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Introduction 
 

uture vehicle propulsion systems  
will likely be a hybrid combination  
of an efficient, primary energy supply 

coupled with an energy management de-
vice. A hybrid propulsion system has recog-
nized advantages regarding increased op-
erating efficiency and reduced emissions of 
all sorts: hydrocarbons, nitrogen oxides, 
carbon monoxide, carbon dioxide, particu-
lates and acoustics. These advantages are 
most effectively realized in the stop and go 
duty cycles endured by buses, taxis and 
delivery vans. The energy management de-
vice that has shown the greatest promise is 
the electromechanical battery (EMB); how-
ever, prior to deploying a viable EMB sys-
tem in hybrid vehicles, a number of techni-
cal challenges (such as vibration, heat, vac-
uum, safety, cost, weight) need to be re-
solved. Such challenges are to be tackled 
according to a phased development plan, 
but are given consideration in this program 
definition phase. Canadian representation in 
this technology is led by Flywheel Energy 
Systems Inc. The company possesses a 
technology lead in the composite flywheel 
area, and is seeking to grow its technology 
base to become a competitive EMB system 
integrator. 
 
 

Contract Rationale 
 

iven the technology potential, Flyw-
heel Energy Systems Inc. (FESI) 
and the Transportation Development 

Centre (TDC) of Transport Canada agreed 
to co-fund the definition and preliminary de-
sign phase of a multi-phase EMB develop-
ment program. The objective of this work is 

linked to Transport Canada – TDC’s Urban 
Bus Technology Program to develop and 
apply energy efficient technology to urban 
bus design, manufacture and operation. The 
funding source for Transport Canada – 
TDC’s involvement in this project is the Pro-
gram for Energy Research and Develop-
ment. The goal of the work was to develop 
the design base and define the compo-
nents, suppliers and phase objectives that 
would result in commercial, integrated EMB 
systems applicable to both stationary and 
mobile applications. 
 
 

Achievements 
 

he set objectives of the program have 
been met. Rotor dynamic and thermal 
models have been developed and cor-

related with measured data. Vacuum com-
patibility studies on new components have 
been completed. A catastrophic failure  
containment subsystem has been modeled, 
and a failure mode and effects analysis 
completed. Standards and certification 
strategies were explored. Alternative hub 
materials have been assessed. Component  
 
 

 
Figure 1 Attitude Control Energy Storage (ACES) 
System 
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technology specifications have been set, 
and sources of these technologies have 
been evaluated. A phased development 
plan has been structured to govern the fol-
low-on work to a hybrid urban bus demon-
stration. 
 
 

 
Figure 2 FESI Data Acquisition Equipment Room 
 
 

Test Set-Up 
 

nder contract with the Charles Stark 
Draper Laboratory, Inc. (CSDL), 
FESI developed and tested two EMB 

systems for CSDL's satellite Attitude Control 
Energy Storage (ACES) program. Additional 
program partners included SL-Montevideo 
Technology, Inc. (SL-MTI) and Mechanical 
Technology Incorporated. The testing of the 
first ACES unit, shown in Figure 1, coin-
cided with the rotor dynamic and thermal 
model development undertaken in this pro-
gram, thereby providing the rare, and highly 
desirable, opportunity to correlate the mod-
els with measured data. Dynamic testing 
was conducted in house. The data acquisi-
tion equipment is shown in Figure 2, and a 
schematic diagram of the test set-up is 
shown in Figure 3. The data from 126 test 
runs, or 129 hours of running time, were 
captured. 
 

 
Figure 3 ACES Test Configuration Schematic 
 
 

Rotor Dynamic Model 
 

igh performance flywheels operate at 
super critical speeds. The design 
must permit the rotating elements to 

traverse first critical, and must position the 
operating window of the EMB between first 
and second criticals. While conventional 
high speed equipment is often designed in 
this operational mode, rarely does this 
equipment have such a broad operating 
window (e.g. 15,000 rpm to 45,000 rpm). 
 
