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EXECUTIVE SUMMARY

The context for this wik is flywheel energy storage for charge sustaining heavy hybrid vehicles and
hybrid power systems for industrial equipment. Examples of such hybrid vehicles include light rail
vehicles, transit buses, or medium and heavy duty trucks. Examples of sustriaidnachines include
earth moving equipment and container handling cranes.

This document summarizes some elements of extensivetest program completed on a flywheel
energy storagesystemdesigned and built by Flywheel Energy Systems Inc.

This compehensive performance validation testing program showed that the flywheel possesses a
number of necessary performance characteristics for deploymertherge sustaining heavy hybrid
vehicles or hybrid powered industrial equipment

capableof thermally stéle high power continuous operatig

capable of peak power charge and discharge eveotsirring in rapid succession

capable of operating through e#xis rotationangles oft10°

capableof operating through offaxis rotation rates of up to 10°/s,

capabé of operating continuously on various charge/discharge power scripts that well
approximate use in a charge sustaining hybrid transit bus, and

9 capable of operating continuously on a dynamic platform that well approximates the 1 Hz to
20Hz road load effestof transit bus chassis vibration.

=A =4 =4 =8 =9

Theexistingflywheel module willundergodesign changes fdield trials and commercial deployment.
The commercialflywheel unit offers the potential to achieve significant performance improvements
over theexistingflywheelincludingthe following:

extended DC link voltage range,
reducedvolume

higher power density,

higher energy density

higher efficiency, and
substantially lower cost

=A =4 -4 -8 a9
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1.1 Program background

The context for this work iflywheel energy storage for charge sustaining heavy hybrid vehicles and
hybrid power systems for industrial equipment. Examples afhshybrid vehicles include light rail
vehicles, transit buses, or medium and heavy duty trucks. Examples of such industrial machines include
earth moving equipment and container handling cranes.

This document summarizes some elements of an extensive piegjram completed on a flywheel
energy storage system designed and built by Flywheel Energy Systems Inc.

The purpose of these tests was to verify the performance of the flywheel operating according to typical
power requirements for a heavy hybrid. Sinareously case vibrations were added as would be
expected from use in a heavy hybrid vehicle. Flywheel power and road load simulations were used to
create the power and vibration schedule for each test. These laboratory tests pdokidgh fidelity
replicaton of the actual operational environment

The test program included 444 tests and over 1740 hours of run time under a variety of operating
conditions. Over 28 MWh of energy was transferred in/out of the flywheel in this test program which
accumulated adtal of over 40000 charge/discharge cycles on the flywheel. The test program ran from
March 2006 through February 2007.

Financial assistance for this work wasovided byHydrogen, Fuel Cells and Transportation Energy
(HYFATE) group of the CANMET En&asghnology Centre, Natural Resources Canada

1.2 Permitted uses and citation

This is a public release document intended to provide general background information about our
flywheel energy storage systems. While we encourage referencing this document i evhinlpart, we
request that the originally intended meaning not be altered and that a citabeprovided.A sample
report citationthat conformsto IEEE guidelines is provided below.

[1] Flywheel Energy Systems |niRerformance Verification of a Fipeel Energy Storage System
for Heavy Hybrid Vehicles®ttawa, CanadaReport 20160121,2010.
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2.1 Spin test laboratory

2.1.1 Spintest lab

Flywheel Energy 25C Northside Road Telephone: 613-596-0856 www.blueprintenergy.com

Figurel shows he spin test laboratory The lab has two vacuum ratedisghambers. The one on the
right isa front opening chambetonfigured for air turbine drive testing while thee of the left is a top
opening chamberconfigured for electric drive testing. Also visible in the figure #re shop air
compressorjoad barks, electrical switclyear, hydraulics and some of the data acquisitguipment

used in this test program.

Figurel: Spin test lab
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2.1.2 Power circuit

While motoring (i.e., charging the flywheel), A@pply power is rectifiedto 600720 \bc by a passive

diode rectifier. The DC is inverted to variable frequency AC by the motor drive. The variable frequency
AC is converted to shaft power by thetegrated permanent magnet synchronous machine (PMSM)
coupled to the flywheel rotar

While generating (i.e., discharging the flywheel), shaft power is converted to variable frequency AC by
the PMSM. The AC is rectifieml DCby the variable frequency drive. The DC bus voltage rises above the
rectified supply voltage, and is controlled @0 \4c by the brake chopper which sinks power to the
liquid cooled DC load bank.

