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Abstract

o

This paper describes the design of a moving mass trim control system for maneuvering axisymmetric
reentry vehicles. The moving mass trim controller is composed of three equal masses that are independently
positioned in order to deliver a desired center of mass position. For a slowly spinning reentry vehicle, the
mass offset creates a trim angle-of-attack to generate modest flight path corrections. The control system
must maintain the desired position of each mass in the face of large disturbances. A novel algorithm for
determining the desired mass positions is developed in conjunction with a preliminary controller design.
The controller design is based on classical frequency domain techniques where a bound on the disturbance
magnitude is used to formulate the disturbance rejection problem. Simulation results for the controller are

presented for a typical reentry vehicle.

1 Introduction

Over the years, techniques for controlling the flight characteristics of missiles and reentry vehicles (RV)
have gravitated to systems that deliver relatively large amounts of control authority. For certain missions,
such as an air-to-air missile or an RV designed to evade defenses, a large lateral acceleration capability
is required. The technologies used to perform these missions range from actuated canards, elevons, and
flaps to jet interaction, thrust vector control, and a variety of other techniques [1]. Because of inherent
navigation inaccuracies, systems that provided modest amounts of control capabilities were of little or no
value. However, with the maturity of the Global Positioning System (GPS), it is possible to mate simpler

control techniques with GPS to increase the accuracy of existing systems. One such technology is a moving
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1 Q- ER
DISTRIBUTION OF TS DOCLWERT IS UNLIMITED i M AST -



mailto:rhbyrne@sandia.gov
mailto:rdrobin@sandia.gov
mailto:brsturg@sandia.gov

mass controller. This technique has previously been evaluated in conjunction with other control methods
such as the moving mass roll control of an aerodynamically asymmetric RV {2, 3]. A more direct application
of moving mass control technology is the moving mass trim controller (MMTC) [4]. The MMTC generates a
trim angle-of-attack (AOA) on an axisymmetric, ballistic vehicle directly from the motion of the mass. For a
slow spinning reentry vehicle, the MMTC generates a mass offset to create a trim AOA due to aerodynamic
drag. This paper presents the design of a moving mass trim control system for reentry vehicle terminal
guidance. ’

The guidance and control system for a reentry vehicle with a MMTC consists of several subsystems:
the guidance scheme, the mass position algorithm, the‘ moving masses, and the reentry vehicle dynamics.
These are shown in Figure 1. The guidance scheme determines the corrective actions necessary to hit the
target in the form of a commanded lateral acceleration or a commanded angle-of-attack. The moving mass
controller determines the required mass positions from these commands and attempts to maintain these
positions in the face of disturbances. Both the reentry vehicle and the moving masses are dynamic systems
subject to disturbances and changes (uncertainty) over the course of the flight. This paper focuses on the
design of the moving mass control system, which must determine the desired mass positions based on the
commanded center of mass, and maintain these desired mass positions in the face of large disturbances. The
mass position algorithm for placing three masses to obtain a desired center of mass is discussed in section
2. The expected disturbance; are characterizedi in section 3. The controller design is presented in section

4. Simulation results for the moving mass control system are discussed in section 5. Section 6 contains a

summary and recommendations for future research.

2 Mass Position Algorithm

The mass position algorithm calculates the placement of the three masses to obtain a desired center of
mass. Two masses may be used to generate any equivalent center of mass, but small movements in the

desired center of mass can result in large mass movements. In a three mass system, small changes in the
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Figure 3: Three Mass System

commanded center of mass can be more easily handled with small changes in the position of each mass. This
section describes an algorithmﬂ.‘t‘;ha,t determines the placement of the three masses to obtain a desired center
of mass (see Figure 2).

The location of the center of mass, assuming three equal masses located at the polar coordinates (R, 6;),
is given by

Reqe?es = '? (7% + ei2 4 3%) (1)

where R., and e??¢ represent the polar coordinates of the resulting center of mass (c.m.). The three mass
system is shown in Figure 3.

A desirable performance objective is to minimize the movement of the masses required to obtain a new




center of mass. Several ways to express this performance objective are listed below.
J = (D6)% + (A8)? + (A8s)? (2)

J=sup|Ab],i=1,2,3 3)

Equation (2) represents a quadratic cost function, which minimizes the total movement, while equation (3)
represents an H® type cost function which minimizes the maximum distance that any one mass will have
to travel. Other possible performance objectives might include minimizing thé net rotation of the masses to
reduce the effects of the moving masses on the spin rate of the reentry vehicle. The problem of moving three
masses to obtain a desired center of mass is an optimization problem with nonlinear constraints. This type
of problem is very difficult to solve in a closed form. Therefore, one approach is to linearize the problem,

and then solve for the optimal solution of the linearized equation.