EMBs are designed to store energy and util-
ize highly stressed, heavy rotors which push 
the dynamic needs beyond current state-of-
the-art designs. Obtaining a high precision 
balance at a fixed operating speed or even 
over a narrow operating window can be 
readily accomplished. However, composite 
ring radial growth not only challenges the  
 

U H



 
3 

 

 
Figure 4 Rotating Components of the ACES1 System 
 
 
hub design, but also challenges the dy-
namic suspension design. Retaining bal-
ance of the rotor throughout its wide operat-
ing speed range has been a primary design 
target for FESI. FESI flywheels are believed 
to be the truest running composite rotors 
built. Even so, an EMB suspension design 
must account for some mass shifting within 
the operational window. That is, the sus-
pension must be designed to cope with 
some unbalance under normal operation. 
Also, FESI flywheels are designed with a 
hierarchy of “soft” failure modes. These 
“soft” failure modes result in a substantial 
unbalance in the rotating assembly. The 
suspension design must be capable of han-
dling such an occurrence, without precipitat-
ing further failure. Thus, dynamic response 
to unbalance conditions becomes an essen-
tial consideration of the suspension design 
for normal operation and for operation under 
failure conditions. 
 
To gain some insight into the unbalance re-
sponse of the ACES1 system, the rotating 
components of the system (Figure 4) were 
modelled together with the bearing and 
housing suspension components. A static 
unbalance was introduced at the flywheel, 
and introduced at the motor. The modelled 
unbalance response was able to reproduce 
the dynamic response measured on the 
ACES1 system. This response is typified in 
Figure 5, where first critical synchronous 
housing vibration peaks at 0.2 g's at ap-
proximately 11,500 rpm. 

 
Figure 5 Measured Synchronous Vibration of the 
ACES1 Housing 
 
For the ACES2 system, the suspension was 
“tuned” according to behaviour predicted by 
the model. Figure 6 shows the more desir-
able dynamic response, where first critical 
synchronous housing vibration peaks below 
0.05 g's at approximately 10,000 rpm, and 
remains very flat (~0.025 g's) throughout the 
design operating range of 15,000 rpm to 
30,000 rpm. 
 
 

 
Figure 6 Measured Synchronous Vibration of the 
ACES2 Housing 
 
 
The diagnostic and predictive capability of 
this model is evident. 
 
 

EMB Loss Calculations 
 

ccurate knowledge of the losses in 
the EMB is mandatory for thermal 
analysis. The main sources of heat 

generation in the ACES EMB are copper 
and iron losses in the motor/generator, me-
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chanical losses in the rolling element bear-
ings, and aerodynamic losses in the rotating 
assembly. Experimentally determined bear-
ing loss data for a representative bearing 
were provided by CSDL. Theoretical loss 
data for the motor/generator were provided 
by SL-MTI. To establish the drag losses, an 
aerodynamic model was developed and 
verified with internally developed data and 
publically available data. Losses were then 
curve fit for representation at any operating 
speed and charge/discharge rate. These 
data output to the thermal model. 
 
 

Thermal Model 
 

 finite element heat transfer analysis 
module was added to the finite ele-
ment stress module used to design 

hubs, motor rotors and other components. 
The new module permits steady state and 
transient thermal analysis. 
 
Material properties, required for the finite 
element analysis (FEA) model, such as 
thermal conductivity, specific heat, emissiv-
ity, and density have been collected from a 
variety of sources. These sources include 
periodicals, reference manuals, journals, 
and manufacturers and suppliers such as 
SKF, Unique Mobility, SL-MTI, CSDL, Du-
pont, Owens Corning, Grafil, and Toray. 
 
Model accuracy increases with the number 
of components used or individually mod-
elled. Attention to this detail also  
allows flexibility to redefine component  
geometries and to 
analyze 
accessory heat 
paths. Hence, es-
pecially for future 
analyses, the 
geometry of the 
ACES systems 
was matched with 
considerable 
detail. Further, 
special attention  
 

was given to the rotating system model in-
cluding the heat paths and input heat 
sources. 
 
The ACES systems lend well to axisymmet-
ric modelling. This reduces the model's 
complexity, thus reducing computer run 
time, without sacrificing accuracy. The sys-
tem is mostly constructed of discs, thick 
rings and cylinders; however, there are a 
few exceptions. To compensate for complex 
geometries, such as the flex-rim hub and 
bearings, a disc of equivalent volume and 
heat path was used. The containment rings 
were modelled as a single thick ring. 
 
The geometric representation of the ACES 
EMB comprises twenty-one individually 
drawn, meshed and decoded components. 
An automatic meshing algorithm was used. 
This algorithm creates small elements 
where higher accuracy is needed and less 
dense meshing in areas such as the hous-
ing.  A schematic drawing of the ACES EMB 
is shown in Figure 7. 
 