The variable frequencsnotor drive is acustom designedow distortion, high frequency, fdirectional,
IGBT based, voltage source inverter/rectifier that incorporatesrabar of advanced features including
d-axis current control for PM field weakening, senkams commutation and liquid cooling.

Filtering components, an AC load bank and various contactors also form partpdwes circuit.Figure
2 shows aschematiadrawing of the power circuit

DCvoltage and current ACvoltage and current  Motor ACvoltage and current
measured by the data measured by the drive  measured by the data acquisition
acquisition system controller system
. Variable | | T
ACpower dio d\;e | Brake ( frequency | |  HFilter Hywheel
supply rectifier || chopper J r’(rj]gf/(;r L inductors _ PMSV
DCvoltage and current ACload bank
measured by the drive relay |

controller —
qul::)t;d oot;);ﬁ DC g Liquid cooled AC
load bank

Figure2: Power circuit schematic

Thefacility AC power supply ithe test labwaslimited to 50 kW. In order to provide more than 50 kW
power tothe flywheel for the test program, lzaseddiesel generatowas usedo provide the AC power
supply instead of using the facility power heogs. Figure3 shows tle skidmounted 180 kW Kohler
diesel generator.
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Figure3: 180 kW Kohler diesel generator required to drive the flywheel
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2.1.3 Hydraulic circuit

A key part of the test plan was to demonstratderance of off-axis moments andlynamic platform
motions. A hydraulic circuit with a proportional éational valve was implemented rovidecontrolled
off-axis momens to the flywheel.

Figure4 shows the hydraulic circuit diagram

Pressure Gauge

Proportional Directional

Valve
Power Pack External Pressure Filter i
Regulator Regulator g e A
__________ N sille
Oil Cooler =
=) HH =
=" el

Hydraulic Cylinder

Reservoir

Figure4: Hydraulic circuit implemented for offaxis loading

The lydraulic actuator drives an octagonal frame on which the flywheel was mounted. The frame was
mounted on trunnions which allow it to pivot througtl5° of arc.Figure5 shows the actuator and
frame. Also visible in thEigure5 are power leads¢oolant leads for the liquid cooledMSM axial and
radial frame accelerometers, instrument leadsyacuum line, and a space heater used to provide
elevated ambient temperature for testing.

An encoder was used torgvide position feedback on the frame angle to control the proportional
directional valve. In this way, the hydraulic actuator veasnmandedto apply sinusoidal motions at a
given frequency and amplitude, or more complex waveforms such as a power sphatsaly (PSD)
function that closely approximates theffects ofmotion of a transit busn the flywheel Figure6 shows
the fully instrumented flywheel in the spin chamber and ready for testing.
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Figure6: Flywheel ready for testing

Document no. 20100121 ©2010 FLYWHEEL ENERGY SYSTEMS INC. Rev. Page

Release date 21 December 2010

.[!'9twLb¢ 9bowD, XI Ot Sty Fdi C 100f 36
Prepared by Flywheel Energy Systems In




Flywheel Energy 25C Northside Road Telephone: 613-596-0856 www.blueprintenergy.com

\ ° '~ Systems Inc. Oftawa, Ontario Fax: 613-596-6052

K2H 851 Canada

2.1.4 Data acquisition

The test lab is populated with a range of data acquisidqnipment.Tablel containsa conplete list of
the equipment.Someof the featuresare as follows

T

=A =4 =

NIPCl6115
0 eight channell2 bit, 1MHz simultaneous acquisitiddR
0 two channel, 12 bit, 10 MHz simultaneous acquisition
NIPCI6035E
0 eight channel, 16 bit, 200 kHz acquisition
32 channetemperature monitoring
two channel synchronous displacement
two channel vibration and order analysis to 50 kHz

Tablel: Data acquisition equipment list

National Instruments (P@i115) 4channel simultaneous multifunction i/o (x2)
National Instruments (SCX102) 32channel thermocouple module
National Instruments (SGX000) 4slot chassis

