up of
both rigid and flexible modes. The solar array at the time of
tracking is tilted about the roll-axis and situated on the +y-side
of the spacecraft. Its transverse bending (0.47 Hz, fundamental
mode) induces roll motion; and the torsion and in-plane bending
modes (1.38 and 1.77 Hz, fundamental modes) induce, respec-
tively, pitch and yaw motion. The incremental attitude rates,
Eq. (14), corresponding to these three fundamental modes, pro-
duced by the given minimum impulse bit of the thrusters, are

A6, = 6.8 prad/s A6, = 0.52 prad/s

, (20)
A6, = 55.9 prad/s

whereas the rigid limit cycle rates ®, for the given vehicle
moment of inertia about each axis are

O, = 16.25 prad/s ("*)L,y = 16.25 prad/s

0, = 40.7 prad/s

2D

Clearly, the stability criterion (15) is satisfied for the x- and y-
axis with considerable margin, and for the z-axis with little
margin. For this reason, and also because the yaw pointing
accuracy is not critical for tracking, the z-IPFM controller is
not designed to be as tight as the x- and y-controllers as stated
before. The most eventful, yet benign, control-structure interac-
tion is seen in the roll-axis in Fig. 9, displaying the contribution
8, of ten flexible modes to the roll angle. The modal damping
coefficient {, (W = 1, 2, ... .) is taken to be 0.0025 in the
simulation. Most of 0, arises from the fundamental transverse
bending mode (0.47 Hz). Because the track acceleration rises
at a rate much slower than the 2.13 s period of this mode, the
solar array bends quasistatically, with a maximum contribution
of nearly 50 wrad to the roll angle (cf. Fig. 9).

Attitude Control During Stationkeeping: Spacecraft with Two
Solar Arrays

Consider now a spacecraft with solar arrays on the +y- and
—y-side in the pitch-yaw (yz) plane, hinged to the central bus
with equal —z-offsets (zenith arrays). Because of this orienta-
tion, the fundamental symmetric elastic mode (a system mode,
frequency 0.28 Hz) induces pitch motion (see Table 3). To
ensure proper selection of the thrusters for y-control, the left
side of the stability inequality (19) is calculated for different
pairs of thrusters (Table 4) for both +y- and —y-torque, consid-
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Fig. 10 y-axis control and vibration suppression during station
keeping.
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Table 3 IPFM controller and modal parameters for the generic flexible spacecraft

Limit cycle

Equivalent linear period with
Fundamental interacting Modal o controller Limit cycle  disturbance
Axis vehicle mode frequency, Hz LI, A8, 20, frequency, Hz O, rad period 7, s T S
x (roll) In-plane antisymmetric
bending 097 047 039 0.167 0.0324E-3 2.69 0.025
y (pitch) Symmetric transverse
bending 0.28 0.064 0.0636 0.18 0.04286E-3 2.52 0.025
z (yaw)  Antisymmetric
transverse bending 0.40 1.7 1.166 0.009 28.4E-6 50.5 0.328
1)} - VIBRATION SUPPRESSION the pulse-width-pulse-frequency (PWPF) controller in Fig. 7,
<« STATIC Ref. 5 under similar circumstances. The undesirable features
~ VIBRATION SUPPRESSION e5. >11db
s ‘ DEFORMAW / of the latter controller are the significant oscillations of the
= h RN . MNVWWWWMW position error around O,, under a constant disturbance, and the
= ’ limit cycle amplitude 20, as much as @,,. These features arise
® g;éggm ATION . because the PWPF torque command, unlike the IPFM com-
~_VIBRATION SUPPRESSION mand, is gqvgmed by the instantaneous position and rate errors,
— i : ———t — not by their integrals.

40 56 64 72 80

TIME (S)

48

Fig. 11 Excitation and suppression of elastic mode 4 (0.97 Hz)
during 90-deg slew.

Table 4 Modal gain for y-thrusters and stability

characteristics
Symmetric
+y torque —ytorque  transverse bending
pair pair mode | gain Stability property
6,7 2,3 0.182 Stable
1,4 58 ~0.116 Unstable
1,6 2,5 0.033 Marginally stable

ering only the most dominating mode—mode 1. Evidently, the
pairs (1, 4) and (5, 8) violate the condition (19) and therefore
a controller using them will be unstable. Precisely this situation
is inferred from the two encirclements of the critical point in
the Nichols plots (not included here, for brevity) of a linear
proportional-plus-derivative controller equivalent to the IFPM
controller using the pairs (1, 4) and (5, 8). The equivalent
proportional and derivative gains are K,,, = I, o},, Ky, = 2
¢, o}, I,. Comparing the modal gains of the remaining pairs in
Table 4, the pairs (6, 7) and (2, 3) are obviously the most stable.
This is substantiated by the corresponding stable Nichols plot
wherein we also observe that the gain/phase curves correspond-
ing to the rigid spacecraft are stable regardless of the thruster
pairs. These results were further confirmed by a time-domain
simulation of the nonlinear IPFM controller for y-axis.

