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Moving Mass Trim Control for Aerospace Vehicles

Rush D. Robinett I1I,* Beverly R. Sturgis,’ and Shawn A. Kerr*
Sandia National Laboratories, Albuquerque, New Mexico 87185

A moving mass trim controller is proposed to increase the accuracy of axisymmetric, ballistic vehicles. The
moving mass trim controller differs from other moving mass schemes because it generates an angle of attack
directly from the mass motion. The nonlinear equations of motion for a ballistic vehicle with one moving point
mass are derived and provide the basis for a detailed simulation model. The nonlinear equations are linearized
to produce a set of linear, time-varying autopilot equations. These autopilot equations are analyzed and used to
develop theoretical design tools for the creation of moving mass trim controllers for both fast and slow spinning
vehicles. A fast spinning moving mass trim controller is designed for a generic artillery rocket that uses principal
axis misalignment to generate a trim angle of attack. A slow spinning moving mass trim controller is designed for
a generic re-entry vehicle that generates a trim angle of attack with a center of mass offset and aerodynamic drag.
The performance of both moving mass trim controllers are evaluated with the detailed simulation.

Introduction

VER the years, techniques for controlling the flight character-

istics of missiles and re-entry 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 was required.
The technologies used to perform these missions ranged from ac-
tuated canards, elevons, and flaps to jet interaction, thrust vector
control, and a variety of other techniques.' Because of the mission
requirements for large maneuvers, systems that provided modest
amounts of control capability were of little or no value. However,
a new mission for accurate artillery rockets and RVs that utilize
existing assets has prompted a renewed interest in simpler control
techniques that produce small maneuvers.

One such control technology is moving mass control. This tech-
nique has previously been evaluated in conjunction with other con-
trol methods such as the moving mass roll control of an aerodynam-
ically asymmetric RV.>® A more direct application of moving mass
control technology is the moving mass trim controller (MMTC).
The MMTC generates a trim angle of attack (AOA) on an axisym-
metric, ballistic vehicle directly from the motion of the mass. It
is a novel, lightweight, low-cost retrofit to spinning ballistic vehi-
cles that require modest flight-path corrections to obtain increased
accuracy.

Over 10 years ago, initial studies of the MMTC were performed
by Regan and Kavetsky* at the U.S. Naval Systems Warfare Cen-
ter. Regan and his co-workers devised a single-shot MMTC that
would provide modest range corrections near the target. At Sandia
National Laboratories (SNL), the MMTC was an outgrowth of the
deconing device test (DDT) described by White and Robinett.’ The
DDT provided an initial glimpse of the effects of principal axis mis-
alignment (PAM), roll rate, and center of mass offset. The MMTCs
developed at SNL address the issue of roll rate, static margin (SM),
PAM, and center of mass offset. The trim AOA for a fast spinning
vehicle is generated by a PAM, whereas a slow spinning vehicle
with a small SM relies on a center of mass offset to create a trim
AOA resulting from aerodynamic drag. This paper derives the gen-
eral nonlinear equations of motion for a one-moving mass system,

Received July 18, 1995; revision received April 15, 1996; accepted
for publication April 29, 1996. Copyright © 1996 by the authors. Pub-
lished by the American Institute of Aeronautics and Astronautics, Inc., with
permission.

*Distinguished Member, Technical Staff, Threat and Countermeasures
Development and Evaluation Department. Senior Member AIAA.

TDistinguished Member, Technical Staff, Advanced Concepts and Engi-
neering Systems Analysis Department. Member AIAA.

¥Senior Member, Technical Staff, Advanced Concepts and Engineering
Systems Analysis Department. Member ATAA.

1064

the general linear, time-varying autopilot equations, and theoretical
design tools that are used to develop conceptual hardware designs
for a generic artillery rocket and a generic RV.

