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Abstract

Variable speed control moment gyroscopes are single-gimbal gyroscopes where the fly wheel speed is allowed
to be variable. The equations of motion of a generic rigid body with several such variable speed CMGs
attached. The formulation is such that it can easily accommodate the classical cases of having either control
moment gyros or reaction wheels to control the spacecraft attitude. A globally asymptotically stabilizing
nonlinear feedback control law is presented. For a redundant control system, a weighted minimum norm
inverse is used to determine the control vector. This approach allows the variable speed control moment
gyroscopes to behave either more like classical reaction wheels or more like control moment gyroscopes,
depending on the local optimal steering logic. Where classical control moment gyroscope control laws have
to deal with singular gimbal angle configurations, the variable speed control moment gyroscopes are shown
not to encounter any singularities for many representative examples considered. Both a gimbal angle velocity
and an acceleration based steering law are presented. Further, the use of the variable speed CMG null motion
is discussed to reconfigure the gimbal angles to preferred sets. Having a variable reaction wheel speed allows
for a more general redistribution of the internal momentum vector.

Introduction

Instead of using thrusters to perform precise spacecraft attitude maneuvers, usually control mo-
ment gyros (CMGs) or reaction wheels (RWs) are used. A single-gimbal CMG contains a wheel
spinning at a constant rate. To exert a torque onto the spacecraft this wheel is gimbaled or rotated
about a body-fixed axis®2B3 The rotation axis and rotation angle are referred to as the gimbal axis
and gimbal angle respectively. A separate feedback control loop is used to spin up the rotor to the
required spin rate and maintain it. The advantage of a CMG is that a relatively small gimbal torque
input is required to produce a large effective torque output on the spacecraft. This makes a cluster
of CMGs a very popular choice for reorienting large space structures such as the space station or
Skylab. The drawback of the single-gimbal CMGs is that their control laws can be fairly complex
and that such CMG systems encounter certain singular gimbal angle configurations. At these singu-
lar configurations the CMG cluster is unable to produce the required torque exactly, or any torque
at all if the required torque is orthogonal to the plane of allowable torques. Several papers deal with
this issue and present various solutions 225 However, even with singularity robust steering laws or
when various singularity avoidance strategies are applied, the actual torque produced by the CMG
cluster is never equal to the required torque when maneuvering in the proximity of a singularity.
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The resulting motion may be stable, but these path deviations can be highly undesirable in some
applications.

Reaction wheels (RWs), on the other hand, have a wheel spinning about a body fixed axis whose
spin speed is variable. Torques are produced on the spacecraft by accelerating or decelerating the
reaction wheels 2% RW systems don’t have singular configurations and typically have simpler control
laws than CMG clusters. Drawbacks to the reaction wheels include a relatively small effective torque
being produced on the spacecraft and the possibility of reaction wheel saturation. To exert a given
torque onto a spacecraft, reaction wheels typically require more energy than CMGs.

Variable Speed Control Moment Gyroscopes (VSCMGs) combine positive features of both the
single-gimbal CMGs and the RWs. The spinning disk can be rotated or gimbaled about a single
body fixed axis, while the disk spin rate is also free to be controlled® This adds an extra degree
of control to the classical single-gimbal CMG device. Note that adding this variable speed feature
would not require the single-gimbal CMG to be completely reengineered. These devices already have
a separate feedback loop that maintains a constant spin rate. What might need to be changed is the
torque motor controlling the RW spin rate, which would need to be stronger, and the constant speed
RW feedback law, which would be abandoned. With this extra control, singular configurations, in the
classical CMG sense, will not be present. Because CMGs are known to be more efficient energy wise
than RWs, away from a classical single-gimbal CMG singular configuration, the VSCMG steering
law will ideally act like the classical CMG steering law. As a single-gimbal CMG singularity is
approached, the VSCMGs should begin to act more like RWs to avoid the excessive torques that
would normally occur and ensure that the applied torque of the VSCMG cluster is exactly equal
to the required torque. This strategy will allow for precise steering without path deviations near
classical CMG singularities because the actual commanded torque will be generated at all times.
In this paper, both a gimbal velocity based and an gimbal acceleration based steering law will be
presented. Lyapunov analysis will be used to guarantee global asymptotic stability of the feedback
control law. Further, the use of the VSCMG null motion to reconfigure the gimbal angles and modify
the RW spin speed is discussed. Having a variable speed RW allows for this to be done in a much
more general manner. The torque required of these types of maneuvers and whether they could be
done with existing CMG hardware will be investigated.

