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Advances in microprocessors and composite materials in the past decade, along with limitations of chemical

batteries for U.S. Air Force mission concepts, have caused a renewed interest in flywheel energy storage systems for

space applications. This interest has also been driven in the past by the promise of using flywheel systems for energy

storage and as attitude control actuators. The primary issues are power efficiency, mass and size, and long-term

stability. Flywheels as one-to-one replacements for spacecraft batteries are competitive for only a few special

missions. When flywheels replace components in two major bus subsystems, the potential mass and volume benefits

are attractive. This especially benefits future small satellite missions that seek agile slewing with high peak power.

The objective of this paper is to describe the progression of the flywheel technology state of the art for combined

energy storage and attitude control systems in space applications and the current energy storage and attitude control

systems efforts.

Nomenclature

Ks = shape factor
m = rotor mass
v = volume
� = rotor density
� = allowable material stress

I. Introduction

M ECHANICAL energy storage devices have been used for
thousands of years in many applications. Interest in power-

generating mechanical energy storage systems has followed a
cyclical pattern. The primary components of power-producing
flywheel systems are the rotor, bearings, and the spin motor/
generator. An early example of a power-generating flywheel system
is the Gyrobus, which was produced in Switzerland in the 1950s and
was powered by a 1500 kg flywheel [1,2]. The modern era of high-
efficiency flywheel energy storage began in the 1970s. Recently,
terrestrial flywheel energy storage systems, such as high-capacity
uninterruptible power supplies, have come into production, and
hybrid electric vehicles using flywheel energy storage systems have
been demonstrated in mass transit applications. One of the near-term
terrestrial applications areas for flywheel power systems seems to be
in power quality mitigation equipment [3]. In space applications,
various component technologies have demonstrated flight heritage.

The five French Satellite pour l’Observation de la Terre (SPOT)
satellites, dating back to 1986, use magnetically suspended
momentum wheels [4], as does the Amateur Radio Satellites
(AMSAT) AO40 satellite, launched on 15 November 2000 [5].
Recent interest in space applications of flywheel energy storage has
been driven by limitations of chemical batteries for U.S. Air Force
andNASAmission concepts (including small satellites), advances in
microprocessors and composite materials, and the promise of using
flywheel systems for energy storage and as attitude control actuators.
Flywheels as one-to-one replacements for spacecraft batteries are
competitive for only a few special missions. Combining the
functionality of two subsystems addresses the industry’s continuing
desire to improve efficiency and reduce spacecraft mass and cost.
Unlike most terrestrial flywheel energy storage systems, space
applications impose unique constraints. The primary issues are
power efficiency, mass and size, and long-term stability. Flywheel
systems in ground vehicles share some of these same challenges.
Specific energy, safety, and reliability are important for both.

Flywheels in ground vehicles have to contend with base motion
disturbances that can be higher in magnitude than those found on
spacecraft. On the other hand, mass production and price are
constraints on terrestrial flywheels that are not as critical in space
applications. The concept of combining energy storage and power
generation capability with spacecraft attitude control capabilities in
flywheels is by nomeans new. Flywheels for energy storage in space
systems were first discussed in 1961 [6], and a class of combined
energy storage and attitude control systems (ESACS), integrated
power and attitude control systems (IPACS) for satellites were first
proposed in the 1970s [7,8]. Note that the term IPACS here refers to
the case in which the attitude and power system are designed to
control the flywheel speeds simultaneously. The more general
ESACS case includes not only IPACS approaches but also the
approach in which the electrical power subsystem (EPS) controls the
wheels and the attitude control system rejects those wheel
disturbances while tracking the desired attitude. Although progress
has beenmade inmany technical areas, there are still major hurdles to
overcome before ESACS are realized for operational satellite
missions. The objective of this paper is to summarize ESACS state of
the art, describe the technology path that has led there, and describe
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recent work in the field, including ESACS advancements for small
satellites. The main areas that are covered in the paper are rotor
designs, which have evolved with material advances; bearings,
which must react to axial loads when used for attitude control;
dynamics and control methods; power distribution; and hardware
testing.

II. Integrated Power and Attitude Control System
and Flywheel History

Thefirst reference to amechanical energy storage system for space
applications is the 1961 paper by Roes [6]. Roes describes a system
design that stores energy in two counter-rotating magnetically
suspended flywheels (Fig. 1). The system-level energy density is
about 17 W � h=kg, with an operating speed range of 9500–
19,000 rpm. With a 24-in.diam rotor, tip speeds of 306 to 612 m=s
could be achieved. According to Hall [9], the term IPACS was first
introduced by Anderson and Keckler in a 1973 paper [8]. NASA
sponsored studies of IPACS around this time. In 1974, a two-volume
NASA contractor report (CR) [7] described the results of an
evaluation of the IPACS concept. ThisNASACRconsidered IPACS
for seven possible NASA spacecraft/missions and proposed
conceptual designs for two of them. Two technology levels were
considered: conventional technology that was based on ball bearings
and steel rotors, and advanced technology that required the
development of composite rotors and magnetic bearings for the high
spin speed regime (Fig. 2). The study described technology
performance crossover points (e.g., spin speed and mass for trading
mechanical bearings against magnetic bearings). One conclusion
was that a conventional technology IPACS was preferred for certain
niche missions.

Two concurrent NASA Langley Research Center studies [10–12]
presented experimental and simulation results of IPACS concepts for
potential NASA missions. The objective of the experiments in [10]
was to investigate the attitude control/power generation interactions.

A double-rotor, double-gimbal IPACS configuration was assumed.
The experiments employed an IPACS scaled model with control
moment gyro (CMG) units with a maximum momentum capacity of
1:78 N �m � s. The report indicated that the experiment was
essentially a tabletop hardware-in-the-loop (HWIL) simulation with
a spacecraft flying in a computer. In the other effort, [11,12], a full-
scale IPACS unit was built and tested. The unit had a titanium
constant stress rotor, a unit level energy density of 19 W � h=kg, and
an operating speed range of 17,500–35,000 rpm on ball bearings.
The rotor diameterwas 45.4 cmand themaximum rotor tip speedwas
832 m=s at 35,000 rpm. These reports captured the IPACS state of
the art/state of the experience in themid-1970s. Theseworks [10–12]
are notable because they describe the first IPACS ground
experiments. Until recently, these experiments were the most
comprehensive, integrated laboratory tests performed. In the 1980s,
the U.S. Department of Energy, U.S. Department of Transportation,
NASA, and the U.S. Air Force were interested in flywheel systems.

