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The recent advent of miniature single gimbal control moment gyroscopes has spawned interest in variable-speed
versions for combined energy storage and attitude control systems on small satellites. Although much has been
studied on the theory behind such a system, little has been done in optimally sizing these actuators for small satellite
applications. This paper investigates optimally sizing these actuators for a practical space mission. Given a set of
small satellite agility and energy storage requirements, the design is cast as a constrained nonlinear programming
problem using a performance index constructed from subsystem design margins and solved using a reduced-order,
gradient-based solver software code. By iterating this process for different input conditions and technologies, several
design points were created, then scored using a weighted scoring function, and evaluated. The resulting method
permits an efficient, structured approach to designing an optimally sized combined energy storage and attitude
control system while enabling alternative technology comparisons.

Nomenclature

= storage capacity, W - h

eclipse duty cycle, %

modulus

energy density, W - h/kg

equivalent performance constants

spin, transverse, gimbal axis unit vectors
circular orbit altitude, km

spacecraft principal-axis inertia, kg - m?
control moment gyro wheel inertia, kg - m?
candidate performance index a, b, or ¢
rotor shape factor

rotor length, m

attitude control 4 energy storage mass, kg
component A mass based on parameters B, C
attitude torque, N - m

ve number of cluster actuators

instantaneous peak power, W
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P, = power density, W/kg
r = generic radius, m

T = rotor inner radius, m
T, = rotor outer radius, m

T, = on-orbit eclipse duration, s

T; = design point score function a, b, or ¢
t = slew maneuver time, s

tost = slew dead-band, s

Iep = wheel spoke thickness, m

Hife = spacecraft lifetime, eclipse cycles
Vs = spacecraft power bus voltage, V

w = scoring function weights

Xmsn = transmission efficiency, %
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o; = rotor stress integration constants

B = control moment gyro pyramid angle, rad

y = design margin weights

) = gimbal angle, rad

8 = maximum gimbal rate, rad/s

0, = slew maneuver angle, rad

X = (Ef?/ EV)O-S

Vye = rotor material Poisson’s ratio of contraction in x
‘ direction because of tension in y direction

0 = density, kg/m3

o = rotor stress, N/m?

X = control moment gyro torque efficiency, %

Q = wheel speed, rad/s or revolutions/minute

Q = maximum wheel acceleration, rad/s?

Subscript

a = actual

b = Dbaseline (comparison) system

dc = Mark II direct current motor

g = control moment gyro gimbal axis

i = ith actuator

m = margin

m; = jth wheel motor

mb = magnetic bearing

mkii = Mark II control moment gyroscope

oth = miscellaneous actuator components

r = required

R = rotor radial direction

real = realistic

rot = wheel rotor

K = control moment gyro spin axis

sc = spacecraft (satellite)

sp = spoke

struct = structure

t = control moment gyro transverse axis

ta = total allowable

wh = wheel (rotor + shaft + motor)

0 = rotor tangential direction

1. Introduction

ODAY’S small satellites (less than 500 kg in mass) are
increasingly considered for large satellite missions such as
precision Earth imaging and Space Radar [1-3]. Difficult hurdles
face these small satellites’ designers, such as meeting stringent mass,
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power, and volume constraints which significantly impact cost. To
mitigate costs, the Surrey Space Center, in conjunction with Surrey
Satellite Technology, Ltd., regularly uses commercial off-the-shelf
components in satellite design [1-4]. Assuming that deleting mass
eventually enables a change in launch vehicle class and thus, on
average, reduces cost, an obvious method to reduce mass but
maintain performance is to combine key satellite functions. For
example, a satellite’s energy storage (ES) function, usually achieved
via rechargeable batteries, can be combined with its pointing system
[i.e., the attitude control subsystem (ACS)], forming an energy
storage and attitude control system (ESACS) [5]. Such an ESACS
typically consists of flywheel-based, three-axis stabilizing,
momentum exchange actuators such as reaction wheels (RWs),
momentum wheels (MWSs), control moment gyroscopes (CMGs), or
variable-speed CMGs (VSCMGs) doubling as energy storage
devices. RWs provide zero-biased momentum through low spin
rates, and thus are unrealistic for energy storage. In contrast, MWs
have a momentum bias through nonzero nominal spin rate and thus
the ability to store and drain flywheel energy, whereas CMGs operate
at fixed flywheel speeds without freedom to store and drain energy.
However, the CMG torque amplification property in which a small
amount of CMG gimbal motor input torque results in a relatively
large slewing torque gives it a distinct advantage over an MW-based
system [6]. Fortuitously, as illustrated in Fig. 1, VSCMGs combine
these CMG and MW advantages while eliminating well-known
CMG gimbal-lock singularities by using the MW mode near
singularity, and therefore are the most logical ESACS alternative.
This paper presents the underlying principles in combining the
energy storage and attitude control subsystems and proposes an
optimal-sizing strategy for designing an ESACS using VSCMGs.
Then, the method is used to size a synthetic aperture radar (SAR)
mission and leads to significant mass savings, longer lifetime,
increased slewing agility, robust singularity avoidance, and
improved power density as compared with a conventional
momentum wheel-actuated ACS plus NiCd-battery energy storage
design.