Equations of Motion

The system under consideration is shown in Fig. 1. Rigid body B
of mass m and moving point mass P of mass m p combine to form
system S of mass mg, where mg = mp + mp. Points of interest are
B*, the mass center of B, and S*, the mass center of S. Coordinate
frames are the Earth-centered inertial frame I, the local geodetic
frame G made up of north, east, and down unit vectors (denoted
as g1, 82, £3), the body-fixed frame B (unit vectors by, by, b3), and
the nonrolling frame N (unit vectors 7y, i1,, fi3), which pitches and
yaws but does not roll with B (see Fig. 1). Pitch, yaw, and roll are
defined as a sequence of rotations as follows. After initial alignment
of the G and B frames, Euler angle rotations are performed in the
following order: 1) yaw (angle v) about the b3 unit vector, 2) pitch
(angle ) about the new location of the b, unit vector, and 3) roll
(angle ¢) about the final location of the b unit vector.

The mass may move in all three directions in the body, but its po-
sition, velocity, and acceleration in the B frame are controlled using
third-order actuator transfer functions in each direction. Therefore,
the system is treated as having six degrees of freedom (6 DOF). This
approach is used for conceptual studies only. Once an actuator is
sized, an 8-DOF simulation with force interaction between the body
and actuator is implemented since the axial position of the mass is
fixed. The examples in the following sections utilize an actuator
force that is equivalent to the theoretical mass acceleration.

Rolling Frame Equations of Motion

Equations of motion expressed in the B frame were derived using
two methods. The first method uses Newton’s second law and the
results are given in this section. Newton’s second law is applied to
§* to derive the translational equations and the applied moments
about $* are equated to the time derivative in the inertial frame of
the inertial angular momentum of § for $* to derive the rotational

Fig.1 Ballistic vehicle with one moving point mass.
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equations. Kane’s method® was used as an independent check to
verify the equations derived in this section.
The inertial angular velocity of B and the inertial velocity of B*
are defined as
IC()B = w,El + w252 + a)3l_13 (1)
IVB* = vll—n + v2i72 + U3i)3 (2)
The mass ratio p is defined as
w=m,/m, (3
The position vector from B* to P is given by
P = piby + pab; + psbs )]
and the inertial velocity of S* is given by
W= 4 pu(p+ 0 xp) ®)
The aerodynamic force is defined as
Fuo = Fiby + Fabs + Fsbs ©®)
and the force resulting from gravity is given by
Fgmv = m.\‘g(GX:ﬁBl + GX§252 + GX%EB) (7)
where g is the gravitational acceleration and ¢ X? is the direction
cosine matrix relating the B frame to the G frame. The three el-
ements of interest for the yaw, pitch, and roll sequence described
previously are
( X5,6x%, GX;) = (—sin@, cosfsing, cos@cos@)  (8)
The torque about B* from aerodynamic forces is defined as

Tge = Tib, + Tob, + Tsbs 9)

which results in a moment about S* of

ZM‘Y* = Tp+ — Mup X Foero (10)
0 Pn3 —Pn2
[Pl=1|—pw 0 Pt oM =
Pn2 —DPnt 0

2 2
M(wanz + wINn3)

[0]=| —poivmwive

(N(‘”;an + a’?an) -

—HWINn1 I NP3

(—pwrnnt + (mp/mg)$)wrvna
(mB/m.y)d;wanl)

(= U 2@ Nns + (M /M) )
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The inertial angular momentum of S for $* is given by

= IB/8* . P _’IVB*)

"B (11)

where the inertia dyadic of B for B* and for B frame unit vectors
is defined as

I%" = 11biby + 1y(B1by + boby) + 113(b1bs + bab))

Tw +p,m3p><(

+ Innbaby + Ly (baby + bibs) + I3bsbs

From

(12)

and H‘/‘

ZFs* :m‘{,as* ZM*
the following vector equations of motion are obtained:

II/B +M(ﬁ+ICDBXP+leXP)+lCUB

< [P 4 u(p+ 0 x p)| = (1/my) Fuoo + Fer)  (13)

iB/B*,ld)B+MmB[pX(IVP_ B )—i—px("P—’z’JB*)]