Equations of Motion

To simplify the development and notation, the rotational equations of motion are first derived for
the case where only one VSCMG is attached to a rigid spacecraft. Afterwards, the result is expanded
to incorporate a system of N VSCMGs. Let G be the gimbal reference frame whose orientation is
given by the triad of unit vectors {gs, g, gy} as shown in Figure [1] The vector components of the
unit vectors g; are assumed to be given in the spacecraft reference frame B. Note that because
the VSCMG gimbal axis g, is fixed relative to B, only the orientation of the spin axis g, and the
transverse axis g; will be time varying as seen from the B frame. Given an initial gimbal angle vy,
the spin and transverse axis at a gimbal angle «(t) are given by

gs (t) = cos (7(t) —70) gs (to) + sin (v(t) — 0) gt (to) (1)
g: (t) = —sin (v(t) —70) s (to) + cos (7(t) — 7o) Gt (to) (2)

The spin rate of the VSCMG about g5 is denoted by €2. The angular velocity vector of the G frame
relative to the B frame is

wg/B = Y9y (3)
The angular velocity vector of the reaction wheel frame W relative to the gimbal frame G is

wWw /G = Qgs (4)
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Figure 1: lllustration of a Variable Speed Control Moment Gyroscope

To indicate in which reference frame vector or matrix components are taken, a superscript letter
is added before the vector or matrix name. Because the G frame unit axes are aligned with the
principal gimbal frame axes, the gimbal frame inertia matrix [I¢] expressed in the G frame is the
constant diagonal matrix.

[Ic) = 9[Ig] = diag(Ic. . Ic,, Ic,) (5)

where Ig,, Ig, and Ig, are the gimbal frame inertias about the corresponding spin, transverse and
gimbal axes. The reaction wheel inertia about the same axes are denoted by Iw,, Iy, and Iw,.

[Iw] =" [Iw] = diag(Iw,, Iw,, Iw,) (6)

Note that since the disk is symmetric about the g5 axis Y[Iy] = 9[Iw]. In practice Iy, is typically
much larger than any of the other gimbal frame or RW inertias. In this development the RW and
gimbal frame inertias are not combined early on into one overall VSCMG inertia matrix; rather,
they are retained as separate entities until later into the development. This will allow for a precise
formulation of the actual physical motor torques that drive the RWs or the CMGs.

The G frame orientation is related to the B frame orientation through the direction cosine matrix
[BG] which is expressed in terms of the gimbal frame unit direction vectors as

[BG| = (9 91 9] (7)

In Eq. the g; vector components are taken in the B frame. The rotation matrix [BG| maps a
vector with components taken in the G frame into a vector with components in the B frame. The
constant diagonal inertia matrices 9[I¢] and 9[Iyy] are expressed with components taken in the B

frame as the time varying matrices®
Bll] = [BGI°[16] [BG]" = I6,9:9: + 16,9:97 + 16,9495 (8)
Blw] = [BG) 9 [Iw] [BG)" = Iw, 4597 + Iw,9:9{ + Iw, 949, (9)

The total angular momentum of the spacecraft and the VSCMG about the spacecraft center of
mass is given by

H=Hp+ Hg + Hy (10)
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where Hpg is the angular momentum component of the spacecraft, H¢ is the angular momentum
of the gimbal frame and Hyy is the angular momentum of the RW. Let N be an inertial reference
frame and wg/zr be the relative angular velocity vector, then Hp is written as

HB = [Is}wlg//\/ (11)

The matrix [I;] contains the spacecraft inertias and the VSCMG inertia components due to the fact
that the VSCMG center of mass is not located at the spacecraft center of mass. Note that B[I,] is
a constant matrix as seen from the B frame. The gimbal frame angular momentum Hg is given by

He = [lglwg/n (12)
where wg/n = wg s + wp/n- Using Egs. , and (8)) this is rewritten as

He = (I6,9:81 + 16,99/ + 16,949, ) ws/n + 1, 7dg (13)

To simplify the following notation, let the variables ws, w; and w, be the projection of wy A onto
the G frame unit axes.

ws =glwpn  wi=glwpN Wy =g, wB/N (14)
The angular momentum H is then written as
Hg = Ig,wsgs + Ig,wigi + I, (wg +7) 3y (15)
The RW angular momentum Hyy is given by
Hy = [Iw]wy/n (16)
where wyy/nr = wyy/g + wg/B + wp - Using analogous definitions as for Hg, Hyy is rewritten as
Hy = Iy, (ws + Q) gs + Tw,wigs + Iw, (wg"";)’)ﬁg (17)

To simplify the notation from here on, let us use the short hand notation w = wp,xr. In some
calculations it will be convenient to express w in the G frame as

Yw = wsGs + wiGr + wedy (18)

To denote that a vector x is being differentiated relative to a reference frame A, the following
notation is used.

Ad
— (@
7 (@)
Indicating an inertial time derivatives of a vector & will be abbreviated as
N

at (x)

The equations of motion of a system of rigid bodies follow from Euler’s equation®

H=1L (19)

if all moments are taken about the center of mass. The vector L represents the sum of all the external
torques experienced by the spacecraft. The time derivative of Hyy is expressed as expressed as

Hy = g,Iw, (Q +glw +7"wt)
+ G (Iw.Aws + Iw, @/ @ + (Iw, — Iw,) wewy + Tw, Q2 (5 + wy)) (20)
+ g9 (Iw, g, (@ + %) + (Iw, — Iw,) wswr + T, Qu)
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Let Ly be the torque the gimbal frame exerts on the RW. Euler’s equation for the RW is Hy, =
Lyy. The torque components in the g; and g, direction are produced by the gimbal frame itself.
However, the torque component ug about the g, axis is produced by the RW torque motor. Therefore,
from Eq. the spin control torque u, is given by

us = Iy, (Q +gTo+ wt) (21)
Differentiating Eq. , the momentum rate He is written as