II. Background

Roes was the first to propose flywheel energy storage in satellites
in 1961 [7], however, it was not until the early 1970s, when coupling
Roes’ approach with the attitude control function emerged [8-14],
spawning several proposals for an ESACS, primarily for future
employment on NASA’s International Space Station (ISS). As this
technology progressed, designers encountered flywheel rotor
material and mechanical bearing/levitation barriers to implementa-
tion [15,16]. Likewise, many of these early concepts relied on
counter-rotating MW implementations while a handful mentioned
CMG:s as plausible alternatives. Then, in the 1990s, the development
of hybrid cars advanced key flywheel technologies such as
composite rotors and magnetic bearings. This sparked renewed
interest in ESACS in parallel with ISS advancing development. Key
related results included the gyrostat investigation in [17] and
simultaneous control design for an ESACS subcategory, an
integrated power and attitude control system, using four redundant,
non-counter-rotating, momentum wheels in [18]. In parallel to these
efforts, Hall gave an excellent literature review for this problem in
[19].

Nevertheless, building on the work of Tsiotras et al. [18], Richie
etal. [5] showed simultaneous momentum wheel and gimbal control
were possible by employing the new momentum exchange device
theoretical generalization known as the VSCMG, conceptualized by
the combined efforts of Ford and Hall [20,21] and Schaub et al. [22].
The VSCMG development was predicated on the detailed CMG
theory offered by Jacot and Liska [23], Margulies and Aubrun [24],
Oh and Vadali [25], Wie [26], and several others [27-29]. Following
the work of Richie et al. [5] work, Yoon and Tsiotras identified a
wheel speed equalization technique for reducing the risk that one
VSCMG reaches saturation, effectively increasing a VSCMG-
suite’s utility [30,31]. Other related work involves Roithmayr’s
VSCMGe-gyrostat generalization to gimballed, counter-rotating
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Fig. 1 Variable-speed CMG principles of operation.

wheels including satellite-to-actuator damping torque [32] with
direct application to systems with a mixture of counter-rotating MWs
and standard CMGs.

Heretofore, the performance of an ESACS was limited due to
bearing friction and structural fatigue, hurdles virtually eliminated by
composite material and magnetic bearing advances. Without these
barriers, two major contemporary ESACS programs targeted for
medium to large satellites stand to gain from this technology:
NASA'’s counter-rotating wheels [33-35] and the U.S. Air Force
Research Laboratory’s VSCMG-like ESCMG work, both focused
on laboratory validation before flight. In contrast, small satellite
implementation of ESACS VSCMGs has not been done. Only
recently has the use of CMGs for large satellites been researched for
small satellites [6]. Varatharajoo demonstrated small satellite
counter-rotating MW ESACS use [36] and its associated sizing
fundamentals. Neither of these efforts, however, address using
VSCMGs in an ESACS role nor the associated sizing process or its
optimality. For this reason, to advance the current state-of-the-art, an
investigation into the optimal design sizing process for a VSCMG
cluster in an ESACS is undertaken here, effectively extending the
work of Lappas [6] and Varatharajoo [36].

III. Energy Storage and Attitude Control
System Fundamentals

A. Process Inputs

The VSCMG-based ESACS physical principles and optimal-
sizing process described next rely on reference profiles for attitude
and satellite energy storage/power as depicted in Fig. 2. The top three
plots show the desired angular acceleration, angular velocity, and
angular position of a spacecraft doing a bang—off-bang single-axis
maneuver (e.g., roll, pitch, or more generally, a maneuver about the
Euler axis), where the starting and stopping torque portions are
separated with a dead-band coasting period, and the bottom plot
shows a flywheel “battery” power profile where positive values
represent power added to the energy storage system for charging,
whereas negative values represent power to be drained from it to
supply other subsystems (e.g., during eclipse periods). These profiles
set two of the key requirements for the ESACS design.

B. Optimal-Sizing Theory

To achieve success, the ESACS engineer needs subsystem design
margins (i.e., the differences between the actual design and its
associated requirement) that are at or above zero, namely the
instantaneous peak power, energy storage capacity, and torque
design margins, which drive the designs of the two most prominent
ESACS components, the power and attitude control subsystems, and
the mass margin M,, due to its importance to cost-effective satellite
designs. These margins are defined as

N, =N, —N, M
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Fig. 2 Bang-off-bang attitude reference maneuver and power profile.