NASA sponsored studies [13] to reassess the utility of the IPACS
concept and the applicability of flywheel energy storage for space
stations [14,15]. Rodriguez et al. [13] identified and prioritized
critical technologies as 1) composite wheel development,
2) magnetic suspension, 3) motor/generator, 4) containment, and
5)momentum control. A significant section on power system aspects
was presented, including a comparison of energy storage efficiencies
of flywheels with electrochemical systems for a low Earth orbit
(LEO) mission. Figure 3 shows a conceptual flywheel design [13].
The authors concluded that, for their assumed mission, a flywheel
battery could be about 13 and 20% lighter than nickel–cadmium (Ni–
Cd) and nickel–hydrogen (NiH2) battery technology of the day,
respectively, (including a 35% weight allowance for containment,
but with no launch constraints.)

Gross [14] concisely addressed most of the promise of flywheel
technologies circa 1983. The author concluded that the potential
benefits of flywheel batteries on a space station significantly
outweigh the disadvantages and that such a system could be more
efficient than electrochemical batteries of the day. An IPACS for a
space station was also considered in [14]. The analyses concluded
that the integration of a space station attitude control system and
energy storage in an IPACS was not advantageous. Some of the
conclusions and projections in the report have turned out to be
optimistic.

NASA reevaluated IPACS utility for space stations in [15]
because space station concepts evolved and technology panels
recommended flywheel energy storage technology. This study
concluded that an IPACS has significant advantages over separate
energy storagewheels andCMGs; however, the study did not include
electrochemical batteries in the trade. An array of five double-
gimballed flywheel units (Fig. 4) was preferred. The suggested
design is notable because recent IPACS configurations have
preferred single-gimbal units. Four composite material systems were

Fig. 1 Conceptual flywheel spacecraft battery, 1961 [6].

Fig. 2 Advanced technology flywheel concept, 1974 [7].

Fig. 3 Conceptual flywheel design for a spacecraft power system, 1983

[13].
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identified for the rotor: 1) boron/epoxy, 2) graphite/epoxy, 3) boron/
aluminum, and 4) silicon carbide/aluminum. A large-angle magnetic
bearingwas proposed. The report also contains an excellent literature
survey covering developments from the early 1970s. According to
Oglevie and Eisenhaure [15], a 1983 U.S. Air Force sponsored study
[16] concluded that flywheel energy storage for spacecraft was not
advantageous. Because none of the studies discussed involved actual
hardware or missions, their conclusions depended on initial
assumptions, including wheel geometry, material strength, various
efficiencies, and mission characteristics. In spite of all the promising
study results, most government funding for flywheel energy storage
systems was withdrawn in the mid-1980s, but work continued on a
smaller, research-level scale. NASA’s research support was
continued primarily in magnetic bearings and also in flywheel
momentum configurations [17].

In the mid-1990s, there was renewed interest in flywheel energy
storage and IPACS concepts, based on advances in magnetic
bearings and high-strength composite fibers, which evolved
independently. In 1994, the NASA Glenn Research Center (GRC)
(then the Lewis Research Center) began new efforts to develop
flywheel systems on satellites. A cooperative effort was initiatedwith
the Space Vehicles Directorate of the U.S. Air Force Research
Laboratory (then Phillips Laboratory) to develop flywheel
technology for satellite applications. Collaboration with the TRW
Company also was initiated [18], and yet another study of space
station flywheel energy storage viability was performed [19]. The
objective of this study was to examine the overall feasibility of using
electromechanical flywheel systems on the space station. The report
included a conceptual design and deployment plan of a flywheel
demonstrator experiment leading to a battery replacement option, life
cycle cost analysis, and a top-level development plan for critical
flywheel technologies.

For the past decade, the NASAGRC has been interested primarily
in developing the flywheel energy storage (FES) capability, with a
secondary interest in the attitude control potential. NASA’s
development efforts focused on producing an FES system suitable as
an energy storage replacement for the nickel–hydrogen secondary
batteries on the International Space Station (ISS) [20]. Two FES
development units were built by U.S. Flywheel Systems for GRC
and optimized for energy storage. The attitude control capability of
these units was minimal at best (i.e., about �1 N �m of control
torque). One of these development units was able to achieve the
technology goal of achieving the maximum design speed for the
units of 60,000 rpm. Unfortunately, NASA funding cuts, especially
for the ISS, resulted in the ISS program office dropping the flywheel
replacement option. However, NASA continues to develop these
units in-house for a potential flight experiment on an ISS express
pallet (Fig. 5).

The NASA GRC has been instrumental in advancing various
flywheel technologies, including composite rotor design and
analysis methods, rotor nondestructive engineering techniques,
power system designs, and rotor standards. Recently, the NASA

GRC has been performing system-level experiments to develop
multiwheel systems and demonstrate the ability to cycle while
controlling torque, define impacts of flywheel disturbances on
attitude control, and address failure modes on both the attitude
control and power systems at the spacecraft level. The experiments
involve single-axis, air-table tests of two counter-rotating flywheel
modules, and two-axis, three-module tests [21]. Although theNASA
GRC’s interest is primarily in research and the system-level
demonstration of flywheel energy storage, the current U.S. Air Force
interest is primarily in the potential high-end attitude control
capability of the high-speed flywheels in conjunction with their
energy storage capability (i.e., an IPACS). Realizing that developing
a flywheel system capability for agile satellite attitude control while
simultaneously providing energy storage for the satellite power bus
is a high-risk endeavor, the U.S. Air Force Research Laboratory
(AFRL) has focused its attention on a risk-reducing ground
demonstration. Development of the flywheel units, under the
Flywheel Attitude Control, Energy Transmission, and Storage
(FACETS) program,was initiatedwithHoneywell Engines, Systems
& Services Division, Tempe, Arizona. The Honeywell FACETS
units, such as the one in Fig. 6, were designed to balance attitude
control and energy storage requirements instead of emphasizing one
or the other. In parallel with the Honeywell development effort,
AFRL originally planned a ground demonstration of the FACETS
units at its SpaceVehiclesDirectorate. The testwas envisioned to test
threeflywheel units on theAgile,Multipurpose Spacecraft Simulator
(AMPSS) testbed. In fact, one prototype FACETS unit was
completed and delivered to the AFRL. Unfortunately, a depletion of
funding cancelled FACETS before the conclusion of the first unit
tests and before three-actuator tests in three axes could take place.

