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An Integrated Flywheel Energy Storage System
With Homopolar Inductor Motor/Generator
and High-Frequency Drive

Perry TsapMember, IEEEMatthew SeneskyStudent Member, IEEENd Seth R. Sanderslember, IEEE

Abstract—The design, construction, and test of an integrated wheel energy storage system can approach that of a composite
flywheel energy storage system with a homopolar inductor rotor system, but avoid the cost and technical difficulties asso-
motor/generator and high-frequency drive is presented in this ciated with a composite rotor

paper. The work is presented as an integrated design of flywheel . .
system, motor, drive, and controller. The motor design features Secondly, we describe how homopolar inductor motors are

low rotor losses, a slotless stator, construction from robust and Well suited f0|" fIyWhegl energy storage applic_ations, and partic-
low cost materials, and a rotor that also serves as the energy ularly well suited for integrated flywheel designs.

storage rotor for the flywheel system. A high-frequency six-step  Thirdly, we describe a fixed-voltage six-step drive that can
drive scheme is used in place of pulsewidth modulation because achieve high efficiency over a 2:1 speed range at electrical fre-

of the high electrical frequencies. A speed-sensorless controller ies b dth tical for i lated oate bipolar t
that works without state estimation is also described. A prototype quencies beyon 0S€ practcal ior instliated gaie bipolar tran-

of the flywheel system has been demonstrated at a power levelSistor (IGBT) pulsewidth-modulation (PWM) drives.
of 9.4 kw, with an average system efficiency of 83% over a  Finally, a speed-sensorless control scheme which enables

30000-60 000-r/min speed range. closed-loop operation at high electrical frequencies is pre-
Index Terms—Flywheel energy storage, high-frequency motor Sented. An advantage of this control scheme is that it does not
drive, homopolar inductor alternator, homopolar inductor motor,  require state estimation of rotor position or speed, thus making

integrated flywheel, sensorless motor control, six-step drive. it very insensitive to motor parameters.
As a demonstration of the above concepts, a prototype
I. INTRODUCTION integrated flywheel energy storage system incorporating a

_ . homopolar inductor motor, high-frequency six-step drive, and
HIS PAPER presents the design, construction, and tegl,sqress control is built and its experimental results are

of an integrated flywheel energy storage system Wilfiesented. An analysis of harmonic currents induced by the

a high-speed homopolar inductor motor/generator, high-frey ien drive and associated copper and rotor losses is given in
guency drive, and speed-sensorless control scheme. le?gappendixes.

contributions of this paper center around four main areas: inte~r.q paper is based on work first presented in [1]. A more

grated flywheel design, flywheel motor design, high-frequenyeaijled treatment of this work is presented in [2], and the speed-

drive design, and sensorless control design. sensorless control is further developed in [3].
Firstly, a description of the advantages of integrated flywheel

energy storage systems, and a desigh methodology for these sys-
tems is presented. Anintegrated flywheel system is one in which
the energy storage accumulator and the electromagnetic rotoin contrast to many contemporary flywheel systems, in an
are combined in a single-piece solid steel rotor. This allows tirgegrated flywheel system the same rotor is used for both the
housing of the motor to comprise a large part of the vacuum amwbtor/generator and energy storage functions. Some examples
burst containment of the flywheel, enabling significant savingd integrated flywheels include [4] and [5], while the designs
in total system weight and volume. By using an integrated dpresented in [6]-[8] are not considered integrated because the
sign, the energy storage density of a high power steel rotor flgulk of the energy is stored in the portion of the rotor made
of composite material, and the electromagnetic portion of the
Paper IPCSD 03-097, presented at the 2002 Industry Applications Socilé@Or is primarily used for torque production by the motor/gen-
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ficult to predict than for steel. Composite rotors also impose a TABLE |
stricter limit on the rotor operating temperature. MACHINE DESIGN PARAMETERS
Furthermore, while a composite flywheel of a certain energy Max. Power 30 kKW
storage capacity may have a lighter rotor than a steel flywheel Max. Speed 100,000 rpm
system of the same energy storage capacity, the rotor itself is Energy storage capacity 140 W-hr
only a a small fraction of the overall flywheel system weight. System mass 36 kg
Since the remainder of the system, such as the stator, contain- Power density 833 W/kg
ment, and electronics remain basically the same, the reduction Energy density 3.9 W-hr/kg

in weight is a small percentage of the total system weight. This

is particularly true for high power flywheels designed for dis- . . . . .
charges in the range of tens of seconds. Since many fIyWh'eS ?ntlcal to preyent overheatmg of t_he rotor. Thls requwement
riles out machines such as induction machines and switched

systems are aimed at power quality and hybrid vehicle loa luctance machines because of their respective conduction and
leveling applications that require short, high-power dischargég P

many of them fall into this category. However, because the m cosre losses on the rotor. The remaining motors to consider are

of the electromagnetic rotor and stator is a function of power, fi € synchronous type: permanent magnet (PM), synchronous

flywheels with a high ratio of power versus energy storage, tﬁgl;('\:/ltancet (SR), and homttljp(:rl]ar mdugtor motorf, amo(;\g ot?ers.
electromagnetic portions of the rotor and stator will compri motors are curréntly the most commonly used motors

e .
an even larger portion of the system mass, further reducmgj‘ éf!ywhegl .systems [71-[9]. While they have the advantages
. of high efficiency and low rotor losses, the presence of PMs
advantage of composite rotors. .
o . on the rotor makes the rotor more temperature sensitive (thus
In a similar manner, the vacuum and burst containment neces- " . - .
requiring even lower rotor losses), and the mechanical structure

sary for composite rotors also offsets their advantages over S%F he rotor more complicated because of the brittleness and

rotors, espe_ually when compared toan mtegrated dg3|gn wh orv(\a/ strength of the PMs. The cost of the PMs, especially the
a large portion of the containment structure is comprised by t

e
motor stator and housing.

Igh-temperature Sm-Co type, can also be considerable.
: . R motors are also used in some flywheel systems. They can
Perhaps the most attractive feature of a steel rotor mtegra}:ﬁ yw y y
flywheel design is that it is similar in material composition, de-

o have high efficiency, low rotor losses, and low zero torque

’ ) . ; spinning losses. Unfortunately, it is difficult to construct an SR
sign, and complexity to a standard electric machine, therefor?cﬁtor with a highL/ L, ratio while maintaining a robust rotor

is reasonable to expect that for volume production the manuf ?{ucture. Examples of SR rotors constructed using several axi-

turllnglcolsts_of Zuclh a:f_lywheﬁl_ WO[_JIIg be fr? mpartat;lte;]tof;[hoie% y bonded sheets of high strength steel as in [6] and [10] have
asimiarly sized €lectric machine. 1nus, the costotthe lywhegi, . made, however this leads to a loigy L, ratio which in

halrgvzz;ecm;%:etﬁzt'rrgigevigf:]a{f ddeignir\:v?rl]?sht\./vork i tturn leads to a lower power factor. Lower power factor increases
' . . 9 e required VA rating of the drive and can add significantly to

demonstrate that a high power integrated flywheel system WHLL ost of the system

a steel rotor can achieve similar performance to a composit )

rotor flywheel system, with less complexity, lower manufac; “Al three of these motor types, PM, SR, and homopolar in-
or Tyw y ! . piextty, ductor, share the advantage of high efficiency, however PM ro-
turing costs, and lower material costs.

tors tend to be more temperature sensitive, mechanically com-
plex, and costly; and solid rotor SR motors have either complex
A. Flywheel Motor Requirements and Motor Selection rotor structures or low power factors. While these issues can be

. - . overcome, homopolar inductor motors present an attractive al-
High efficiency, a robust rotor structure, low zero torque spin-

, . rnative with a low-cost rotor machined from a single piece of
ning losses, and low rotor losses are the key requirements fora gep

. - . . _steel that is more robust and less temperature sensitive than PM
flywheel system’s motor/generator. High efficiency is required o . .
yw y 9 '9 Iclency 1s requ or SR rotors. In addition, a homopolar inductor motor with a

so that the flywheel can be an effective energy storage mediuf. : . S .
Y 9y g Srp tless stator and six-step drive eliminates stator slot harmonics

Motor efficiency must be high over the entire speed and power S . ) .

