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Motivation for Hybrid Electric Vehicle Studies
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Motivation for Hybrid Electric Vehicle Studies
@ Corporate Average Fuel Economy (CAFE) standar ds wer e set for
passenger carsand light trucksin 1978.
@ Currently, thestandardsfor light trucks and passenger carsare 20.7
miles/gallon and 27.5 miles/gallon, respectively.
@ Between 1997 and 2001, the aver age fuel efficiency dropped from 22
miles/gallon to 20.4 miles/gallon.
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Critical Goals of Hybrid Electric Vehicular Technology
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Introduction to Basic and Advanced HEV Topologies

POWER

100 kW
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Power/Torque Characteristic for |C Engine Vehicle

IC Engineisrated at 100 kW.
Operating efficiency of I C engineisabout 15%.
@ Fuel efficiency achieved isaround 25— 30 miles/gallon.
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Basic Operational Concept of Hybrid Electric Vehicles
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Introduction to Basic and Advanced HEV Topologies
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Major Components of Hybrid Electric Vehicles
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Introduction to Basic and Advanced HEV Topologies

TYPESOF HYBRID
ELECTRIC VEHICLES

COMBINED

Classification of Hybrid Electric Vehicular Topologies
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Introduction to Basic and Advanced HEV Topologies

@ A serieshybrid vehicleisprimarily an electric vehicle with an on-
board battery charger.

@ AnICEisgenerally run at an optimal efficiency point to drive the
generator and charge the propulsion batteries on-board the
vehicle.

@ When the state of charge (SOC) of the battery isat a
predetermined minimum, the | CE isturned on to chargethe
battery.

@ ThelCE turnsoff again when the battery hasreached a desirable
maximum SOC.

@ It must benoted that, in aseriesHEV, thereisno mechanical
connection between the | CE and the wheels.

@ Someenergy islost because of the two-stage power conversion
process. A serieshybrid vehicleis more applicablein city driving.
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Introduction to Basic and Advanced HEV Topologies
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Typical Layout of a Parallel HEV Drive Train
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@ Parallel HEVshave both the ICE and the traction motor
mechanically connected to the transmission.

@ Thevehiclecan bedriven with the ICE, or the electric motor, or

both at the sametime.

Therefore, it is possible to choose the combination freely to feed the

required amount of torque at any given time.

The most widely used strategy isto use the motor alone at low

speeds, sinceit ismore efficient than the ICE, and then let the ICE

work alone at higher speeds.

When only the ICE isin use, thetraction motor can function asa

generator and charge the battery.

@ Using CVTs, it ispossible to choose the most efficient operating
pointsfor the | CE at given torque demands freely and continuously.

(1]
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Introduction to Basic and Advanced HEV Topologies
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Typical Layout of a Combined Series-Parallel HEV Drive Train
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Introduction to Basic and Advanced HEV Topologies

@ Thereisan additional mechanical link between the generator
and the electric motor, compared to the series configuration, and
an additional generator compared to the parallel hybrid.

@ With thisdesign, it is possible to combine the advantages of both
the seriesand parallel HEV configurations.

@ It must be highlighted herethat the series-parallel HEV isalso
relatively more complicated and expensive.

@ Thereare2major combinations of the | CE and motor; electric-
intensive and engine-intensive.

@ A common operative characteristic for both types of series-
parallel HEV systemsisthat the electric motor is used alone at
start with I CE turned off/idling.

@ Thisisthesystem used in the Toyota Prius and the Toyota Estima
hybrids.
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Hybrid Electric Vehicle Ener gy Storage Systems

HIGH ENERGY LONG LIFE (YEARS
DENSITY (Whrskg) OR CYCLES)

FAVORABLE ENERGY
STORAGE DEVICE
CHARACTERISTICS

HIGH POWER

DENSITY (W/kg) LOW COST (§kWhr)

Favorable Characteristics of HEV Energy Storage Devices
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Hybrid Electric Vehicle Energy Storage Systems

HEV BATTERY
CANDIDATES

Various Types of Battery Technologiesfor HEV Energy Storage
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Hybrid Electric Vehicle Ener gy Storage Systems

Typical Specificationsof VRLA Batteries

State of Charge Voltage Temperature (deg. C) | Charging Voltage
100% 213V 0 235V
70% 209V 10 228V
50% 206V 20 223V
20% 202V 30 220V
35 217V
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Hybrid Electric Vehicle Ener gy Storage Systems

@ Nickel-Metal Hydride (Ni-MH) batteries offer reasonable specific
energy and specific power capabilities.

@ They have amuch longer life cycle than lead acid batteries and are safe
and abuse-tolerant.

@ They areconstructed using rare earth or nickel alloy negative electrode
and a sinter ed-type positive electrode.