Each component is defined within a group 
and assigned a colour. Material properties 
are defined within the group, whereas col-
ours define environmental conditions (e.g. 
radiation, convection, heat generation). A 
batch file assembles the components into 
the FEA model. The assembled model can 
then be analyzed with either the steady 
state heat transfer processor or the tran-
sient heat transfer processor. The model 
output was then correlated with data col-
lected from testing the ACES systems. 

A 

Figure 7 Schematic Drawing of the ACES EMB 
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Figure 8 Measured Top Component Temperatures 
vs. Time (ACES2 at 25,000 rpm) 
 

 
Figure 9 Measured Bottom Component Tempera-
tures vs. Time (ACES2 at 25,000 rpm) 

 
Figure 10 Modelled Steady State Thermal Map 
(ACES2 at 25,000 rpm) 
 
 
The thermal model was instrumental in 
identifying and isolating unanticipated motor 
rotor heating in the ACES1 system, as well 
as identifying a faulty thermocouple. Modifi-
cations to the ACES2 system were made to 
address the motor rotor heating. The meas-
ured temperatures of the ACES2 system for 
the top and bottom components versus time 
in a steady state run at 25,000 rpm are 
shown in Figures 8 and 9, respectively. Fig-
ure 10 shows the thermal model output for 
the same conditions, and Table 1 compares 
the measured and modelled results. 
 
The diagnostic and predictive capability of 
this model is evident. 
 
Table 1 ACES2 Measured vs. Modelled Temperature 
Comparison 
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Vacuum Compatibility 
 

here are two ways to preserve the 
vacuum environment required for low 
loss operation of the EMB: removal 

and non-removal pumping. Together with 
Dr. J. Peter Hobson, FESI has proven a 
non-removal method for preserving the 
EMB vacuum. In June 1991, a full comple-
ment of EMB components were sealed in a 
bell jar. This one-of-a-kind experimental 
setup held a minimum vacuum level of 
3x10-5 torr for six years prior to disassembly 
to relocate the equipment. 
 
Initial running of the ACES units indicated 
that the gas loads were higher than desired, 
but likely manageable with non-removal 
pumps. Although the ACES units were 
never intended to employ non-removal 
pumping methods, the hardware and com-
ponents are representative of follow-on 
work, and hence, the gas loads are mean-
ingful. 
 
The bearings provided by CSDL represent a 
departure from the dry-lubricated bearings 
in the baseline experimental setup noted 
above. In order to determine if the bearings 
were responsible for the additional gas, an 
outgassing study was conducted. 
 
The study showed that the bearings were 
not contributing the majority of gas to the 
system. 
 
 

Containment Model 
 
There exists an industry wide focus to de-
velop and test  structures to contain catas-
trophic failure of a flywheel. FESI has de-
vised and modelled a concept which pos-
sesses many of the attributes required of a 
successful containment structure: self con-
tained, passively activated, ready state, 
zero torque transfer to the external housing, 
light weight, low cost, etc. 
 
The model permitted failure into any pre-
scribed number of equal sized composite 

ring segments and predicted the real time 
failure sequence. Parametric studies were 
performed as a function of the containment 
ring physical size, cost, weight, and design 
clearances, expressed as a function of the 
controlling parameters. During failure, heat, 
energy absorption, forces and torques are 
tracked as is the speed and position of the 
composite ring segments and containment 
structure. Numerical integration was per-
formed by a commercially available soft-
ware package. The ordinary differential 
equations, generalized forces, pressure and 
normal force, deformation force and energy 
calculations were programmed as com-
pound blocks. For the calculations, the 
adaptive 5th order Runge Kutta algorithm, 
with a step size of 10-6 seconds, was used. 
Output data streams were stored or directly 
plotted for visual representation. For this 
investigation, the flywheel selected was the 
Series 45 Mk 3 with an axial thickness of 
five centimeters (two inches) operating be-
low its design speed of 45,000 rpm at its 
rated speed of 43,200 rpm where it stores 
520 Wh.1 
 
The failure sequence is very rapid. At fail-
ure, the composite ring segments move 
tangentially, reaching a maximum radial ve-
locity in just under 0.3 milliseconds as  
 
 

 
Figure 11 Modelled Component Velocities at Failure 
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Figure 12 Modelled Pressure on Containment at Failure 
 
shown in Figure 11. Figure 12 tracks pres-
sure on the containment structure which 
builds rapidly. At just under 0.6 millisec-
onds, containment radial deformation, 
shown in Figure 13, exceeds ten centime-
ters (four inches) and the torque between 
the composite segments and the contain-
ment reaches a maximum of over 400,000 
ft-lbs (542,400 Nm), as shown in Figure 14. 
At this time, composite segment energy,  
 
 

 
Figure 13 Modelled Component Displacements at 
Failure 

 
Figure 14 Modelled Torque at Failure 
 
(shown in Figure 15) has already dropped 
by 83%. The radial motion of the composite 
segments (Figure 11) has been arrested by 
approximately 0.8 milliseconds. At this 
point, the critical period of failure and con-
tainment can be considered complete al-
though the composite segments are still ro-
tating relative to the containment. 
 