+lw X[IB/B w +;1,me><( P—IVB*)]

= TIp — up X Facru (14)
Nonrolling Frame Equations of Motion

It is desirable to write guidance algorithms using the equations
of motion for the nonrolling frame. Using the same approach as the
first method yields the following matrix equations of motion after
expanding the prior vector equations with respect to the nonrolling
frame:

@) + wpIC") = —u(BY) + [260 3V 1+ (mp/m)1$1) (P

+ &M + [0*1(p™) + 1/ m)[(Faero) + Fe)]  (15)
T &Yy = "o IT1( ™) + (9°) + 2umplwpl(p™)
+ ump[PIGPY) + (Tpe) + pI Pl (Foero) (16)
where
0 WiNn3  —WINn2 ‘ 0 0 07
—WINn3 0 WrNn1 [p]={0 0 —¢
WiNn2  —O®INnL 0 0 ¢> 0

(—H@iNm + (Mg /Mm)P)D N3
(— @i Nm@iNg — (M /m))

(M(W?an + w%an) - (mB/m.\-WCUIan)_

(Fyuy) = meg (O XN, O X3, O X5)

(111 + MmR(P,%z + I’,z,g))
[J]= (112'_/»LmBPn1pn2)
(J13 ~ mp Ppi Pa3)

(Ji2 ~ UM pni Pn2)
(o2 + ums (P2, + p))
(J23 — mp P2 Pn3)

(J13 — W g Poi Pus)
(Ja3 — (MR Pn2 Pu3)
(53 + wmp (P2, + ph))

~Jné
%) = | —J126 + QUBOINM + Jn30inm) + (3 — Joo — J1)@nes) + Ji3d?
—J13¢ — QUi + Juwive) + (Jn + Ji = J)wrwn)¢ — Jind?
(WiNn2Pn2 + @1Nn3 Pr3) —WiNn1Pn2 —WiNn1 Pn3
[wp} = —@iNn2Pnl (@rNn1 Pnt + @1nn3 Pr3) —®rNn2 Pn3
Wi N3 Pl —WINn3 Pn2 (@rNnt Pt + @rwn2 Pr2)
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Definitions of entities different from those defined in the rolling
frame equations follow. The inertial angular velocity of N is

I, N ~ = -
®" = Wryp it + Oyl + Orna3h 17

The inertial velocity of B* is
TVB" = vpifiy + vofiy + Vit (18)
The aerodynamic force is given by
Fioro = Fiity + Fooliy + Faf (19
The moment from this force about B* is
Ty = Toiny + Ttz + Toaits (20

The inertia dyadic of B for B* and for N frame unit vectors is given
by

I35 = Jyiuiy + Jip(fadiy + Aofty) + Jia (it + Rsity)

+ Jaaftany + Jos(fafty + Aany) + Jifiafts (21)

where

Ju=1In Jiz =1Ippcos¢ — Ii3sing

Jiz = Ipsing + [13cos ¢
Jyp = Lpcos® ¢ + Iy sin® ¢ — 215 singp cos ¢
Jos = (Ipp — I3) sin cos ¢ + Iz (cos™ ¢ — sin” ¢)
Jaz = Iy sin® ¢ + I3 cos® ¢ + 213 sing cos ¢

Elements of the direction cosine matrix relating the N frame to the
G frame appearing in Eqgs. (15) are

(°x3, x5, OXJ) = (—sind, 0, cos8) (22)

Autopilot Equations

The autopilot equations are a set of mathematical relationships
that relate the AOA and angle of sideslip in the nonrolling frame to
the mass motion in the body-fixed frame. In this manner, the guid-
ance commands can be directly related to the actuator commands.
The autopilot equations are obtained by linearizing the nonrolling
equations of motion [Egs. (15) and (16)] that were derived in the
preceding section. The result of the linearizing procedure is a set
of linear, time-varying equations that describe nonrolling AOA and
angle of sideslip of the ballistic vehicle.