. S o and maintains low rotor losses while also allowing operation at

range of operation. In addition, the zero torque spinning losses. .
of the machine must be very low, since for many applications tHé“ty (or any desired) power factor.

’ These advantages of robust rotor structure, high power factor,

flywheel is idling most of the time. A robust rotor structure is nd low rotor losses make homonolar inductor motors particu-
necessary for obvious reliability and safety reasons. The des . P notors p
eﬂy well-suited for flywheel energy storage applications.

parameters for the machine presented here are shown in Tab
The third requirement of low rotor losses is also criticdp: Homopolar Inductor Motor Characteristics

and drives many of the design decisions in a flywheel system.Although not widely used in practice, homopolar inductor
Because high-speed flywheels operate in a vacuum to reducetors have been researched for a variety of applications. They
windage losses, the main paths for heat transfer from the rotwe sometimes referred to as “synchronous homopolar motors”
are through radiation and through the bearings (if ball bearinffd, [3], [11], or “homopolar motors” [12], [13], but “homopolar
are used). The amount of heat transfer through radiationimgluctor motor” [14]-[16] is also commonly used and will be
small except at high temperatures, and the thermal path throulyé term applied in this paper. The defining feature of these mo-
the bearings is minimal, therefore, controlling the rotor lossésrs is the homopolagi-axis magnetic field created by a field
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Fig. 1. Cutaway view of motor. ) ) o )
Fig. 3. Photograph of prototype rotor. Rotor is 11.2 cm in diameter, with an
active length of 11.5 cm, and total length of 20.0 cm.
/ \ makes homopolar motors very attractive for high-speed opera-
c ; tion; a single piece steel rotor is used in the design presented
o) ross-sections here and in [4], [11], [14]. Other homopolar rotor designs in-

clude laminations [13], PMs [12], or other nonmagnetic struc-
tural elements to increase strength and reduce windage losses
[15]. Additional advantages of having the field winding in the
stator include ease in cooling the field winding and increased
volume available for this winding. The large volume available
for the field winding allows high flux levels to be achieved effi-

ciently, making a slotless stator design feasible.
- ind As described previously, the slotless stator is an advantage
-_— for solid rotor machines because it eliminates slotting induced
rotor losses [10]. A slotless stator also allows for higher gap flux

with the advantage that the magnetizing field can be controlled
to keep efficiency high at low and zero torque. A possible disad-
vantage of the slotless stator is the difficulty in constructing the

armature winding, which must be bonded to the smooth inner
bore of the stator iron. As described in Section II-E, a relatively

simple and effective process was developed in this work to con-
struct the winding.

o ; densities because saturation of the stator teeth is no longer a con-
L

cern. The design principle is similar to a slotless PM machine,
Side view

Bottom view C. Flywheel Design Methodology

_ _ _ _ _ i This section describes the process used in the design of the
Fig. 2. Top, side, and bottom views of rotor with cross sections showing ts&wh | t t The first st in the desi
rotor profile in each of the three sections. Dark arrows indicate the paths of eel energy s Orage system. e nrst step In the 93'9”
magnetizing flux generated by the field winding. process was the selection of 300 M alloy steel for the rotor. This
is a low alloy steel very similar to AISI 4340 in composition that
winding [4], [11], [13]-[15], PMs, or a combination of PMs andpan be hardened to an “'.“m"’?te strength of 2'0. GP? (290 k.s')' It
I T : o was chosen because of its high strength, availability, relatively
windings [12]. The principle is the same as in a traditional syn- : . .
. . . low cost, and high fatigue strength of 1.0 GPa (145 ksi) for over
chronous generator, with which the homopolar inductor motor,
L . - . 000000 cycles [17].
has similar terminal characteristics. However, in the case of t
. . Lo he next step was to calculate the necessary rotor volume
homopolar inductor motor, the field winding is fixed to the statotr :
. . 0 achieve the goal of 500 kJ (140 Wh) of energy storage.
and encircles the rotor rather than being placed on the rotor,.lahs . . o .
g ) o . e energy storage capacity of a rotating cylindrical rotor is
shownin Fig. 1. The field winding and the magnetizing flux pat : ; .
; . ) o termined from the ultimate strengit) of the rotor material
in the present motor design are shown schematically in Fig. 2. . . . i
and the rotor volumé&/ol,. with this expression [18]:
Note that the rotor pole faces on the upper part of the rotor are
offset from the pole faces on the lower part (see Figs. 2 and 3). Euiored = K - 0, - VOl,.. 1)
There are several advantages to having the field winding in
the stator. Among these are elimination of slip rings and greatlyA safety margin of 0.5 for the ultimate strength, a shape factor
simplified rotor construction, making it practical to construcdf 0.60, and a speed range factor of 3/4 were incorporated into

the rotor from a single piece of high strength steel. This featutlee constantX’. The speed range factor accounts for the 2:1
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4007 TABLE I
350 OPTIMIZATION RESULTS
Parameter Prototype
300F Value
s Unoptimized (Given) parameters
a 2507 Rotor diameter d,. 11.2 cm
E Rotor length I, 11.5 cm
;200 Rotor volume Vol, 1,100 cm?®
8 Rotor mass 9.5 kg
%150 Rotor inertia 0.0133 kg/m?
100 Stator Material 0.005” SiFe lams
Housing Vol. 10, 650 cm®
500 Housing Dimensions 22 cm x 22 ¢cm
X22 cm
Optimized parameters

0 Stator geometry
Rotor Diameter (cm) Magnetic gap g 0.216 cm
Armature winding thickness ¢4, | 0.130 cm
Field winding inner dia. id,, 11.5 ecm
Fig. 4. Plotof rotor maximum speed,,.. and bending mode; as a function Outer dia. ody,, 15 cm
of rotor diameter. The vertical dashed line indicates the minimum diameter rotor Height 17, 3.8 cm
that can spin up to its maximum speed... without approaching the bending Rotor Geometry
mode speed. Th&75-w, line indicates the margin of safety. The square denotes La/ L, ratio 1
the diameter and maximum speed of the prototype rotor. Operating point
Field winding current If 115 A
L . Armature current I 96 A
speed range from/2wiax t0 wmax, Which implies that 3/4 of Power factor pf 0996
the maximum kinetic energy is recovered. Using these factors, Voltage V 208 V
the volume of rotor necessary to meet the energy storage goal Resulting parameters
was determined to be 1100 ém L 13 pH
. Ly 1.35 mH
The next step was to choose the aspect ratio of the rotor. The Efficiency @ 50 krpm, 30 kW 95%
choice varies between rotors that are long with a small radius
to ones that are short with a large radius. The range of appro-
100r

priate shapes is restricted by examining the first bending modes. 1
Fig. 4 plots the maximum speeg,.,. needed to obtain 500 kJ
of energy storage and the first bending madefor a range of ‘
rotor diameters. The data is calculated for rotors constructed out ~ 95¢
of 300 M steel with a volume equal to the previously calculated
1100 cn?. The dashed curve in the figure indicates QJf5the
desired margin of safety for the operating speed. From Fig. 4, it
can be determined that to achieve 500 kJ of energy storage in a
rotor with a diameter less than 10.2 cm would require operating
near or above the first bending mode, which is undesirable be-
cause it could cause large amplitude vibrations that can damage
the system if not controlled.