III. Lithium–Ion Batteries

For flywheel systems to be successful, they must be competitive
with electrochemical batteries, as indicated by the numerous studies
already discussed. Over the past 20 years,Ni–H2 batteries have been
used for nearly all space applications with some Ni–Cd and silver–
zinc applications. For the most part,Ni–H2 batteries have performed
reliablywith the largest negative being the large volume required.On
the other hand, lithium–ion (Li–Ion) batteries represent the future of
spacecraft electrochemical energy storage because of their much

Fig. 4 IPACS unit design concept, 1985 [15].

Fig. 5 Flywheel battery for space station experiment [61].
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higher specific energy. Li–Ion batteries are in production, and
laboratory life cycle data on Li–Ion cells have been positive. More
than 16,000 LEO cycles at 30% depth of discharge (DOD) have been
demonstrated [22]. Currently, the specific energy of spacecraft Li–
Ion batteries is around 100 W � h=kg. This value assumes 100%
DOD, which is unattainable in actual applications; however, battery
engineers insist that this approach gives them a consistent number
withwhich to compare different technologies. In practice, it is typical
to assume 60–65% DOD for geosynchronous Earth orbit missions
for which there are a few thousand cycles and 30–40%DOD for LEO
applications for which there are tens of thousands of cycles. This
leads to effective specific energies between 30 and 65 W � h=kg. The
exact limits for Li–Ion are still being defined, but these values
provide a reference for the system-level specific energy that flywheel
systems will need to exceed and to be competitive. Two issues with
Li–Ion systems are tight thermal control requirements and the taper
charge profile required in LEO. Thermal control is required in all
electrochemical batteries and is a major contributor to their
complexity and life. The accepted charge profile uses constant
current until a cell voltage near 4 V is reached, at which time the
charge current tapers down until 100% energy capacity is returned to
the battery. For Li–Ion batteries the taper charge region is not well
defined yet, but the longer the taper charge, the higher the current
required in the constant current region, which increases the required
solar array power output. Another limiting factor is that Li–Ion
batteries are limited to a C=2 charge rate, for example, a 10 Ah
battery can be charged at a maximum of 5 A. This affects the power
system design, the DOD, and the resulting system efficiency.

IV. Rotor Designs

The ideal rotor for an IPACS depends on the assumed operating
condition. Four constraints must be considered: 1) allowable
material stress, 2) loading conditions, 3) rotor size and shape, and
4) spin speed. These constraints apply to all types of flywheels, not
just to those used in IPACS applications. For space applications, the
specific energy and volume energy density are important, because of
weight and volume constraints. The equation relating specific energy
and specific stress is

E=m� Ks��=�� (1)

This equation applies to all types of rotors, regardless of
composition. The shape factor, Ks, is a measure of the shape
efficiency of the rotor in the stress-limited case. The maximum value
is 1 for the ideal isotropic rotor with the Stodola shape. The Stodola
rotor has a constant stress profile and infinite radius. The maximum
for practical isotropic rotors is approximately 0.8. The minimum
value is 0.3 for a thick isotropic rim with a vanishingly small center
hole. Titanium is a high specific stressmaterial based on approximate
yield strength. Titaniumflywheels can be expected to have aworking

specific energy of no more than 30 W � h=kg, based on shape factor
(0.8) and stress safety factor (1.3), and a lower system-level energy
density. Keckler [12] includes a description of an IPACS experiment
that used a titanium rotor with an effective rotor specific energy of
30 W � h=kg and a unit-level specific energy of 19 W � h=kg. In
terms of energy density, this is not competitive with Li–Ion
electrochemical batteries. If the operating mode is speed limited, not
stress limited, then Eq. (1) does not apply, and the ideal rotor shape is
determined by the rotor’s polar moment of inertia. The most efficient
shape for an isotropic rotor in this case is the ideal rim, because the
mass is maximally displaced from the spin axis. This is also
the optimal shape formomentum storage. For ideal composite rotors,
the analysis is more complicated because the maximum stress
depends not only on the rotor shape, but also on the composite
material system(s), fabrication process, loading conditions, and other
factors such as failure modes. The maximum shape factor for
anisotropic rotors is Ks � 1 [23]. As in the isotropic case, this
represents a constant stress rotor. However, because composite
material systems combine materials with greatly different strengths
(e.g., resin and fiber), a constant stress anisotropic rotor does not take
full advantage of high-strength fibers and is impractical. Laminated
(e.g., hoop-wound) rotors have a theoretical maximum shape factor
of 0.5 [23]. A number of papers (e.g., [23–26]) have shown that
Ks � 0:45 seems to be the upper bound for practical designs. This is
achieved by the interference fitting of concentric rings with variable
ply angles [26]. The high allowable specific stress of composite
materials dominates the design space and hinders the fabrication
effort required to maximize Ks in composite rotors. Although an
isotropicmetal rotor can easily bemadewith a shape factor twice that
obtainable with a composite rotor, composite material specific
strengths are almost an order of magnitude greater. This means that
the theoretical energy densities of ideal composite rotors are about 5
times that of ideal metallic ones. The energy density is the ratio of
kinetic energy to flywheel volume. The energy density is a function
of the allowable material stress:

E=v� Ks� (2)

Equation (2) is strictly valid for homogeneous rotors, but can be
applied to composite rotors if average density is used. Like Eq. (1),
this equation is quite general and can be used for rotor efficiency
(total stored energy and rotor volume) or system-level efficiency
(usable energy and flywheel unit volume). Composite rotors that
carry the allowable stress along the fiber direction can have up to a
fivefold advantage in volume energy density over metallic rotors.
Filament winding is the dominant fabrication method for thick
flywheels because it puts the fiber in the highest stress direction (i.e.,
the hoop direction), is the most economical for low-volume
production, and affords a large range of the design flexibility. In
filament-wound rotors, the radial strength is dominated by thematrix
and is much lower than the circumferential strength. Because the
matrix is weak, radial tension loads can cause rotor failure and must
be avoided. This is generally done through the interference fitting of
multiple rings to preload the rotor in radial compression or through a
so-called growth matching design in which rings with different
moduli (i.e., materials) are fitted so that they expand consistently
under centrifugal loading.