The linearization procedure follows Ref. 7 and begins with several
simplifying assumptions:

1) The effects of gravity are negligible.

2) The vehicle experiences only small angular perturbations
(o, B « 1 rad and wyyn2, @ryn3, Va2, and v,3 are small perturbation
quantities).

3) The moment of inertia tensor is symmetric with [ = Jy; = Jx3
and [ xx — J 11

4) The mass only moves radially (p,; =constand p,; = p, = 0)
andm,/m, < 1.

5) The nonrolling roll rate is constant (w;y,1 = 0) and equal to
zero, and ¢ is small (this will be justified later).

6) The vehicle has linear aerodynamics and retains basic aerody-
namic symmetry with respect to the longitudinal axis, which implies
that aerodynamic asymmetries are small (|C,,,/Cy, |, |Cyy/ Con, |
< 1.

Using assumptions 1, 2, and 5 and neglecting nonlinear terms,
the translational equations of motion become

F= m‘\'f)nl (23)
Fup = my(Vn2 + 01nn3Va1) + M5 Pu3 29
Fn3 = m.\'(‘.)nii - wanZUnl) - de’an (25)

~ Assumptions 3-5 lead to the following transverse angular rate

equations:
My, = I'éopyn + Leinns — mp pat us
= T2 + Upni Fus — Uupn3Fn 26)
M,y = I'@ryns — Lixd®inn + WM p Put P
= T3 — pu1 Fro — P2 F 27N
where
I'=1+ pmpp}

At this point, the nonrolling AOA and angle of sideslip are defined as
o = tan"(v,3/v, ) and B = sin_l(u,,z/ V), where V = [u,%1 +va+
vZ 12 The relationships are linearized by applying assumption 2:

V Z v, o = v/ V, B=v,n/V (28)
Next, Egs. (28) are differentiated to produce |
V = F/m, & = (b3/ V) = (@Fu/mV)
B = (9na/ V) — (BFu/m,V)

and complex notation is used to produce a more compact formulation
for the AOA and angle of sideslip, and the body rates

(29)

Vn2 + iVnS

[ = o = 30
{=B+ia v (30)
. .. . F
Mt _fia L (B + i) @31
14 m,V
and
Q = wrnm + 0N (32)
Equations (24-27) are written in complex notation as
FnZ + iFn3 = ms[(f)nZ + i‘.}n3) - iUnl(a)lNHZ + iwINn3)]
+mpd(Pus — i Pu2)
My +iMy = I'(@rnn + Orans) — il @(@inm + ©1vn3)
— Ump Pyt (ﬁn3 - lan)
Upon substitution of Egs. (30-32), one obtains
Fo+iF, i Fa - = . .
PR o L — i+ K3 (Pas — ipm) (33)
m,V m;V
M, +iM,; T . .
—E R = Q=K — Ko (P — i) (34)
where
Ki=u/1".  Ki= (ump/I)pm.  K3=mpp/m,V

The next step is to specify the form of the aerodynamic forces and
moments of Egs. (33) and (34) in terms of ¢, €2, and their time
derivatives. By applying assumption 6, the aerodynamic forces and
moments are defined as

Fi1 = —qSCy, FnZZqS(Cy0+CYﬂﬁ)

Fn3 = qS(CZU + CZaa)

ad
Tn2 = qu[Cmo + Cmaa + Cm(-x (W)

wrynad d’d
+C’""’mn2( 2V ) + Cm&ﬁﬂ(ﬁ):l
Bd wrNnyd
Tn3 = qul:C,,O + Cﬂ/}ﬂ + C,,ﬂ (ﬁ —+ C""’an3 —-*—ZV

¢d
)
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where ¢ = %,0 V2, p is the atmospheric density, S is the cross-
sectional area, d is the reference length, and the zero-subscripted
terms account for small aerodynamic asymmetries. These aerody-
namic forces and moments can be simplified by applying the aero-
dynamic symmetry assumption to obtain

