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A method is proposed for generating on—off commands for rest-to-rest slewing of two-mode systems. When the on—
off actuators are thruster jets, the command profiles can be designed to use a specified amount of fuel. When the on—
off actuators are motors or valves, the method can accommodate a specified velocity limit. A benefit of the procedure
is that it uses closed-form functions of the system parameters and desired maneuver. The performance of the
commands is evaluated in terms of slewing speed, maximum transient deflection, and robustness to system
uncertainty. The proposed method is demonstrated with a numerical simulation of a benchmark two-mode
spacecraft model and experimentally validated on a bridge crane exhibiting double-pendulum dynamics.

1. Introduction

ISCONTINUITY of on-off commands can induce large

transient and residual vibration in flexible systems. Both low
and high modes can be excited by the aggressive forcing function.
This phenomenon has been investigated in spacecraft actuated by
on—off thruster jets [1-4]. These potentially adverse effects have
motivated many approaches to create on—off commands that reduce
residual vibration in multimode flexible systems [1,5-8].

One drawback to many of the proposed on—off command-
generation schemes is that they rely on using numerical optimization
that can be difficult to implement in real time. Furthermore, the
optimized solutions may use a significant amount of actuator fuel that
is expensive to carry into space. To reduce fuel consumption,
previous methods have produced fuel-minimum profiles [9], fuel-
efficient [10], specified-fuel [11], and fuel/time-optimal commands
[12-14].

Recently, some practical advancements based on input shaping
[15] have been made by considering robustness [16], limitation of
transient deflection [17], and fuel consumption [10]. Closed-form
(CF) methods [18,19] have been developed to avoid numerical-
optimization-based approaches that may be difficult to implement.
However, the previous closed-form methods concentrated on
suppressing only one dominant mode. This paper proposes an
advanced procedure to eliminate two flexible modes while allowing
specified fuel usage or enforcing a fixed velocity limit.

To develop closed-form on—off commands for two-mode systems,
the commands are designed using a three-step procedure. The first
phase accelerates the system from rest without inducing vibration.
The second phase is a coasting period in which the system is moving
with zero vibration. The last phase decelerates the system back to rest
without inducing residual vibration. A schematic representation of
the proposed commands is shown in Fig. 1. This command profile
will not result in a time-optimal command. Time-optimal commands
generally switch between full positive and full negative actuator
effort and require a numerical optimization to obtain their switch
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times. The proposed profile is used so that a closed-form solution can
be obtained.

The next section presents a method that generates on—off
commands that are parameterized by move distance, fuel usage,
mode ratio, and force-to-mass ratio. Then, a performance evaluation
is presented with respect to move distance, fuel usage, and mode ratio
with a benchmark two-mode system. Finally, the performance of the
proposed method is validated by experiments on a bridge crane that
exhibits double-pendulum dynamics.

II. Development of Two-Mode

Closed-Form Commands

The command-generation procedure proposed here is based on
input-shaping concepts [15] and transition shaping [18]. Input
shaping is a notch-filtering technique, whereby a specially designed
sequence of impulses, known as the input shaper, is convolved with a
reference command to form a new command that causes little or no
residual vibration. Figure 2 shows that convolving a step function
with a sequence of 1 impulses will produce a sequence of positive
on—off pulses that can accelerate a flexible system with zero residual
vibration, provided that the correct impulse times are used. To
decelerate the system, the antisymmetrical negative pulse sequence
is used. The command profile developed by this method can be an
attractive alternative to time/fuel-optimal commands [13,14].

The entire duration of the command pulses must be constrained to
consume the desired amount of actuator fuel (or observe the velocity
limit) during a maneuver. This requires

U
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where U is the desired fuel usage in seconds, and k is the number of
command switches in the command profile (acceleration and
deceleration). If Eq. (1) is used in conjunction with input-shaping
constraint equations, then a proper acceleration profile can be
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Fig. 1 Proposed on—off pulse command profile.
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determined. Note that this problem formulation is equivalent to
specifying a maximum velocity; therefore, the technique in this paper
is also useful for velocity-limited systems such as the crane used in
the experimental validation.