The preceding discussions have focused on ideal rotor shapes;
however, almost all rotors are attached to ametal shaft through a hub,
which is usually metallic. Hub design therefore also affects rotor
efficiency. The fundamental design issue in a metal hub/composite
rim rotor is placing themaximumoperating stresses in the strong rim,
away from the relatively weak hub, that is mitigated by introducing
compressive preloads through the interference fitting of the rim on
the hub. Hubs for flywheels are usually webs or spokes. Spoke hubs
have to deal with stress concentration issues at the shaft and bending
stresses in the rim between the spokes. Genta [2] provided an
excellent exposition on the stress equations for different types of
rotors and, although the discussion is restricted to isotropicmaterials,
it can be easily extended to hoop-wound rims.Of course, any detailed
design will be based on a finite element analysis to determine the

Fig. 6 AFRL energy storage VSCMG.
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stress field. Recent experimental designs have included shell hubs,
flexible expanding hubs, conical hubs (like theWweb in Fig. 7) [27],
and multidirectional composite rims [28]. For momentum storage
devices such as CMGs and reaction wheel assemblies (RWAs),
which are used for angular momentum storage not energy storage,
the optimum steel rotor shape is a thin rim. Two common CMG and
RWAhubgeometries are shown inFig. 7. TheW-web rotor, a variant
of the standard rim and straight web, is used in RWAs and relatively
small CMGs. The shell rotor is used for large CMGs because of the
stability it provides against lateral loads. Most published stress
analyses of composite flywheels address centripetal loads,
deceleration loads, and thermal loads, but neglect axial loads as
they are not relevant to systems with no base motion. Such loads will
occur when the flywheel is gimbaled. The implications for rotor
design and testing may be significant if the IPACS units must
produce large torques, like large CMGs (e.g., >1000 ft � lb).
However, currently there are no IPACS rotor concepts for high-
torque applications. For example, the FACETSunits designed for the
AFRL experiments had a torque requirement of only 50 N �m
(37 ft � lb) [29].

V. Bearing Technology

The spinning rotor must be supported on bearings. Initially, both
ball bearings and magnetic bearings were considered. Ball bearings
fell out of favor for flywheel energy storage applications because of
their limited life and high drag losses. However, there are mass,
complexity, and thermal penalties associated withmagnetic bearings
compared with ball bearings. Magnetic bearings also require power,
which the IPACS units must provide during eclipse times; during the
in-sun portion of the orbit, the magnetic bearings are powered from
the solar arrays as any other spacecraft load. Launch loadsmaypose a
problem, and touchdown or auxiliary bearings are required in case
the magnetic bearings fail.

Magnetic bearings have advantages, too. Magnetic bearings are
preferred because they can accommodate high spin speeds and have
theoretically unlimited life and low losses. If designed properly, the
electronics can sense imbalance changes that may indicate structural
problems with the rotor and can also isolate rotor imbalance-induced
vibrations. The important parameters in assessing the use of ball
bearings or magnetic bearings for IPACS applications are weight,
power consumption, static capacity, and stiffness. In general, an
upper bound on the spin speed exists above whichmagnetic bearings
are better. Below this bound, ball bearings have a weight advantage
because the drag losses are relatively low. This bound is application
dependent, but generally falls between 20,000 and 40,000 rpm for
low-torque units. Most flywheel systems aim to operate at much

higher speeds, and so they must rely on magnetic bearings. The
weight, power, and complexity penalties for magnetic bearings
increase as static capacity (i.e., lateral load capability) requirements
increase. Large radial static capacity magnetic bearings have been
applied in terrestrial applications such as turbocompressors;
however, these bearings have relatively large-diameter shafts. In
spacecraft applications, for which the shaft diameter is relatively
small compared with the static capacity, magnetic field variations
due to bearing curvature and gap control are two sources of power
and complexity penalties. These power and complexity penalties
increase with IPACS torque requirements and render magnetic
bearings impractical for high-torque-output (e.g., >1000 ft � lb)
IPACS flywheels. A comparison of ball bearing and magnetic
bearing static capacities is given in Table 1. The ball bearing radial
static capacity is the load at which the bearing steel suffers load-
induced indentations. Because ball bearings have to support a rotor
during launch, launch loads often drive the bearing selection.
Operating radial loads (i.e., gimbaling loads) are usuallymuch lower.

In satellite applications, magnetic bearings have been used in
momentum wheels on the SPOT satellites and the AMSAT AO40
spacecraft. In 1995, the ESA supported development of low-noise
magnetic bearing momentum wheels (Fig. 8). Ball bearings have
benefited greatly from material advances, such as ceramics and very
hard steels. The main life issues are not material fatigue life, but
rather lubricant life. Lubricant life depends primarily on temperature.
Bearing life is essentially unlimited if temperatures are kept low and
the lubricant does not deteriorate.

In terrestrial applications, this can be accomplished by continually
flushing filtered oil through the bearings. In space applications, the
ball bearings are sealed. Over time, the oil in the bearings breaks
down or evaporates because of the vacuum of space. However,
grease acts as an oil reservoir, external oilers provide an additional
reservoir, and good thermal designs keep bearing temperatures low
enough to prevent lubricant degradation. There have been no recent
studies comparing new hybrid bearings and magnetic bearings for
projected applications on the basis of power, weight, volume, life,
vibration, rotor size, and spin speed. At the system level, ball
bearings may do surprisingly well in the trade space. Recent
experiments with 101-size hybrid bearings usingSi3N4 ceramic balls
and REX-20 (a very hard, low CTE steel) races demonstrated
promising endurance results on a small CMG class rotor. Over three

Fig. 7 CMG rotor types.

