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Robust Closed-Loop Control Design for Spacecraft
Slew Maneuver Using Thrusters

Brij N. Agrawal* and Hyochoong Bang'
U.S. Naval Postgraduate School, Monterey, California 93943

In this paper, a closed-loop switching function for on—off thruster firings is proposed to provide good attitude
control performance in the presence of modeling errors for single-axis slew maneuver of a rigid spacecraft and to
eliminate double-sided thruster firings. The size of a single-sided deadband in the switching function provides the
capability of a tradeoff between maneuver time and fuel expenditure. The application of this switching function for
the single-axis slew maneuvers of flexible spacecraft is also analyzed. The analytical simulations and experimental
results demonstrate that the proposed switching function provides significant improvement in the slew maneuver

performance.
Nomenclature

I* = estimated parameter of moment of inertia /
I*/N* =yI/N
N* = estimated parameter of thruster torque N
y = estimation error factor
Ymin =1-0.0lo
Yimax =1+40.0lo
log = magnitude of percentage uncertainty in parameter

1. Introduction

LEW maneuvers of flexible spacecraft have received significant

attention during the past decade.!~* The performance criteria
are minimization of fuel expenditure, slew time, and vibration of
flexible structures. Different control schemes have been proposed
for the corresponding control objectives.!~® These control laws,
however, have been primarily open-loop approaches and have been
used for single-axis slew maneuvers.

Singh et al.> solved a minimum-time slew problem analytically
for the planar maneuvers of a flexible structure. The open-loop
switching times are functions of the system parameters and are anti-
symmetric with respect to half-maneuver time for a rest-to-rest slew
maneuver. Vander Velde® and Hablani’ developed maneuver strate-
gies for zero residual energy. In all these formulations, however,
modeling errors are not considered, which is a major drawback of
most open-loop control actions. Liu and Wie® have proposed an
open-loop switching law to enhance the robustness of the control in
the presence of modeling errors. The increased number of switchings
turned out to contribute to minimizing errors due to modeling uncer-
tainties. The major drawback of the open-loop control schemes, as
discussed earlier, is that they are sensitive to modeling errors and un-
modeled external disturbances. Also, the practical implementation
of these control laws usually involves considerable amount of diffi-
culty. Therefore, there is a need to develop simple and easy-to-apply
closed-loop control schemes for slew maneuvers of spacecraft using
on—off thrusters. For a rigid spacecraft with zero modeling errors,
the switching function for a minimum-time slew maneuver is well
known. The input torque for a rest-to-rest maneuver profile is anti-
symmetric with acceleration during the first half and deceleration
during the second half of the maneuver.

In this paper, a new closed-loop switching function for single-axis
slew maneuver of arigid body is developed. The proposed switching

Received Feb. 23, 1994; revision received Dec. 13, 1994; accepted for
publication Jan. 27, 1995. Copyright © 1995 by Brij N. Agrawal and
Hyochoong Bang. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission.

*Professor, Department of Aeronautics/Astronautics. Associate Fellow
AIAA.

fResearch Assistant Professor, Department of Aeronautics/Astronautics.
Member AIAA.

1336

function accommodates generic modeling errors and unknown ex-
ternal disturbances. Furthermore, the paper includes experimental
and analytical results for slew maneuver of the flexible spacecraft
simulator (FSS) located at the Naval Postgraduate School using a
classical and the modified switching function.

II. Rigid-Body Case
System Without Modeling Errors
For a rigid body undergoing a single-axis slew maneuver, the
equation of motion is given by

10=u (1
where I is the moment of inertia with respect of the rotational axis,
0 is a rotational angle, and —N < u < N is the applied external
torque. With the boundary conditions

6=6, 6=0

at t=0

0=9f, 9-':0 at t:tf 9f>0()

the minimum-time (¢;) solution for a rest-to-rest maneuver is the
bang-bang law, which is antisymmetric about the half-maneuver
time,’ as

N if 0<r=<t/2
u = —N if tf/2<lSlf (2)
0 if typ <t
In addition, the maneuver time ¢, is given by
tr =+/41(0f — 6)/N 3)

The control law of Eq. (2) can be written in the feedback form as
u(t) = —N sgn[s(1)] C)]

where s(¢) is the switching function and has the form
1919)
2N’

and sgn is the signum function. The switching function s(¢) for
0 <1 < (1/2)¢ is given by

s(t) =0+ 6=06—06f

N, 2N
s(t) = 71' -—9f+9(), s(t) = 71‘229 ®

and for (1/2)ty <t < ty,
s(t)y =04, s() =0 (6)

Figure 1 shows the plot of 6, 6, u, and s(f) as functions of time
during the slew maneuver. The slew maneuver consists of two parts.
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Fig.1 Ideal minimum-time slew maneuver of rigid body.