National Instruments (T2095) thermocouple module terminal block
National Instruments (4351) iehannel precision thermocouple meter
National Instruments (GPIB) general purpose interface bus

National Instruments (6035E) multifunction i/o

National Instruments (BNZ110) high speed i/o (x2)

National Instruments (BNZ120) high speed i/o and function generator
National Instrument¢{ER8 POD) &hannel electromechanical relay
National Instruments (TB&38T) isothermal terminal block

Bentley Nevada series 9000 monitor system

Bentley Nevada-2hannel digital vector filter

Bentley Nevada series 7200 proximiter (x5)

Briel and Kger charge amplifier model 2626

Briel and Kjeer charge amplifier model 2635 (x2)

Ono-Sokki model CF 926Channel FFT analyzer

This array ofdata acquisitionequipmentis highly configurable for different test conditionSigure?7
shows the data acquisition wiring diagram &otlypical setup.
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Figure7: Data acquisition wiring diagram
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2.2 Flywheel energy storage unit

Table2 shows he flywheel along with many of the pertinedesign ratings The flywheel and various
pieces of lab equipmentvere instrumented with voltage probes, current transducergemperature
sensorsproximity probes accelerometers, vacuum gauges and flow meters for the test program.

Table2: Hywheel and performance characteristics

Performance characteristics Units Design atings

DC link voltage \ 600¢ 750
Power kw 120
Energy kWh (net to the operating speed range) 077
Mass kg 150
Volume liters 103
Specific power Wi/kg 800
Power density W/liter 1165
Specific energy Wh/kg 5.1
Energy density Wh/liter 7.5
Outside diameter mm 610
Length mm 460
Average charge efficiency N/A otaf{a ndpy w A
Average discharge efficiency N/A otaf{a ndgpy 9%5)93%
Average roundrip efficiency N/A (PMSM 0.98w A y @S NH6S
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3.1 Thermal stability

3.1.1 Thermalequilibrium undercontinuous operation

Figure8 shows the final thirty minutes of data froan eight hour test conducted on Bebruary 2007.
The machine ran at 80 kW continuous duty betwe€n25kWh and~1.0kWh rotor energy with no
dwell time between charging and discharging. Approximately 380 cycles assumulated during this
test. The PMSMtator was cooled with 40°C water circulating at approximately seven liters per minute.
Vacuum was on the order a0 pbar.

80 kW continuous operation

= Motor Stator Motor Magnet === Upper Bearing =———Lower Bearing Ambient =—=Rotor Energy [Secondary axis]

140 3.5

D e B i B i BT b B e B T T i e U e T T e S e B e B i T 2 B i B s 0 Y . B i B s B i )

100 — 25
~ _
9 :
T 80 20 =
= >
3 2
5 2
9 o
2 60 15 o
E e e e e e e o
“ g

40 'l i 'y '} I i 2 1.0

. \V/ \V/ \V/ \V/ \V/ \V/\V/\V/\V/\ /\V/\V/\V/\V/\ /\v/\v/\v/\v /\V/\v/\v/\\_

0 0.0

7.5 7.6 7.7 7.8 79 8.0
Time (hours)
J

Figure8: Temperature profile during continuous operation at 80 kW

The machine temperatures show vdiitle oscillation on a cycle to cycle basis, and efectively at
thermal equilibrium state. At the conclusion of the test, the machine was coasted.25 kWh of rotor
energy for a few minutes with power set to zero. At this time, a rapid decreaseoior magnet
temperature is noted too rapid to be real. This characteristic was prevalent throughout the test
program and indicates a bias in tiheotor magnettemperature instrument due to stator current. The
true motor magnet temperature is more likelg be around 100°C as opposed to the 120°C shown.
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3.1.2 Temperature rise duringeakoutput

Figure9 shows hese sametemperaturetraces fora peakpower test conducted on 26 February 2007. In
this short test, the machine was chargedriall power from~0.25 kWh of storage te1.0 kWh of storage
and then discharged at full power back+0.25 kWh of storage with less thawo seconds at the turn
around. The PMSM stator was cooled with 40°C water circulating at approximately sevenpkters
minute. Vacuum was on the order d0 pbar.