Pm=Pa_Pr:NvCPa1_Pr (2)
C,=C,—C, :chcal -G, 3
Mm :Mr _M(l :Mr _NVCMaI. (4)

where in the case of N,,, P,,, and C,,, logically require the actual
value to be greater than its requirement to ensure the requirement is
met. On the other hand, M,, involves a given budget (i.e.,
requirement) M, in which the actual mass must be less than or equal
to M,. Also, in the case of using a VSCMG cluster for ESACS, the
number of actuators is important to capturing the actual storage
capacity and peak power (more identical flywheels means more
storage capacity and more instantaneous peak power are available)
and for obvious reasons, the actual mass of the system. Next, P, and
M, are directly given by mission requirements, however, N, is found
from the desired maneuver (assumed to be the bang—off-bang
maneuver mentioned earlier) as

41; 6
Nr — Tmax f (5)

(7 2)

and the required storage capacity is found from P, and other mission
requirements such as eclipse duration, eclipse duty cycle, flywheel
battery depth of discharge (dod), and transmission efficiency as
defined in [37]

_dyT.P,

" dodx, ©

msn

Knowing the requirements, the actual values are computed next to
find the design margins. First, the cluster peak torque N,, discussed
in [38], relies on the torque efficiency of the cluster, the configuration
(assumed to be a pyramid configuration as will be addressed later),

wheel spin-axis inertia (because it is the largest inertia for each
VSCMG), the minimum wheel speed (N, must be producible at all
wheel speeds in each VSCMG’s envelope, where the wheels only
spin in one direction from minimum speed to maximum speed), and
the maximum gimbal rate, in other words,

Na = Xlwxgzming(2 + 2cos ﬂ) (7)

Second, the actual power comes from differentiating the wheel spin-
axis kinetic energy, 0.51,,,92? for each VSCMG, using the maximum
power (wheels spinning at maximum speed) but subtracting the
unusable power (power produced below the minimum wheel speed)

Pa] = st (Qmax - Qmin)s‘2 (8)
Similarly, the storage capacity in the wheels was best defined by
Varatharajoo in [36]

Cu, = kso.éﬂlrot(rg - rzz)[l - (Qmin/QmaX)z]/36oo (9)

Finally, the actual ESACS mass follows from the design approach
used, but can typically be described as a sum of the incorporated
components. Three different examples of this mass computation are
given later in this paper, but each defines I, = 0.5, Lo (rs — 1}).
Furthermore, Eqs. (1-3) ensure the actual values are greater than or
equal to the required values when the design margins are
nonnegative. A feasible and practical design is thus defined as one in
which the design margins are nonnegative and the relevant
constraints are met. Only feasible designs are considered.

Next, six variables drive the design margins and are thus
interrelated: .0, Pmin> Lrots €, 8, and 09/ Prot- Selecting these
decision variables via an optimal-sizing algorithm is addressed next.
Furthermore, these parameters are constrained in that €., 2mins
Liot» 2,8, 04/ Prot> PlUs N, P,,, C,,, and M,, must be nonnegative for
design feasibility. Added to this, 2,,,, is structurally limited by the
flywheel rotor strength, €2,;, is limited in ensuring enough torque
and power is produced by the flywheel, and the disparity between the
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maximum and minimum allowable wheel speeds is limited to ensure
proper energy is stored. Thus, these constraints drive the feasible
selection of these six ESACS design variables.

C. Optimization Logic

Designing effective ESACS VSCMGs centers on selecting the
best decision variable combination that optimizes a suitable
performance index to meet mission requirements subject to the
aforementioned constraints. Because an underlying aim in this task is
to produce a system that outperforms the baseline MW ACS plus
NiCd ES, three different candidate performance indices, J,, J;, and
J., were crafted to capture the relationship of the ESACS design
compared with the baseline. First, J, is defined as the weighted ratio
of the four VSCMG design margins to their baseline counterparts

N3eVa, Yay Vay Vay Cony Py NMo,
Cm), Pm;, Nm;,Mm;,

7 Ya ConYa P Yo, NoVaMom; _
‘ Con, Py Ny M,

mpt mpt Y my ™ my,

10)

where the index i = 1, 2, or 3 relates to the candidate alternative in
consideration (i.e., #1, #2, or #3) and its differently calculated mass.
The capacity and power margins are calculated using equations
applicable to a single VSCMG and then multiplied by N, as is the
mass margin, but the torque margin (as are the baseline margins) is
calculated for the entire VSCMG suite. This has been included in
finding J. Regardless, J, is based on summing the square of the
design margins as in

1 chcm 2 NVCPm 2
J, == 1 1
T3 [”'( Coy )+ Py
N, \? Ny M, \?
+ Vb, (th) + Vm( M,, (11)

and, for J., an experimental error approach is taken in regard to the
difference between each design margin and its baseline, as in

_ 1 NVCCm] - Cm[, chPml - Pmb
Je=7, [Vq (T + Ve ~p

Nm - Nm,, NVCan — Mmb 12
TYel—Q ) trel\— 12)
my my,

Furthermore, for the best ESACS to baseline ratio one needs to

maximize J;, or equivalently, minimize J = —J;. Incorporating the

constraints, one can cast the problem as a standard nonlinear

programming problem (NLP) using J = —J,, (or similarly, J;, or J..).
Minimize

Ngc le Pm] NmMm,vl

J= . i=1,23 (13)
CmmebNm,,Mm,,
subject to
Cpis Py Ny M, =20 i=1,2,3 (14)
QmaxvgminvlroUQ = 0 (15)
4T, P
(Rx = o 2 ——— 16)
ch”prol(ri - r?)
Qmax = Qstruct (17
lrol = lreal (18)
Q = Qe (19)