Cy, =C,, =—Cy,, Cpy =—Ch,, C

ng =

np “Cm

@

C

”"’INH3

=C C

N

Moy nng = C"’d’ﬂ

The left-hand sides of Egs. (33) and (34) can now be evaluated by
substituting the definitions just given:

Fuo+iFy3=qS[C,, +iC, — Cy,(] (35)

M//12 + er:z = qs[d<c’"0 + iC"ﬂ) + KD, (CZU - iC'vO)

4+ uCy ([7:13 - ipnz) + i(ﬂpnx CNa - Cma d)E

+Cp (d7/2V)Q — iCpy (d2/2V)C

MawrNp

+Cpy, 12V (36)

Equations (33) and (35) can be algebraically manipulated to give a
relationship between €2 and ¢:

Q= —iz + i(qS/mXV)[CA — CNu]E

+i(gS/myV)[Cyy +iCey ] — K3(Puz + i pu3) 37

The substitution of Eq. (37) and its first derivative, along with Eq.
(36),into Eq. (34) produces the desired linear, time-varying autopilot
equation

{+AL+Bl=C 38)
where

A= ——[(qS/m,\-V)(CA - CNL,)

+(gSd )2V I (Cpy + C,,,,,) +iKi]
. 2
qs qSCa Cy,
=—|21(c,-cC ] — e
|:m‘\.V( A N“)+ ( m.‘.V> ( Ca
gsd\’ [ C s
Moy Nn2 q
- (_V-> <W)(CA - CNU,) + T(Cmad - CNa/‘Lpnl)
[ —qSK, gSd? .
+l< mV [Ca = Cn ]+ 357 9Cm,
S s\
- () (5
2
qu Cm,,,”\,n2 . (]S qu .
() (52 ) - ik |- T (G —iC
( v ) (2m,\.1’ "y 7 (Cuo = iCino)

S : qS .
+ q—[,—l/«Pnl (Cyo + lCzn) + TMCA (an -+ an3)

ov1]

+[K K3+ i K31(Paz + i paz) + [Ko + i K31 (Prz + i Prs)

and the nonrolling mass position is defined in terms of the body-fixed
mass position as
0
p" = | prcosd — pysing (39)
p2sing + picos¢

The last step is to justify the assumption that ¢ is small. By lin-
earizing the nonrolling roll rate equation, the following relationship
is derived:

¢ = (1/1xx)[Tr1l + M(pni%FnZ - anFn?n)]

= (qS/1)[Cryd + C1, ($d°/2V)

+ M(C.\’()prﬁ - CZ() ]?nZ)] o

which demonstrates that ¢ is small for small acrodynamic asymme-
tries and roll torques.

Evaluation of Autopilot Equations

The goal of this section is to derive a set of theoretical design
tools for choosing and sizing MMTC systems. The first step is to
solve Eq. (38) for the steady-state complex AOA. If one considers
a slender vehicle (I’ > I,,) that flies along a constant flight-path
angle through an exponential atmosphere, then the B term reduces to

B =—qS{(1/I')(Cn,d — C,11pn1)

+i[(Ki/m,V)(Ca = Cn,) + (@*/2VIN$C,, |}
and neglecting aerodynamic asymmetries, the C term becomes
C=C+0C
where

Ci = @S/ 13UCA(puz + ipn3)
and

Cy = [K (K3 + i K31(Puz + i pu3) + [K2 + i K3](Pra + i Pu3)
The steady-state complex AOA is
tr=C/B =10y + s = (Ci/B) + (C2/B) (41)

where ZTI is the trim angle contribution resulting from the center
of mass offset and ZTz is the contribution due to PAM. The major
contribution of frl to Zr is defined by setting the body-fixed roll
rate to zero (¢ = 0) and assuming the mass is not moving in the
body-fixed frame to obtain

_/’LCA (an + ipn3)
(Cmyd = Cyyipm)

The major contribution of 7, to ¢r is difficult to evaluate in the
nonrolling frame, but can be determined in the body-fixed frame.
The limiting trim angle is given by Hodapp and Clark” and is equal
to the PAM angle:

i = = Br, +iar, (42)

mp Pn
o] = TP poy 43)
where p,»; is the largest radial displacement of the moving mass.
As a result, one can expect to obtain an AOA that is approximately
equal to the PAM angle if the moving mass can be manipulated
properly. The proper manipulation of the mass will be described in
the next section.