He =g, ((Ia, — Ig, + Ia,) vwi + Ig.g7w + (I, — Ic,) ww,)
t ((IG> - IGf - IGy) "Y(US + IGtgtTw + (IGS - IGt)wswg) (22)
9o (Ie, (9gw +4) + g, — Ia,) wswr)

Q>

_|_
Jr
From here on it is convenient to combine the inertia matrices of the RW and the gimbal frame into
one VSCMG inertia matrix [J] as

[J] = Ua] + [Iw] = diag(Js, Ji, Jy) (23)

Let Lg be the torque vector that the combined RW and CMG system exerts onto the spacecraft,
then Euler’s equation states that H¢ + Hy = L. The L¢ torque component about the g, axis is
produced by the gimbal torque motor. Adding Egs. and and making use of the definition
in Eq. , the gimbal torque u, is then expressed as

ug = Jg (grw+%) — (Js — Jp) wewy — I, Quwy (24)
The inertial derivative of Hp is simply
Hy = [L)o + [@] L) (25)

where the tilde matrix operator [@] is defined as

0 —Wws3 w2
[(:)] = w3 0 —Ww1 (26)
—Wws Wi 0

(1] = [L] + [J] (27)

Substituting Egs. , and back into Eq. and making use of the definition in Eq. ,
we find the equations of motion for a rigid spacecraft containing one VSCMG.
1> = ~ (@] — g (Jedwe + Tw, 2 = (Ji = J) )
= G (Jsws + Tw, Q)4 = (Ju + Jg) i + T, Q) (28)
— Gy (Jg¥ — Iw,Quwy) + L

At this point, we make the common assumption that Js ~ Iy, i.e,. that the gimbal frame inertia
I, about the spin axis is negligible. The corresponding equations of motion are simplified to

Mo = —[@][Tw — gs (Js (Q + wt) (- Jg)ww)
— Gr (Js (ws + D5 — (i + Jp) wey + JSwy) (29)
-4y (Jg;).’ — JQuw) + L
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To obtain the equations of motion of a rigid spacecraft with several VSCMGs attached, we add
the effects of each Hg and Hyy. To simplify notation, let us define the following useful matrices.
The matrices (G, [G¢] and [G,4] contain the unit direction vectors of each VSCMG gimbal frame.

(Gsl =195, -+ Gsn] (Gl =190, Gen]  [Gol =99, -+~ Ggn ] (30)
The total spacecraft inertia matrix is expressed as

N

N
1 =L+ Y [ = L]+ Jo 80,07 + Jo. 609 + J5.90.9,, (31)
=1 =1

The effective torque quantities 7s,, 7, and 7,4, are defined as

Is, (Ql + %th) = (Ju — Jg) wu
T, = (32a)
JSN (QN + '.YNth) - (JtN - JgN)th;yN

Jsl (Ql + wsl) ;}/1 - (Jtl + ng)wsl;}/l + Jslﬂlwgl
Ts = : (32b)
_JsN (QN +wsN)’.YN - (JtN + JgN)wsNﬁ/N + JsNQngN
[ ng;j/l - JS1Qlwt1
Ty = : (32¢)

_J!IN;)./N - JSNQNth

The rotational equations of motion for a rigid body containing N VSCMGs are then written com-
pactly as

[Hw = —[w][lw = [Gs]7s = [Gi]7 = [GglTy + L (33)

Also, The rotational kinetic energy T of a rigid spacecraft with N VSCMGs is given by

N
1 1 2 . N\2
T = in[IS]w + 5 ; Jsi (QZ + wsi) + Jtiwtzi + J, i (wgz‘ + '772) (34)

The kinetic energy or work rate, found after differentiating Eq. with respect to time and
performing some lengthy algebra, is found to be

N
7= Fiug, + Qu,, + 0L (35)

i=1

Actually, the energy rate expression for this system of rigid bodies was known apriori from the Work-
Energy-Rate principle ! Hence, the derivation of Eq. from the equations of motion validates
the equations of motion.

Feedback Control Law

In this section, a feedback law is derived using Lyapunov control theory. Given some initial
angular velocity and attitude measure, the goal of the control law is to bring the rigid body to rest
at the zero attitude (aligned with the reference frame). The attitude coordinate system is chosen
such that the zero attitude is the desired attitude. To describe the rigid spacecraft attitude, this
paper uses the very elegant set of recently developed Modified Rodrigues Parameters (MRP) along
with their “shadow” counterparts 2HI2ISMILISNIE They allow for a non-singular rigid body attitude



Feedback Control Law for Variable Speed Control Moment Gyros 7

description with several other useful attributes. The MRPs can be defined in terms of the Fuler
parameters 3 agtHl316

Bi
14+ Bo

i=1,23 (36)

g; =

Or, in terms of the principal rotation axis é and the principal rotating angle ¢, the MRP vector is
o = é-tan(¢/4) (37)

Note that the tangent function typically behaves very linearly for angles up to 20 degrees. Since
Eq. shows that o is written in terms of tan(¢/4), the MRPs behave very linearly for principal
rotations up to +80 degrees. This is a much larger range of rotations that can be assumed to behave
near-linearly than what can be typically achieved using standard Fuler Angles or even the classical
Rodrigues parameters.