Using a single-axis flexible model, Figs. 10 and 11 illustrate
the performance of the y-controller during 20 s of station-
keeping disturbance and afterwards. During station keeping (¢
= 20 s), the pitch attitude (Fig. 10a) rises to the specified
steady-state offset (actually, to a value slightly greater, because
of 50 Hz sampling frequency instead of a higher one). When
the station-keeping thrust is turned off at 1 = 20 s, the pitch
attitude 0, is gently brought to its natural limit cycle, amid
some oscillations caused by the mode 1. The IPFM controller,
however, linearly suppresses these oscillations as well, as shown
at a magnified scale in Fig. 10b for main jets, active until ¢ =
52 s, and at a still more magnified scale in Fig. 10c for vernier
jets active afterwards. Beyond t = 75 s, the angle 6, is essentially
arigid angle, exhibiting a limit cycle behavior. In this example,
the IPFM controller suppresses mode 1 successfully because,
as shown in Table 3, [,/I, ~ AGM/2®L ~ (.064 < 1 for the y-axis.

As a side comment, the above smooth performance of the
IPFM controller contrasts sharply with the jerky behavior of

The performance of the x-IPFM controller is similar to that
of the y-controller. The ratios I/I, and AO, /20, satisfy the
inequalities (15) and (16) (see Table 3) and therefore the funda-
mental antisymmetric in-plane bending modes, inducing roll,
is suppressed by the controller. This is exhibited in Fig. 11,
displaying the contribution of the mode 4 (0.97 Hz) to the roll
motion during a 90-deg slew preceeding the station keeping.
To execute the slew motion, the fuel/time optimal reference
trajectories in attitude and attitude rate are used as command
profiles. The smooth slewing performance (as an acquisition
problem) is discussed and illustrated in detail in Ref. 9. To
understand the vibration suppression during slew (Fig. 11),
recall that in an open-loop system the first acceleration pulse
excites the elastic modes to twice the static deformation. But
here we observe that the IPFM controller stunts the oscillation
from the beginning and suppresses it quickly to its static defor-
mation level (it cannot be suppressed any further, with the
thrusters residing in the spacecraft bus) and to very small rates.
During coasting, thrusters are not fired, so the corresponding
static deformation is zero and the jets now suppress the earlier
static deformation to nearly zero amplitude. During deceleration
phase and subsequently, the controller redisplays its vibration
suppression ability. The coasting phase in the slew process not
only reduces fuel consumption, it also presents a time interval
to the controller during which the controller can suppress the
rigid offset error in the slew angle of the spacecraft (such as
0.25 deg in Fig. 10a) and the positive static deformation 8, in
Fig. 11; otherwise, the deceleration pulse immediately follow-
ing the error will suddenly impose opposite rigid offset error
and static deformation, accentuating the prior errors and usually
destabilizing the spacecraft.

As for the yaw axis, Table 3 shows that the inequalities (15)
and (16) are both violated, and therefore an instability owing
to the mode 4 (0.4 Hz) is likely. The z-IPFM controller, designed
by ignoring the flexibility, is indeed found to be unstable through
a time-domain simulation of the flexible z-axis. In the frequency
domain, though, this instability is foreshadowed but not appre-
hended by the Bode plot of an equivalent linear controller by
indicating a gain of 15 dB at the modal frequency 0.4 Hz. This
instability is eliminated by inserting a minimum-rise-time, low-
pass filter, resulting in a controller that not only controls the
spacecraft about the z-axis during slews and station keeping,
but suppresses the mode 2 as well, albeit only slightly. The
corresponding time domain and the frequency-domain results
are displayed and discussed in Ref. 9.

V1. Concluding Remarks
The preceding results conclusively establish that the integral
pulse frequency modulation (IPFM) reaction jet controllers are
useful for multiaxis target tracking, spacecraft attitude control
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under disturbances, single-axis slews, and vibration suppres-
sion. The problem has not been solved in its entirety, though;
for instance, multiaxis acquisition of a moving target, in which
case the final attitude and rate of the spacecraft are a function
of the acquisition time, has yet to be considered, possibly using
quarternions. Nevertheless, it can be stated with confidence that
thrusters, when operated by the IPFM controllers, are viable
alternatives to reaction wheels and control moment gyros for
precision and low-jitter acquisition and tracking of moving
targets by flexible spacecraft. If the inertia ratio of the flexible
to the rigid portions of the spacecraft is fairly below unity, the
IPFM controller suppresses even the vibrations of structural
modes because of these unique attributes: integration of position
and rate errors, constant pulsewidth, and modulation of thruster
firing frequency.
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