This system comes to a final stable rota-
tional state of 176 radians per second in just  
 

 
Figure 15 Modelled Energy at Failure 
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over twenty milliseconds, or 1.4 revolutions 
of the composite and 0.5 revolution of the 
containment. Energy in the composite seg-
ments drops rapidly and, for the set condi-
tions described above, strain energy ab-
sorption dominates. The model indicates 
successful containment of the failed fly-
wheel segments; however, this approach 
exacts a penalty in volume, weight and cost. 
The Series 45 Mk 3 flywheel being con-
tained has a composite mass of 6.1 kg and 
a raw material cost of US$365. By compari-
son, the containment will have a mass of 
over 40 kg and an estimated raw material 
cost of US$800. 
 
It is clear that designing a containment for 
flywheel catastrophic failure is not a logical 
approach to safety. Simply derating the fly-
wheel, to obtain an extreme safety factor in 
the design, is more effective. And even if 
the flywheel were fully contained, the 
broader concern of EMB safety has not 
been addressed. This prompted an investi-
gation into the possible failure modes of the 
EMB. 
 
 

Failure Mode and Effects Analysis 
 

 thorough analysis of the failure 
modes was conducted. Over twenty-
five modes were identified, their effect 

assessed, and detection and prevention 
mechanisms devised. Based on these find-
ings, further development and testing efforts 
are recommended to characterize failure 
onset signatures and to prove safety sub-
systems. An implementation schedule has 
been devised based upon product expo-
sure, funding access and successful proof 
testing. 
 
 

Standards and Certification 
 

n investigation was conducted to 
gauge the applicability of conforming 
to existing standards as a measure to 

ensure safe EMB operation. As a new prod-
uct, the EMB possesses operational idio-

syncrasies that distinguish it from currently 
established standards. Thus, while there are 
existing standards to which the EMB may 
be considered to conform, demonstrating 
conformity does not necessarily ensure 
safety. 
 
The investigation found a well established 
body of standards for electrical equipment 
(respecting high voltage requirements, spe-
cial enclosures, grounding provisions, mo-
tors and generators, industrial control 
equipment, power supplies, etc.) to which 
the EMB could conform readily. 
 
The investigation found a well established 
body of standards for machinery (respecting 
vibration, acceleration, shock, noise, bal-
ance quality, flexible couplings, isolation 
mounts, identifying symbols, etc.) that may 
be useful to orient the development of a 
standard for the EMB. 
 
The investigation also found that the indus-
try practices associated with similar equip-
ment (e.g. turbine rotors or turbo molecular 
vacuum pumps) make use of extensive 
product development programs, vigilant in-
spection practices, and well designed qual-
ity control programs to engineer for safety. 
This approach to product safety has the 
greatest significance for the EMB industry--
especially given its current degrees of lim-
ited product exposure, competitive secrecy, 
and early product life cycle stage. 
 
The investigation concluded that an assem-
bly of existing standards, existing practices, 
and well designed development, testing, 
and quality control programs can be used to 
generate internal standards for the EMB. 
However, prior to embarking upon a formal 
certification program, the motivations and 
desires of the industry segment, regulatory 
authorities, and equipment users must be 
strongly advanced. 
 
 
 
 
 

A 
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Alternative Hub Material Evaluation 
 

ith the high performance flywheels, 
induced hub stresses increase as 
a result of the increased operating 

speed and the larger radial dilations of the 
composite rings. Although currently man-
ageable, advanced hub configurations are 
required to realize additional cost reductions 
and performance gains (i.e. greater than 
100 Wh/kg at 105 cycles). The FESI flex-rim 
hub has been proven stable and capable 
under extensive testing, and to date, has led 
the industry in this area. 
 
This study called for a broad evaluation of 
alternative materials for hub construction. 
To assist the material selection process, 
three parametric studies were conducted to 
determine the relationships among the ma-
terial properties and the desired radial dila-
tion. This resulted in a material properties 
evaluation “formula” that permits quick as-
sessment of alternative materials. 
 