J=<-10 (20)

where Q. follows from applying the radial force equilibrium
equations defined by Danfelt et al. and addressed in Varatharajoo
[36,39] for a typical, anisotropic (orthotropic), single-layer rotor.
Captured directly from [36,39], the governing stress equations for a
constant speed flywheel are

0. =« Er()" + vHr) A—1
' ! (1 - vﬁrvrﬂ)

_BHv)p2

Er(VHr - )\') —h—1
22— F
(1 - vﬁrvrﬂ)

21
9E, — E, @h
o —a Eg(1 4 Av,p) . Eg(1 — Av,p) P
¢ : (1 - v¢9rvr9) g (1 - v@rer)
2
(14 3v,5)EppQ 2 22)
9F, — E,

The integration constants ¢, &, are found by applying radial stress
boundary conditions (i.e., o, = 0 at r = r, and 0, = —t,,p,Q2r7 at
r = r;). Substituting these two values in Egs. (21) and (22), one can
calculate the stress distribution in the wheel for a given wheel speed,
or conversely, use the maximum allowable rotor stress to define the
maximum allowable wheel speed. The latter of these techniques
yields Q- The stress distribution can be viewed graphically in
Fig. 3 which directly follows from [36,39]. In these plots, the
allowable stress (tensile and compressive) values are superimposed
upon the stress distribution plots for determining the maximum
allowable structural wheel speed.

Next, the NLP from Egs. (13) and (14) is solved using a reduced-
order gradient method based on crafting a Hamiltonian from the
performance index supplemented by a linear combination of the
constraints. As applied here, this approach was implemented using
the author’s Microsoft Excel solver-based sizing tool. Functionality
of this iterative process is shown in Fig. 4. The process involves
defining mission and actuator parameters, selecting design inputs
based on engineering judgement such as design alternative number,
optimization type (maximize, minimize, or set to a specific value),
and optimization parameter (performance index J or mass M,,),
running the optimizer software tool, and interpreting the decision
variable outputs for different combinations of o,/ p,, (i.e., rotor
material parameters). On a basic level, the optimizer software
performs the standard parametric design optimization through
systematically perturbing the system’s parameters to find the best
performance index value, but it also uses an iterative reduced-order
gradient algorithm designed to reduce the number of computations
required for multiple-decision variable problems with hundreds of
decision variables as well as a robust error checking code to trap user
input errors. Here, the optimizer function generates a single point
design (i.e., a specific combination of decision variables) for the
given process inputs, another software function generates different
variable input combinations such that the entire process produces
multiple feasible point designs through several individual
optimization iterations in batch mode. The resulting collection of
design points is then reviewed, scored, and evaluated in selecting a
design. This is further illustrated with a practical example in the next
section.

IV. Practical Example

Next, we apply this process to the case of sizing VSCMGs for a
small satellite spotlight synthetic aperture radar mission. This type of
mission requires agile slewing simultaneously with high
instantaneous peak power demand. Table 1 reflects these realistic
requirements for such a system. Notice the agile slew maneuver
parameters 0y, t, and . and high peak power demand P,.

To apply the optimal-sizing process to the given mission
requirements, we next identify a few competing candidate design
approach alternatives based on the trade tree of key technologies
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Table 1 Space radar requirements

Parameter Value
Orbit Altitude, /#, km 450
Depth-of-discharge, dod, % 80
Transmission efficiency, X, % 90
Peak power demand, P,, W 1100
Eclipse duty cycle, dyy, % 25
Power bus voltage, Vy,,, V 28
Max single-axis inertia, I, kg - m? 120
Slew maneuver angle, 0/, deg 140
Slew maneuver time, t, s 70
Slew maneuver dead-band, 7, s 12
Satellite total mass, M., kg 400
Allowable satellite mass, M,, kg 450
Allowable ACS plus ES mass, M,, kg 45

found in Fig. 5. For the purposes of this paper, this rather wide trade
space has been narrowed down to three design alternatives by
practical pruning of the trade tree. These designs are alternative 1
which uses a cluster of mechanically levitated, gimballed flywheels,
based on a conventional design approach like that shown in [40];
alternative 2 which uses an open motor/generator with a
magnetically levitated, mechanically gimballed flywheel; and
alternative 3 which uses a magnetically levitated, mechanically
gimballed flywheel with embedded electromagnets in the rotor for
motor/generator functionality like Varatharajoo’s nongimballed
flywheel shown in [36]. Next, these alternative definitions lead to
three different mass (M) calculations by summing the appropriate
subcomponents:

Mﬂl, = mrot(lrol) + Moh (lrol) + mkiim]ed + mdcmled (23)
Ma]2 = mrol(lrot) + moth(lrot) + mmb(lrot) + 2mm2 (lrot) (24)
]‘411]3 = mrut(lrot) + molh(lmt) + mmb(lrol)mm3 (lmt’ S2malx) (25)

Directly impacting one of the four key design margins, the functions
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have an important role in the optimal-sizing process, thus the better
one can define them ahead of time, the more accurate the results.

