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Toyota hybrid car Toyota Camry hybrid-electric taxi. Hino hybrid diesel-electric truck.

BMW Concept 7 Series The 2011 Toyota Auris Hybrid :

. . . . Hybrid-powered bus
ActiveHybrid : mild hybrid mass-produced hybrid electric vehicle Y P
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Workshop on Flywheel KERS

Beijing, April 9, 2013

The directed evolution of
high-energy flywheels
for ground vehicles

Dr Yuefeng Liao
Mr Chris Ellis

A Key Objective
for Governments
and for Industry

Replace a ~200kW engine
with an 80kW engine and
150kW surge power system

Halve the fuel costs of city buses, globally
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Porsche 911
GT3 Hybrid

370kW engine
and 163kwW
Flywheel-based
Kinetic Energy
Recovery System
(KERS)

Le Mans
Winner 2012

Audi R18
Flywheel-based
Fuel-only hybrid

LaFerrari Hy-KERS
'Fuel-only' hybrid

Engine:
600kW V12

Engine-off
range: zero

'Formula 1 Follower®

Electric total: 120kW
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'All singing, all dancing’ penalty: weight

AWD Full
Regen
95kW 85kW
Full
E-range: >50km Porsche 918 Plug-in
Low AWD
L/100 Full Regen
150kW 150kW
. 150++kW Low CdA
Plug-in
optional
Bonus: 'Smokin' Power' <1100kg

32
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50kW . .
50kW\ \ Hybrid Family Car
N Diff Fuel
Flywheel “Everything under /
the hood”
Optional Plug-In
Engine off: 100kW Battery
Engine on: 160kW /

0-100: <10 secs, < 8 secs 60kW

Flywheel KERS Evolution

'Electric-only 100kW 'Mechanical-only"

100kW 100kw 100KW 100kW

ReProp low-cost
AWD version

Compact ReProp
low-cost version

50KW X 2 100kwW

33
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Culham Flywheels — Fusion Research

Spidar Arm ™ Theust Block

Two flywheels, each 400 megawatts(!)
3750 megajoules each

225 rpm, 775 tonnes
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R EFRIRRERARAR Blig 8T

R EEN

1. EVIHEVE & RE AR
2. ¥R ERFER~RES

3. RIAf
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Cost Comparison

Toyota Toyota
Prius Camry-h

Acceleration (0-60 mph) il 9.0
(sec)

Mileage 50 40

(Wide)

4 Wheel Drive No No

Curb Weight (kg) 1650
Price Diff.* (US$) 6,000(?)

Toyota
Highlander

7.5

29

Yes

1950
9,000

NewEVA
COV/SUvV

<8

40

* Before applicable up to $3,750 US federal tax credits (new Energy Bill'05)

11

Applications cross the board

Mid-Sized Sedan SUV/CUV

Scalable Product Platform

Full-Sized Sedan SUV/Truck

12
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Traction and Braking Energy Consumption

EPA

Percentage of braking energy to
total traction energy (%)

Austr.
IS Urban
Urban
Tracti Total
raction energy ota 4000 6480
(KJ)
Per km. 377 606
Brakin
9 energy Total 1934 4195
(KJ
Per km. 182 392

48.3 64.7

New
York
City

ECE- | Japan

15 1015

Effective regen braking is key for drastic FE improvement

13

integrated Flywheel-assisted Surge Power Drive

|
Breakthru approach to system
integration w/ proven components
e Hi-spd IPM motor (up to 24krpm);
e Flywheel speed: up to 25krpm; Cluteh
 Batteries and controls housed |

separately.

Resulting in innovative and superior
product concepts ~12”

e Scalable product ling;

» Cost-effectiveness;

e Durability, reliability, life.

Pout

™ End bell

[k \ Mountin% plates

End bdlu

Hybrid approach to hybrid EV'#!
14

~12” L[i\ |

| Flywheel | | GearBox |
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Integrated Flywheel-assisted (iFa) Surge Power Drive

oil level

NewEra Mobility, Intl. Confidential
Feb 2006

Integrated Flywheel-assisted Surge Power Drive

{Wall charger - - | Battery |-

Inverter/
IControlle

-
12 V batt =
-

Vehicle Controller

7\];‘7Lock-up

= = = = Electrical Connection <@==)> Data Comm Flow

16
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@
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. k#l _ _
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ws

we wr
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Ring

TIRNERE, P, AREAICR Gl ki, AT RAERIRBIR , KORLE B RUR A 2 [
Lo TR LR SE, AR AL S L S AHEAT TN AR 1E— 2k 2k b, PR
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s [ Lr
sun carrier ring

outer flywheel

to wheel
differential

inner flywheel central panel

NewEra Mobility, Intl. Confidential
Feb 2006

outer flywheel \

to wheel
differential

inner flywheel central panel

NewEra Mobility, Intl. Confidential
Feb 2006
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Regen Efficiency Comparison: Battery vs. Flywheel