Linearizing equation (1), one obtains the following equation for the movement of the center of mass.

PAY)
Ay R
Az

JAS

where

P sin(6,) —sin(f;) —sin(fs) )
cos(f1)  cos(62)  cos(f3)

An “optimal” solution to equation (4), which minimizes the length of the A8 vector, is shown in equation

(6) [5]-

A8,
= 3 HT(HHT) v 6
gy | = pH(HHY) (6)
Az
Nb3

Because equation (6) is a linearization, the incremental movements of the center of mass must be kept

small. As a result, a large desired movement in the center of mass must be broken down into a trajectory

of smaller movements. Simulation of the algorithm showed that it works well as long as the desired location




of the center of mass is within a radius of R/3, where R is the radius of the three masses. Difficulties with
the linearized algorithm arise when the commanded center of mass is outside the radius R/3 or when the
direction of movement of the desired center of mass is directly away from one of the masses. Also, certain
orientations result in oscillations of the center of mass as well as the location of the three masses. Adding
noise to the mass angles improves the case when moving the desired c.m. directly away from one of the
masses, but the trajectory of the c.m. can still make large movements away from the desired trajectory.
Several other optimal linearized solutions were also explored. All of :;xe linearized optimal solutions
suffered from the problems previously described. In order to overcome some of the limitations of the linearized
algorithms, a hybrid algorithm was developed which uses the linearization for small radius commands and a
heuristic algorithm for larger radius commands. The heuristic algorithm involves choosing the closest mass
to the desired c.m. angle and moving that mass in line with the desired c.m. angle. By constraining the
angle of one mass and spacing the other two masses evenly, the nonlinear equation (1) may be solved directly.
Hysteresis is used to eliminate rapid algorithm switching. A state diagram of the mass position algorithm

appears in Figure 4. Through simulations, suitable values of Ry and Ry were found to be Ry = 0.15R and

Ry, =0.2R.

3 Disturbance Characterization

Moving masses that generate a mass offset to create a trim AQOA are subject to large disturbances. These
disturbances are the result of accelerations in the plane of the masses. In addition, ablation effects and body
roll-rate disturbances are also seen as torque disturbances in the plane of the masses. In order to quantify
these disturbances, simulations which model them were run with the three masses held in one location. For
the simulations, a 4.3 [bf mass was used. The torques seen by each of the 4.3 {bf masses is shown in Figure
5.

Looking at Figure 5, the maximum disturbance torque is approximately 3.5 ft — Ibf. An FFT of the

disturbance torque was performed to determine the frequency content of the expected disturbances. The
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FFT of the disturbance torque is shown in Figure 6. The majority of the disturbance frequency content is

below 5 Hz, but a more conservative bound would be 10 Hz. The next section presents a controller design

using the disturbance characterization discussed in this section.

4 Controller Design

For the general closed-loop system shown in Figure 7, the transfer function from the disturbance d(s) to

the output y(s) is given by

y(s) _ __ p(s)
d(s) 14 p(s)e(s)

Equation (7) may be written as

§3=mﬂag

where the Sensitivity function S(s) is defined as

1

S = T o
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(9)




us(s) = d(s)
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Figure 7: General closed-loop system

In order to minimize the effect of the disturbance on the output of the plant, it is desirable to minimize
the Sensitivity function over the frequency range in which the disturbance is expected. One must also keep
in mind that there is a trade off between the Sensitivity function S(s) and the Complimentary Sensitivity
function T'(s) shown below [6].

S(s)+T(s) =1, Vu, s = juw . (10

The controller structure shown in Figure 8 was chosen for the initial moving mass control system design.
The controller in Figure 8 consists of an inner velocity loop and an outer position loop. It was assumed that
position and velocity information would be available from sensors. Since all three masses will be identical,
each mass will have an identical control system.