Using the above criteria, a range of rotors was selected and an
optimization was conducted. The goal of the optimization was
to find, given a rotor of a particular aspect ratio, the best stator
design, rotor design, and operating point to minimize IosseSFﬁ’é. 5. Plot of optimization results for worst case full-power machine
the worst-case full-power operation. The worst-case full-poweficiency as a function of rotor aspect ratio. The square indicates the calculated
operating point occurs at peak power at the minimum speed effipien_cy for Fhe prototype rotor, and_the vertical dashed line matches that of

. .~ " Fig. 4, indicating minimum aspect ratio.
this case, 30 kW at a speed0f2w .. The parameters varied
are shown in Table I, and include the magnetic ga@rma-
ture and field winding dimensions, rotor saliency, and operatitignization toolbox. The optimized parameters and the results are
point values. The constraints on the optimization included magtescribed in Table II.
imum stator volume (set as a multiple of the rotor volume), satu- The results of the optimization are plotted in Fig. 5. The
ration flux of 1.5 T in the stator, and minimum air gap to ensurghorter, larger radius rotors tended to have lower efficiency pri-
adequate mechanical clearances. The efficiency was evaluatetily because the field winding encircles a wider rotor. The ef-
using lumped parameter calculations of the magnetic paths dieiency of the very long, smaller diameter rotors decreases be-
inductances, conduction losses, and core losses. The optimzause a flux limit imposed by the axial saturation of the middle
tion was implemented in MATLAB using the “fmincon” con-section of the rotor is reached. The optimization suggests that
strained gradient minimization algorithm in the MATLAB Op-the highest efficiency machine that still operates below the first

iciency (%)
8

Eff

80 0.5 1 1.5
Rotor Aspect Ratio (Diameter/Length)
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Rotational frequency (rpm)
The high synchronous electrical frequencies of this motor are
Fig. 6. Plot of the natural frequencies of the rotor as a function of rotor speB@rtially due to the fact that it is an eight-pole design. Although
Q, and the resonances which occur when the natural frequencies intersect #ite high electrical frequency increases the demands on the in-
Q. Erom this plot it can _be seen that all three of these resonance speeds\;élher, having a high pole number also reduces the size of the
outside the target operating speed range of 50-100 kr/min. . . . .
stator iron and thus the overall weight. In this sense, a high fre-
guency drive enables us to design a more compact flywheel. For
bending mode speed would have a rotor diameter of 10.2 ciis flywheel system, the peak electrical frequency (6.6 kHz at
Because of practical considerations related to construction @0 kr/min) makes a standard PWM drive scheme with IGBTs
the prototype, such as available Litz wire sizes, the dimensidnspractical. Drive efficiency is also a concern; we wish to min-
of the prototype differed slightly from the optimum as deterimize switching loss in the inverter, conduction loss in both the
mined by the design process. The values in Table Il are thosdmferter and the machine, and core loss in the machine.
the prototype. In consideration of the above issues, two distinct but related
The parameter that had the most important effect on perfa@hoices were made. The first decision was to use six-step drive
mance was the magnetic gapwhich is defined as the distanceoperating from a fixed-voltage dc bus. The second decision was
between the outer diameter of the rotor and the inner diametetofrive the inverter at unity power factor. The reasons and con-
the stator laminations. In the efficiency optimization, increasirgequences for both of these decisions on the inverter and the
g had the effect of increasing the volume for the armature windhotor are described in this section.
ings, thus decreasing stator resistance while increasing the fieldror the inverter, the obvious benefit of six-step operation is
winding excitation necessary to achieve a certain flux level. that switching losses are considerably lower than for PWM,
essence, varying trades off the torque-producing efficiencysince the maximum switching frequency for any one switching
of the armature for the torque producing efficiency of the fieldlement is the machine’s electrical frequency, in this case be-
winding. tween 3.3-6.6 kHz. This frequency is relatively low for modern
Adjustment of the gap dimension also allows for adjustmeH&BT technology. Operation at unity power factor minimizes
of the power rating of the machine. Larger gaps admit more &he inverter current for a given power level, resulting in the most
mature copper and correspondingly higher armature currerﬂgicient use of the inverter” A rating. In addition, zero-current
at the cost of increased field excitation requirements. Thus, #iitching (ZCS) occurs for six-step drives when operating at
rating of this type of machine can easily be adjusted for a sp#lity power factor. This is in contrast to PWM which has nei-
cific target power. The parameters indicated in Tables | andther ZCS nor zero-voltage switching (ZVS).
reflect a possible rating for application in hybrid electric vehi- For the motor, itis first noted that high efficiency can be main-
cles and power quality. tained at full power over the entire 2: 1 speed range while run-
The final consideration is to ensure that there are no rotor régag with a fixed voltage. This is possible for homopolar in-
onances in the operating speed. Since by design the rotor wlilictor motors because of the capability to adjust the back elec-
be operating below the first bending mode, the resonances tromotive force (EMF) with the field winding. Secondly, oper-
of concern are the rigid-body translatiorfal., = w,») and an- ating at unity power factor has little impact on efficiency be-
gular resonancesv(s; andw,,) that arise from supporting the cause in the design presented here it is very close to the optimal
rotor on compliant bearings. The translational and angular resgerating point. The optimal angle for the currénfas deter-
nances both depend on the stiffness of the bearings and the nmaisged from the optimization process described in Section II-C
of the rotor, while the angular resonances depend on the addiould be aligned with the back EME, but§ is less than Sat
tional factor of the ratio of the polar and diametral moments &fill power, and even smaller at lower power levels. Therefore,
inertia 7, and 1, [19]. A stiffness ofkpear = 75.8 x 105 N/m  aligningl with V' (see Fig. 7) represents only a small shiftin the
for the bearing mounts was selected for the chosen rotor desigperating point, and therefore only a small impact on efficiency.
so that all three of these resonance speeds fell outside the opeihe last consideration for the motor is losses from harmonics
ating speed range, as shown in Fig. 6. in the six-step waveform. Since the six-step drive precludes all
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Fig. 8. Plotof simulated system efficiency versus speed at various power levels © 20
for six-step drive of the prototype machine. %

o

triple-n harmonics with an open neutral connection, the main
time harmonics seen by the machine are the 5th an(5Tt# 1)
harmonics and the core loss should not be significantly higher
than that of a sinusoidal drive. As noted in [20], [21], six-step
waveforms result in lower core losses than PWM, and only
slightly higher core losses than sinusoidal waveforms in induc-
tion machine drives, and those results should also carry over tc &
the stator core losses in the homopolar inductor machine dis: % 50 60 70 & %0 100

cussed here. In Appendixes A-D, it is shown that with proper Fetor Speed iapm)

sizing of the phase inductande,, the harmonic conduction Fig. 9. Breakdown of calculated losses as a percentage of the total loss versus
and rotor losses can also be made small. For the 50—100-Kr/mat8r speed for the prototype machine. Plots are shown for 30, 15, and 5 kW. The
speed range with voltagé = 160 V, an armature inductance labels for the loss components in the 30-kW plot also apply to the other plots.
of L, = 33 uH is appropriate.