Fig. 8 ESA/Teldix magnetically supported momentum wheel, 1995

[64].

Table 1 Example of magnetic and ball bearing properties

Bearing Bearing ID, mm Bearing OD, mm Bearing height, mm Radial static capacity, N Max. speed, rpm

MB-R-25-205 25 98 52 205 58,000
MB-R-280-25555 280 478 312 25,555 8000
101 hybrida 12 28 8 >10; 675 40,000b

204 hybrida 20 47 14 >32; 472 25,000b

305 hybrida 25 62 17 >73; 396 6600b

aHybrid are ball bearings with Si3N4 balls and REX-20 races; ball bearing radial capacity is for bearing pairs
bAchieved in test
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months of continuous operation at 40,000 rpm and another 3 months
at 30,000 rpm have been achieved to date. The average power
consumption was less than 50 W.

VI. Integrated Power and Attitude Control System
Dynamics and Control

An IPACS must perform two functions simultaneously: attitude
control and power tracking. It must provide commanded torques for
attitude control and generate power, accumulate energy, and store
energy. A flywheel produces or absorbs power by changing its wheel
speed. Attitude control torques are produced by changes in the net
angular momentum vector, H. This can be done by operating the
flywheel units as an RWA or a variable speed control moment gyro
(VSCMG) array. The RWA assembly is mechanically simpler
because no gimbals are required. On the other hand, anRWAhas less
torque-producing capability.

For an RWA design, the flywheels can be grouped in an array of
counter-rotating pairs or individual units. The systems are sized with
excess angular momentum to provide the attitude control capability
after the energy and power requirements are satisfied. At least four
wheels or threewheel pairs are needed to provide simultaneous three-
axis control and power tracking. Usually spacecraft have at least one
redundant RWA to prevent a wheel failure from degrading the
mission. In practice, then, the spacecraft would need five wheels or
four counter-rotating pairs. The counter-rotating pair array has the
advantages that each pair has a zero momentum bias and the angular
momentum vector can be oriented using the relative spin rates of the
wheels. Therefore, power can be generatedwith no net torque output;
conversely, torques can be imparted with minimal energy losses.
With an array of individual flywheel units, the attitude control and
power generation functions are highly coupled. To provide power
without changing the net angular momentum, wheel speed changes
must be coordinated. To provide torque without generating power
requires tightly coupled power and control torque algorithms.

The single-gimbal VSCMG configuration can be the more
challenging control and dynamics problem if the power and
maneuver functions are not decoupled. Single-gimbal CMG control
without the additional energy storage and power generation
requirement is an interesting problem in and of itself. There have
been many papers written on the subject (e.g., [30–41]) but few
experimental results are available in the open literature other than
those described in Sec. VIII. The lack of experimental results is due
to the fact that CMGs have historically been large, expensive, and,
thus, incompatible with most terrestrial test beds. This dogma was
challengedwith novel developments inmini-CMGs at theUniversity
of Surrey’s Space Research Centre (SSC) [42], but this was one rare
exception to the conventional norm. Nevertheless, CMGs are
typically less common than RWAs because fewer missions require
them. Finally, spacecraft manufacturers whose satellites use CMGs
have proprietary control strategies tailored to specific missions.

The VSCMG IPACS array provides attitude control torques by
gimbaling the rotor (i.e., rotating theH vector) and discharges energy
by changing the wheel spin speed. Changing the wheel speed also
generates a torque because the magnitude ofH changes. The power-
tracking-operation torques can be treated as actuation torques or

disturbances on the satellite, depending on the system design. There
are two ways to approach this problem. When viewed as actuation
torques, the residual torques generated by the power-tracking
operation can be subtracted from the commanded torque and
essentially absorbed by the gimbal commands. When the power-
tracking and attitude control functions are decoupled and the power-
tracking torques are small, they can be treated as disturbances. This
approach is further investigated in [29]. Power-tracking wheel speed
changes required to generate or absorb power can be coordinated to
minimize disturbance torques. Figure 9 shows a simplified block
diagram for an IPACSpointing attitude control systemusing only the
CMG mode. The commands identify the target location and body
rate. A pointing control law transforms th e attitude and rate error into
torque. The torque generated by power-tracking operations can be
introduced in either of two places depending on the approach chosen,
as already discussed. If the power tracking is performed in a no-net-
torquemode, the attitude control loop can treat it as either a known or
random disturbance. If power tracking is allowed to generate a
residual torque, it must be taken into account when forming the
command torque vector. A steering law, such as that discussed in
[29,31–41,43–45], is used to generate gimbal rates that command the
flywheel units as CMGs. Because thewheel speed is not constant, the
IPACS control loop needs to account for the changing angular
momentum of the wheels. Information required by the steering law,
such as wheel speed and acceleration, gimbal angle, and gimbal rate,
are fed back from the CMGdynamics. The CMG creates torques that
act on the spacecraft. The spacecraft dynamics block can represent
the satellite as a rigid body or can include critical bending modes
because they affect the measured body rates.

A simplified, independent power-tracking block diagram is shown
in Fig. 10. It is based on a standard RWA control loop. The power
command is distributed to the individual units where it is converted
to a motor torque command that accelerates or decelerates the rotor
depending on whether the unit is charging or providing power. The
�d block accounts for system losses. Because the block diagrams are
simplified, many things, such as coordinate transformations,
saturation, overspeed, and gimbal angle limit logic, are omitted.
Also, some liberties are taken with respect to operations that do not
easily fit into a block-diagram structure, such as the calculation of
attitude-error quaternions. In the FACETS experiments, the power-
tracking loop will command the three flywheels in response to a
voltage draw from the power bus. The individual wheel speeds will
be matched so that power draws and charging are shared equally
among the three wheels (i.e., load leveling). This decouples the
power-tracking operation from the attitude control loop. Power-
tracking torques will be small and can be treated as disturbances, and
so the pointing control loop will be similar to Fig. 9. The main issue
with sizing CMGs is the presence of singularities in the momentum
space. A singularity is a gimbal angle configuration in which no
torque can be generated in the commanded direction [30]. The extra
degree of freedom in VSCMGsmakes it possible to traverse through
most singularities while limiting the pointing error. In IPACS
applications, a subset of CMG singularities are also power
singularities, that is, gimbal angle configurations in which the array
cannot simultaneously generate a torque in the commanded direction
and provide the required power. An IPACS needs at least three

Fig. 9 Simplified IPACS attitude control system model.
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VSCMGs to provide simultaneous three-axis control and power
tracking. Because aVSCMGcan generate torque in two axes, limited
three-axis control could be maintained after a wheel failure;
however, torque capability in one axis will be limited. Usually,
CMGs are sized and oriented so that singularities are never
encountered. In missions that make flywheels attractive as energy
storage devices, the angular momenta of the wheels are expected to
bemuch greater than the required CMGmomenta for attitude control
even at minimumwheel speed, whichmeans that gimbal rates can be
low and gimbal travel limited, which will make encountering any
singularities very unlikely.