Like the Euler parameters, the modified Rodrigues parameters are not unique. A second set of
modified Rodrigues parameters, called the “shadow” set, can be used to avoid the singularity of the
“original” MRP at ¢ = +360° at the cost of a discontinuity at a switching point. The transformation
between the “original” and “shadow” sets of MRPs for any arbitrary switching surface 0”0 =
constant jgt BT

o° = ——— (38)

Typically the MRP vector o is switched to it’s alternate set whenever %o > 1 which corresponds
to the rigid body having tumbled past ¢ = +180 degrees. The MRP differential kinematic equation
only contains a quadratic nonlinearity and is given by

where [I3.3] is a 3x3 identity matrix. In designing the control law, we assume that estimates of
w, o, §; and ~; are available. The following Lyapunov function V is a positive definite, radially
unbounded measure of the total system state error relative to the target state w = o = 0 where K
is a scalar attitude feedback gain.®

V(iw, o) = %wT[I}w +2Klog (1+ 0" o) (40)

The use of the logarithm function in this context was first introduced by Tsiotras in Ref.|13|and leads
to a control law which is linear in o. Using Egs. and the Lyapunov function is rewritten as

N
1 1
V:2 T ""“‘52 5, W 6+tht+ngwg)—|—2Klog(1—|—0' o) (41)

=1

Differentiating the Lyapunov function V yields

V = w < w + Z si ’Yzwt gsl + KU) (42)

Lyapunov stability theory requires that V be negative semi-definite to guarantee stability. Let [P]
be a positive definite angular velocity feedback gain matrix, then V is set to be

V= —w’[Plw (43)
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which, when combined with Eq. , leads to the following condition for stability.

N
o = —Ko —[Plw =Y (Js, = Ji,) Fiwr, s (44)

=1

After substituting the equations of motion given in Eq. into Eq. and simplifying the result,
the following stability requirement is obtained.

(g81J8191 + gng!]z’yl + gti (J81 (QZ + wsi) - Jtiwsi) '72) =Ko + [P]w +L (45)
=1

To express this condition in a more compact and useable form, let us define the following 3xN
matrices.

[DO] = [gsljsl o 'QSNJSN] (46a)
[D1] = (gt Js, (1 +ws,) -+ Gty Jon (v + wiy )] (46b)
[D2] = g1, Jr,wsy Gt Jenwsy ] (46¢)

[B] = [ggl ng o 'ggN JQN] (46d)

Let €, 4 and 4 be Nx1 vectors whose i-th element contains the respective VSCMG angular velocity
or acceleration or RW spin rate. Then the stability condition in Eq. is

(Do) + [B)§ + ([D1] — [Da)) 4 = L (47)

where L, = Ko + [Plw + L is called the required control torque. Dropping the [Dg]€2 term, the
standard single-gimbal CMG stability condition is retrieved as it is developed in Ref. [Il Note that
the condition in Eq. only guarantees global stability in the sense of Lyapunov for the states w
and o because V in Eq. is only negative semi-definite, not negative definite. However, Eq. 1)
does show that w — 0 as time goes to infinity. To prove that the stability condition in Eq. (47)
guarantees asymptotic stability of all states including o, the higher order time derivatives of V' must
be investigated. A sufficient condition to guarantee asymptotic stability is that the first nonzero
higher-order derivative of V', evaluated on the set of states such that V is zero, must be of odd order
and be negative definite ®#12%20 For this dynamical system V is zero when w is zero. Differentiating
Eq. , the second derivative of V is

d2
il —2wT[Plw (48)

which is zero on the set of states where w is zero. Differentiating again, the third derivative of V is

d3
il —20T[Plw — 2wT [Pla (49)
By substituting Eq. and setting w = 0, we may express the third derivative of the Lyapunov
function as

d3

ﬁv =-—K?¢" (I]7") [P]] ‘o (50)

which is a negative definite quantity because both [I] and [P] are positive definite matrices. Therefore
the stability condition in Eq. does guarantee global asymptotic stability.
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Velocity Based Steering Law

Note that the stability condition in Eq. does not contain the physical control torques wsg,
and ug, explicitly. Instead only gimbal rates and accelerations and RW accelerations appear. This
will lead to a steering law that determines the required time history of v and € such that Eq.
is satisfied. The reason for this is two fold. First, commercial CMGs typically require % as the
input, not the actual physical torque vector ugy. Secondly, writing Eq. in terms of the torque
vectors u, and ug and then solving for these would lead to a control law that is equivalent to solving
Eq. directly for 4. As has been pointed out in Ref. |1, this leads to a very undesirable control
law with excessive gimbal rates. A physical reason for this is that such control laws provide the
required control torque mainly through the [B]4 term. In this setup the CMGs are essentially being
used as RWs and the potential torque amplification effect in not being exploited. Because CMG
gimbal inertias J, are typically very small compared to their spin inertia J,, the corresponding [B]
will also be very small which leads to very large 4 vectors.