. The efficiency of six_—step and unity power factqr .Ope!‘atiO{’he rotor with the lower poles rotated 4with respect to the

s seen in Fig. 8, Wh'c,h plots_ the calculateq eff|C|enc_|es ‘?prper poles. The center portion of the rotor is cylindrical, and
the flywheel system with a fixed-voltage six-step drive ghe field winding encircles this portion of the rotor. The four
unity power factor with a properly sized inductance to redu%per poles are all the same magnetic polarity (N), and the flux

harmonic losses. While the efficiency does drop at 1owgky s down through the back iron to the lower set of poles (S).
power levels, it still remains adequate even at 5 kW. Efficie e machine has eight poles, and no saliency, Lg/L, = 1
, gL, =1.

operguo_n at even lower average power levels is possible J?He stator is made from 0.005” thick laminations, stacked and
runr_ung in a pulse mode. . press-fit into a steel tube that serves as both the back iron and
Fig. 9 breaks down the three main loss components as a §&li;sing for the machine. Only the field winding flux and not the
centage of the total loss for different power levels. Atlow speedge nating flux of the armature travels through the back iron, so
the field winding loss is higher and the armature loss is lower fQf .o |0ss in the back iron is not an issue. The field winding was
afixed voltage drive. The reason for this is that the back EMF iS) 14 around a bobbin and also pressed into the back iron. An

kept nearly constant with a fixed-voltage drive, which requiregminum bobbin was used for thermal and structural consider-
more field-winding excitation at lower speeds. In addition, sincg;, s

the back EMF is also nearly independent of the power level, atThelmost challenging part of the prototype construction was

'OW power levels the percer_ltage O_f the total loss due to the ﬁe[We winding of the stator armature. The armature was formed
wmd_lng and core loss dominate since the armature currents ftbm rectangular Litz wire bonded to the inner bore using thin
relatively small. . . . ) sheets of FR4 prepreg. FR4 prepreg is the partially cured form
In summary, a s.|x—step_ Inve rter drive has many ber_1ef|ts OV6H the yellow-green epoxy-fiberglass laminate commonly used
a PWM drive in .th's apphcaﬂoq, af‘d operating at gnlty POWELs printed circuit board substrate. The FR4 employed here had a
fac_tor has considerable benefits in terms of the invevier thickness of 63..xm (0.0025 in). A diagram of the construction
rating. assembly is shown in Fig. 10. First, a layer of FR4 was placed
against the inner bore, followed by the windings, and then an
additional layer of FR4 on the inside of the windings. Then an
The dimensions and other important parameters for the pair bladder was inserted and inflated to 1 atm (15 psi) to com-
totype are shown in Tables | and Il. The rotor for the machirgress the FR4-Litz wire-FR4 assembly against the inner bore.
consists of a single piece of high strength steel. As shownTile stator assembly was then baked in an oven to reflow and
Fig. 2, four poles are cut into both the upper and lower parts fafily cure the epoxy in the FR4. After baking, the air bladder was

s Breakdown at SkW (%)

E. Prototype Construction
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Drawing is a cutaway view of 1/4 of stator. A layer of partially cured FR4 is
placed against the inner bore of the stator, followed by the windings, and then
another layer of FR4. An inflatable bladder is used to compress the assembly
and then the assembly is baked to reflow the epoxy in the FR4 and fully cure it.

Fig. 13. Tolerance ring used in the compliant bearing mount.

where
(R 0 0
R=(0 R 0 3

Fig. 11. View of stator and armature winding. i 0 0 Rf

[ L 0 L,,cosf
removed, and the result was a smooth and solid winding struc- L= 0 L —L,,sind | . 4)
ture bonded tightly to the inner bore of the motor. Photographs | L cos  —Ly,sinf Ly
of the completed armature are shown in Figs. 11 and 12.

A compliant bearing mount was also designed and built fthe mechanical frequency of the rotor is governed by

allow the rotor to operate at speeds above resonance. The first
resonant mode was designed in the range of 20 kr/min. The ﬁwm - _Ewm + lTe (5)

mount consisted of a “tolerance ring” [22] clamped around the dt J J
outside of the bearing, and compressed into a bore. The tolgfere./ is the inertia of the rotor3 represents linear drag, and
ance ring, shown in Fig. 13, is a band of spring steel with ridges s electrical torque given by
that flex to provide compliance.
d1

7o = ——ATL71)\, (6)

IIl. DYNAMICS AND CONTROL T dh2

A. Machine Model Itis advantageous to transform the equations into a synchronous

The homopolar inductor motor has the same terminal chagference frame, which we denote with axes;. The natural
acteristics as a traditional field-wound synchronous machirfdl0ice of input for our six-step drive scheme is the inverter elec-
Using a two-phase stator model, we have two orthogonal arntdcal frequencyw., and we choose to orient t_fQGHXIS with the
ture windings whose orientations are denoted as axesib. A armature voltage vector. As a consequenges constant, and
field winding along the rotor axig has mutual inductance with _Vd is identically zero. A hlg.h-bandW|dth c_urrent control loop is
the armature; this inductance varies with the arfgteetween implemented to set, allowing the dynamics of s to drop out
thea and f axes. Thus in a stationary reference frame we ha@é the model. Under these conditions, the electrical dynamics

the two-axis model simplify to
%)\abf = —RL™ " Aups + Vary (2) %)\d :—Z/\d+we/\q+ ifcosf )
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d R RL,, . . 40 40
E)\q =—WeAq — f)\q - Tmzf sinf + V, (8) 20 ~ 20
d 1] 0 1] 0
° -20 ° -20
—0 =w, — 4w 9 -
dt ¢ m ©) “an| Hyy Mag. _;g H,, Mag.
where (9) describes the evolution of the andlebetween the 10° 10° 10t 10’ 10° 10°
reference frame and the rotor. Finally, we are interested in the W2 " lgg
outputsiy andi, 8 200 N~ 8 50
o (=]
1 L 150 H,, Phase s 0 H,_ Phase
11 =50} "2
ig=—=XAg — —ircosf 10 100
LA L7 (10) 10° 10° 10* 10° 10° 10°
. 1 L, . . 40 40
ig = f)\q + Tmzf sin 6. (11) 20 28
0
. o . 8 20 8 20
Since the principle function of the flywheel energy storage 40 1 Mag. ~40( 1y Mag.
system is as an electrical energy reservoir, we wish to control -60 - ~ o '6‘:00 e o
the flow of electrical power into and out of the machine rather 2030 10
than a mechanical quantity such as torque or speed. Our strategy 2 -100
.. . . . . Q -
for this is to focus on the electrical variables, developing instan- 2 100 g ~1%0
. . . D D -2
taneous control of electrical power flow, considering the speed ° H,, Phase © 222 H,, Phase
to vary slowly. The effect of extracting or supplying power to 0 . 5 .
o . 10° 10° 10 10° 10 10
the machine is to decelerate or accelerate the rotor, respectively. Hz Hz
Explicitly, real power is controlled by regulating, while reac- _
tive power is controlled by regulating. Fig. 14. Bode plots for the homopolar inductor motor.