VII. Safety and Containment

A major design consideration for high-speed rotating machinery
(flywheels, turbines, etc.) is containment of the test article in the
event of a catastrophic failure. If such a failure occurs without
containment, pieces of the rotor, or the whole rotor itself, may
interfere with the test assembly and pose a great danger to the system
setup and/or personnel. Certainly, if a catastrophic failure occurred
on orbit, the spacecraft would become space debris.

A. Safety Procedures

High-energy flywheels are still largely developmental, and the
industry is addressing containment and safety specifications and
procedures. Containment during testing and evaluation is fairly
straightforward: one should use a spin pit or test cell. Ground
transportation systems and space applications pose unique
operational challenges because of the disturbance environment and
or weight/volume constraints. In these applications, large contain-
ment structures are not feasible, even in ground tests. The failure
mode effects and criticality analyses (FMECA) process is an
appropriate framework for working through risks and mitigation
strategies. The highest risk comes from failure of the rotor, which can
occur due to any number of events. One of the main objectives of the
FMECA is to identify these events and prevent their occurrences.
Generally, the main interest has been in understanding rotor failure
from wheel-speed-related stresses; however, other faults, such as
magnetic bearing failure, can lead to rotor failure. Possible failures
must be mitigated in the flywheel unit design and experiment
procedures.

B. Failure Modes

Failuremodes ofmetal rotors are different than those of composite
rotors and, althoughmetal rotors tend to break into large pieces, there
is considerably more practical experience with metal rotors than
composite ones. Because metals are homogeneous isotropic
materials, they are predictable. Theweak areas inmetal rotors tend to
be atmachined interfaces (i.e.,fillets) andweld-affected zones. CMG
and RWA manufacturers have a high degree of confidence in their
designs and modeling and simulation tools. Although current CMGs
and RWAs operate at relatively low speeds (below 10,000 rpm), the
modeling and simulation tools are applicable at higher speeds.
Furthermore, the community has confidence in the validity of safety
factors. One RWA manufacturer regularly operates its products in
evacuated bell jars on laboratory bench tops. Recently, an
experimental high-speed CMG unit (with ball bearings) operated at
20,000–40,000 rpmwhile simultaneously gimbaling at 2–4 rad=s in

a test cell with no integral containment system [42]. Composite
rotors, on the other hand, are more complex than metal rotors, and
they contain multiple materials (i.e., metal, fiber, resin, adhesives)
that make them anisotropic. Material properties can vary, and the
manufacturing process can introduce flaws unless great care is
exercised. Failures can occur in unexpected places and at unexpected
speeds; however, recent experience has shown that properly
manufactured composite rotors are tough to break, even intentionally
for test purposes.

Generally speaking, a composite rotor rim may fail in one of two
ways: 1) circumferential delamination, or 2) rim disintegration (i.e.,
burst). In the first case, the composite rim delaminates into two or
more circumferential rings, which may or may not disintegrate
further. If a portion of the rim rubs against the housing, the result may
be numerous irregular fragments, shredded clumps of fiber, powder,
and a burst housing. Less likely is a rotor burst, in which case many
fibers fail rather spectacularly, leaving amass of shredded composite
fibers. A by-product of composite rotor failure can be the generation
of fine carbon powder (dust) that can be very flammable. Matrix
cracking and hub–rim interface failure are two additional failure
modes. These modes depend on the specific hub design. For many
failure modes, the rotor may give some indication of a problem, such
as imbalance-induced vibration. If proper instrumentation is in place,
it may be possible to shut the system down and prevent a catastrophic
failure. Bounding analyses of rotor failure are relatively straight-
forward if the failure modes are known. Colozza [46] performed a
containment analysis based on three failure modes: 1) triburst, in
which the rotor breaks into three pieces; 2) outer ring disintegration,
which produces uniform radial pressure; or 3) containment lid
impact, which produces axial pressure loads on the lid. The analysis
was intended to be a bounding one for determining if the containment
can withstand a worst-case failure. No justification that the three
assumed failure modes bound the range of possible forces generated
by a rotor failure is given. Lawrence Livermore National Laboratory
(LLNL) sponsored the development of rotor failure modeling
techniques. Coppa [47] developed a method called “crushing
fragment containment analysis” (CFCA) for radial burst failure. It
assumes that an axisymmetric distribution of fragments is released
upon rotor failure. Upon contact with the containment wall, the
fragments crush and the containment wall deforms. CFCA was also
adapted for axial loads. A better understanding of the forces released
during rotor failure (e.g., asymmetrical transient loads and initial
momenta of flywheel debris) is needed to improve modeling,
analysis, and designmethods. Tests are always needed to validate the
analyses and determine empirical terms, such as safety factors.
Especially challenging is the characterization of composite material
properties over the service life, both analytically and empirically, and
the assessment of the implications for composite rotor failures.