To take advantage of the potential torque amplification effect, most of the required control torque
vector L, should be produced by the ([D1] — [Ds]) % term. This is why classical CMG steering laws
control primarily the % vector and not 4. For the VSCMGs it is desirable to have the required torque
L, be produced by a combination of the € and 4 terms in Eq. . Paralleling the development
of the classical single-gimbal CMG velocity steering laws, the terms containing the transverse and
gimbal VSCMG inertias are ignored at this level. Eq. then becomes

[Do] + [D1]% = L, (51)

Comparing the [D;] matrix to that of standard CMG steering laws it is evident that an extra
g1 Jsws term is present in the VSCMG formulation. This term is also dropped in the standard CMG
formulation because it can be assumed that ws will typically be much smaller than 2. However,
since for a VSCMG the RW spin speed () is variable, this assumption can no longer be justified and
this term is retained in this formulation.

For notational convenience, we introduce the 2Nx 1 state vector n

nz{ﬂ (52)

and the 3x2N matrix [Q]

(@) = [Do i Dy (53)
Eq. can then be written compactly as

[@]n = L, (54)

Note that each column of the [Dg] matrix is a scalar multiple of the g, vectors, while each column
of [Dy] is a scalar multiple of the g, vectors. In the classical 4 single-gimbal CMG cluster, singular
gimbal configurations are encountered whenever the rank of [D;] is less than 3. This occurs whenever
the g;, no longer span the three-dimensional space but form a plane. If this occurs, any required
torque which does not lie perfectly in this plane is not generated exactly by the CMG cluster and the
spacecraft deviates slightly from the desired attitude. If the required control torque is perpendicular
to this plane, then the CMG cluster produces no effective torque on the spacecraft. These singular
configurations can never occur with a VSCMG because the rank of the [Q)] matrix will never be
less than 3! Since the g, vectors are perpendicular to the g;, vectors, even when all the transverse
axes are coplanar, there will always be at least one spin axis that is not in this plane. Therefore
the columns of [Q] will always span the entire three-dimensional space as long as at least 2 or more
VSCMGs are used with unique g,, vectors.

Because the [@] matrix is never rank deficient, a minimum norm solution for 1 can be obtained
using the standard Moore-Penrose inverse. However, because ideally the VSCMGs are to act like
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classical CMGs away from single-gimbal CMG singular configurations, a weighted pseudo inverse is
used instead ' Let [W] be a 2Nx2N diagonal matrix

W] =diag{Ws,,... , Wy, Wy,,... , Wy} (55)

where Wy, and W,, are the weights associated with how nearly the VSCMGs are to perform like
regular RWs or CMGs. Then, the desired 7 is

- m — W (QWQT) " L. (56)

Note that there is no need here to introduce a modified pseudo-inverse as Nakamura and Hanafusa
did in developing the singularity robustness steering law in Ref. |22l To achieve the desired VSCMG
behavior, the weights are made dependent on the proximity to a single-gimbal CMG singularity. To
measure this proximity the scalar factor § is defined as

§ = det ([D1][D1]") (57)

As the gimbal angles approach a singular CMG configuration this parameter § will go to zero. The
weights W, are then defined to be

Wy, = W2 el=19) (58)
where Wsoi and p are positive scalars to be chosen by the control designer. The gains W,, are
simply held constant. Away from CMG singularities this steering law will have very small weights
on the RW mode and essentially perform like a classical single-gimbal CMG. As a singularity is
approached, the steering law will start to use the RW mode to ensure that the gimbal rates do
not become excessive and that the required control torque L, is actually produced by the VSCMG
cluster.

Two types of CMG singularities are commonly discussed. The simpler type of singularity is when
the rank of the [D;] matrix drops below 3 which is indicated by §, defined in Eq. (57]), approaching
or becoming zero. The VSCMG velocity steering law in Eq. handles temporary rank deficiencies
very well. The required control torque is always produced correctly by making use of the addition
control authority provided by the RW modes. Another type of singularity is when the required
control torque is exactly perpendicular to the span of the transverse VSCMG axis (i.e. L, is in the
nullspace of [D4]). Naturally, this is only possible whenever ¢§ is zero. To measure how close the
required torque L, is to the nullspace of [D;] the orthogonality index O is used

LI [D\]"[D\]L,

O =
1L |2

(59)

Whenever L, becomes part of the nullspace of [D;], then O will tend towards zero. A classical
single-gimbal CMG steering law demands a zero 4 vector with this type of singularity which “locks
up” the gimbals produces no effective torque on the spacecraft. The VSCMG steering does not
prevent the gimbals from being locked up in these singular orientations; however, the L, vector is
still being produced thanks to the RW mode of the VSCMGs. If a gimbal lock is actually achieved,
then without any further changes, such as a change in the required L,, the VSCMG will simply
continue the maneuvers acting like pure RWs. Running numerical simulations it was found that
unless one starts the simulation in a pure gimbal lock situation, it was very unlikely for the VSCMG
steering law to lock up the gimbals. Once a singularity is approached, the RWs are spun up or
down which also in return affects the gimbal orientation and lowers the likelihood of having the
orthogonality index O go to zero. However, at present this VSCMG steering law makes no explicit
effort to avoid these singular configurations during a maneuver.
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Acceleration Based Steering Law

The simplified formulation provided by the gimbal velocity based steering law in Eq. is
convenient to study and analyze the steering law. However, to provide a more realistic simulation,
the transverse inertia should be included and # should be used as the actual control input. Having
a gimbal angle acceleration expression will also allow for simulations that study the actual work
done by the steering laws. If the transverse inertias are considered, then the stability condition in