For consideration of the electrical power flow dynamics, we
treat the speed as a constant parameter. A more formal analysis
would rely on singular perturbation theory with speed and other

TABLE I
SMALL -SIGNAL OPERATING POINT

mechanical variables treated as forming the “slow subsystem.” 4 0oV
We omit the details here—a general treatment can be found in o 15°
[23]. Holding w,, constant and performing a small signal lin- ‘:e 628?6 Rad/s
earization of the electrical subsystem about a desired operating Z;l 80 A
point, we obtain a linear state-space model for the electrical sub- if 9.29 A
system. We then compute the transfer function matkfiks), Aa | 99 x 1073 Wb
partitioned as Ag 0 Wb
[i‘;giﬂ = [g; g;j [c:i((i))} (12) we only plot results for one operating point, the qualitative re-

lationship among the magnitudes of the four terms holds over
where the functionsd,,, Hq», Ho1, and Hy, are given by a wide range of operating points. This carries important conse-
(13)—(16). See (13)—(17) at the bottom of the page. quences for our control, as discussed in Section III-B.

Bode plots of these functions are shown in Fig. 14. Table 11l i
gives the operating point values used to generate the plots. NgteControl Design
that at low frequencies the magnitude of the diagonal terms isThe objective in designing a controller is to stabilize the
larger than that of the off-diagonal terms. Although for claritgystem for operating points near unity power factor, and to

2 R 2 R
Hyy =— <L_mcosﬁ) sTHpstwe +w€ftan9

= (13)
2, R 2_ R
Hy = (L—msin6>s +LS+MB wep cotf (14)
Hyy = {igs? + (Fig — gweda) s + w2 (ig — TAg) +we T (ia — £Aa) } (15)
{sD}
PRCIEUNE PINTES JURSAr P Oty .
S

R R\’
D:s2+2fs+<f> + w? a7)
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i ‘ 100
ref frame

1 Y
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command control fmerter -100
i :": ‘ int. prop. H de-dc i
d

command control control converter

<o
Fig. 15. Control system block diagram. -50}(¢) s «
139 14 14.1 23 23.1 232
TABLE IV Time (sec) Time (sec)
CLOSED-LooPPOLES
Fig. 16. Experimental step response, command (dotted) and output (solid).
—2709 + 6063; Plots (a) and (c) show, and:, response to &80 A to —80 A command of
—558.3 i,. Plots (b) and (d) show response te-80 A to+80 A command.
—354.9
—gﬁiié implement a separate current control loop, this sampling is not

fundamentally necessary for the overall control scheme—itis a
design choice to simplify the experimental setup. The inverter
be able to track a command for real power. As the excitati@witching and the generation of a sampling interrupt are both
voltage is fixed, this amounts to controlling to a reference handled by an FPGA. Samplesigfandi, are taken just before
value while keeping, at zero. Intuition for the operation of inverter switching occurs, so that the orientation of the current
the system at or near unity power factor can be gained glative to inverter voltage is known. Note that this means sam-
examining the phasor diagram in Fig. 7. Note that the figure fding occurs at a rate of six times the electrical frequency. These
not drawn to scale; over the desired range of operating poirggmples, rotated into the synchronous reference frame, are then
the angled will be small, and the effect of resistive drop willmade available to the control loop, which performs control cal-
be negligible. Lettingsin(§) = 6, i, varies nearly linearly culations at a fixed rate of 1.5 kHz.
with # (and hence the integral of.) with little effect oniy.
Similarly, adjusting the magnitude of the back ENIFcontrols C. Controller Simulation and Experimental Results
iq With little effect oni,. These are the standard relations for a Fig. 16 shows system response to step commangsfiom
synchronous generator connected to an infinite bus. 80 Ato —80 A, and—80 A to 80 A, whilei, is commanded
The Bode plots for the linearized system shown in Fig. 1% a constant zero. The plots show experimental results and the
confirm the intuition of the phasor diagram, and provide insiglurrent commands. Fig. 22 shows the inverter frequency cor-
into the dynamics of the electrical states. It can be shown thakponding to this power trajectory, and demonstrates the con-

for the purposes of the control scheme, the relative magnitudgsiler's capability to execute constant current accelerations and
of the quantitie$H11 H»»| and|Hi2 H>: | to alarge extent deter- decelerations.

mine whether the system can be treated as a pair of decoupled

scalar systems [3]. Adding the log magnitudes from the figure, IV. EXPERIMENTAL RESULTS
we see thatHy; Ho,| is greater thanH,2Ho; | by roughly 30 ] ) ] )
dB at low frequencies. The first experimental goal was to determine the machine pa-

Given the decoupled nature of the system, we can constr{@ineters of the prototype and compare them to the designed
two independent control loops, as shown in the block diagram\{@lues. For the purposes of the controller, it can be seen that
Fig. 15. An integral control law for thig — i ; loop ensures that the primary motor parameters needed for the machine model
the power factor is driven to unity. A Pl control on the— w,  described in Section Ill-A aré, L, R,, and J. Additional
loop provides the desired response for tracking the commandiétiameters needed to model the losses in the motor include
active current. Table IV, showing the resulting closed-loop pold%f» Pearing loss coefficients, inverter loss coefficients, and core
for the linearized system, confirms that the control indeed st@SS coefficients. The dc resistances were measured directly, but
bilizes the system at the desired operating point. most Qf these parameters were determined by fitting models to

An attractive feature of the control scheme is its simplicitg*Perimental measurements. A summary of the designed and
Unlike flux-oriented schemes, the controller does not requifé@asured values for these parameters is shown in Table V. All
an observer to resolve the reference frame. The reference fréhigerimental data was obtained using discrete inductors in se-
angles is defined by the inverter voltage, therefore the angul&€S With the motor phases to increase the machine inductance
orientation of the reference frame with respect to the statorid© the desired value of 33H. All tests were conducted under
known explicitly from the commanded voltage. The sampling Moderate vacuum of roughly 500 Pa.
and control loops are triggered synchronously with the inverter .
switching. Furthermore, because the magnitude of the excift- COre Loss and Harmonic Loss Measurements
tion voltage is fixed, it is only necessary to sample the arma-Two methods were used to measure the core loss. The first
ture currents. Note that while field current is also sampled tonethod was to spin the flywheel at a constant speed and measure
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TABLE V
SIMULATION PARAMETERS
Description Design Measured
Value Value
Armature Inductance L | 33 pH 33 uH
Mutual inductance L,, | 1.1 mH 1.0 mH
Residual flux A, NA 0.0018 Wb
Armature resistance R, | 42.0 mQ 45.4 mS)
Field resistance Ry 3220 344 Q
Moment of inertia J 0.123kg - m? | 0.134kg - m?
700¢
600F
35 kRPM 0 : ‘ s ‘ s s : ‘ . )
10 12 14 16 18 20 22 24 26 28 30
§500‘ Rotor speed (krpm)
= 25kRPM
8400‘ Fig. 18. Plot of spin-down core loss test results versus speed for three peak ac
- flux density levels.
& 300f
2
& X 160
200¢ > 010T
047 T
100+ 140F | © 0.22T
Solid lines indicate measurements
) ) 120} Dashed lines indicate predicted Iosses;
8 0.4 %

0.2 0.3
Peak AC Flux Density (T) 100}

—

s
Fig. 17. Plot of constant-speed core loss tests versus peak ac flux density for « gof
various speeds. A subset of the measurements used to generate the parametero
for the model is indicated by the x’s, and the solid line represents the fitted

60
model.