For oscillatory modes, the constraint to ensure zero vibration (ZV)
of an undamped system is given by the following equation:

\/[2": A, cos(cojt,-)]2 + [Xn: A, sin(a)jl,«)i|2 =0 2)
=1 i=1

where A; and ¢, are the amplitudes and time locations of the impulses,
and w; is the natural frequency of the system’s jth mode. By
introducing additional constraints [15,16], more robust commands
can be obtained. However, ZV commands will only be considered
here, to focus on controlling fuel usage in conjunction with two-
mode vibration suppression.

To satisfy the ZV constraints (2) and the fuel-consumption
requirement (1), four acceleration pulses are used, as shown in Fig. 2.
By assuming that the time of the first impulse #, is equal to zero, there
remain only seven unknown impulse-time locations that must be
determined. Given a mode ratio of r =w,/w; > 1, the pulse
sequence can be determined in closed form by assigning a specific
role to each impulse in terms of inducing or canceling vibration. As
shown in Fig. 3, the positive impulses during the acceleration phase
can be designed to produce zero vibration in both modes. The
impulse at 73 cancels the second-mode vibration induced by the
impulse at ;. Then the impulses at #5; and #; cancel the first-mode
vibration of the impulses at #; and 7;. Because the time spacing
between 75 and 7, is the same as that between 7, and 73, the vibration of
both the first and second modes is canceled by the four impulses. The
time spacings of the negative impulses used to form the on—off pulses
are the same as those of the positive impulses, except they are shifted
over in time to obtain the eight impulses shown in Fig. 2.

The second-mode vibration caused by the impulse at #; can be
canceled if #5 is an odd multiple of 7, /2, where T, is the period of w,:

h=Cmt )2 3)

where m =0, 1,2, .... When ¢; is chosen according to Eq. (3), only
the first-mode vibration will exist between #; and 5, as shown in
Fig. 3.1f t5 is placed at an odd multiple of 7', /2, where T, is the period
of w,, then the first-mode vibration induced by the impulse at #; will
be canceled by the impulse at #5:

5= Cn+1) % @

where n =0, 1,2,.... For t; to cancel the second-mode vibration
induced by ts, it must be

=15+ 13 %)

The negative impulses at t,, 4, t5, and g have the same relative time
separation as the positive impulses at 7, #3, 5, and ;. However, they
are shifted in time to satisfy the fuel-usage constraint. This is
accomplished if the shift is set equal to U/8. In this case, the four
pulses in the acceleration phase will use half of the allotted fuel. The
remaining fuel is used to decelerate the system to rest. To eliminate
any pulse overlap, the following inequality is enforced:

th<t;y and t;<t;s (6)

Solving for the possible range of fuel usage given any values of m
and n while minimizing fg yields

U<4Q2n+ DT, +4Qm + DT, @)

The values of m and n for any amount of fuel usage can be obtained
by using the inequality in Eq. (7). Once m and n are known, the
impulse times that generate the acceleration pulses can be computed
as
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Fig. 2 Convolution to create on—off pulses.
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Fig. 3 Two-mode vibration cancellation process.

t1=0 t2=U/8
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Equation (8) gives the on—off switch times of a four-pulse command
for accelerating without producing residual vibration in two flexible
modes.