A. Assumptions

Before examining the results from this example, it is important to
identify some assumptions made. First, although it has not been
included here, rotor containment to prevent personnel and/or systems
damage in the event of catastrophic wheel failure is very important,
but the larger the containment method used, the greater the mass
impact. It is expected that system designers consider this fact when
designing a VSCMG-based ESACS for any satellite class. Second,
there are several different schemes for initial system startup once the
satellite is deployed. This study has not ventured to explore all of
these, but awareness of this issue is paramount to future on-orbit
success. Plausible methods could include flywheel battery trickle
charging, solar panel to super capacitor to VSCMG ESACS
charging, or employment of a small primary battery to handle the
power load until the VSCMGs are adequately charged to commence
on-orbit operation. Third, due to its built-in redundancy and
prevalence in the existing literature [6,25,26,41], it is assumed that a
pyramid cluster of VSCMGs is to be used in ESACS. This
configuration permits all four gimbals to fail while maintaining the
ability to recover three axes of attitude control using the remaining
wheels in MW mode and still keep enough redundancy for energy
storage. However, it is recognized that there are several different
plausible cluster configurations [26]. The key effect is that a different
configuration will change the N,. used, as well as change the
geometry-based 2 4 2 cos B term in the N, equation. Fourth, this
technology only applies for missions with simultaneous high-
precision pointing and high peak power requirements. If either
requirement is eliminated, this approach loses its utility. Fifth, the
volume is constrained in the sense that outer and inner flywheel rotor
radii are fixed where the rotor length can vary between point designs
up to a realistic limit. Finally, the presented arguments focus on this
technology’s role in fulfilling the entire energy storage mission for a
satellite, however, an equally plausible alternative is to employ
VSCMG ESACS on missions wherein a high-power, high-agility
payload only needs the high-power properties of the ESACS during
some operations, but the satellite does not need them all the time to
run satellite support subsystems. Thus, a contemporary satellite ES
can supply eclipse subsystem power using conventional batteries but

VSCMG
|
I T | T 1
Rotor Rotor Wheel Electro- Contain-
. Lubricant/ Motor/ y ment
Material - nics
uspension Generator Vessel
1 IM7/ n | | Brushless Existing | |
IM6/Epoxy PEEK Dry DC Componentsl Steel
EM Coil/PM .
C'azl_rgon -1 SIaSS/ - Wet I~ Imbedded DES'gn —| Composite
iber poxy Rotor ew
. . Ext. PM
Steel T AIu;r?llnum MBagngtlc || Rotor/ Drive
oy earing Coils
Other AC
Titanium = —| (Reluct.,
Induct., etc.)

Fig. 5 Key variable-speed CMG technologies.
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Fig. 6 Optimal performance/optimal mass results for selected rotor materials.

run the payload at the high-power level with energy from the
VSCMG ESACS.

B. Sizing Results

Several iterations of the sizing process were run with different
variations in the decision variables generating more than 5000 point
designs. Selected results reflecting trends in these point designs are
shown next. We note here that there are two prominent strategies in
completing a design sizing comparison of this nature: sizing for
optimal (minimum) mass at a performance equivalent to the baseline
system (where “performance” in this sense refers to the nonmass
margins, i.e., N,,, P,, and C,), or sizing for optimal (maximum)
performance at a mass equivalent to the baseline (i.e., M,, = M,,, ).
The former of these often arises when the designer strives to do a
similar mission to the baseline but at less mass, whereas the latter
arises when the designer attempts to extend the system’s capability
with the same mass as the old system. Nevertheless, both cases add
equality constraints to the NLP.

The first trend investigated is that of different rotor materials. In
Fig. 6, the material types have been plotted in terms of wheel
acceleration and gimbal rate vs optimal J, and mass savings. As one
can see, the composite materials outperform conventional ones due
to more favorable strength to density ratios, o,/ o, Logically, the
material with the greatest o,/ p,o, TI000G carbon fiber, yields the
greatest mass savings.

The next trend considered is that of performance index from the
choices presented earlier. Figure 7 demonstrates these performance
index trends in terms of rotor length. The plots on the left side show
the optimal performance indices for different maximum gimbal rate
values, whereas those on the right show the performance indices at
optimal mass for different maximum wheel acceleration values.
Notice that better performance is more negative in value. In both
cases, a higher value maximum gimbal rate or maximum wheel
acceleration means a better (more negative) performance index,
whether using J,, J,,, or J... Also notice that there is a sizable shiftin J
at arotor length of approximately 0.035 m in the optimal mass cases.
This isolates a good rotor length on which to focus one’s design. It

should also be noted that each curve is composed of a finite number
of design points (10 for each of the cases presented in this report),
thus a point on a curve can be thought of as a specific optimized
design. Furthermore, J. yields the best comparison to the baseline.
Recall that J, is defined by the percentage difference between the
current design and the baseline where a better point design is a
negative value and a better baseline is a positive value. These values,
for the case of direct comparisons (as are done in the optimal mass
savings case), when multiplied by —100%, give the percent
improvement over the baseline. Both figures show a clear transition
from positive (better baseline) to negative (better point design) as the
rotor length is increased. On the other hand, similar information is
harder to glean from the J, and J, plots where the performance
indices become more negative as rotor length increases, but a
percentage improvement as well as the transition from a better
baseline to better point design is harder to decipher. Because of its
comparative advantages over J,, and J,,, performance index J,. will be
used for further plots.