405
the input power needed to keep the flywheel spinning. Since
there is no net mechanical change in energy, the input power is
equal to the losses in the system. In these “constant-speed”tests ¢ ; : \ s \ s
the losses are the sum of the following: 10 "® Rotor Spgoed (k2r2pm)24

1) aerodynamic drag;
2) bearing drag;

26 28 30

Fig. 19. Plot of inverter and harmonic losses. Measured losses (solid line)
are calculated from the results of Figs. 17 and 18. Predicted losses calculated

3) stator core loss; analytically are indicated with the dashed lines. The flux levels are indicated by
4) conduction loss of the fundamental current: the circles, triangles, and x's, which correspond to the legend in Fig. 18.

5) inverter switching loss;

6) rotor time harmonic loss; _ Once again, in the spin-down tests the stator core loss is the
7) stator harmonic current conduction loss. dominant loss component. The results of the spindown tests are

Of these loss components, the stator core loss and rotor tiggtted in Fig. 18. The measured stator core loss was larger than
harmonic losses dominate. The results of these constant-spgrdpredictions used in the design by as much as a factor of four
tests are shown in Fig. 17. The peak ac flux density is the ampfi-the range of the data shown in Fig. 18. The chief difference
tude of the maximum flux variation in the stator. For examplgs that the measured core loss grew at rate proportiona} to
a peak flux density of 0.8 T with a minimum flux density of 0.2yhereas the manufacturer data sheet predicted growth propor-
T would imply a peak ac flux density of 0.3 T. A model for thejjonal tow! 4. This suggests that there may be an additional as-
bearing and core loss components was assumed, and paramgiof the stator core loss that was not modeled in the design.
were fit to this data. We note that the design is not core loss dominated, so the impact

The second method for measuring the core loss was to madir efficiency is not extreme.
tain a constant flux level with the field winding, and then let |n addition to calculating the stator core loss, the results from
the flywheel spin down with the inverter disabled. By using thghe constant-speed and spin-down tests can also be used to cal-
rotor's moment of inertia, the losses can be calculated by megiate the harmonic loss components. Calculating the difference
suring the rate at which the rotor spins down. In these “spiBetween the constant-speed tests and the spin-down tests reveals
down” tests, no current flows through the armature and the ifive sum of loss components 4-7 of the constant-speed tests.
verter is not switched, therefore the only losses are as followgig. 19 plots the difference between the fitted model generated

1) aerodynamic drag; from the constant-speed tests and the results of the spin-down

2) bearing drag; tests. These curves (solid line) are compared to results of the

3) stator core loss. analytical calculations of loss components 4—7 (dashed line).
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Measured

140 Inverter Switching and
Fundamental Cond. Loss,

120 Harmonic Current

Cond. Loss
1001

Loss (W)

Rotor Harmonic
Loss

12 14 16 18 20 22

Rotor speed (krpm)

24 26 28 30

Fig. 20. Breakdown of predicted harmonic and inverter losses compared to
measurements. The solid line is the same as the 0.22-T line in Fig. 19, and the
shaded areas represent the components of the predicted loss for this test.

A breakdown of the losses for the 0.22 T test in Fig. 19 is
shown in Fig. 20, which compares the measured to the pre-
dicted losses. The predicted inverter switching losses are based
on manufacturer data, and the harmonic current and rotor héig- 21. Oscilloscope traces of phase current (upper traces) and line-to-neutral
monic losses are calculated using the methods described in ggerég’%’;e;ntéa;ii{]::gis(l'g,/vrg'r”pﬂg['onggrazr?)(_)'A 45-V 6-kw charge (upper
Appendixes A and B. The figure shows that the dominant losses

are the rotor harmonic losses, and that the analytical methQdls,ant measurements of the dc bus. and it includes all the
provide a reasonable calculation for these losses. . losses that occur in the entire system, i.e., the inverter, the field
The agreement between the measured and predicted reigfqing dc—dc converter, and the motor/generator. The average
harmonic losses also confirms that low rotor losses have begfciency for this particular test and other tests run between
achieved. As mentioned in Section II-A, low rotor loss is one c1f5_30 kr/min and 30—60 kr/min is shown in Fig. 24.
the most important and difficult requirements to meetin a fly- jpough the above measurements reveal the average effi-
wheel energy storage system. Meeting this design goal dem@pscy of the flywheel during the test, they do not reveal the
strates that a high-speed homopolar inductor motor with a soligkiciencies at any single operating point. To calculate the effi-

steel rotor can have low rotor losses even while running und&éncy for a trajectory as shown in the bottom graph of Fig. 22,

six-step excitation. it was necessary to use the rotor inerfiand these expressions
for mechanical power and efficiency

B. Performance Results

The system efficiency was measured by cycling power into P, = Jwpwmn (19)
and out of the flywheel over a 2:1 speed range. Fig. 21 shows an -1 P, — Py (20)
examples of the phase current and voltage during one of these "= | P.|
and decelerations between 30000 and 60000 fimin whLCACHIate the effcency for each point in tme of the test. A
charging and subsequently discharging electrical power at: —s_—Iong moving time average was applied to the efficiency

déta in the bottom plot of Fig. 22.

9.4-kW power level is shown in Fig. 22. The electrical power A breakdown of the loss components was calculated using

is shown in the top graph, the rotor speed profile in the secor]j‘ﬁé core loss model developed from the core loss tests and the

and the measured efficiency in the bottom graph. Since the . .
. . : : armonic loss equations. A plot of the loss breakdown for one
starting and ending rotor speeds for the test are identical, the

. ; ) %cle of the efficiency test is shown in Fig. 23, and Table VI
net mechanical power during the test is zero. Therefore, t . ; . ) .
summarizes the data for this particular test. From the figure, it

integral of electrlcal_ p_owePe over the te_st Is equal to the loss, an be seen that the loss model provides a good fit to the data.
and the average efficiency over the entire test can be calculaied : . :
as e armature conduction loss is the largest portion of the loss at
53.3%, followed by the core loss at 30.0%, and the field winding
fOT P.dt conduction loss at 13.4%. Notably, the rotor losses are less than
T . (18) 59 W, and the total harmonic losses contribute less than 4% of
Jo |Peldt L .
the total loss. For clarity, in this breakdown the inverter losses
The advantage of using the above expressiorvfgg is that are included in the armature conduction loss, and the dc/dc con-
it can be calculated directly and accurately from voltage amerter losses are included in the field winding conduction losses.

Tlavg =
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Fig. 23. Loss breakdown for 9.4-kW 30—60-kr/min efficiency test. The solid
60000} line indicates the total measured loss, and the shaded areas indicate the various
loss components (rotor harmonic and current harmonic conduction losses are
55000 grouped together as “harmonic losses”).
Esoooo
o TABLE VI
5 45000F EFFICIENCY TEST DATA
§_40000 Average Power |P,| 9.4kW
»n 00 Speed Range 30 krpm-60 krpm
35 Average Eff. 82.8%
30000¢
Loss Breakdown from Fitted Model
25000 (as percentage of total measured loss)
100y Armature Cond. 53.3%
Field Wind. Cond. 13.4%
8ot Stator Core Loss 30.0%
Rotor Harm. Loss 3.1%
;\3 Harm. Curr. Cond. 0.2%
. 60f Total 99.8%
[8)
c
0
O 40t 17
L
20 2\‘10.9
> 30krpm - 60krpm
2
ol ‘ ‘ . ‘ $os}
0 20 40 60 80 £
Time (s) i}
Fig. 22. Plots of flywheel system input power, rotor speed, and system 8;0'7-
efficiency versus time during a 9.4-kW 15-30-kr/min efficiency test. g
Z06
Fig. 24 plots the measured efficiency for several power levels
over the 15-30-kr/min and 30—60-kr/min speed ranges, con- 05 J . . s N
¢ 2000 4000 6000 8000 10000

ducted with voltaged” of 50 and 100 V, respectively. Also
plotted are results from the loss model fitted to the data. An

Power (W)

average efficiency of 83% was achieved at 9.4 kW over tl{%g_' 24. Measured average efficiencigs, for 15-30-kr/min tests (x’s)and

30-60-kr/min speed range.