Maximum power operation

—— Motor Stator —— Motor Magnet —— Upper Bearing =—— Lower Bearing —— Ambient =——Rotor Energy [Secondary axis]
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Figure9: Temperature profile during maximum power operation

Once agaimarapid fall in the motor magnet temperature correspawlith the dwell at~0.25kWh after
the full powe test. The real temperature rise on the motor magnets is 10°C (55°C start, 65°C end). The
stator temperature rises 13°C (62°C start, 75°C end).
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3.2 Maximum charge and dischargpower

High speed continuous voltagepV/Va, Ve, Vo), current (bs Ia |5, I0) and rotor speed data were acquired
during the abovepeak powertest. These datavere postprocessed to obtain shaft power, AC power
and DC power as a function of rotor energs/shownn Figurel0 and Figurell. In Figurell, the shaft
power and AC power are shown to be unrealistically close. This is most likefrtefact of
measurement error orvoltages and currentsWhile dischargingthe powerroll-off at ~0.35 kWh of
rotor energy is due to the PMSM reaching its AC current limit.

4 N
Maximum charge power
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Figurel0: Power during maximum charge
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Maximum discharge power
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Figurel1: Power during maximum discharge
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3.3 Intrinsic losses

A coastdown test was used to determinde intrinsic losses in the flywhedtigurel2 shows the data
captured during this test.
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Figurel2: Intrinsic losses

Document no. 20100121 ©2010 FLYWHEEL ENERGY SYSTEMS INC. Rev. Page

Release date 21 December 2010

.[!'9twLb¢ 9bowD, XI Ot Sty Fdi C 170f 36
Prepared by Flywheel Energy Systems In




Flywheel Energy 25C Northside Road Telephone: 613-596-0856 www.blueprintenergy.com
\“ ~/ Systems Inc. Oftawa, Ontario Fax: 613-596-6052

K2H 851 Canada
"

3.4 Efficiency

A number of charge/discharge tests weneed to determine componerefficienciesas a function of

power and rotor energyOneway conversion charge and discharge efficiencies for the inverter and
flywheel are shownn Figurel3. The average onway efficiency is 93%hether chargingDJ Hkinetic)

or dischargingkinetid D C) The average round trip efficiency (Q£DGy) is 86%.The intrinsic flywheel

losses are included in the efficiency resulisie power required by support equipment, such as the

vacuum pump and coolant pump, was nofpéicitly included in thecalculatios. 2 6 SOSNE (G KSaS dF

loads amount to less than 0.5% in the efficiency calculation and fall inside the threshold of
measurement accuracy.
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Figurel39 T FA OA Sy 08 G KAt SO OXKNINEMIYTK IONH Al K ySUMyOS G A O 5

The thermal, power and efficiency performance verification was completed in this test program as
described above. A much more significant component of the test program was to validate the machine

characteristics in a simuled, but high fidelity, operational environment with a specific foguon
dynamic platform tolerance.
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4.1 Test plan

The purpose of these tests was to verify the performance of the flywheel operating according to typical
power requireanents for a heavy hybrid. Simultaneously case vibrations were added as would be
expected from use in a heavy hybrid vehicle. Flywheel power and road load simulations were used to

create the power and vibration schedule for each test. These laboratory pestsded high fidelity

replication of the actual operational environmemtigurel4 shows the test plan

=a =8 =8 -8 -9

Bus drive schedules
Manhattan Elywheel power simulation
Orange County Determine flywheel
NY Composite operating power profile for
NY Bus a 15000 kg hybrid bus Flywheel - ;
HDUDDS power Elywheel test installation
script Power data

) ) Actuator
Road load simulation load

Determine actuator load train

=a =4 =4 - -9

Displacement data
Temperature data

profiles that duplicate
flywheel bearing loads
imparted from bus chassis
vibration

SOC data
Bus road vibration PSD&
Longitudinal
Lateral
Vertical
Pitch
Roll

Vibration data
Figurel4: Operational verification test plan

ddﬁﬁﬁ

4.2 Flywheel pwer script

The vehicle selected was 1300 kg transit busA rad powerlaw for the hybrid transit buswas
acquired fromthe Emissions Research & Measurement DivisibBnvironment Canadd]. A number of
drive cyclesvere chosen thabffer frequent startstop operation where a hybrid bus would most likely

be used including the following

Manhattan

Orange County Transit Authori@@CTA)

New York composite

New York bus

Heavy duty urban dynamometer drive sched(HOUDDS)

=A =4 =4 =4 =9
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A power simudtion, as showrin Figure15, was used to create a tirsgtepped power script for the
flywheel to follow for these lab based tests.