Another very interesting trend is shown in Fig. 8, in which mass
savings for alternative 3 is plotted against rotor length. This result
illustrates that decreased rotor length is strongly related to improved
mass savings.

Next, trends in the decision variables under various conditions are
examined. Figure 9 shows trends in wheel speed as compared with
the other decision variables and Fig. 10 highlights other relationships
between the decision variables. One can see from the wheel speed
plots that in design for optimal J, maximum gimbal rate has little to
no effect on the wheel speed limits, whereas maximum wheel
acceleration has a profound effect on the result. In the latter case, the
maximum wheel speed of alternative 3 is significantly less than the
others. As for mass savings (MS), a similar wheel speed trend occurs
with increased 2 where one will notice that very high maximum
wheel speeds are required for lower € (i.e., those less than about
100 rad/s?). However, higher maximum gimbal rates counter-
intuitively increase the required maximum wheel speed, but this
comes from trying to constrain the nonmass margin design margins
(i.e., for equivalent performance) and improve mass savings as much
as possible. Also, in the optimal mass savings plots, one can see a
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large decrease in maximum wheel speed at a rotor length near
0.035 m. Because rotor length affects all of the design margins, this is
clearly a rotor length where the margins best match. Continuing on to
Fig. 10, one can see the trends in increasing maximum gimbal rate
which decreases the required maximum wheel acceleration as well as
the rotor length for optimal mass savings. This plot directly illustrates
the benefit of torque amplification; increasing the maximum gimbal
rate enables decreasing the maximum wheel acceleration in
producing equivalent torque while keeping N,, =N, , C,, = C,,,
and P,, = P, . This change then accounts for the slight decrease in
mass savings with increased maximum gimbal rate (similarly
maximum wheel acceleration) as the rotor length is also increasing,
however, this trend (which is for alternative 1) is inverted for optimal
J using alternative 3 (the bottom plot). However, because
alternative 3 allows for changes in wheel speed and rotor length when
determining motor/generator mass, a key difference in the two parts
of Fig. 10 besides optimal MS vs optimal J is that the Q curves
actually intersect.

Next, Fig. 11 shows the relationship between maximum wheel
acceleration and rotor length, the energy density and the power

density at optimal MS and optimal J. In the case of optimal mass
savings, as rotor length increases, energy density increases, until the
critical 0.035 m point, then it decreases with increases in rotor length.
This is directly correlated to the dominance of the equality-
constrained capacity margin (set equal to the baseline capacity
margin) until the critical rotor length, after which the mass dominates
the energy density calculation (which is simply the actual capacity
divided by the subsystem mass). One can also see the main difference
in the three technologies at optimal MS in terms of 2, vs E; and
P,, with alternative 3 showing a significant advantage over the other
two technologies. At optimal J, one can see that higher maximum
wheel accelerations yield higher energy and power densities. In fact,
alternative 1 substantially increases in power and energy density after
450 rad/s.

C. Benefits and Scored Designs

The benefits of this approach are significant mass savings, longer
lifetime, increased slewing agility, robust singularity avoidance, and
improved power density as compared with the baseline. First, faster
slewing agility comes from the torque amplification advantage of the
actuators’ CMG mode as alluded to earlier. Second, mass savings,
measured in terms of percent difference between the ESACS
subsystem mass and the NiCd secondary battery energy storage
system, plus the MW portion of the attitude control system. Note that
forecasted ESACS mass improvements have been listed anywhere
from 5-15% up to 40-50% and beyond in the literature [32,42],
however, the key difference comes from measuring mass savings in
terms of direct mass change in the overall spacecraft mass (of which
the energy storage plus attitude control subsystems comprise about
10-20% of the total mass) or in terms of the actual subsystem mass
percent difference (often well over 50% from combining
subsystems). This mass advantage, reflected in the mass comparison
before and after combining the systems into a consolidated ESACS
using the method defined here as shown in Fig. 12, is one of the
primary advantages of implementing this type of system. Third,
robust singularity avoidance is reflected in the well-known CMG
saturation singularity surface (top plot of Fig. 13) and compared with
the VSCMG saturation singularity surface (bottom plot of Fig. 13).
Notice that the singular regions (voids) of the CMG momentum
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envelope are filled in the case of VSCMGs because the VSCMGs
change mode to act as momentum wheels near singularity. Fourth,
longer lifetime stems from assuming the best implementation of the
VSCMG design comes from magnetic levitation. When enabled, this
magnetic levitation permits higher depths of discharge for the
flywheel “batteries” as compared with conventional batteries and
will return to essentially the same amount of stored energy when
topped up after draining them as opposed to conventional batteries
which wear out after far fewer cycles. The lifetime argument is best