Eq. is given by
[Do]€2 + [B% + [D} = Ly (60)

where [D] = [D1] + [Ds]. The goal of the gimbal acceleration based steering law is to provide the
same performance as the gimbal velocity based steering law. Let the vector 714 be the desired €2 and

< quantities provided by Eq. .
) -1
na = W][Q" ([QIWIQ") L. (61)
where the matrix [(Q)] is now defined as
@)= [Do i D] (62)
The vector 7 contains the actual 2 and 4 states. As is done with CMG steering laws in Ref. |1}

a feedback law is designed around the desired 74 such that the current n will approach 74. To
accomplish this we define the positive definite Lyapunov function V; as

V== (a—m)" (0a—1) (63)

N =

with the derivative
Vs = (a—n)" (i — 1) (64)
To guarantee global asymptotic stability, V;y is set to
Vi = =K (g — )" (14— 1) (65)
where K is a positive scalar quantity. This leads to the following stability condition.
7 = K5 (1)a — 1) + 7 (66)

As was done in designing the single-gimbal CMG acceleration steering law in Ref. [1, the vector 7jy
is assumed to be small and is neglected. Substituting Eq. into we get

. [ —1 Q
i= 2] = & (W@ @vien) "z, - [2)) (67
The vector 4 is the desired gimbal angle acceleration vector. The vector ., which represents
the reaction wheel “jerk”, is also assumed to be very small and is neglected. After some algebraic
manipulations, the desired RW and CMG angular acceleration vectors are given through the steering
law

Q) I o T -1 0
O =10 | (e camien) - |3 (65)
Note that the RW angular acceleration vector §2 in Eq. is the same as is commanded by the
velocity based steering law in Eq. . Since generally the initial 4 vector will not be equal to the
desired velocity vector at the beginning of a maneuver, the gimbal acceleration vector 4 will drive
the gimbal velocities to the desired values and then remain relatively small.
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Reconfiguring the VSCMG Cluster using Null Motion

To perform a given spacecraft maneuver, there are infinitely many CMG configurations that would
produce the required torques. Depending on the torque direction and a given CMG momentum, some
of these initial gimbal configurations will encounter CMG singularities during the resulting maneuver,
while others will not. Vadali, et al. show in Ref. 23|a method for computing a preferred set of initial
gimbal angles ~(to) for which the maneuver will not encounter any CMG singularities. To reorient
the CMG cluster to these preferred gimbal angles without producing an effective torque onto the
spacecraft, the null motion of [D;]¥ = L, is used. However, the set of gimbal angles between which
one can reorient the classical CMGs is very limited, because the inertial CMG cluster momentum
vector must remain constant. Also, the null motion involves the inverse of the [D;][D;]7 matrix
which has to be approximated with the singularity robustness inverse whenever the determinant
goes to zero. This approximation results in a small torque being applied to the spacecraft itself.

If the VSCMGs are rearranged, however, there are now twice as many degrees of control available.
In particular, the CMG angles can be rearranged in a more general manner by also varying the RW
spin speed vector €. The null motion of Eq. is given by

0= [[Iven] = IR (QIWIQIT) ' [Q)] @ = [rld (69)

Note that the symmetric matrix [7] is a projection matrix and has the useful property that [7]*> = [7].
Let the constant vector m75 be the preferred set of 2¢ and ;. The error vector e is defined as

e=[Al(ny —n) (70)
where [A] is the diagonal matrix
_ |arwlInxn]  [Onxn]
4] = R[VOVNXNN]N aCM;V[I]]\\;xN] (71)

The parameters agw and acpsg are either 1 or 0. If one is set to zero, this means that the resulting
null motion will be performed with no preferred set of either £2¢ or «v¢. The derivative of e is

e=—[Aln (72)
The total error between preferred and actual states is given through the Lyapunov function

Ve(e) = %eTe (73)

Using Egs. and , the derivative of the Lyapunov function is
V. =eTe=—e"[All7]d (74)

After setting d = k.e, where the scalar k. is a positive, and making use of the properties [A]e = e
and [7]? = [7], V. is rewritten as

V. = —eT[r]"[r]e < 0 (75)

which is negative semi-definite. Therefore, the VSCMG null motion

. -1 Q-0

i = ke (1] = VI (@) 1)) 11 (/29 @
is a globally stable. Note, however, that no guarantee of asymptotic stability can be made. As is
the case with the classical single-gimbal CMG null motion, it is still not possible to reorient between
any two arbitrary sets of 1 vectors because the internal momentum vector must be conserved. If
the momentum is not conserved, than some torque acts on the spacecraft.
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Figure 2: Four VSCMGs in a Pyramid Configuration

Numerical Simulations

Neglecting the VSCMG transverse and gimbal inertia effects not only simplifies the analysis and
simulation, but only directly provides the correct control input % required by CMGs. However,
including these small inertia terms and using the gimbal acceleration based steering law provides for
a more accurate simulation. Also, the physical torques required by the RW and CMG torque motors
can be obtained. Results for two simulations are presented in this section. The first simulation uses
the gimbal velocity based steering law in Eq. to study the desired performance. The second
simulation uses the acceleration based steering law to verify that it does indeed track the velocity
based steering law.

