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Abstract 

 Over the past several years a number of technological advancements have been 

made to improve flywheel energy storage designs. These include the use of high-strength 

composites, magnetic bearings, and rare earth magnets.  Combined, these advances have 

made possible the consideration of flywheel systems for load leveling and power 

management on all-electric and hybrid electric vehicles.  However, issues remain with heat 

generation and losses – particularly on the rotor where cooling is available only in the form 

of radiation – of the high power flywheel systems required for these vehicles.  This paper 

describes how experimental demonstrations have shown that moderate improvements in 

hardware, software, and control algorithms can dramatically reduce heat generation.  This 

paper (1) identifies and discusses the impact of specific types of losses on overall flywheel 

performance; (2) provides a discussion of the losses and analysis on the baseline flywheel 

design; (3) discusses the steps taken to reduce losses in the baseline design; and (4) presents 

test data taken from the 150 kW vehicular flywheel system.  While the flywheel battery 

system was designed for and demonstrated on a transit bus, the technology described 

herein is applicable to a wide variety of applications including additional mobile and 

marine power and propulsion systems. 

 



 

Index Terms—Flywheel battery, motor-generator, hybrid electric vehicle, harmonic, ring 

wound, composite, magnetic bearing, pulse width modulation, inverter, dead-time 

 

I. INTRODUCTION 

 Flywheel battery machines store kinetic energy in the form of a rotating mass and deliver 

this energy electrically via a motor-generator connected to the mass.  The intended use of a 

flywheel battery generally places it into one of two categories: either as an uninterruptible power 

supply (UPS) machine or as a continuous duty machine.  UPS machines provide energy to an 

electrical bus during a voltage sag condition on that bus.  As such, UPS machines typically spend 

a great percentage of their design life in a coasting or waiting mode of operation whereby the 

current in the motor-generator is near zero.  Continuous duty machines on the other hand are 

characterized by applications where energy is continuously being transferred to and from the 

flywheel such as in a power-averaging or load-leveling role on a vehicle.  The machine is 

therefore relatively seldom coasting and average motor-generator currents are high.  These are 

typical of the conditions on a hybrid electric vehicle. 

A primary design goal of a continuous duty flywheel battery (FWB) machine used in 

vehicular applications is to minimize size and weight while maximizing stored energy.  For a 

completely cylindrical, uniform density rotor the stored energy is 
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22ωMRW =  (1) 

where M is the mass of the rotor, R is the radius of the rotor, and ω is the rotational speed of the 

rotor.  Through this simple example it is seen that it is desired to minimize M and R to achieve 

the lightest and smallest design but yet to increase ω to the maximum amount the rotor materials 

may safely handle to maximize stored energy.  This requirement drives the rotor of high-



 

performance continuous duty FWB machines to be constructed using carbon fiber composite 

materials, which can have 10 times higher ultimate tensile strength per unit weight than steel. 

Composite flywheels, while strong and light, can show symptoms of mechanical “creep” 

after prolonged exposure to elevated pressures and temperatures.  As such, an early concern in 

this design was the effect of rotor heating on the life of the preloaded composite flywheel.  Based 

on multiyear elevated temperature testing it was determined that for the vehicular FWB, 

prolonged cyclical operation with rotor temperatures in excess of 200°F to 250°F could result in 

reduced preload on the flywheel.  This stress relaxation or “creep” issue can ultimately result in 

an imbalanced rotor.  To address this concern UT-CEM elected to first build an all-titanium 

flywheel that could be used to determine the system losses and operating temperatures prior to 

installing the composite flywheel rings.  This flywheel shown in Fig. 1 was used for the testing 

described in this paper. 

The remainder of this paper provides a description of the vehicular flywheel and 

addresses the losses and methods used to mitigate those losses.  Experimental test results are 

presented from the testing of the 150 kW vehicular flywheel system. 

 

II. VEHICULAR FLYWHEEL DESCRIPTION 

 The vehicular flywheel battery is a full-pitch ring-wound (toothless), 2-pole, 3-phase 

permanent magnet (NdFeB) synchronous machine design capable of 150 kW and storing 1.93 

kWh at a maximum speed of 40,000 rpm.  The flywheel mass of the rotor analyzed in this paper 

is of all-titanium construction and is levitated on actively controlled magnetic bearings and 

operated in a vacuum.  The machine was designed for a continuous duty load-leveling 

application on a transit bus with a design life of fifteen years. 