Bus drive schedules Brake
1 Manhattan

power

Orange Coun Friction <
# NY C%mpositéy brakes overflow Qutotes
when installation
f NYBus requested
1 HDUDDS brake power
>120 kW

Write time-stepped
data to a flywheel
power script

Vehicle speed
and acceleration

Limit flywheel power

) Traction - Requested
Vehicle motor BEEY S flywheel —pe| [0 +/-120KW. Brakes fywheel Aywheel
model or engine take up model
power power ) power
remainder.
+4
Vehicle road load
E;?AI,: S:)Csetp_oint
Alison E°, 33000 bs. overflow (E5%typical)
when
requested
® drive power
s ® >120 kW
% 0
20
: © Engine *
power + Engine power DCerror
0 1 » D H H 0 W 0 W L S Pl control signal
Speed, kmh |00p
Source: Environment Canada

Figurel5: Flywheel power script simulation

In this simulation, vehie speed and acceleration are integrated with thehicleroad power law to
determine a traction motor power. The traction motor power request is deducted from the engine
power to determine a requested flywheel power. Since the flywheel power is limitetil B kW,
overflows are shuntedo fast feedback loops fafriction brake or engine power, as appropriafEhe
resulting flywheel power is recordetb replicate in the lab settingand delivered to the flywheel model
which updates the flywheel state of alge appropriately. The state of charge feedback is subtracted
from the state of charge sqioint to create an error signal for a slow acting PI control loop on the
engine power output. With this control scheme the engine power is slowly modulated tonréter
flywheel to a set state of charge but is able to respond to instantaneous demands for more drive power
if required.
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4.3 Actuator load train

Transit buses are required to clindr descend a 16% grade. With the flywheel in a vertical spin
orientation, this requires the flywheel to be tolerant of approximatef0° of offaxis rotation. This was
asimpleactuator load train to replicate in the lab. The same cannot be said of chassis vilration

To analyz¢he T £ & ¢ KeSEris@td vehiclehassiwibrations, a statespace model was developed that
treats the flywheel as two rigid bodies a housing and a rotar sugported on damped springs. Each
body has five degrees of freedothree aretranslational(XY,Z)and twoare rotational (gj ). The body is
first translated and then rotated about its center of graviffhe model performs a Rund@utta
numerical integration of the system differential equations gooduce a transient solutionArbitrary
waveforms may be specified for the chassis vibration in teomsinusoidal or power spectral density
inputs (PSD)Five axis ltassis vibration transfer functions for a tranbits were used as input to the
state-space modeto determine bearing loadf?]. Then,the madel was used to determina single off
axis power spectral density functiom the range of 1 Hz to 20 Hzat provided the saméearing loads
as the five axis excitation. iBtsingleoff-axis load trainvasreplicated in the lab.Figurel6 depicts the
flow of data through the actuator load train model.
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Figurel6: Actuator load train model
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4.4 Test results

To verify tolerance of the 16% road grade requirementetflywheel was operated at a variety of
constant speeds up to maximum speed through0° of arc at rates of.2°/s, 5.0°/s, 7.5°/s and 10°/s.

For each of the five transit bus cycles, the flywheel was operated on the appropriate power script with
the single offaxis 1 Hz to 20 Hz PSD load train. diiee cycle was repeated to verify a stable thermal
response to the power and applied bearing loaktsall the tests, the coolant flow rate was four liters
per minute and @cuum was on the order dfo pbar.