Subcontracts were let to the Composite Ma-
terials Centre (CMC) and to the CANMET 
Material Technology Laboratory (MTL) to 
assemble a long list of potential fibre com-
posite and metal matrix composite materi-
als, including a full range of reinforcement 
materials, matrices and fabrication tech-
niques. Materials were evaluated as above, 
and successful candidates were then short-
listed for further consideration. 
 
 

Component Specifications 
 

he purpose of this element of the work 
was to identify companies or entities 
capable of designing, manufacturing 

and/or testing certain component subsys-
tems for the EMB. The fields of enquiry in-
cluded the motor/generator, power conver-
sion and control electronics, and bearings. 
Also, the candidates were solicited to de-
termine their willingness to contribute in-
kind support or complementary funding to 
the development program goals. Domestic 
sources for the high speed motor/generator 

and controller components were not forth-
coming, however, this effort resulted in a 
key list of domestic and international supply 
alternatives to draw upon. 
 
 

Follow-on Work 
 

he development program structured is 
a multi-year phased effort which cul-
minates in the demonstration of a hy-

brid drive urban bus. Clearly, the work un-
dertaken in the program described herein, 
as well as the more than fifty conclusions 
and recommendations that issued, are 
foundational to the follow-on work. The ma-
jor program building blocks envisioned are 
shown in Figure 16. 
 
The high performance 1.5 kW EMB system 
development is underway. The system 
represents a significant advancement 
across the industry featuring the high per-
formance flywheel, reduced parts count, 
simplified component architecture, and 
lightweight construction necessary to bring 
the EMB to a production feasible stage. 
Sized for uninterruptible power supply 
(UPS) applications, the system acts as a 
proving ground for new components, a 
technology ambassador for FESI's EMB ca-
pability, a development platform for hybrid 
vehicle units, and a demonstration article for 
UPS end use. The system components fea-
ture a flywheel, hub, shaft, bearing suspen-
sion, housing, and vacuum preservation 
strategy by FESI. The flywheel is the 95 
Wh/kg Series 45 Mk 3 model designed for 
45,000 rpm operation. At speed it stores 1 
kWh (net). The 1.5 kW motor/generator and 
DSP controller are designed and fabricated 
by SL-MTI. This phase of the work is co-
funded by the CANMET Energy Technology 
Centre of Natural Resources Canada, Fly-
wheel Energy Systems Inc. and SL-
Montevideo Technology, Inc. 
 
The high performance 50 kW EMB system 
builds upon the 1.5 kW EMB platform. It in-
corporates many of the proven components 
from the 1.5 kW EMB and targets high 
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power operation. The 50 kW power target is 
suitable for a hybrid drive, light duty delivery 
van or taxi, and two such units would pro-
vide the 100 kW desired for a hybrid drive 
urban bus. At present, funding initiatives for 
this phase of the work are being explored. 
 
 

 
Figure 16 Program Building Blocks to Hybrid Bus 
Demonstration 
 
 

The hybrid bus simulation is a laboratory 
setup of all of the drive line components in a 
simulated application environment. It may 
be desirable to develop a “rolling laboratory” 
vehicle, which would then also have signifi-
cant demonstration value. This phase is a 
first cut at interfacing the numerous (and not 
necessarily optimized) components in the 
drive system: primary energy source(s), 
storage device, drive motor(s), and power 
conduits and controllers for the above. In 
addition to resolving component technology 
integration issues, such a simulation would 
permit efficiency and emission reduction 
mapping for selected drive schedules and/or 
for actual transit routes. 
 
The vehicle platform integration seeks to 
combine more optimized drive components 
into a vehicle platform. This stage will re-
quire additional emphasis on compo-
nent/vehicle interface and mounting tech-
niques, physical integration issues, safety 
subsystems, and health monitoring func-
tions. 
 
The hybrid bus demonstration is a planned 
series of demonstrations to raise public, 
transit authority and investor awareness of 
the technology. Field trials will gauge the 
operational acceptance of in-service use. 
Initial deployment of the flywheel hybrid 
buses will likely occur on urban transit 
routes that suffer high daily passenger loads 
and a frequent stop/start duty cycle. The 
deployment strategy takes advantage of 
maximum exposure of the clean, quiet hy-
brid vehicle to riders, and the frequent 
stop/start duty cycle favoured by the elec-
tromechanical battery storage device. 
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