The theoretical design tools, or rules of thumb, are Eqs. (42) and
(43). Equation (42) is used to size an MMTC for slow spinning
ballistic vehicles that have small SM (SM < 10% of body length),
whereas Eq. (43) is employed for fast spinning vehicles that have
SMs greater than 10% of body length. The dividing line between
slow and fast spinning is the critical roll rate,’

1

—Cp,qSd1?

g = | —mad24 (44)
I'— Ixx

This dividing line determines the dominance of either aerodynamic
or inertial forces and moments. The aerodynamic forces dominate
when the body-fixed roll rate is below w,, whereas the inertial forces
dominate when the roll rate is above w,,. Consequently, one is de-
signing an MMTC that is either a trim due to drag system (subcrit-
ical) or a trim due to PAM system (supercritical).
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Performance Examples

The first step in sizing an MMTC is to perform 3-DOF trajectory
simulations of the ballistic vehicle to determine the required trim
AOA for a given divert capability. The results of 3-DOF simulations
for a sphere—cone RV and a rocket are presented in Figs. 2 and 3.
The divert capability for an RV is strongly influenced by the flight-
path angle and the divert initiation altitude. The steeper trajectories
require more AOA for the same divert capability, and there is an
upper divert initiation altitude limit at approximately 90 kft. The
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results of the rocket simulations show the tradeoff between down-
range and cross-range performance. Given these relationships be-
tween divert capability and AOA, one can employ the rules of thumb
of the previous section to design MMTCs for ballistic vehicles.

Subcritical Control (RV)

As stated earlier, the subcritical control example is a sphere~cone
RV with a base diameter of 22 in., a nose radius of 2 in., a total
length of 62 in., and a total mass of 400 Ibm. Equation (42) is used
to. calculate the approximate relationship between the steady-state
trim AOA and the required mass moment. The results are displayed
in Fig. 4. The required mass moment is a linear function of the AOA,
and the slope of the line becomes steeper as the SM is decreased.
For this example, the desired divert capability is 1150 ft, which
corresponds to a trim AOA of 0.22 deg for a flight-path angle of
—41 deg and a divert initiation altitude of 50 kft, a mass moment of
170 lbm-in., and an SM of 8%. The MMTC was designed with a
maximum radial stroke of 7 in. and a 24-lbm moving mass (i.e., a
mass ratio of 6%). The 8-DOF simulation results of the RY MMTC
with a simple open-loop autopilot that holds the moving mass fixed
in the nonrolling frame in the cross-range direction are presented
in Figs. 5-7. Figure 5 confirms that the MMTC delivers the desired
cross-range divert with minimal downrange change. Figure 6 veri-
fies the desired trim AOA performance. Figure 7 shows that the roll
rate performance is stable.

Three conceptual layouts for the RV MMTC are presented in
Fig. 8 with an allowable cylindrical volume of 17 in. diam by 8
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Supercritical Control (Rocket)

The supercritical performance example is a fast spinning rocket
that is described in Ref. 8. The important dimensions of this rocket
areamass of 6701bm,a9in. diam, and a 13 ftlength. Equation (43) is
used to calculate the approximate relationship between the trim AOA
and the required PAM. The results for a sea level flight are presented
in Fig. 9. Since the rocket is flying through a varying atmosphere
(from 0 to 40,000 ft), the sizing of the mass must be iterated upon
015 using the simulation. For this example, the desired divert capability

is 8000 ft, which corresponds to a trim AOA of 0.35 for control

1 after burnout to impact. This required trim AOA is an average value

o.1 over the trajectory, and the peak AOA is approximately an order of
magnitude larger than the value given by Eq. (43).