 

 

III. FLYWHEEL BATTERY LOSSES 

 Flywheel battery losses are both mechanical and electrical.  For machines with 

magnetically levitated rotors such as the vehicular FWB the mechanical losses are due only to 

windage losses.  Windage losses are minimized by operating the rotor in a vacuum and are well 

detailed in the literature.  Electrical losses are incurred on both the stator and rotor of the motor-

generator and magnetic bearings.  Losses in general determine three figures of merit for a 

flywheel battery.  Specifically these are 1) self-discharge time, 2) turn-around efficiency of the 

machine, and 3) continuous duty operation power – a figure describing the maximum average 

power a flywheel can operate at continuously.  This power level is almost entirely determined by 

rotor losses and subsequent heating for flywheels operating in a vacuum.  It should be evident to 

the reader that the third item is especially crucial for continuous duty flywheels.  Below, 

electrical losses in the vehicular FWB are examined as to their origin and their effect on the three 

figures of merit.   

 

A. Magnetic Bearing Stator and Rotor Losses 

 Magnetic bearing losses in the vehicular FWB have been studied, and experimental 

testing has been performed on a baseline bearing compensator [1].  In [1] Hawkins and Flynn 

measured the power delivered to the bearings as the vehicular FWB was operated over the entire 

40,000 rpm speed range.  Measured losses were compared against calculated values with good 

agreement.  Losses were extracted by subtracting the power consumed by rotor motion from the 

total power and are shown in Fig. 2.  The losses consist of both stator losses in the form of 



 

hysteresis, eddy current, and copper losses, as well as rotor losses arising from the changing 

magnetic field impressed on the rotor due to geometry and control characteristics.   

 All losses in the machine affect the second figure of merit, the turn-around efficiency of 

the machine.  Magnetic bearing losses can also be considered to be spinning losses, or losses that 

tend to discharge the machine.  Additionally, magnetic bearing losses on the rotor cause heating 

which can only be dissipated via radiation.  If too high, it can reduce the amount of time the 

FWB can continuously sink and source power, thus affecting the third figure of merit, continuous 

duty operation power.  The main concern with excessive rotor temperatures is that the composite 

materials used on the rotor for their high strength-to-weight ratio should be kept within a 70°F to 

200°F temperature range to meet the fifteen year design life.  This is primarily a stress relaxation 

and loss of preload issue and not due to a bursting event possibility. 

 If rotor heating forces the rotor temperature outside the desired temperature range, the 

power capability of the machine must be reduced.  Losses on the rotor then, are much more 

critical to the operation of the vehicular FWB than are stator losses, and are examined separately 

in a further section.  An exact breakdown of the bearing losses into stator and rotor components 

has not been performed, though after subtracting calculated core and copper losses it can be seen 

that it is reasonable to assume rotor losses are a small fraction of the total.  In summary, stator 

losses can be viewed as being more important to the self-discharge and turn-around efficiency of 

the machine, whereas the rotor losses determine the continuous duty operating power. 

 The magnetic bearing power losses were reduced as illustrated in [1] by lowering the 

compensator’s sensitivity to synchronous disturbances such as flywheel imbalance.  This 

technique was implemented using an adaptive open loop compensator which lowered the total 

bearing power loss to a fraction of that of the baseline compensator as shown in Fig. 2.  



 

Accordingly, improvements in the three figures of merit can be expected with a particular 

improvement in rotor heating. 

 

B. Self-Discharge Losses 

 Self-discharge losses are also known as spinning losses.  They include windage, magnetic 

bearing losses on the rotor, magnetic bearing stator core losses, and field excitation losses in the 

motor-generator core due to the permanent magnets mounted on the rotor.  The aggregate of 

these losses can be easily obtained through a spin-down test where the flywheel is motored up to 

maximum speed and then allowed to coast, slowing under the influence of the above losses.  Fig. 