In the first half, the body is accelerated. In the second half, it is
decelerated to satisfy the prescribed boundary conditions. In the
ideal case without modeling errors, the minimum-time rigid-body
maneuver can be implemented by using either the open-loop torque
profile or the closed-loop switching function. As is the case, the
closed-loop approach is preferred over the open-loop one in practical
applications. The switching function s(¢) is associated with two
parameters, i.e., mass moment of inertia I and thruster level N.

System with Modeling Errors

Now let us analyze the robustness of the switching function. Let
us consider that there is an error in the estimation of inertia I and/or
the thruster level N. It should be noted that disturbance torque can
be considered as an error in the estimation of the thruster level N,
The switching function can be rewritten as

o I te) .
ty =60+ ————0|0
(1) = 8+ S0l

*

=6 616
+2Mll

~ I ..
=0+y5]-6|9[ @)

where y = (1+€)/(1 + ;) represents the modeling error factor
and /* and N* are estimated values of I and N, respectively, being
equal to /(1 + ¢;) and N(1 4+ €;). The new switching function
sy (1) has the following characteristics. let #; be the time when the
switching function s,, (¢) reaches zero. It is given by

=210 —60)/N(1 +y) (8)

For0 <t <t andu(t) = N,

N
sﬂn=5?%LHo—@+% 9)

. Nt
50 = T(1+)/) (10)

From Egq. (10), §, will be positive for all values of y greater than
—1. Therefore, s, will continue to increase, from a negative value,
until it reaches a zero value. The time #; will be greater than 1/2¢,
for y < 1 and less than 1/2¢, for y > 1.

For the second half of the slew maneuver, s, remains 0, , a positive
small perturbation from zero value, for y = 1, representing absence
of modeling errors. We want to analyze the impact of y # 1ons,, (£)
during this period. We assume that § > 0 for this period even if the

same conclusions can be made for § < 0. Differentiating Eq. (7)
and using Eq. (1), we get

R (- S
@=9+yﬁﬂ=90+y%) (1)

In order to determine whether s, tracks s, = O trajectory, we cal-
culate

1d .

EES’% = 5,8, (12)
If the above function is negative, then s, tracks the s, = O trajectory;
otherwise it will drift from it. For s, <0,u=N,

1d,

zas}, =s5,0(1+7y) <0, for y > —1 (13)

Therefore, the magnitude of s, (¢) decreases asymptotically, and s,
will move toward the 5, = 0 trajectory. For s, >0,u=—N,

1d 2_{s},é(l—y)<0, for y > 1 (14)

S .
2dt” 5,6(1 —y) >0, for y <1

Based on Eqs. (13) and (14), it can be concluded that, for y <
L, s, will drift from 5, = 0. For y > 1, 5, will converge toward the
s, = 0 trajectory.

Figure 2 shows the plot of 6, u, and s, fory =0.9and y = 1.1.
The results show that, for y < 1,5, will drift fromthe s, = 0 trajec-
tory, resulting in overshoot of the angular position. The thruster fir-
ings are one sided during most of the maneuver time. Fory > 1, s,
tracks the s, = O trajectory, resulting in highly accurate pointing.
However, there are double-sided thruster firings that result in the
increase of fuel expenditure.