o.05.] The MMTC was designed with a maximum stroke of 4in. and a 5-

1 Ibm moving mass, which produces a cross product of inertia equal

to 1200 lb-in.2. The simulation results of the rocket MMTC are

o T displayed in Figs. 10-12. Figure 10 confirms that the PAM MMTC

0 8 provides the desired cross-range divert, whereas the trim resulting

4] from drag MMTC produces nearly zero divert. Figure 11 shows that

oronms product of inentia (bme-sa.in.) the AOA and sideslip angle performance match the prediction of

Eq. (43) at low altitudes near launch and impact (AOA = 0.1 deg)

and follow the dynamic pressure profile and the altitude history

0
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1000

1500
2000
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Fig. 9 Rocket trim angle capability with PAM.
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Fig. 12 Rocket altitude and dynamic pressure.
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Fig. 13 Rocket moving mass articulation and actuator layout.

(Fig. 12). The autopilot system in this MMTC simulation is more
complicated than the RV MMTC because one is attempting to create
inertial forces due to PAM in a nonrolling frame. This is a problem
because the inertial forces rely on the roll rate squared, and the
nonrolling roll rate is approximately zero. The way to overcome
this problem is to articulate the mass in the body-fixed frame such
that the mass is held fixed over a portion of the cycle in the desired
direction. The motion of the mass is presented in Fig. 13. This
cyclic motion accounts for the cyclic variation of the AOA. This
open-loop autopilot can be characterized as a bang-bang type of
control system where the AOA is controlled by the number of times
the mass is actuated in a given direction. The conceptual layout is a
relatively simple one as most bang—bang actuators are in practical
applications. It amounts to a single mass that slides in a piston tube
behind the warhead section. The allowable volume is a cylinder that
is 8 in. in diameter and 11 in. long. The mass ratio of the MMTC is
51670, or 0.7%.

Conclusions

The focus of this work was to assess the feasibility of MMTCs to
increase the accuracy of axisymmetric, ballistic vehicles. A general
set of equations of motion for a single moving mass was derived
in the body-fixed and nonrolling frames. These equations of mo-
tion were linearized and manipulated to produce a general set of
autopilot equations that relate the motion of the moving mass in the

body-fixed frame to the AOA and sideslip angle in the nonrolling
frame. These autopilot equations can be used to develop closed-loop
control systems for the MMTCs.

The assessment began by evaluating the effectiveness of aerody-
namic vs inertial forces for different vehicles. A set of rules of thumb
were developed that categorize the ballistic vehicles of interest. Ba-
sically, fast spinning vehicles were shown to use trim due to PAM
because the body-fixed roll rate is above the critical roll rate and
the inertial forces are dominant. The slow spinning vehicles employ
trim resulting from drag since the roll rate is subcritical and the aero-
dynamic forces are dominant. One important point to keep in mind
when dealing with slow spinners is that the SM must be sufficiently
small (less than 10%) to produce a reasonably sized MMTC.

These design rules of thumb were verified by simulating MMTCs
for a sphere~cone RV and a rocket. The RV MMTC performed as
predicted by the design rules, whereas the rocket MMTC predictions
were low because the design rules assumed a constant atmosphere
and a constant flight-path angle. However, during each interval that
these assumptions were valid, the predictions were accurate.

Finally, conceptual designs were presented that demonstrated the
feasibility of MMTCs, for our simulation models given reasonable
physical constraints. The MMTCs fit within the allowable volume
and weighed only a few percent of the vehicle’s total weight for
these examples. Although these example cases demonstrated the
feasibility of MMTCs, the most important aspect of this paper is the
presentation of general design and analysis tools that can be used to
evaluate prospective ballistic vehicles and MMTCs.
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