3 shows a spin-down test using the baseline magnetic bearing compensator measured at 250 rpm 

increments from 40,000 – 0 rpm for the vehicular FWB with a 6.4 mTorr vacuum level.  Fig. 4 

plots the average power lost between two consecutive speeds in Fig. 3 and can be used to 

estimate the self-discharge losses.  The excitation losses can be calculated by subtracting the 

measured total magnetic bearing losses in Fig. 2 and the calculated windage losses from the self-

discharge losses. 

 A future self-discharge loss reduction can be obtained through use of the improved 

magnetic bearing compensator mentioned above, and through an improved vacuum level.  The 

targeted vacuum level for the vehicular FWB is 1 mTorr, however at present, oil seepage from 

the motor-generator cooling circuits into the low pressure portion of the machine has made 

achieving that target difficult.  A future overhaul of the machine will address this issue.  It should 

be noted that reducing excitation losses in an effort to reduce self-discharge losses is not a viable 

option since this would require reducing the air gap flux and thus the power capability of the 

machine.  Alternatively, excitation losses can be eliminated by removing the iron from the stator 



 

core of the motor-generator.  This option however would also reduce the air gap flux and thus the 

machine’s power capability for a given size stator.  Furthermore, designs utilizing coreless 

stators such as the Halbach machine tend to be heavier and less powerful than similarly sized 

machines built with ring wound iron core stators [2]. 

 

C. Motor-Generator Stator Core and Copper Losses 

 Motor-generator stator core and copper losses are similar to those of the magnetic 

bearings and largely affect the turn-around efficiency figure of merit.  Formulae are provided in 

the literature to calculate these values as in [3], [4].  Alternatively with the self-discharge losses 

known from the test above, a no-load test can be performed where the FWB is maintained at a 

constant speed and the input power measured.  Assuming the motor currents are low, copper 

losses can be neglected and the core losses can be found after subtracting the self-discharge 

losses from the input power. 

 A further test can be performed that allows motor-generator stator losses to be predicted.  

By measuring the ac resistance of the machine with the rotor removed, information about the 

core and copper losses is obtained.  If the rotor is not removed, eddy current losses on the rotor 

will inflate the desired stator resistance value.  The ac resistance can be measured by applying a 

sinusoidal voltage over a range of frequencies and dividing by the resulting current; more readily 

an impedance bridge designed for such a measurement can be used.  Once an ac resistance value 

as a function of frequency is known, it can be multiplied by the square of the phase current 

spectrum (such as from a variable speed inverter drive) to obtain the stator core and copper 

losses.  This technique is illustrated in Figs. 5 and 6.  In Fig. 5 the resistance of the vehicular 

FWB including core and copper losses has been plotted.  When Fig. 5 is appropriately 



 

multiplied, frequency for frequency, with the square of typical phase current spectrum in Fig. 6 

(which has a fundamental value of 502 A peak) a power spectral density (PSD) plot is formed in 

Fig. 7 where it can be seen that motor-generator stator losses are dominated by the fundamental 

current contribution.  The PSD plot can be integrated over frequency to find the total power loss.  

This technique can be applied over the speed range of the vehicular FWB to form a plot of the 

expected motor-generator stator losses at various power levels as is represented in Fig. 8 where 

stator losses have been calculated over appropriate fundamental currents yielding 0 to 150 kW 

motor-generator power with the rotor at 40,000 rpm.  Note that for zero fundamental current 

stator losses are still finite due to stator current harmonic content. 

 The current spectrum in Fig. 6 results from the use of a pulse width modulated (PWM) 

inverter drive.  Examining this spectrum it is apparent that three harmonic bands are prevalent.  

The first is that of the fundamental, which is at 488 Hz, giving a rotor speed of 29,280 rpm.  Also 

around the fundamental appear sub-harmonics due to inverter non-idealities and sub-millisecond 

misalignments between the rotor position and the phase current waveform.   The second band is 

comprised of the fifth and seventh harmonics.  These harmonics are formed by dead-time effects 

in the PWM inverter.  Lastly, the harmonic bands centered around 9 kHz and 18 kHz are due to 

the inverter switching frequency harmonics.  Currents at all frequencies other than the 

fundamental contribute to losses but not to the average power of the machine; it would be 

beneficial, therefore, to reduce or eliminate them.  In the case of the dead-time harmonics several 

methods in the literature exist to greatly reduce them [5], [6], [7].  Sub-harmonic content can be 

reduced by improving rotor position to inverter synchronization. 