Assuming 100% kinetic energy recovery:

[0 n batt,syst = Nmot x Ninv x Nbatt,rech x Nbatt,disch
x mot x Ninv
= 0.9x0.9x0.7x0.85x0.9x0.9 = _0.39

O n fw,syst = Ngear x Nfw x Nfw x Ngear
= 0.95x0.9x0.9x0.95 = 0.74

O n fw,hev = 0.5X(Nmot x Ninv x Nbatt,rech x N
batt,disch x Ninv x Mmot )

+ 0.5x(ngear x Nfw x nfw x ngear )

= 0.5x(0.9x0.9x0.7x0.85x0.9x0.9) +
0.5x(0.95x0.9x0.9x0.95)

= 0.57
‘ Flywheel-based system is nearly TWICE as efficient ! ‘

21

Flywheel Hybrid Drive System Torque-Speed Characteristic

2000 1

1500 +

1000 +

=z
=2
()
>
o
=
O
=
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Product Attributes and Characteristics

Well suited to Add-On to rear diff as Option or Retrofit Kit;

Equally applicable to engine/Xmn-mount front transaxle
integration,;

Plug-in HEV up-gradable (ZEV, FE >100 mpgQ);
» Size & Weight : Roughly one cubic foot, ~50kg package

Front-axle Xmn-mount SPD

N\ /

Rear-axle Post-Xmn (Add-on) SPD
(Thru —the-Road hybrid?)

ESU(ICE+Xmn)

Chﬁﬁsis installation alternatives

Rz - FEVHIREProp4st
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R FHEV/PHEVAIREProp4E#

F 3. ’{L_ M
= \_f
- =l

BU0R:
o

HRESEf (REHT BREV)
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HRESEf (REHT BREV)

B ZHME: 0~100kphfiliE16s 48% 10.8s

—_—

m 25N FEWEFES7km 32% 115km
mREN: LR ERAFEEREEE
B {EmAE: ERHE=AFAEREHNBMLE

m2e: AN, REXRFESNREM

Flywheel Hybrid Powertrain = SPU + CPU

CPU: Continuous Power Unit
*ICE
* eMotor
* FC engine
SPU: Surge Power Unit
 Battery-based e-Drive system;
* Hydraulic power and storage system;
* Flywheel-based power system (3-D Optimization!)

Compared to traditional Flywheel-based ESS
* Flywheel speed: ~25krpm vs. 50-100krpm
e Stored energy: ~0.1 kWh vs. 20 kWh
¢ Rigidity & Safety
—Tolerant of high shock and vibration loads from road

Light & compact package w/o gyroscopic effect & safety hazard.

28
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[ Modern Hi-Speed Flywheel Systems ]
|

[StationaryKESS] [ Mobile KESS ] [ Mobile SPD ]

Clutch-controlled

Machine tools

ero-Inertia Drive

PowerBeam Drive

iFa-SPD

il

Dumbing-down is the way up!

NewEra Mobility, Intl. Confidential
Feb 2006

w
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Presentation at AFS-Trinity Power

Flywheel or No Flywheel?

- That’s the question!

Frank Liao
NewEra Mobility, Intl.
Sept. 19, 2006

Feb 2006

NewEra Mobility, Intl.