In order to eliminate double-sided thruster firings, one solution is
to introduce a deadband in the switching function as follows:

u=20 for —€<s5, <€ (15)
During the deadband, from Eq. (11),
5, =6>0

For y > 1, the following conditions apply:

s, <0 for S, > €
y v (16)

s, >0 for 5y, <€
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Fig.2 Simulation results with different ~s.
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Fig.3 Slew maneuver with double-sided deadband.

or

EE(SY —-€e)¥ <0
Therefore, for y > 1, s, will track the s, = € trajectory. This will
result in single-sided firings but degraded maneuver pointing per-
formance due to overshoot in the desired attitude and longer slew
time. The larger the deadband, the poorer the pointing performance.
Figure 3 shows simulation results 6, , and s for y = 1.1 and
€ = 0.1. We can see that thruster firings are only single sided, but
sy tracks the s, = ¢ trajectory and maneuver pointing performance
is degraded due to overshoot in the desired attitude angle and longer
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Fig. 4 Slew maneuver with single-sided deadband.

slew time. To improve the maneuver pointing performance, we pro-
pose one-sided deadband in the switching function as follows:
u=>0 for —€<s, <0 a7

For y > 1, the following condition applies:

Therefore, for y > 1 in the one-sided deadband switching function,
sy will track the s, = O trajectory, resulting in improved pointing
performance. Figure 4 shows simulation results €, i, and s, for
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Fig.5 Slew maneuver with large-size deadband.

y = 1.1 and ¢ = 0.1 using single-sided deadband. In this case, s,
tracks the s, = O trajectory and shows improved maneuver pointing
performance compared to the double-sided deadband.

Figure 5 shows the simulation results for a large-size deadband,
€ == 0.9. Comparing the results in Figs. 4 and 5, it can be noted
that the larger deadband does not result in degradation of maneuver
pointing performance, but results in an increase of slew maneuver
time and a reduction in thruster firing time. Therefore, the deadband
parameter in the switching function provides the capability of a
tradeoff between slew maneuver time and fuel expenditure.

In summary, the above analysis shows that, in the presence of
modeling errors (y # 1), the classical switching function results
in pointing performance degradation for y < 1 and double-sided
thruster firings for y > 1. By introducing a double-sided deadband
in the switching function, double-sided thruster firings are elimi-
nated for y > 1, but the pointing performance is degraded. By
introduction a single-sided deadband in the switching function, we
eliminate the double-sided thruster firings without degradation in
the pointing performance. The size of the deadband can be selected
based on a tradeoff between the slew maneuver time and propellant
expenditure.

In a spacecraft design, due to spacecraft specifications, we gen-
erally know the magnitude of maximum parameter uncertainty or
modeling error. Therefore, y is given by

1-0.0loc <y <1+4+0.0lo (18)

where o is the magnitude of percentage uncertainty in the parameter
I/N. Therefore, y could be greater or less than unity.

Our objective is to develop a switching function for 1 —0.010 <
y < 1+ 0.01c such that the performance is similar to what we
achieved using the classical switching function with one-sided dead-
band for y > 1,i.e., elimination of double-sided thruster firings and
good pointing performance.

Proposed Switching Function
The proposed switching function is as follows for the slew ma-
neuver of a rigid spacecraft about a single axis:

0<sy or 55 < —€

_ { —N sgnfs;(1)] for
0 —€ <55 < 0
(19)
s7 = [0 —05) + 7(I"/2N")616]]

77 z 1/yrnin

By introducing y such that ¥ > 1/yy;, and a single-sided deadband
in the switching function, we have achieved desired performance for
general cases Of Ypin < ¥ < ¥Ymax i-€., elimination of the double-
sided thruster firings and good pointing performance. As mentioned
earlier, external disturbance torques can be considered as errors in
the thruster torque parameter N. Therefore, the switching function
will provide desired performance in the presence of external distur-
bance torques.

The size of deadband should be selected based on a tradeoff
between slew maneuver time and propellant expenditure. For a
minimum-time maneuver, ¢ should be sufficiently small. For low
propellant expenditure with increased maneuver time, € should be
large. The differences between the performance of the classical
switching function and the proposed switching functions are as fol-
lows. The classical switching function provides minimum-time ma-
neuvers in the absence of modeling errors. With the modeling errors
introduced, however, the classical switching function will resuit in
maneuver pointing performance degradation in terms of overshoot
of desired attitude angle and longer slew time and/or double-sided
firings in the second half of a slew maneuver.

The proposed switching function will provide good pointing per-
formance in the presence of modeling errors and the thruster firing
will be one sided during the second half of a slew maneuver. In
addition, not only does the proposed switching function provide a
minimum-time slew maneuver, but also, by selecting the size of the
deadband, a desired tradeoff between slew time and thruster firing
time can be achieved. The classical switching function is a spe-
cial case of the proposed switching function with y = 1 and the
deadband equal to zero.