The duration of the coast period between acceleration and
deceleration must be determined by considering the rigid-body
mechanics. The midpoint time of a maneuver is expressed by

(s + 1)
by =—7" 9
m 2 ( )
where 1, is the time at which the deceleration pulses begin, as shown
inFig. 1. If a system has total mass M and the position of the system’s
center of mass is x, then the equation describing rigid-body motion is
expressed by

i) =u(t)/M (10)

The on—off forcing function u(#) can be expressed as
8
u(®) =14 (=DEDH(t—1,) (11)
i=2

where H denotes the Heaviside function. If the system starts from a
state of rest, then it is easy to obtain the position of the system’s mass
center by integrating Eq. (10) twice. Given the simple form of the
control profile given in Eq. (11), the integration can be determined in
closed form. When we set the double integral equal to one-half of the
desired distance x, at the midpoint of the maneuver, we obtain
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where « is the force-to-mass ratio. Substituting Egs. (9) into Eq. (12)
and solving Eq. (12) with Eq. (8) for #y gives

2xd
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Therefore, the switch times for the deceleration command are
obtained in closed form:

ty =2x,4/(aU) ty=to+ 1t ty =1ty + 13
=1+ 1 3 =1+ 15 ty =19+ 15 (14)
fis =1 +1; tig =1+ 13

The entire closed-form command is described by Eqs. (8) and (14).

When commands are generated for the benchmark system with
two oscillation modes (shown in Fig. 4), the switch times display a
predictable dependence on the fuel usage. This effect is shown in
Fig. 5 for the case when w, = V2 rad/s, « =0.5, r=4.4, and
x,; = 20 units. As the fuel usage increases, the values of #, and 7,
increase linearly. When ¢, equals f3, the value of m in Eq. (10)
increases by one and the switch time of #; jumps to 1.5 vibration
periods of the second mode. Note that this causes a discontinuous
increase in the command duration. Figure 5 shows that #g and 7,
continually approach each other as the fuel usage increases. After
they become equal, additional fuel cannot be used, because the
desired fuel usage (measured in seconds) exceeds the maneuver time.
High levels of fuel usage provide only a marginal improvement in
speed. In fact, most realistic cases of fuel usage on spacecraft would
use relatively long coast durations between the acceleration period
and the deceleration period.

III. Evaluation of Command Profiles

To compare the proposed commands against a baseline, a bang-
coast-bang (BCB) command is employed. If we assume that the
bang-coast-bang command begins at #; = 0, then the positive pulse
for the acceleration from rest is ended at time #, = U /2. The negative
pulse for the deceleration to rest is started at time #;, which can be
determined from the rigid-body dynamics. The entire BCB
command is described by
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where x,, o, A;, and ¢, are defined the same as in the previous section.
The BCB command moves the center of mass to the desired position;
however, significant residual vibration can be expected when it is
applied to flexible systems.

Both the CF command and the BCB command were evaluated on
the benchmark undamped two-mode system shown in Fig. 4. The
first mode, w, = /2 rad /s, and the force-to-mass ratio, o = 0.5,
were fixed and the rest of the parameters, such as move distance x,
fuel usage U, and mode ratio r, were varied to make performance
comparisons.

Figure 6 shows the time response of the third mass when the
system is driven by BCB commands. The BCB commands produce
oscillation during the transient period and residual vibration after the
end of the move for all levels of fuel usage. In contrast, Fig. 7 shows
that the CF commands produce no visible oscillation during the coast
period and no residual vibration after the desired move distance is
achieved.

A. Dependence on Move Distance

To evaluate the performance as a function of move distance, the
fuel usage (U =5 s) and the mode ratio (r = 4.4) were fixed, and
then move duration, maximum deflection, and insensitivity were
evaluated as the move distance x,; was varied. Figure 8 shows the
move duration as a function of the move distance. As expected, the
BCB command is about 2 s faster than the CF command throughout
all of the move distances. This small drawback of the CF command is
compensated by superior performances in the other performance
measures. After all, a small difference in maneuver time is not an
important issue in flexible spacecraft when compared with vibration
reduction and fuel usage.
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A very important performance measure is the transient deflection
of the system, because it can be associated with the lifetime of space
structures. In fact, large deflection may cause critical damage to
structures. Figure 9 shows the maximum transient deflection of the
mass, ms, as a function of move distance. The CF commands average
70% less deflection than the BCB commands. An interesting feature
is that the deflection induced by the CF commands is constant for the
entire range of the move distances.