 While the switching frequency harmonics cannot be eliminated, their contribution to 

machine losses can be minimized by increasing the switching frequency of the inverter.  This 



 

technique takes advantage of the greater machine impedance at the higher switching frequencies 

and therefore produces smaller current harmonics for identical PWM voltages.  However, this 

scheme must be weighed carefully against the concordant increase in inverter losses.  

Additionally 22 µH of inductance has been added to each phase of the FWB to increase the 

impedance seen by the switching frequency harmonics.  This technique has been applied 

successfully but it should be noted that the tradeoffs are the extra voltage required to overcome 

the additional reactance as well as the increase in the machine’s response time to a command for 

sourcing or sinking power such as is required on a hybrid-electric vehicle during acceleration or 

braking. 

 

D. Motor-Generator Rotor Losses 

 Power losses on the rotor due to the motor-generator are a major source of rotor heating.  

Though the loss is typically less than one tenth of a percent of the machine’s power rating it 

cannot be ignored as losses must not heat the rotor above acceptable temperature limits or the 

machine must be de-rated, thus affecting the third figure of merit.  Because the rotor is levitated 

on magnetic bearings and spins in a vacuum, radiation is the only means of cooling the rotor.  

For radiation to be effective at removing large amounts of heat from the rotor, radiation physics 

necessitates that the rotor temperature be much greater than that of its surroundings.  This 

required temperature difference could be achieved by cooling the rotor’s surroundings.  

Unfortunately this technique is too inefficient to be of practical use for a flywheel battery system.  

The only other alternative is to let the rotor heat to much hotter temperatures than the 

surroundings.  However, this is just the opposite of what is desired, as the portion of the rotor 

adjacent to the composites should not be allowed to heat up above 200°F.  Heating on the rotor 



 

also reduces the machine’s power capability due to the temperature dependence of the coercive 

field strength of the NdFeB magnets.  Thus, the only solution is to reduce the losses that occur on 

the rotor to an acceptable level. 

Rotor losses due to the motor-generator arise from space and time harmonics of the air 

gap flux creating eddy current heating on the rotor.  Since a ring wound stator is used there are 

no rotor losses due to stator teeth space harmonics.  However, space harmonics do result from 

the fact that the air gap flux produced by the stator winding of each phase is only approximately 

sinusoidal.  These space harmonics are created for every odd non-triplen time harmonic of the 

stator current.  Furthermore because a pulse width modulated inverter is used to operate the 

flywheel many such time harmonics exist.  Thus many harmonics of the air gap flux are 

available to generate rotor losses.  It follows then that techniques used to reduce the harmonic 

content in the stator current can also be used to reduce the rotor heating.  Improving rotor 

position to inverter synchronization, employing dead-time compensation methods, increasing the 

inverter switching frequency, and adding inductance or other filters to the machine phases all 

help reduce motor-generator induced rotor heating. 

The test results in Fig. 9 present an example of how rotor heating can be lessened by 

increasing the inverter switching frequency.  In Test 1 the inverter switching frequency was 9 

kHz, in Test 2 the switching frequency is 12 kHz.  For both tests the flywheel was cycled 

between 15,000 and 25,000 rpm at a constant motoring and generating power of 30 kW.  The 

inverter was switched with a space vector modulation scheme and the rotor temperatures were 

measured using calibrated infrared temperature probes.  Despite the reduction in rotor heating 

with Test 2, further improvements were required since the rotor temperature rises above 200°F 

after only one hour. 



 

 Removing all time harmonic content from the stator currents will not eliminate motor-

generator induced rotor heating.  This is because even the fundamental stator current produces 

space harmonics and thus rotor losses.  The heating effects of those eddy currents that still 

remain after use of the reduction techniques above can be further mitigated in one of two ways as 

explained in [8].  First, the effective resistivity of the rotor can be increased to force the eddy 

currents to die out faster, or second, the rotor resistivity can be decreased to reduce the heating 

the eddy currents create.  The vehicular flywheel battery was designed using the latter choice by 

installing an eddy current shield in the form of a beryllium copper sleeve over the permanent 

magnets mounted on the rotor.  Thermal models show considerable rotor heating reductions 

through use of this sleeve. 