There has been some related work to the proposed switching func-
tion in this paper. Zwartbol et al.* introduced a parameter similar
to v in the switching function to compensate for the disturbance
torque. The selection criteria of the parameter, its influence on the
performance, and relationship with modeling errors are not, how-
ever, discussed. Burdick et al.!! used a double-sided deadband in the
switching function. The single-sided deadband used in the proposed
switching function is not mentioned. As discussed earlier, double-
sided deadband degrades pointing performance. For a large size of
deadband, to reduce fuel consumption for the maneuver, the double-
sided deadband will result in unacceptable pointing performance.

III. Application to Flexible Space Structure

Next, we study the application of the proposed switching function
to slew maneuvers of a flexible spacecraft model. The experimental
setup (FSS) used for this study is presented in Fig. 6. It simulates
the pitch axis motion of a spacecraft with a center rigid body and a
reflector supported by two astro mast structures,'!* The simulator



1340 AGRAWAL AND BANG

consists of a central rigid body representing the spacecraft main
body and a flexible appendage representing a reflector with a flexible
support structure. The simulator is supported by airpads on a granite
table. The center body is allowed to rotate about the vertical axis
and is prevented from translational motion by an air bearing. The
primary actuators are a reaction wheel and a thruster system on the
central body. For this study, however, only the thruster system is
used. The angular position of the central body is determined by a
rotary variable differential transformer (RVDT) and the angular rate
by an angular rate sensor. The thruster system is shown in Fig. 7. It
consists of a 13.3-ft>, 3000-psi supply tank connected to a pressure
reducing regulator with outlet pressure range 4-250 psi. There are
two thrusters providing torques in both directions. The system uses
200 psi dry air and the thruster produces 0.3 N-m torque.

The schematic representation of the model is shown in Fig. 8. It
consists of a rigid body that is constrained to rotate about a fixed
axis and a flexible appendage. The axes iy, fi, Ai are inertially fixed
and the 715 axis represents the rotational axis. The axes by, b,, b; are

THRUSTER MANIFOLD

SIFIERS
AIRP MASS INTEN:

Fig. 6 Flexible spacecraft simulator.

Pressure Regulator

fixed to the body and are obtained from 7, 71,, iz by a rotational
angle 8 about the i3 axis. The elastic deformations of a point on the
flexible arms are represented by a vector w = [w;, w,]” and can be
written in terms of cantilever modal coordinates as

wi(x, 1) =Y ¢ (x)gi (1)
= (20)

wi(x, 1) = Y $Fx)gi (1)

i=1

where, for the ith mode, g;(¢) is the qual coordinate, ¢, is the
component of the modal vector along the b, axis, and ¢? is the com-
ponent along the b, axis.

The discretized finite-dimensional equations of motion for the
system are given by

I*é—l-ZD,-qi:u
i1 1)
Git+olq+Dib=0 i=12,...,n

Low Pressure Gauge

Solenoid Valves

Fig. 7 Thruster system configuration,
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where I* is the estimated moment of inertia of the system about the
by axis at the static equilibrium, w; is the natural frequency of the
ith mode, u is the applied external torque on the body, including
control and disturbance torques, and D; is a rigid—elastic coupling
term for the ith mode and is given by

D; =/ (x1¢>i1 —xzqﬁiz) dm
F

where x; and x, are coordinate points along the 131 and 132 axes,
respectively. A finite element analysis was done to determine struc-
tural cantilever frequencies and mode shapes. Table 1 gives natural
frequencies for the first six flexible modes included in the analysis.
The modal damping for all modes is assumed to be 0.4%.

Now we analyze the application of the proposed control law in
Eg. (19) for the slew maneuver of a flexible spacecraft. By differ-
entiating the expression for s; from Eq. (19) and assuming 6 > 0,

we get
i, =0 1+“1*(9'
Sy-— }/N*

From Eq. (21), we can write the expression for 6 as

- 1 - .
=2 (u - Z Diq,») 24)

(22)

(23)

Table 1 Natural frequencies

Mode no. Frequency, Hz
1 0.139
2 0.420
3 2463
4 4,295
5 6.860
6 12.820
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Substituting § from Eq. (24) into Eq. (23), we get
37 n
5 =614+ ~{u—Y D 25
§p =0 1+ 5 ; § @5)

Comparing the expression for §; from Eq. (25) for a flexible space-
craft to that from Eq. (11) for a rigid body, we see that the expression
for a flexible spacecraft has additional periodic terms due to the flexi-
ble modes. Therefore, for a flexible spacecraft, §; will be oscillatory.
To avoid double-sided thruster firings, during the second half of the
slew maneuver, we need a larger size deadband for a flexible space-
craft. The switching curve (s; = 0) for the rigid body is subject to
dynamic couplings from the flexible motion of the arm.