The goal of the moving mass control system is to maintain the desired mass positions in the non-rolling
frame of the reentry vehicle. The angular velocity of the non-rolling frame, Wroniing frame, 18 an input to the
velocity con£rol loop. This is a feedforward term that helps the outer loop maintain the desired position in
the non-rolling frame. The inner loop was designed to reject the expected torque disturbances, while the

outer loop was designéd to maintain the desired mass position with reasonable position errors.
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Figure 8: Moving Mass Control System Block Diagram

The disturbance rejection problem used in the design of the inner loop is shown in Figure 9. The input
to the system is a commanded angular velocity wgesireq- The controller ¢(s) outputs a commanded current
to the motor amplifier. It was assumed that a current amplifier with sufficient bandwidth would be used
so that the amplifier dynamic§ would be negligible. The motor outputs a torque proportional to the motor
torque constant K and the gear ration n. The plant consists of the motor inertia and damping as well
as the mass inertia and damping. For the preliminary design, the viscous damping D will be assumed to
be constant. Future efforts will focus on characterizing the damping as a function of a);ial acceleration. A
brushless DC motor and gear reduction were chosen based on the expected torque requirements {7]. The

transfer functions for the motor-mass system are shown in equation (11).

1 1075
Js+ D  s41.398

Krn = 1.432 (11)

In order to ensure the desired disturbance rejection of the inner loop, one must first develop an estimate of

the expected disturbances. From the previous section, a reasonable bound on the maximum expected torque
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Figure 9: Moving Mass Control System, Velocity Inner Loop

disturbance is 3.5 ft—1bf. The bandwidth of this disturbance is assumed to be approximately 10 Hz. It is
desired to have the Sensitivity function attenuate the disturbance by 0.01 up to about 10 Hz. A controller
with a gain of 100 at low frequencies will meet this disturbance rejection requirement. In order to reduce the
affect of higher frequency noise, the high frequency gain of the controller should be fairly low. A controller
for the velocity loop, Cy(s) in Figure 8, which will meet the disturbance rejection requirement is shown in

equation (12).

10s? + 200s + 1000

Cals) = s24+2s 41

(12)
The velocity controller described by equation (12) yields an infinite gain margin with the simplified plant
model used. However, if there is any additional phase lag in the system from unmodelled components, the
controller could make the system marginally stable (a lower gain could cause the system to go unstable).
Once an actual system is chosen, these issues can be addressed further.

A relatively simple PI (proportional - integral) position controller was implemented for C3(s) in Figure

8. The transfer function for C3(s) is shown in equation (13).

10s+1

Cs(s) = 50 "

(13)
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Rate limiting was also added to C3(s) to limit the maximum commanded mass velocity to +/—20 rad/s. By
limiting the maximum speed of the masses, disturbances to the RV’s roll rate are minimized. This simplifies
the task of holding the masses at the desired position in the non-rolling frame of the RV. Torqu;a limiting was
also included in the motor simulation to provide a more realistic result. Simulation resulis for the MMTC

appear in the next section.

5 Simulation Results

This section presents simulation results for the MMTC. A nine degree-of-freedom simulation for a typical
reentry vehicle was used to evaluate the performance of the MMTC. Six degrees-of-freedom describe the
motion of the reentry vehicle. The rotation of each moving mass adds another degree-of-freedom. The
simulation incorporates a rotating, ellipsoidal earth model and full aerodynamics including ablation effects.

For this simulation run, the commanded center of mass was (—0.175,0) in the (y, z) plane of the masses.
The movement of the center of mass to the desired position is shown in Figures 10 - 12.

The commanded mass positions for each of the three masses is shown in Figures 13-15. Because the
commanded center of mass has a radius of less than R;, these figures show the pseudoinverse algorithm.

The performance of the moving mass servo control system is shown in Figures 16-18. These figures
show the error between the commanded and actual mass positions. The moving mass control system is very
effective in maintaining the desired mass positions in the non-rolling frame of the RV, as shown by Figures

16-18. The mass position errors are fractions of a degree, even in the face of the large torque disturbances.

12
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6 Summary and Conclusions

This paper presented a preliminary design of a MMTC system for a maneuvering axisymmetric reentry
vehicles. An algorithm was formulated for determining the positions of three equal masses that will generate
a desired equivalent center of mass. Although a three mass system requires more hardware than a two mass
system, a two mass system can require large mass movements to obtain a small change in the equivalent
center of mass whereas a three mass system avoids these difficulties. The mqving mass servo control system
‘that must keep the masses in the desired positions can be subjected to large disturbance torques. These
disturbance torques were characterized in both amplitude and frequency content. This information was then
used to design a closed-loop mass position controller using classical frequency-domain techniques. Simulation
results were then presented for the moving mass servo control system.

Future research will focus on alternate controller designs and the incorporation of the moving mass servo
control system into a closed-loop navigation system. The design presented in this paper did not incorporate
friction and sensor noise in the moving mass servo controller. Later, the motor and bearing friction will be
modelled as a function of axial acceleration to verify that these types of disturbance torques do not have an
effect on the servo controller performance. Noise will also be added to the position and velocity sensors to

determine their effect on the controlier performance.
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