Because of modeling errors or uncertainty in the flexible modes,
robustness is another important measure. A sensitivity curve
presenting the vibration amplitude resulting from modeling errors is
shown in Fig. 10. The horizontal axis indicates the degree of
modeling error by showing the actual frequency w divided by the
modeled frequency w,. The width of the curve that lies below a
tolerable vibration level is defined as the insensitivity to the
normalized frequency errors. The 5% insensitivity indicates what
frequency range will have vibration below 5% of the vibration
induced by a step input. For example, Fig. 11 shows the time
response of the deflection between mass 3 and mass 1, x3 — x;, when
there are errors of +5% in w; and —5% in w,. The other parameters
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Fig. 11 Deflection of the third mass with 5% mode error.
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are the same as in Figs. 6and 7, with U =3 s, = 0.5, r = 4.4, and
Xz = 20 units. Even with these modeling errors, the BCB command
has two times more transient deflection and four times more residual
vibration than the CF command.

The 5% insensitivity as a function of the move distance is shown in
Fig. 12 for the first mode and in Fig. 13 for the second mode. The CF
command has much better robustness than the BCB command. This
is obvious, because the BCB command is not designed to suppress
vibration.

B. Dependence on Fuel Usage

To appraise the effect of fuel usage, the move distance (x, = 10
units) and the mode ratio (r = 4.4) were fixed, and then move
duration, maximum deflection, and insensitivity were evaluated with
the variation of the fuel usage U. The BCB commands are 2 to 3 s
faster throughout the range of fuel usage shown in Fig. 14.

Figure 15 shows the maximum transient deflection of the mass m;
as a function of fuel usage. The BCB commands produce larger
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transient deflection than do the CF commands. The deflection
induced by the BCB commands varies substantially with fuel usage.
The plot shows that the deflection magnitude of the CF commands
drops slightly after 4 s.

Figure 16 shows the 5% insensitivity for the first and second
modes. Only the CF commands are shown, because the BCB
commands showed virtually zero insensitivity, such as in the
previous evaluation with move distance. For the CF commands, the
5% insensitivity for the first mode gets wider and taller as fuel usage
increases, whereas second-mode robustness decreases after a fuel
usage of 4 s. Therefore, the second mode must be more carefully
modeled when large amounts of fuel are used or, equivalently, the
maximum velocity is increased.

C. Dependence on Mode Ratio

For the evaluation as a function of the mode ratio, the move
distance (x;, = 10 units) and the fuel usage (U = 5 s) were fixed, and
then move duration, maximum deflection, and insensitivity were
evaluated. As shown in Fig. 17, the BCB commands are not
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dependent on the mode ratio. However, the CF commands do vary
with mode ratios. The CF commands average 25% longer than the
BCB commands over the range shown.

Figure 18 shows the maximum transient deflection of the mass m;
as a function of the mode ratio. The BCB commands produce
considerably more deflection than the CF commands. Except for
small mode ratios, the deflection magnitude is not strongly
dependent on the mode ratio. This is because the low mode
dominates the response. Figure 19 shows the 5% insensitivity of the
CF command. The second mode shows more robustness than the first
mode for certain mode ratios.

IV. Experimental Results

Experimental tests were performed using a 10-ton industrial
bridge crane at Georgia Tech, shown in Fig. 20. Its work space is
6.2 m high, 5 m wide, and 42 m long. Figure 21 shows a schematic
diagram of the crane equipped with an advanced control system. A
Siemens programmable logic controller (PLC) is connected to a
laptop computer by a wireless local area network to perform the
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proposed algorithms. The velocity commands generated by the PLC
are then sent to the trolley/bridge motor drives. The drives use the
incoming commands from the PLC as velocity set points for the
motors. To ensure accurate execution of the commands, the trolley/
bridge control system has Siemens Masterdrives Series AC-AC
inverters, which use a pulse-width-modulated signal to accurately
control the inverter-duty-capable motors. For accurate measure-
ments, the control system has a laser range sensor and a Siemens
machine vision system.