Confidential

Integrated Flywheel-assisted (iFa) Surge Power Drive

-
12V batt =
-

Inverter/

=| Battery |=1= |controller

Vehicle Controller

#ock-up

= = = = Electrical Connection <——> Data Comm Flow

NewEra Mobility, Intl.
Feb 2006

Confidential
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Front-axle Xmn-mount SPD

N\ /

Rear-axle Post-Xmn (Add-on) SPD
(Thru —the-Road hybrid?)

o

ESU(ICE+Xmn)

Figure 2 Chassis installation alternatives

NewEra Mobility, Intl.
Feb 2006

Confidential

HEV Propulsion System with iFa-SPD

Feb 2006

o |
Hydraulic
Pedal Braking
Module
A
O > BCU  [Qewmmeees ..--: ........................ > HEV-SCU
I_I_II_I—I—I1
Flywheel
I L
Motor I
iFa-SPD.
— m e o s o wm w
Figure 4
NewEra Mobility, Intl. Confidential
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Integrated Flywheel-assisted (iFa) Surge Power Drive

nnnnnnnnnnnn

US Patents pending:

 INTEGRATED FLYWHEEL-ASSISTED
HYBRID ELECTRIC DRIVE SYSTEMS

« FLYWHEEL-ASSISTED HYBRID DRIVE
TRANSMISSION WITH NEUTRALIZED
GYROSCOPIC EFFECT

 INTEGRATED FLYWHEEL-ASSISTED
HYBRID ELECTRIC DRIVE CONTROL

nnnnnnnnnnnn
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s [ Lr
sun carrier ring

outer flywheel

to wheel
differential

inner flywheel central panel

NewEra Mobility, Intl. Confidential
Feb 2006

outer flywheel \

to wheel
differential

inner flywheel central panel

NewEra Mobility, Intl. Confidential
Feb 2006
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Torque (Ib-ft)

2000 1

1500 + [N
€
<
g

1000 + WSS
e

500 +

04

NewEra Mobility, Intl.

Figure 5 iFa Hybrid Drive System Torque-Speed Characteristic

Wheel (RPM)

0 25

T T T
50 75 100

14” Wheel (MPH)

Feb 2006

Confidential
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Powertrain Control
RESVR B A ) 45 1|

HH7K X
RS &
[F)5F K2 &
Ricardo UK Ltd
sw.shen@mtronics.co

shuiwen.shen@tongji.edu.cn

ﬁ/\ %ﬁ \ Q'L_' ] ‘

CFe 7 IC AN R

Toyota considers hybrid systems to be a fundamental technology for reducing the

environmental impact of vehicles because they allow energy recovery and storage,

increasing the overall energy efficiency of the vehicle.

HV: Hybrid Vehicle DPNR: Diesel Particular and NOx reduction THS: Toyota Hybrid System DI: Direct Injection

EV: Electric Vehicle D-4: Direct Injection 4-stroke Gasoline CNG: Compressed Natural Gas VVT: Variable Valve Timing
CECRORAF T 23, bt 2
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RFEBORERIR

REEBAWHT 2, bt

REEPIRERR

REEHARWHT &, b5t
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RFEBORERIR

REEBAWHT 2, bt 5
REEPIRERR
g %ﬂm—”——F' By T —

Cell Energy Density (Total Whikg)

REEHARWHT &, b5t

0]
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e BORERIR
L
i e
Wk kLA
RECH AW 22, b5t

REEBOREER

REEHARBTT &, bt
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e BORERIR
e
WHLCVT | bl

REEE AR 2, b 9
/\ N ,f‘,\ ~
%?5 557[‘%@
K
s CVT RISk
REEE AR 2, b3 10

59




E

i

REEFE AR ZAA
=
e
e L LB CVT
REEE AR 2, b 11
Outline

 Control targets
— Economy (fuel consumption)
— Driveability (acceleration)

 Control inputs
— Engine torque
— CVT ratio
 Control outputs
— Power at wheels

REEHARITT &, bt

12
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Outline

Concerned driveline system .
® Driveline

Ted

¢

driver Engine Pe

throttle
controller
Ps
CVvT

) hydraulic
Solenoid system

valves

icd
Driveline CVT
Manager controller

Pw wheels

REEBAWHT 2, bt 13

Economy vs. Driveability

» The control targets are conflicting
— Generally, good economy, bad driveability
— Otherwise, bad economy, good driveability

» The main concerned area is economy
— Increasing energy price
— Governmental regulation

» Focusing on how to improve driveability
— Under requirement of minimum fuel consumption

REEHARWHT &, b5t 14
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Economy vs. Driveability

Torque Reserve
160

140 WOT-line
s 75KW
H20 Teres E-line
£ -
I§oo E
= 50kW 2 g
S0 2 s
50 Te Tzl 2 )
BSFC [g/kwh]
10 g 25kW
20
5kw
0
0 100 200 300 400 500 600 Engine Speed (rad/s) for power level 25kw
Engine Speed (rad/s)
BSFC determines economy Improve driveability
Teres =Te [ Tioadl determines driveability Additional system
CEHORAT T 2, b 15