C. Analysis of Results

By comparing the fitted loss model to our optimization 2)
model, it can be seen that there are several reasons why the
measured efficiencies are lower than those predicted by the
model used in the optimization. In order of importance, they
were as follows.

1) Armature resistance was 80% higher than the measured

DC value at room temperature. This was due to an unex-
pectedly high temperature rise in the windings, and was

60-kr/min tests (0’s). Solid lines indicate results from the fitted model.

confirmed by resistance measurements taken while the ar-
mature was hot.

The motor was not running at its designed operating
point at higher speeds. The efficiency graph at the
bottom of Fig. 22 reveals that the efficiency dropped
during charging as the flywheel speeds up. This was
unexpected, because the design calculations predicted
that efficiency would stay relatively constant over the
entire speed range. The cause was a phase delay in the
sampling from an analog filter used to process the current
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measurements. The result of the phase delay was such TABLE VII

that at speeds above 40 kr/min, instead of running at HARMONIC LOSSES FORPROTOTYPEDESIGN

unity power factpr, the flywheel would run at a leading Parameter Prototype

power factor while charging, and a lagging power factor Value

while discharging. This caused extra core loss, field "Motor and drive Parameters

winding conduction loss, and reduced the power output L 33 pH

for a given armature current during charging. Voltage fundamental V 100 V

3) The mutual inductanck,, gradually dropped by as much Phase current I, 66 A

as 30% as the field winding current was increased. This Speed range w, 30 krpm-60 krpm

Corresponding elec. freq. we 2.0 kHz-4.0 kHz

indicated that saturation was occurring at lower flux den- .
.. L. Worst-case harmonic losses
sities than expected. The exact reason for this is unclear,
. . . (at 9.4kW, 30 krpm)
though it may be that the midsection of the stator back Stator Harm. Curr. Cond. Loss | 7.9 W

iron near the field winding began to saturate and increased  Rotor Time Harmonic Loss 100 W
the reluctance of the magnetic path. Rotor Spatial Harmonic Loss <10W
4) The core loss grew at a higher rate with respect to fre- Average harmonic losses
quency than predicted. (9.4 kW, 30 krpm-60 krpm)
To improve the performance in future designs, the optimiza- ls)fitorgarmﬁcu“' ,Coﬁld: Loss gbos“\fv
tion process should incorporate the conduction, core loss, and [ °*OF S1me Harmomic Loss ;
. . Rotor Spatial Harmonic Loss <10W
harmonic loss models generated from the experimental data.
V. CONCLUSION The magnitude of the harmonic losses from time-varying cur-

The design and experimental results from an integrated fl 2nts can be controlled by adjusting the armature inductance

wheel energy storage system have been presented. The ad{f€asingL either by changing the winding design or adding
tages of a slotless homopolar inductor motor for high-speed gﬁ(_ternal mducto_rs reduces the harmonic losses, howev_er it a_Iso
plications are described. An analytical calculation and expefduces the achievable motor power factor when operating atin-
mental results show that low rotor losses can be achieved wigfter unity power factor, and impacts overall efficiency. Design
a solid steel rotor. criteria for sizingL to achieve a minimum machine power factor

A sensorless control scheme that does not require an estim&\g" & certain operating range is presented in Appendix C.
for rotor position or flux was presented. The controller is imple- 1€ slotless stator in this motor eliminates slot harmonics,
mented as part of a six-step inverter drive strategy that maintafigrefore the only source of spatial harmonics is the trapezoidal
high efficiency while operating at unity power factor. A strategy¥inding distribution. The losses from the trapezoidal winding
for adjusting the armature inductance to reduce rotor losses duigriution are discussed in Appendix D.

the six-step harmonics s described in Appendix C. The controller 1@Ple VIl summarizes the calculations for the harmonic

was demonstrated for speeds from 3000 to 60 000 r/min. losses of the prototype during one of the experiments. Indicated

Experimental results of the system efficiency were presentdf (e table are the worst-case losses and average losses for each
An average efficiency of 83% was achieved at 9 kW over tfharmonic loss component for the 9.4-kwW 30-60-kr/min test.
30-60-kr/min speed range. Extrapolating the loss model fit to
this data predicts that 88% efficiency could be achieved for a APPENDIX A
30-kW 50-100-kr/min test. STATOR HARMONIC CURRENT CONDUCTION LOSS

The voltage on phaseof a three-phase motor driven with a
APPENDIX six-step excitation at an electrical frequengycan be expressed

These Appendixes present the methods used to calculdged sum of its Fourier components
losses arising from time harmonics generated by a six-step -
drive and winding spatial harmonics. The harmonic losses that Vo=V Z Ay cos (kwet + 5) (22)
are of the most concern are those due to eddy currents flowing k=1,5,7,11,13...
in the solid-steel rotor which are generated when the rotor sees ) .

a time-varying flux generated from either harmonic currents ¥fhereV = 4/ (V.s/2) is the amplitude of the stator voltage
spatial effects. and Ay = 1/k is the coefficient for each harmonic component.

The time harmonics in this motor arise from the switchingriple-n harmonics are excluded by the three-phase connection
of the inverter. Since six-step drive is applied, the harmoni©$ the motor. Phase voltagé$ andV. have analogous expres-
are of a relatively low frequency, occurring at integral multiplesions shifted by+-2xk/3 and—2xk /3, respectively. Neglecting
of 6w, (six times the fundamental electrical frequency) in theesistance, the expression for the phase currents is then
rotor frame. The harmonic currents from this switching cause
additional armature conduction loss, rotor loss, and stator core A
loss. Calculations for the armature harmonic conduction ahd= V' Z o I cos(kwet)
rotor harmonic loss are presented in Appendixes A and B; the k=1,5,711,13... Y
stator core harmonic loss can be analyzed using standard core
loss methods based on manufacturers data for the core material. Cwe - L

cos(wet) (22)
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where L is the phase inductance, atdthe back EMF as a that the losses for each harmonic component can be analyzed
complex vector. individually. The losses can then be estimated by analyzing the

The back EMF only has a fundamental component, therefarase of a traveling wave of the appropriate amplitude impinging
the additional conduction in phaaeor the harmonic currents on a solid steel sheet.

is then An analytical expression for the losses has been derived in
1, [25] based on transfer function relations found in [26]. The re-
Py = Z Lt sult is
k
I,
1 Ay, 2 =2
= Z §V2 <7k b T cos(ka)) R, K w (26)
k FWe S| K| hwepd

fork = 5,7,11,13,.... (23) Doss =

Onpt [ (b sinh bg + ’:—f’ cosh bg) ’ + (% % cosh bg) ’ }
(27)
(28)

As is evident from (23), increasingdecreases the amplitude
of the harmonic currents and thus the associated losses. The
additional conduction losses expressed as a fraction of the peakb = o
conduction losses is ) . o .