IV. Simulation and Experimental Results

By using the analytical model, simulations were performed for
rest-to-rest slew maneuvers of 50 deg by using the modified switch-
ing control function defined by Eq. (19). A disturbance effect of
6% of control torque magnitude was included in the simulation to
create a similar environment to the actual experimental setup. Also,
in order to prevent unnecessary multiple firings, a deadband around
the end of the maneuver was used both in the simulation and the
experiment. Simulations were performed for different values of 7 to
study their effect on attitude control performance. Figure 9 shows
the plot of slew angle and thruster firings for analytical simula-
tions with = 0.8, 1.0, 1.4 without deadband. Figure 10 presents
the experimental results for the slew angle and thruster firings for
y = 0.8, 1.0, 1.4 without deadband. As expected, for higher values
of ¥ = 1.4, the number of double-sided thruster firings during the
maneuver increases but the overshoot of the slew angle and slew
time are significantly reduced. For lower value of = 0.8, the
number of firings decreases, but the slew angle overshoot and slew
time increase. During the second half of the maneuver, the thruster

—=0.8

-4
£
‘.6 1 1 ] . 1 1]
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Time(sec)
5
""" v=1.4
4 F
H i
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g §
“ 4
4 L3
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-6 N 1. L | . ! "
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Time(sec)

Fig. 9 Simulation results with zero deadband.
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firings are double sided for ¥ = 1.4 and mainly single sided for
y =0.8.

Therefore, the parameter 7 plays a significant role in the slew
maneuver performance. Figure 11 shows experimental results for
slew angle and thruster firings for a single-sided deadband ¢ equal
to —1.0deg and ¥ = 0.8, 1.0, 1.4. The results show that, even with
this deadband, thruster firings are double sided for y = 1.0, 1.4
during the second half of maneuver. This double-sided thruster fir-
ing will be absent for a pure rigid body and is introduced due to
the flexible modes. Figure 12 shows similar experimental results
for a single-sided deadband ¢ equal to —2.0 deg. In this case, the
thruster firings are one sided or double-sided firings are absent for
y = 1.0, 1.4, These results validate the earlier conclusion based on
Eq. (25) that, for a flexible spacecraft, a large-size deadband in the
switching function is needed to achieve single-sided thruster firings
during the second half of the slew maneuver. It should be noted
that the simulation results do not include minimum thruster impuise
constraint.

V. Conclusions

The proposed switching function for single-axis spacecraft slew
maneuver has several advantages over the classical switching func-
tion. The classical switching function does not provide robust con-
trol and is limited to minimum-time maneuvers. The presence of
modeling errors will result in degradation of performance in terms
of overshoot in the final desired attitude angle and longer slew time
and/or double-sided thruster firings during the second half of the ma-
neuvers. The proposed switching function provides robust control
performance in the presence of modeling errors, and double-sided
firings are eliminated. The single-sided deadband in the switching
function is a unique feature. The double-sided deadband eliminates
double-sided thruster firings but results in degradation of pointing
performance. This pointing performance will be unacceptable for a
large size of deadband. The single-sided deadband preserves point-
ing performance and eliminates double-sided thruster firings. The

Torque(N-m)

Torque(N-m)
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Experimental results with one-sided deadband of —2.

selection of the size of the deadband provides capability to achieve a
desired tradeoff between slew maneuver time and fuel expenditure.
Therefore, the proposed switching function provides robust control,
high-accuracy pointing performance, elimination of double-sided
thruster firings, and the flexibility of a tradeoff between slew ma-
neuver time and fuel expenditure.

The analytical simulation and experimental results demonstrate
that the proposed switching function provides good slew maneuver
performance. For flexible spacecraft, however, a large-size dead-
band is needed in the switching function to eliminate double-sided
thruster firings.
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