A rigid spacecraft with some initial body angular velocity w and non-zero attitude o is to be
brought to rest at a zero attitude vector. The o vector is assumed to be measured from a desired
attitude. Four equal VSCMGs are embedded in the spacecraft in a standard pyramid configuration
as shown in Figure[2] All simulation parameters are shown in Table 1. The angular velocity feedback
matrix [P] is chosen to be of diagonal form with the entries shown in the table. The initial 4 value
is only used in the gimbal acceleration based steering law.

The VSCMG steering laws are compared to the single-gimbal CMG steering laws presented by Oh
and Vadali in Ref. |1l Their steering law combines the Singularity Robustness Steering Law (SRSL)

5 = [Dy]" (ID1)[D1]" + alsys) " L, (77)

with a variable angular velocity feedback gain matrix [P]. The parameter o depends on the singu-
larity index & through

a=age™® (78)

The SRSL smoothly handles rank deficient [D;] matrices by having a slightly inaccurate matrix
inverse. To escape situations where the orthogonality index O has gone to zero, the required torque
is varied by changing the feedback gain matrix [P] elements through

P, —6P 6P
[Pl=| 6P P, —6P (79)
—P 6P P

where the smoothly varying parameter § P is related to the orthogonality factor through

Og

PyouC  f
5P — 6Py or O < Oy (80)
0 for O > O,
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Table 1: VSCMG Simulation Parameters

Parameter Value Units
I, 86.215 kg-m? /sec
I, 85.070 kg-m? /sec
I, 113.565 kg-m? /sec
o (to) 0.414 0.3 0.2]
w(to) [0.01 0.05 —0.01] rad/sec
N 4
0 54.75 degrees
Js 0.13 kg-m?
Jt 0.04 kg—m2
Jg 0.03 kg-m?
~i(to) [0090 —90] deg
i (to) (000 0] rad
Q(to) 144 rad/sec
[P [13.13 13.04 15.08]  kg-m?/sec
K 1.70 kg-m? /sec?
K, 1.0 sec™!
we 2.0
W, 1.0
7 1079

The parameter Oy was set to 0.01 and 0F, is 0.1. The comparison of the steering laws is not
done to establish that one control law is necessarily better than the other. They both have different
purposes. The modified SRSL method is included because it illustrates the inherent problems of
classical single-gimbal CMG steering laws and how they temporarily may not be able to provide
the required torque. The VSCMG steering law is designed to always provide the required torque.
However, as will be seen in the following simulation results, this does come at a price of increased
energy consumption.

The first simulation utilizes the VSCMG steering law in Eq. . As a comparison, the results of
using the modified SRSL in Ref. [I] are included too and are indicated by the dashed lines in Fig. [3
Having the third and fourth VSCMG gimbal angles be initially +90 and -90 degrees each makes the
determinant § zero at the beginning of the simulation as is shown in Figure The determinant
becomes nonzero for a few seconds and then goes back to zero for a while. About 18 seconds into
the maneuver, the determinant becomes nonzero for the VSCMG steering law and then remains
nonzero for the entire maneuver duration of 500 seconds. The standard CMG steering law has a
similar behavior initially, but never becomes nonzero again after dipping back to zero at 5 seconds
into the maneuver. The reason for this is seen by studying the orthogonality index O in Figure [3.ii
The index O is nonzero to begin with, allowing the CMG steering law to provide some torque onto
the spacecraft. However, as the § becomes zero again O also goes to zero for the CMG steering
law, while the VSCMG steering law retains a nonzero O throughout the maneuver. The modified
feedback gain matrix [P] does change L, sufficiently that the spacecraft does approach the desired
attitude as is shown in Figure However, this occurs very slowly. Here is a situation where the
classical CMG steering law effectively remains trapped near a singular configuration which results
in a very degraded performance. On the other hand, both the attitude and body angular velocity
decay as described by the feedback law for the VSCMG as shown in Figures and If it
were essential for the mission that the spacecraft would actually follow the prescribed trajectory, the
results of the classical CMG steering law clearly would be unsatisfactory, while the VSCMG steering
law stays right on track.

Figures |3.v] and show the gimbal angles and gimbal angle rate time histories. For both the
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Figure 3: Gimbal Velocity Based Steering Law Simulation
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VSCMG and CMG steering law the gimbal rates are relatively large at the beginning of the maneuver
where the CMGs remain close to a singular configuration. After about 6 seconds the CMG rates
remain almost zero because the steering law is essentially “entrapped” in the singular configuration.
Figure compares the required torque L, to the actual torque L, produced by the CMG steering
law. The VSCMG actual torque is not shown in this figure because it is always equal to L,.. While
having the SRSL and the time varying [P] matrix to help the standard CMG steering law and this
spacecraft would eventually reach the desired target state, this Figure shows clearly that the actual
torque produced at several time segments much less than the required torque. However, for the
VSCMG steering law to keep the spacecraft on track comes at the expense of spinning the RW up
or down on occasion. The RW spin speeds €2 are shown in Figure The RW mode is employed
twice when the determinant ¢ goes to zero. Once the CMGs are away for a singular configuration,
the spin speeds remain essentially constant.
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Figure 4: Gimbal Acceleration Based Steering Law Simulation