illustrated in Fig. 14, which shows the theoretical position of the
flywheel batteries in relation to common secondary battery depths of
discharge (dod) vs lifetime. The flywheel depth of discharge has been
shown to be limited by the failure time of other onboard subsystems
(e.g., solar panels) with an assumed lifetime of 15 years in low Earth
orbit. The actual flywheel curve could be much further out in terms of
cycles depending upon the performance of the magnetic bearings. As
an aside, when reliability details of the ESACS actuator components
are known, these reliability factors (which optionally can be thought
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of as a function of decision variables such as maximum/minimum
wheel speed, maximum wheel acceleration, etc.) can be used to
calculate the lifetime of the system and refine its position in Fig. 14.
An example of this would be to calculate the wheel motor/
generator’s mean time-to-failure as a function of wheel speed, then o L----{IM el
determine its lifetime in terms of cycles or orbits. This, then, permits
refining the VSCMGs place in this chart. In terms of the study shown
here, this was actually done for the system used, but it was P NSNS T S A ]
determined that the lifetime of the first non-ESACS subsystem to fail ‘
was less than the motor/generator’s lifetime. :
The final and perhaps biggest advantage of using an ESACS is -4 '
reflected in the Ragone plot of Fig. 15, which shows energy density -4 -2 0 2 4
vs power density for the flywheels and the typical secondary Fig. 13 Pyramid cluster CMG and VSCMG momentum envelopes.
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batteries, both of which have been adjusted by mass of the entire
energy storage system vs a single battery (as is typically computed).
This plotillustrates that even though battery technology is improving
(such as lithium-ion) in terms of energy density, flywheels are
excellent performers in terms of power density. This is important for
small satellites because its primary bus can be designed to handle low
peak power requirements using standard secondary batteries and
then be supplemented with a VSCMG-based ESACS for high-
slewing capability and enjoy the vast improvement in peak power
due to the flywheel power density advantage (reflected in the Ragone
plot). This is ideal for missions such as Earth imaging and spotlight
synthetic aperture radar which have these aggressive peak power and
agility requirements. In such a case, a VSCMG system would be an
ideal fit combined with a standard small satellite bus.

From the dual-objective sizing process described earlier (i.e.,
design for maximum mass savings and design for equivalent mass), a
table of scored designs was crafted weighting the dual objectives
equally. An important note is that the weights can be adjusted based

on the designer’s preference within the scoring function similar to the
design margin weights in the performance index. The scoring
function is given for T, in Eq. (26) which uses J,, (or alternately, T},
and T, which use J, and J., respectively), the weights, already
mentioned, and normalization factors f; for equivalent comparisons:

T, = o f1tige + 02f2Eqys + 03f3Eq, + @sfsPyy + osfsPy,
+ w6(1 _fGQmast) + 0)7(1 _f7Qmax,u)
+ a)8(1 _fSQmaxMS) + (1)9(1 _f9Qm1\xJ“)

+ 010(1 = frokrotys) T @11(1 = frily, ) + @1a(1 _fIZ‘S.MS)
+ w1 - f135.1u) + w14(1 = f1aQus) + @5(1 — flSQ.l(,)
+ wisf1sMSys + ©17f 1714, (26)

Note that this scoring function sums the effects of the benefits (the
first five terms), the decision variables (the next 10 terms), the
optimization objective (the next two terms), and the technology
readiness (the last term). Furthermore, the decision variable
quantities are penalized in the scoring function to keep the values as
small as permissible (i.e., easier to implement in hardware) given the
constraints. Also, the normalization factors are the maximum
possible values of each parameter (e.g., 1) the upper bound on a
decision variable, or 2) the largest value in the table of point design
parameters).

For the purpose of sizing a system to meet the given requirements,
several point designs were generated with the different objectives
(i.e., optimal mass savings and optimal performance) and scored,
weighting the benefits, decision variables, optimization objectives,
and technology readiness on an equivalent basis (and the individual
terms equally within these groups). In practice, these weights should
be tailored to the needs of the designer. Nevertheless, some of the key
design points and associated scores are shown in Tables 2—4, relating
to results from designing for optimal performance, optimal mass, and
a hybrid between the two, respectively, assuming a carbon fiber
rotor-based design. Also, the design points were generated using a
design-of-experiments, full factorial test matrix approach wherein
variation of each decision variable was controlled (either fixed or
free) to isolate the relationships between decision variables, benefits,
and performance. Only a sample of these variation types (all of which
use a carbon fiber rotor and permit /,; and 2, to freely vary) are
shown in the tables where the types are defined to be 1) € fixed at
upper boundary, § free to vary; 2) Q free to vary, § fixed at upper
boundary; 3) 2 free to vary, § fixed at lower boundary; 4) 2 fixed to
intermediate boundary, § fixed at upper boundary; 5) Q fixed to
intermediate boundary, § fixed at ‘high intermediate boundary, 6) 2
fixed to intermediate boundary, § free to vary; 7) Q free to vary, 8
fixed at high intermediate boundary; and 8) Q fixed at upper

boundary, § fixed at upper boundary.