P 2ot 4. whereK, is the Imegr current qensny iA/m along the inner

a4 g 28 ;7 (24) bore of the stator]}, is the amplitude of the current harmonic,
Pruna I w is the width of the armature wire§ is the surface aredy,

wherel,,, is the amplitude of theth harmonic current in phaseis the skin depth for the material at frequenay, r is the rotor
a, andl,; is the peak fundamental current in phas@he har- radius,g is the gap, andn is the spatial harmonic. Since the
monic currents are present whenever the six-step voltage is ajin depthd;, < g, the problem can be transformed with good
plied, and the highest losses occur at the lowest speeds. Foragieuracy into rectilinear coordinates. The consteista result
example shown in Table VII, the worst case losses represent |@kghe coordinate transformation, and= (# of poleg /2.
than 2% of the armature losses, and 0.1% of the total outputlhe results from this expression agree with two-dimensional

power. (2-D) finite-element method (FEM) simulations of the rotor pro-
file conducted at lower frequencies (1 kHz). Accurate FEM sim-
APPENDIX B ulations at the frequencies of interest in our degign > 2 -
ROTOR TIME HARMONIC LOSSANALYSIS 18 kHz) are difficult because the skin depths (2@ at 18 kHz)
, : , ) are very small compared to the air gap (2.16 mm) and other rotor
Since the rotor is constructed out of a single piece of SOIgLometry.
steel, any varying flux imposed by either time or spatial har-

. i | d'sub heatina. Th Fig. 25 plots the losses calculated for the 5th, 7th, 11th, and
monics will cause rotor loss and subsequent heating. Thus, ¢ harmonics along with the total loss for all harmonics for the

must be taken to ensure that the choice of six-step drive does&%et operating speed range with= 160 V and L = 33 uH
cause high_ rotor losses. Th? primgry flux imposed on the FOlONRte that the harmonic losses decrease with increasing speed,
the dc flux imposed by the field winding. The only time VaryMthnd the worst case is 175 W which occurs at 50 000 r/min. The

fluxes seen by the rotor rotating at _synchrono_us speed are _t'g%rage losses under normal operating cycles would be smaller.
harmonics from currents and spatial harmonics from Wlndlr)g

. . : alculation of the rotor’s thermal radiation indicates that 175
geometry. The following analysis suggests that losses mpowﬁo

. : ) f rotor loss with a stator temperature of 50 would imply
by the current harmonics and spatial harmonics are small. a rotor operating temperature of approximately 200 which
Expressing the phase currets I, and/.. in terms of their

) . 4 i is reasonable for a solid steel rotor.
Fourier components as is done in (22), and applying the Park

transform [24] into the synchronous frame leads to
APPENDIX C

I — v Z Agi_1 N Agit1 cos(6iw,) SIZING OF ARMATURE INDUCTANCE L,
4T e L e 6i—1 6 ‘ As noted in the previous two sections, increasing armature

1% FE
[q_wR~L <1_V_S>+i:§:3

X sin(6iwﬁt)> . (25)

1+ 1
inductanceL decreases losses due to the harmonics generated
(_ Agic1 Agigr from a six-step drive. However, if running at unity inverter

67— 1 + 67+ 1 power factor, increasing the armature inductance decreases the

machine power factor and the overall efficiency of the machine.
One approach to constraining is to choose a maximum
acceptable amplitude for one of the harmonic currents and a
minimum machine power factor.

Examination of these results shows that the rotor sees the fluXpefine 7,5 to be the amplitude of the 5th harmonic current
due to the 5th harmonic current as a baCkward'rOtating ﬂquhe primary source of harmonic |osses), ﬁpﬂto be the ang|e

wave shifted to the 6th harmonic frequency, and the 7th hq.b' achieve the machine power factars gpf- Then, Choosé
monic flux as a forward-rotating flux wave also shifted to the 6ty ch that satisfying the inequality

harmonic frequency. Since the rotor core losses are eddy-cur-
rent dominated at the frequencies of interest, linearity implies I < B+ 11 (29)
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surface currenk, of phase: with currentl, flowing can also

a0l be expressed in terms of its Fourier components as
1,
160F Jotal 1 K,= Wa cos(wet) Z K, cos(s) (34)
140K _ m=1,3,5...
120l RIS | wheref, is the spatial angle along the bore of the mot&rthe
=3 “\51{ width of one turn, and<,,, the amplitude of thenth harmonic.
§1O°' RRE TN | The sum of the surface currents for the three phases is the resul-
- R - tant MMF
) L
T Kiot = Ko + Ky + K. (35)
o 7th ) .
20 BT ] It can be shown that when balanced three phase sinusoidal
\,13th_ currentsl,, Iy, and /., of equal amplitude/| are applied and
s 50 60 65 70 K is expressed in the rotor framg;, can be expressed as

55
Speed (kRPM) a sum of6i time harmonics [25]

Fig. 25. Rotor core losses due to harmonics. Koot — éﬂ x| Ky cosb,
2W
leads to small enough harmonic currents such that the harmonic + Z Kei_1 cos((6i — 1)8, + 6iwet))

conduction and rotor losses are acceptable. Then substituting in

i=1,2,3...
the expression for the amplitude of the 5th harmonic component
of the current from (22) fo¥,5 leads to the expression + Z Kgiy1cos((6i 4+ 1)05 + 6iwct))|.
1 y w. LI (30) i=1,2,3... )
ﬂ . 52 V )

Now, a constraint for the minimum machine power factor wil| Since_ these losses also appear as traveling Wwaves at the _Bth
be developed. From the phasor diagram in Fig. 7, where tﬁgrmom_c_frequency, the losses can be analyzed using (27}, with
inverter is running at unity power factor and the machine powg}e modification ob such that

factor angle ig), the machine power factor will be greater than p=" 17 1=5711,13,... (37)
cos O if r
) to reflect the change in the spatial wavelength of the harmonic.
e Lo < tan fy. (31)  The rotor losses from the winding harmonics are much
4 ’ smaller than the losses from the current harmonics. There
Combining (30), (31), and® = 3/2I,,V results in are two reasons for this. First, the spatial MMF patterns are
trapezoidal for each phase, significantly reducing the 5th and
ﬂ% < chf{/LZP < tan fps. (32) 7th harmonic amplitudes relative to a square-wave MMF
HRY)

pattern. Second, the spatial wavelength for the first winding
This expression helps to guide the choiceloto that the harmonic induced MMF impinging on the rotor is one-fifth that
harmonic losses can be limited to some maximum value whitich corresponds to the fundamental wavelength, resulting
a minimum machine power factor at peak power is also maitf reduced flux penetration into the rotor volume. In the worst
tained. Note that in a six-step drive whéreis fixed, the ratio case, these losses are estimated at less than 1 W. The above
of the maximum speed over minimum speed is constrained Igpatial harmonic analysis only considers the losses from spatial
We. caax ) harmonics driven by the fundamental current. The losses from
w’—. < B-57 - tanfps. (33) spatial harmonics due to temporal harmonic currents (e.g., 5th
o spatial harmonic with 7th current harmonic) have a negligibly
Given the desired 2:1 speed range, and uging 0.12 (the small contribution to the total loss.
value used for the example in Table VII), then (33) implies a
minimum machine power factor of 0.83. This minimum ma- ACKNOWLEDGMENT
chine power factor occurs at full powerag .. At full power
atw. min the machine power factor would be 0.94. Both cas
assume that the inverter is running at unity power factor.
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