A double pendulum was formed by attaching a payload to the hook
of the crane with a rigging cable. The length of the suspension cable
was approximately 3.8 m and the rigging length was approximately
2.3 m. The mass of the hook was approximately 50 kg and the mass of
the payload was 15 kg. With this setup, the natural frequencies are
w; = 1.45rad/s and w, =2.61 rad/s. Note that the crane has
numerous other vibration modes throughout its structure. For
example, the overhead trolley will rock back and forth about its
connection to the bridge. The bridge is a 9-m-long I-beam that must
support the trolley, and so it deflects under the weight and motion of
the trolley. However, these modes do not contribute in a significant
way to the payload oscillation. In fact, their effects cannot normally
be seen or measured in the payload response. Therefore, this
experimental setup provides a very good testbed for control of two-
mode systems.

Crane operation is based on velocity commands; therefore, the
proposed input commands were converted into velocity commands,
with the maximum velocity set to 0.339 m/s. The maximum
acceleration was 0.678 m/s” and a sampling time of 35 ms was used.
In each experiment, only the hook oscillation was measured by the
overhead camera, because the camera view of the payload is
periodically blocked by the swinging hook. However, the payload
motion affects the response of the hook, and so the two-mode
dynamics are detectable in the hook response. For the experimental
demonstration, the fuel usage (U = 2 s) was fixed and the time
response, residual oscillation with robustness, and maximum
deflection were evaluated.
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Figure 22 shows that the CF command is vastly better than the
BCB command for a 4-m move distance of the trolley. The CF
command induces only small vibration magnitudes both during
motion and after arriving at the target location. The BCB command
does arrive at the target distance about 3 s faster. However, the BCB
command has overshoot at the target distance and multimode
residual vibration that takes several minutes to damp out.

Figure 23 illustrates the control robustness by showing the residual
oscillation amplitude at the end of each command for seven different
move distances. In these experiments, the weight of the payload was
changed from 15 to 10 kg, and so w; and w, changed by +2 and
—5%, respectively. The CF commands have an average increase of
only 0.3 cm of residual oscillation. On the other hand, the BCB
commands have large residual oscillation and an average increase of
2.8 cm. When the residual vibration magnitude of the crane hook is
closely examined, the CF commands induce less than 1.5 cm over the
range tested, and the BCB commands produced an average
oscillation amplitude of 16.5 cm. Therefore, the CF commands
showed good robustness when the system parameters and move
distance were varied.
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Figure 24 shows the maximum transient deflection as a function of
the move distance. As expected from the theoretical evaluation, the
CF commands produce less deflection (an average of 6 cm) than the
BCB commands (an average of 23 cm). The CF commands produce
nearly a constant maximum deflection for the entire operational
range. This is because the maximum deflection of the CF commands
occurs at the periods of accelerations and decelerations. On the other
hand, the BCB commands shows large variation in deflection
magnitudes, ranging from about 18 to 30 cm. These variations result
from the dynamic beating phenomenon that causes the payload to
excite the hook motion.

V. Conclusions

A closed-form method for generating on—off commands for two-
mode systems was proposed. The commands were designed to
accelerate and decelerate a system with two flexible modes without
residual vibration when a desired amount of actuator fuel or a
velocity limit was specified. The proposed closed-form commands
cause low levels of transient deflection and have robustness to
modeling errors. A significant advantage of the proposed method is
that the on—off command is given in closed form. There is no need to
perform a numerical optimization for every possible move distance
and/or fuel usage. The closed-form on—off commands were validated
by both numerical and experimental implementations.
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