Economy vs. Driveability

- Maximization of Fuel Economy
- Control engine working along E-line

- Only for stationary operation

- Improving Driveability
- Steer engine using more of the torque reserve
- Shift CVT to increase the torque reserve
- Only for transient operation

REEBARWHT &, b5t 16
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Physical Background

Engine inertia influences on driveability P

Pec
Pe,net Pe,net =T e—|e I J e—|e—}e
=J v—|\'/—|v +T r—|v
Te
Je Vehicle
Tload
le I
Engine
CVvT
Tv
REEEARWFT 2, db 17

Physical Background
Shift - Behavior

- TelToul TRIN>0 9 Te/t [T+ duli/Al3< 0

Je + Jvl 2 Je/l2+ v
Engine Shiftdown Vehicle
Te I <0 Tioad
Je Jv
Te 1!
BRI 2, bt 18
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Mechanical Solution

torque

convertor primary
ptyey pushbelt r
[ I e A o I | DNR-Set la
internal Flywheel unit
combustion flywheel J f
engine
1.6L
planetary z
final gearset
reduction .
ic
gear
If secondary
Wllev
differential
Normal driveline Additional flywheel

REEBAWHT 2, bt

Mechanical Solution

push-belt planetary flywheel
CVT gear-set

REEHARWHT &, b5t
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Mechanical Solution

Engine Speed Up: 2 sec.

Ring Gear Engine speed

Planet

Vehicle speed

Planet
Carrier

Sun

Vehicle Speed Up: 10 sec.

Flywheel speed

RECHAWI T 2, ALt 21
Mechanical Solution
Equivalent engine inertia Equivalent vehicle inertia
as a function of CVT ratio as a function of CVT ratio
J, Pe Pec J
q vaq
; Pe,net =T e—|e I Jeq—le—|'e
0 v
iCVT iCV'r
Low D 0
Zer(? 0 |'< 0 Low Zerq ob
Inertia Inertia
Lo T 1Tt T Jugkell q TeN T+ Jea M /13
e — =
Jeg + Jugl 2 ’ Jeq /N2 + Jug
CERORAF T2, bt 22
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Physical Background
Shift - Behavior
Flywheel
Js
_ I
Shiftdown
1<0
Engine Vehicle
J Jv
Te © Thoad
e 1%
KRR S, bt 23
Controller Design
vehicle speed = pedal angle
| s
) driver steering
engine
torque
model based I\:/)vohvseelr
control
CVT ratio
vehicle power driveline manager
REREARWT S, bt 24
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Controller Design

d

PF FC
Pwd Ped

Ted

fed

P -Plant model

NO -Nonlinear observer

FC -Engine feed forward controller u
PC -Plant model for CVT control

HC-CVTH controller

PF -Power translator from wheel to engine

NO

HC

REEBAWHT 2, bt

Yp

25

Controller Design

* Inputs

Ur=Ted

U2 =icd Ted
« Disturbance

Engine

W =T dist .
lcd
* System states Vehicle

It Engine speed Ta

v Wheel speed ait ;

Ta BFiviRg tergue

ic CVT ratio

CVvT

Gear
Set

Flywheel

¢ Outputs x =f(X)+g1(X)u1 +g2(X)uz +qw

—|e Engine speed y =CX
—|v Wheel speed

REEHARWHT &, b5t
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Control Results

without flywheel .
with flywheel

with flywheel without flywheel

Wheels power response Vehicle acceleration response

Control results for the desired power changed from 8kw to 28kw

R HARY 2, b5t 27
Control Results
with flywheel
with flywheel
without flywheel
without flywheel
Wheels power response \ehicle acceleration response
Control results for the desired power changed from 8kw to 75kw
IR 2, db5t 28
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Control Results

CVT controller

y HC v v _I_ Le h(X)I Lailt h(X)Ted icd
LeoLt h(x)

1 —k 1 Jeq +qu|2 + Jea
ngth(X) Jeg —|e—|v

e Problems 7
— Jeq=0

ing si i z
— Changing sign of Jeq (influence on control performance) Low  “*9  op

REEBAWHT 2, bt

Z1-CVT vehicle control
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Conclusion

 Better fuel economy expected with engine
working along E-line for CVT driveline

 High driveability expected with new
strategy for driveline control and additional
flywheel system

REEBAWHT 2, bt 31
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