The table below summarizes the drive cycle datagine power with flywheel assist, flywheel power and
flywheel energyfor the five drive cyclesthe flywheel energgtate is phrasedas astate of charge (SOC)
where 0% SOC is ~0.25 kWh of rotor enefgyAC current limit is enforced below ~0.28/h ofrotor
energy thatwould prevent the flywheel from accepting or delivering full powefith this convention for
SOCthe flywheel can develop full power charge or dischaaggany SOC point

Table3: Transit bus cycle data

§ < 2 3 a

Transito dza 0§ <& 5 zZ 2 f )

& O = z 2

= o

Bus drive cycle data | Average speed km/h 11 20 14 6 30
Maximum speed km/h 40 65 58 49 93
Duration s 1254 1909 1029 600 1060
Diesel engine power | Average kw 9 17 11 6 25
with flywheelassist | maximum kW 100 60 184 201 237
Flywheel power RMS kw 43 51 39 36 45
Peak charge kw 120 120 120 120 120
Peak discharge kw 120 120 120 120 120
Flywheel energy Maximum SOC 75% 97% 98% 77%| 100%
Minimum SOC 37% 1% 12% 36% 0%
Energy storage range Wh 290 740 660 320 770

For each of the drive cyclegie group of figures belovghow simulation data suclas vehicle speed,
engine power, flywheel power and flywheel state of charge as a function offtntaée duration of one
element of thedrive cycle and expemental data such as component equilibrium temperatures, power
and energyFor all drive cycleghe flywheelpower assist provides a substantial reduction in the diesel
engine peak power. While fuel consumption was not explicitly modeledis work this indicatesthat a
reduction in fuelconsumption and CQ@emissions could bereadilyobtained with a flywheel hybrid.
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4.4.1 Manhattan cycle

Figurel7 shows the simulation datdigurel8 shows the experimentalata.
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Figurel7: Manhattan cycla simulation data
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Figurel8: Manhattan cycle experimental data[test date: 08 March 2007]
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4.4.2 Orange Count Transit Authority cycle

Figurel9shows the simulation dataFigure20 shows the experimental data.
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Figure19: OCTA cycle simulation data
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Figure20: OCTA cycle experimental data[test date: 22 February 2007]
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4.4.3 NewYork composite cycle

Figure21 shows the simulation datdsigure22 shows the experimental data.
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Figure21: New York composite cyctesimulation data
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Figure22: New York composite cycteexperimental dataftest date: 28 February 2007]
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4.4.4 New York bus cycle

Figure23shows the simulation datdsigure24 shows the experimental data.
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Figure23: New York bus cycte simulation data
Document no. 20100121 ©2010 FLYWHEEL ENERGY SYSTEMS INC. Rev. Page
Release date 21 December 2010

[t 9twLb¢ 9b9wD, Xt Ot Sly ¥Fdi C 290f 36
Prepared by Flywheel Energy Systems In




,‘,-’ Flywheel Energy 25C Northside Road Telephone: 613-596-0856 www.blueprintenergy.com
@ ) systems Inc. Ottawa, Ontario Fax: 613-596-6052

y K2H 851 Canada

4 ™\
New York bus
= Motor Stator =———Motor Magnet =——Upper Bearing =——Lower Bearing =——Ambient =——Rotor Energy [Secondary axis]
140 3.5
120 3.0
100 hv- i 2.5
o 80 20 —
= >
2 go
B 2
o e [
E‘ 60 1.5 ‘5
5 &
40 1.0
’M\P/—_* v__a./ A \ W i W STV . v/
20 0.5
0 0.0
0 100 200 300 400 500
Time (seconds)
.
~
New York bus
———Motor Power ~ =——Rotor Energy [Secondary axis]
150 4.0
100 R 3.5
50 I l l 3.0
gL :
_ 0 l - 2.5 E
g F
& 50 | ! 20 g
N L I
a 5
100 15 %
L -4
150 1.0
m\l‘/‘—__"_ﬂ.wﬂ—\f—v—w—% N
-200 0.5
-250 0.0
0 100 200 300 400 500
Time (seconds)
-
Figure24: New York bus cycte experimental data[test date: 02 March 2007]
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4.4.5 Heavy Duty Urban Dynamometer Drive Schedule cycle

Figure25shows the simlation data.Figure26 shows the experimental data.

www.blueprintenergy.com
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Figure25: HDUDDS cyctesimulation data
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Figure26: HDUDDS cycteexperimental data[test date: 05 March 2007]
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