C. Testing and Development Phase

During testing and development, experiments are conducted in
special test facilities. Many test facilities take the form of spin pits,
containment chambers, or test cells. Spin pits are a common method
of containment. Usually, a spin pit is a pit in the ground with a
reinforced floor and walls. The pit is covered with a steel or concrete
lid. Spin pits do not provide easy access to the test subject because the
lid has to be removed and the test subject has to be lifted out. There is
also a preferred operating orientation (i.e., the spin axis of the wheel

Fig. 10 Simplified IPACS power command model.
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perpendicular to the lid), which makes testing gimbaled wheels or
wheel performance in other orientations difficult. Containment
chambers are essentially aboveground spin pits, and they take the
form of one or multiple cylinders or walls that fit around the test
subject and confine a catastrophic rotor failure. Recently, NASA
GRC completed construction on an innovative low-cost containment
chamber made of water-filled blocks (Fig. 11). Test cells are above
ground facilities, usually concrete-reinforced rooms or buildings.
Test cells are not typically used for initial testing. A test cell would be
used for testing complete flywheel units after considerable
confidence has already been developed. At the point when test
cells are used, the engineering and test teamsmay need easy access to
the test subject and have a high level of confidence that the subject
will not fail catastrophically. However, test cells cannot house large,
system-level performance tests in which an IPACS is mounted on a
spacecraft or model structure.

D. Operational Phase

Once unit testing is completed and the IPACS is applied to a
system, the engineering team must guarantee with some level of
confidence that a flywheel failure will not destroy the system to
which the flywheel supplies power. In service, flywheel energy
systems cannot support heavy containment structures, except
perhaps in a few terrestrial applications, such as uninterruptible
power supplies. Because spacecraft are ground tested before launch,
flywheels will be spun up and cycled. A practical containment
methodology, not relying on spin pits or test cells, is needed that
leaves a flywheel design and integration teamwith some options: 1) a
fail-safe rotor; 2) an engineered failure mode, also known as virtual
containment, 3) a reduced-weight containment system; and 4) no
containment system.

A fail-safe rotor is essentially overdesigned and cannot fail under
operating conditions. In the virtual containment concept, a
“mechanical breaker” is designed into the rotor to indicate a
problem well before catastrophic failure so that the flywheel system
can shut itself down gracefully. Of course, the mechanical breaker
failure must be repeatable and must include a sufficient safety factor.
This will reduce the operational efficiency of the flywheel. In space
applications, for which weight and volume constraints are severe, a
containment system is impractical. However, if an operational
containment system is needed, it can be integrated with the vacuum
housing. Compared with a metal flywheel rotor (and steel turbine), a
composite rotor should not have the structure or material properties
to puncture a containment system. However, when a composite
flywheel fails and rubs against the containment housing, the sudden

transfer of energy can increase the temperature of the housing in a
fraction of a second. Therefore, the temperature dependence of the
mechanical properties of the containment materials must be
considered. Also, due to the high speeds of the rotors, a failure event
can cause containment failure due to shock loading (causing brittle
fracture modes even in ductile materials) if not properly accounted
for in the design. In the early 1980s, LLNLwas prominently involved
in the study of operational containment systems, and a number of
concepts were developed. Three prototype containment systems
developed at LLNL in the 1980s are described in [48] and at least one
of them was tested. Although it contained some of the energy of the
failed rotor, the containment was destroyed and “a substantial
amount of residual energy remained to be absorbed by the spin test
enclosure” [48]. The failure was attributed to large axial loads and
asymmetric burst conditions [47]. A number of companies and
research organizations have been working on operational contain-
ment of flywheel energy storage systems for both terrestrial and
nonterrestrial applications. United Technologies has proposed a
system based on a single chamber with a honeycomb layer inside to
trap any loosefibers and dust particles thatmay come off theflywheel
[49]. The Regents of the University of California [50] received a
patent for a lightweight containment system composed of a
combination of layers of various materials that absorb the energy of
a flywheel structural failure. The various layers of material act as a
vacuum barrier, momentum spreader, energy absorber, and reaction
plate. According to the patent, the system has been experimentally
shown to contain carbon fiber fragments with a velocity of 1000 m=s
and has an areal density of less then 6:5 g=cm2 The containment
systems in [49,51] are conceptually similar to the one described in
[48].

The proposed containment systems did not address the axial loads
that are generated by the interaction of the radial energy of a failed
rotor with the containment system. Pentadyne Corporation has
continued the development of a flywheel containment system that
was originally developed by the now-defunct Rosen Motors. This
flywheel containment system is a two-chamber system [52]. The first
chamber is the vacuum housing, and the second chamber contains
any material that the vacuum wall does not. A suitable liquid is
placed between the twowalls. This containment system has survived
24 burst tests. The University of Texas Center for Electromechanical
Research performed containment load analyses and tests on a
composite containment liner [53,54]. The liner is free to rotate to
absorb the kinetic energy of the rotor failure.

The concepts discussed herein are not intended to be an exhaustive
list; rather, they give a flavor of the work on containment systems.

VIII. Integrated Power and Attitude Control System
Power Distribution

A flywheel energy storage system must work well with the
spacecraft power system. Because spacecraft EPSs incorporate
chemical batteries and flywheels are mechanical systems, some
differences must be considered. Batteries can deliver power almost
instantaneously, while acting as excellent transient filters. Batteries
require thermal management and a charge–discharge controller.
Flywheels require a generator and power converter to output a
regulated dc bus voltage. The flywheels also have parasitic loads if
magnetic bearings are used. These loads represent a loss in
efficiency. The only additional hardware for a battery is a charge–
discharge controller. In nominal operation, the flywheel control
electronics control the wheel speeds and accelerations in response to
a voltage draw from the power bus. Because flywheels are complex
mechanical systems with multiple failure modes, a circuit breaker is
needed to allow the removal of a flywheel from the power bus. The
control electronics must have separate spin up and shutdown control
modes. The transient response of the flywheels may be longer than
that of batteries, and so a capacitor may be needed between the
flywheel units and the power bus to mitigate the voltage drop as
power is switched from solar arrays to the flywheels. The capacitor
would be integrated into the flywheel electronics and not part of the
spacecraft power system explicitly. On the other hand, if flywheels

Fig. 11 NASA GRC high-energy flywheel facility water containment
facility [25,56].
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operate at voltages higher than the power bus voltage, the power
converter may take up any voltage drop. Then there would be a
current drop rather than a voltage drop on the low-voltage power bus.

Flywheel energy storage systems are expected to have higher
energy conversion efficiency than batteries. Because of the higher
energy conversion efficiency, the parasitic loads associated with
flywheels may not be a significant factor in the decision of using
flywheels or batteries, which is application dependant and more of a
factor for systems that are not continually charging or discharging.
Many flywheel power system interaction design issues are discussed
in [50,55–60].