The second simulation uses the gimbal acceleration based steering law in Eq. and the results
are shown in Figure The gimbal acceleration were designed such that they would provide the
same performance as the velocity based steering law. Figures and show the gimbal angle
rates for both the gimbal acceleration and velocity based steering laws. As expected, during the
initial phase of the maneuver the two gimbal rates are quite different as seen in Figure This is
because the initial gimbal rates were set to zero and were not equal to the desired gimbal rates from
Eq. . However, as Figure shows clearly, after about 10 to 20 seconds into the maneuver, the
gimbal rate performance of the acceleration steering approaches that of the desired velocity based
steering law. The corresponding gimbal angles for both cases are shown in Figure

The natural drawback to using the RW modes of the VSCMG to maneuver through classical CMG
singularities is evident when studying the work rate of the VSCMG steering law compared to the
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standard CMG steering law in Figure The work rate W for the VSCMGs is defined as

N
W= Z |Qius, | + [Fiug,

i=1

(81)

During the initial phase of the maneuver, where the determinant ¢ is very small, the energy con-
sumption to drive the RW modes is relatively large compared to the CMG modes. Away from this
singularity, the energy consumption is very comparable to that of the CMG steering law. The power
of RW torques is typically the limiting factor for the VSCMG devices to decide on how large a struc-
ture they could be used. However, for smaller spacecraft which may be able to afford temporary
RW modes, the VSCMG steering law provides interesting possibilities. Other authors have looked
into augmenting CMG cluster with thrusters to keep the spacecraft on track during near singular
configurations. Using the RW modes has several benefits over using thrusters. They provide a much
smoother response compared to using thrusters and will excite few flexible modes within the space-
craft. Also, RW don’t require propellant to operate, but use electrical power which can be readily
recharged from solar arrays.
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Figure 5: Reconfiguring the CMG Gimbals using VSCMG Null Motion

The third simulation shown in Figure [5] illustrates the use of the VSCMG null motion to reorient
the CMGs to a set of preferred gimbal angles where the final £ was irrelevant (i.e. agw = 1 and
acyme = 1). The initial and preferred gimbal angles are (0,0,0,20) degrees and (45,45, —45, —45)
degrees respectively. The scalar k. was set to 0.1 and the weights W, were held constant at 2. Note
that this gimbal angle reconfiguration cannot be performed with the classical CMG null motion
where €2 is held constant, because the initial configuration has an internal momentum vector and
the preferred configuration would have none. The performance of the classical CMG null motion is
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shown in Figure 5] through dashed lines. Figure[5.] clearly shows that the VSCMG null motion is able
to reconfigure the v much closer to «¢ than the CMG null motion. The corresponding gimbal rates
<, shown in Figure[5.ii] are smooth and remain relatively small compared to the maximum allowable
gimbal rates of 2 rad/s. The VSCMGs achieve this feat by varying the RW spin speeds. However,
as shown in Figure they do not have to be changed much to prevent a torque being applied
onto the spacecraft. The corresponding torque required by the RW motors is shown in Figure
The magnitude of these torques are of the same order as the RW torques required by the classical
CMG to maintain a constant €2 during a spacecraft reorientation. Therefore, no hardware change
would be required to use the VSCMG null motion to reconfigure the gimbal angles, only a change
in the feedback control law of the RW speeds.

Another simulation was performed where the initial gimbal angles were (0,0,0,0) degrees as was
done in Ref. 23] Note that this reconfiguration can be accomplished with CMG null motion because
the initial and final configuration has the same internal momentum vector. The VSCMG null motion
was identical to the CMG null motion where €2 was held constant even though W, was held constant
at 2. The minimum norm inverse automatically used the more efficient CMG mode here.

Besides reorienting the gimbals with the VSCMG null motion, it is also possible to change the RW
spin speeds €2 to desired values by setting agyw = 1. The extra degrees of control allow the internal
momentum vector to be redistributed across the CMG and RW modes in an infinity of ways. A
limiting factor in how fast this reconfiguring can be done is the typically the maximum allowable
RW motor torques. The speed of the VSCMG null motion is directly control by the size of k..

Conclusions

The equations of motion of a rigid spacecraft with N VSCMGs embedded are introduced, including
the physical control torques required by the gimbal and the RW motors. A globally asymptotically
stable feedback control law based on Lyapunov theory is developed to stabilize the spacecraft at a
given attitude. The velocity based steering law contains a weighted minimum norm inverse. The
RW mode weights depend on the proximity of the gimbal frame to a classical single-gimbal CMG
singularity. Away from such a singularity the RW mode weights are essentially zero and the VSCMG
performs like a CMG. Close to a singularity the CMG mode is augmented with the RW mode to
ensure that the required torque L, is always precisely produced. An acceleration based steering law
is also presented that will yield the desired velocity based steering law performance and allows for
work rate studies. Further, the use of the VSCMG null motion to reconfigure the gimbal angles and
RW speeds is presented. The gimbal angles are able to be reoriented in a much more general manner
than was possible with the CMG null motion, thus making it easier to avoid singularities altogether.
The resulting torques required of the RW motors are typically well within the current capabilities
of single-gimbal CMG reaction wheel motors. Therefore, utilizing the VSCMG null motion in this
manner would only require a change the RW feedback law and not necessary a hardware redesign.
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