IV. THERMAL MODELLING AND TESTING OF ROTOR LOSSES 

 Because of the great effect rotor heating has on the continuous duty rating of the 

vehicular FWB finite element thermal modeling has been conducted.  Fig. 10 shows the steady 

state predicted rotor temperature distribution in Kelvin for the flywheel operating between 20 

and 25 krpm at a constant power of 20 kW.  For these conditions the estimated average rotor 

losses total to 21 W. 

To examine the accuracy of the finite element model experimental tests have been 

performed.  The 9 hour thermal time constant of the rotor necessitates 40 to 48 hour cycling tests 

to be conducted where the flywheel is motored between two speeds at a constant power level 

over the course of the test.  Typically 5,000 to 6,000 cycles are accomplished in this time before 

the rotor temperature reaches steady state.  During the tests, various points on the rotor are 

monitored with calibrated infrared temperature probes.  A pair of 48 hr test results measuring the 

rotor temperature at the top of the rotor shaft is shown in Fig. 11.  Both tests begin with the 



 

flywheel operating at a constant power of 20 kW while slewing between 15 and 20 krpm.  At 

2,200 minutes for Test1 and 2440 minutes for Test 2 the flywheel speed range is increased to 20 

to 25 krpm.  Test 2 is otherwise identical to Test 1 except for changes made in the inverter 

controller to reduce some of the lower frequency stator current harmonics such as dead time and 

sub-harmonics.  The temperature difference between these two runs indicates a 39% power loss 

reduction on the rotor.  The final temperature of Test 2 at 3000 minutes can be directly compared 

to the finite element result from Fig. 10 with good agreement. 

Tests such as these show how modest improvements to a flywheel battery system can 

greatly reduce the rotor heating and improve the overall design.  Furthermore, experimental 

testing has refined modeling and analysis predictions of rotor losses, which have been 

summarized in Table 1 for the baseline magnetic bearing compensator with the flywheel 

generating 150 kW at 40,000 rpm.  Stator losses have been provided for comparison. 

 

Table 1.  Estimated Flywheel Battery Losses at 150 kW and 40,000 rpm 

 Rotor Stator Comments 

Magnetic Bearings 10 W 28 W Baseline compensator 

Motor-Generator 30 W 3185 W 150 kW  

M-G Excitation — 826 W At no load, due to PM on rotor 

Windage 26 W N/A 3 mTorr vacuum 

       

 N/A = Not Available  

 

 

V. CONCLUSION 

 Understanding losses in a flywheel battery is paramount to developing a continuous duty 

system suitable for an electric or hybrid electric vehicle.  A discussion of flywheel battery losses 



 

has been presented illustrating how losses in the magnetic bearing and motor-generator stator 

and rotor components affect the three identified figures of merit.  It has been shown that losses in 

the rotor are of critical importance to minimize rotor heating and thus to achieve a machine 

capable of sustained high-power continuous duty operation.  Methods for measuring and 

predicting various losses and techniques to reduce them have also been discussed.  Finally, test 

results from a 150 kW vehicular flywheel battery have been presented to illustrate the issues and 

techniques presented here. 
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Fig. 1.  Vehicular flywheel battery 

 

 



 

 
Fig. 2.  Comparison of magnetic bearing losses 

with baseline and improved compensators 

 

 

 

 

 
Fig. 5.  Vehicular flywheel battery combined core 

and copper loss resistance 
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Fig. 3.  Flywheel battery spin-down test 
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Fig. 4.  Self-discharge losses  



 

 

Fig. 6.  Typical phase current spectrum 



 

 

Fig. 7.  Power spectral density of motor-generator phase current spectrum 



 

 

Fig. 8.  Motor-generator stator losses at 40,000 rpm vs. current 
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Fig. 9  Effect of changing inverter switching frequency on rotor heating 

 

 



 

 

Fig. 10  Finite element model results showing rotor temperature distribution in Kelvin 



 

Fig. 11.  Comparison of 48 hr thermal tests  
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