IX. Hardware Testing

With the recent advances in microelectronics, the practical design
and testing of IPACS is becoming more feasible [61–65]. IPACS are
even being considered for small satellite missions with high peak
power requirements, such as those using spotlight synthetic aperture
radar and precision Earth imaging [29,66–68]. Richie et al. [29,68]
discussed the preliminary design of a HWIL setup for an IPACS for
small satellites using VSCMGs. Kenny et al. [69,70] described a
power-oriented hardware test setup to try novel control algorithms
for the charge and dischargemodes of operation of a flywheel energy
storage system. The charge and discharge portion of the algorithm
uses command feed-forward and disturbance decoupling,
respectively, to achieve a fast response with low gains. Simulation
and experimental results are presented demonstrating the successful
operation of the flywheel control up to the rated speed of 60,000 rpm.
Meanwhile, simultaneous control strategies in [29,32–34,43,45]
were experimentally validated by Jung and Tsiotras [44]. In [44], the
gimbals and wheels operated per these algorithms to slew a test
article on a hemispherical air-bearing structure, yet the actual storage
and drain of power to run a load was not achieved.

Next, the aforementioned FACETS program aimed to realize the
first practical and full-scale HWIL implementation of an IPACS. It
was designed to use the AMPSS, which rests on a hemispherical air
bearing and employs three Honeywell-built energy storage CMGs
(ESCMGs) as ESACS actuators [71,72]. Figures 12 and 13 illustrate
the ESCMGS and AMPSS. Each ESCMG contains a 0.6-m-diam,
magnetically levitated rotor and provides 1:4 kW � h of usable
energy. Interestingly, the FACETS program’s genesis dates back to
the late 1980s and early 1990s with the Strategic Defense Initiative
(SDI). Advancing from a space-based laser concept developed under
the SDI, theAdvanced Structures Experiment (ASTREX) conducted
at Edwards Air Force Base, California, was used by AFRL to test the
control of large space structures. In 1992, the initial experiments at
Edwards Air Force Base ceased. Eventually, the dormant ASTREX
structure moved to the Space Vehicles Directorate at Kirtland Air

Force Base, NewMexico. By 1997, it became the foundation for the
FACETS concept. As addressed in Sec. II, only one of the three
planned FACETS ESCMGs was delivered, and it did not complete
single-unit testing due to a lack of sustained project funding. Thus, as
the FACETS program was cancelled, it did not realize its goal of
being the first three-axis, spacecraft-scale, mission-traceable ground
demonstration of a combined ESACS [71,72].

Recent efforts by the SSC, located at the United Kingdom’s
University of Surrey, have led to the first practical design and
experimentation of a micro-ESCMG. This work employed a single
VSCMG as part of an ESACS that was built from commercial off-
the-shelf software (COTS) components and experimentally tested on
a hemispherical air-bearing test article. Designs and images of the
SSC prototype and air-bearing structure are captured in Figs. 13–15.
The SSC effort has centered on storing and draining energy in a
ESCMG (variable speed) carbon-fiber rotor while slewing the test
article in three dimensions. Storage power is supplied to a wheel
motor parallel to a simulated spacecraft load (light bulbs) in
simulated sunlight. Then, in a simulated eclipse, the power is cut
from driving the wheel and the wheel energy is ported to the load
until the flywheel energy is depleted. Meanwhile, the ESCMG is
gimbaled and the test article rotates, demonstrating successful test
operation. The micro-ESCMG has been subjected to extensive
HWIL testing and is the first such actuator/power system to be able to
demonstrate power storage and energy conversion with direct and
round trip transmission efficiencies of 58 and 60%, a depth of
discharge rate of 84%, and an energy index of 0:029 W � h=kg at
flywheel speeds of 10,000 rpm and gimbal rates of 10 deg =s. These
performance outputs demonstrate that an ESACS built from COTS
components can bring significant mass savings and performance
benefits to small satellites [29]. Follow-on work will add more
ESCMGs to form a full pyramid cluster and concentrate on assessing

Fig. 12 AFRL/VSS AMPSS.

Fig. 13 Surrey SpaceCentre ESACSVSCMGCADmodel and as-built

prototype.

Fig. 14 Surrey Space Centre hemispherical air bearing.
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attitude performance. Preliminary results show attitude pointing
errors of less than 1–2 deg for open-loop attitude control tests. This
work demonstrates the mass savings compared with a conventional
RWA plus Ni–Cd battery approach of about 15 kg for a 400 kg
minisatellite [29].

X. Conclusions

From a systems-level perspective, the SSC ESACS must advance
to a demonstrable maturity to overcome the inherent conservatism in
space programs. New technology, even if better, is risky to a satellite
programmanager and will not be used unless the mission requires it,
which means that ESACS have some hurdles yet to overcome. First,
they are a satellite bus component, and the payload dominates a
satellite program, which means new bus components are harder to
introduce than new payload technologies. There must be a tangible
mission benefit. Second, new components need some demonstrated
legacy to gain acceptance. For CMGs and RWAs, riskmitigation has
meant life tests, which cannot be accelerated because of the
mechanical bearings. A multiyear life test means that the technology
will be frozen long before it will be flown. Third, the IPACS
implementation of ESACS combines two complicated subsystems,
attitude control and power distribution, into one, which implies a
single point of failure for two subsystems. IPACS also challenges the
historical project structure of satellite programs, whereas decoupled
ESACS approaches benefit from existing EPS designs.

This paper has summarized the current state of the art and the path
that led here. Most of the system-level work has been theoretical
studies, not experiments. Component- and unit-level research has
largely been performed separately, not in an integrated way. The
system studies have shown that ESACS have competitive
advantages, and advances have been made that indicate ESACS
and flywheel energy storage alone can be practical. Research will
continue in component areas, but the critical step is evolving the
system feasibility demonstration to several actuators. ESACS
technology will be successful only if it is brought to a level of
maturity at which satellite programs no longer consider it new and
unproven. Development does not require the most technologically
aggressive components, but it does require a complete ESACS and
dynamic (agile) structure, which only continued practical experi-
ments can provide.
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