Table 5 summarizes the key parameters for the selected near-term,
midterm, and long-term designs from applying this method. The
chosen design concept uses a carbon fiber rotor 0.035 m long that is
mechanically levitated in the near term and magnetically levitated in
the long term with a wheel speed envelope of 6510-50,600 rpm,
maximum gimbal rate of 50 deg /s, near- and midterm maximum
wheel acceleration of 96 rad/s?, and long-term maximum wheel
acceleration of 500 rad/s?, resulting in an energy density of 76 W -

Table 2 Selected optimal J results

Alt J. Qinin Qinax Lot § Q E, P, Score Rank Variation
1 —94.6 50 34,030 0.825 50 500 249 5220 0.452 1 (tie) 1
1 —94.6 50 34,030 0.825 50 500 249 5220 0.452 1 (tie) 2
3 —78.5 990 38,900 0.632 5 500 191 4460 0.392 15 3
3 —78.8 830 39,100 0.624 50 500 189 4450 0.392 16 2
2 —-35.4 230 76,200 0.164 50 500 50 2330 0.224 108 1
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Table 3 Selected optimal MS results

Alt MS, Qnin Qnax Lot § Q E, P, Score Rank Variation
3 92.1% 6510 48,950 0.0332 50 100 124 665 0.314 1 4
3 92.1% 6510 48,900 0.0332 45 100 124 665 0.314 3 5
3 92.1% 6510 50,600 0.0332 50 96 125 665 0.314 12 2
1 87.0% 6510 48,900 0.0332 50 100 76 403 0.280 105 6
2 78.0% 6510 48,950 0.0332 50 100 45 238 0.247 241 4
Table 4 Selected composite results using opt MS parameters
Alt J. MS. Q2 min—max Lot § Q E, P, Score Rank Variation
3 —78.8 92.1% 6510-50,600 0.033 50 96 125 665 0.772 1 2
3 —78.0 91.6% 6510-19,200 0.037 45 301 116 622 0.757 2 7
3 —78.8 92.1% 6510-15,000 0.033 50 500 103 665 0.745 3 8
1 —94.6 87.0% 6510-50,600 0.033 50 96 76 403 0.731 16 2
2 —35.4 78.0% 6510-50,600 0.033 50 96 45 238 0.537 129 2
Table 5 Summary of selected designs using presented sizing algorithm

Parameter Value Value Value

Timing near term medium term long term

Alternative 1 3 3

Overall rank 16 1 3

Minimum wheel speed,2 ;,, rpm 6510 6510 6510

Maximum wheel speed, 2., rpm 50,600 50,600 15,000

Rotor length, /.., m 0.0332 0.0332 0.0332

Maximum gimbal rate, §, deg /s 50 50 50

Maximum wheel acceleration, §2, rad/s? 96 96 500

Energy density, E;, W - h/kg 76 125 103

Power density, P;, W/kg 404 665 665

h/kg and power density of 404 W /kg in the near term evolving to
103 W - h/kg and 665 W/kg in the long term.

V. Conclusions

A compact and novel optimal-sizing algorithm for a small satellite
combined energy storage and attitude control subsystem (ESACS)
has been developed and applied to a practical synthetic aperture radar
mission to compare and contrast technology design alternatives,
trade key system/decision variable parameters, and showcase several
benefits. Merging the subsystems eliminates redundant secondary
battery mass while incorporating advanced technologies such as
composite flywheel rotors and magnetic levitation allows higher
sustained rotor speeds and further decreases subsystem and total
spacecraft mass. Flywheel energy density advantages are on par with
improvements in new secondary battery technologies, whereas
increased flywheel power densities over mature and burgeoning
secondary batteries follows from the ability to rapidly discharge the
energy in the flywheel at much faster rates. Employing magnetically
levitated flywheels also permits longer subsystem lifetime through
more charge/drain cycles at higher depths of discharge than
secondary batteries. The employed redundant VSCMG pyramid
configuration with flywheel speed variability permits transition to
momentum wheel mode to pass through singularities while
predominantly using the CMG mode for its torque amplification
advantages. Increased slewing agility is a well-documented direct
consequence of employing this CMG mode.

In the new sizing/optimization method, a performance index is
used to identify trends in decision variables and pinpoint the
optimum rotor length for different technology alternatives. Three
candidate performance indices were presented and compared leading
to selection of the best of these, which uses an experimental error
approach, because it best isolates the transition from conventional to
VSCMG-based ESACS design utility.

The sizing/optimization algorithm has shown some important
design trends for an ESACS besides the subsystem/spacecraft mass

savings. Increasing the gimbal rates of the VSCMGs at an optimal
mass reduces the required flywheel acceleration therefore enhancing
CMG torque amplification and reducing the problem of flywheel
lifetime due to very high wheel speeds. Analysis of the performance
index shows that at an optimal mass the maximum flywheel
acceleration corresponds to an optimal rotor length, which is used to
select the optimal ESACS design. When further analyzed for
flywheel acceleration against flywheel speed, the data show that the
embedded motor magnetic bearing technology alternative is superior
to other technologies, but critical flywheel acceleration points were
determined in which other motor technologies can have similar
performance values. Additional analysis highlights the benefit of
using carbon fiber flywheel rotors: the best performance with
maximum mass savings. This fact was also used to qualitatively
validate the developed algorithm.

By using this approach, one can best optimally size a VSCMG-
based ESACS, quickly identify its utility compared to a
contemporary system, and pinpoint the key system parameters
required to make the design areality. The leads to a more efficient, yet
highly effective subsystem design.
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