& Themain challenges with nickel-metal hydride batteries aretheir high
cost, high self-dischar ge, and excessive heat generation at high
temperatures.

& Furthermore, controlling the loss of hydrogen isamajor issue, which
eventually contributesto low cell efficiency.

@ Although Nickel-Cadmium (Ni-Cd) batteries have higher specific
energy and better life cycle than lead acid batteries, they do not deliver
sufficient power, and are not considered for HEV applications.
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Hybrid Electric Vehicle Ener gy Storage Systems

—————— Similar (125V)

———————» Ni-MH upt040% greater than Ni-Cd

= Ni-MH dlightly better than Ni-Cd

Ni-MH better at cold temperatures
(Overall Similar)

Significant Compar ative Points Between Ni-MH and Ni-Cd Batteries

L— Power Electronics & Motor Drives Laboratory

ILLINOIS INST\TuTE‘i‘V

OF TECHNOLOGY

Hybrid Electric Vehicle Ener gy Storage Systems

@ Lithium-lon batteries arerapidly entering laptop and cell-phone
mar kets because of their high specific energy.

@ Inaddition, they also have high specific power, high ener gy efficiency,
good high-temperature performance, and low self-discharge.

@ These characteristics make Lithium-lon batteries suitable for HEV
applications.

@ However, to make them commercially viable for HEV's, further
development is needed, similar to those for the EV-design versions.

@ Issuesthat need to belooked at include, calendar and cyclelife,
higher degree of cell and battery safety, abuse tolerance, and
acceptable cost.

@ Lithium polymer batterieswith high specific energy, initially
developed for EV applications, also have the potential to provide high
specific power for HEV applications.
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Hybrid Electric Vehicle Ener gy Storage Systems

Typical Specifications of Lithium-lon Batteries

@ 72V =20Cdls.

Maximum Power =22 kW.
Weight = 60 kg.
CycleLife>500.

Life> 25,000 miles.

Cost = $2000 (Small Quantity).
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Hybrid Electric Vehicle Energy Storage Systems

PROTECTION BATTERY FUEL GUAGE
CONTROL STATE OF FUNCTION
CHARGE MANAGEMENT STATE OF HEALTH
DATA RECORDING CAPABILITIES CELL EQUALISATION

LIFE TIME/CYCLE LIFE PREDICTION TEMPERATURE MANAGEMENT
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Comparative Values of Energy (kWh)
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Hybrid Electric Vehicle Ener gy Storage Systems

Comparative Values of Range Life (km)
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Current (2005) and Projected (2020) Range Life
of HEV Battery Candidates
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Hybrid Electric Vehicle Ener gy Storage Systems

@ Ultra-capacitorsarethe most recent promising technology for
improving HEV energy storage capabilities.

@ Also known as super -capacitor s, pseudo-capacitors, and double-layer
capacitors, ultra-capacitors ar e essentially powerful, high-cyclelife,
high ener gy capacitors.

@ Ultra-capacitorsare currently available on the market with
capacitance ranges up to 2,700 farads, and are capable of releasing
that energy at a high or low rate.

@ Ultra-capacitorscan deliver up to 10-20 times more power (joules or
watts) than batteries.

@ They also offer 10-100 times the ener gy density (Wh/kg) of
conventional capacitors.

@ For HEV applications, ultra-capacitors are being proposed as the
secondary power source and are sized for short-duration load
leveling.
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Hybrid Electric Vehicle Ener gy Storage Systems
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Application of an Ultra-Capacitor System in an HEV
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Hybrid Electric Vehicle Ener gy Storage Systems

Performance Comparison Between L ead-Acid Battery, Ultra-Capacitor,
and Conventional Capacitor Storage Systems

Pgafr(;rr:]n;r;:e Lead-Acid Battery| Ultra-Capacitor Cg;‘ll):-';it%?aj

ChargeTime 1-5hours 03-30s 10ms- 10us
Discharge Time 0.3-3hours 0.3-30s 10ms-10us
Energy (Whikg) 10- 100 1-10 <01

CycleLife 1000 > 500,000 > 500,000
Pw&ejre?i;\i/‘/:kq] <1000 <10,000 < 100,000
chargebeenarge | 07-08 0.85-098 >095
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Advanced Motors and Power Electronicsfor HEVs

HEV TRACTION MOTOR
CHARACTERISTICS
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Typical Performance Characteristics of HEV Traction Motors
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Advanced Motors and Power Electronicsfor HEVs

Considerations for Design of Electric Traction Motor for HEVs

@ Using suitabledriving schedule (drive cycle) to find most critical
speed and torque regions.

@ Optimize motor design in proper torque-speed regions, resultingin a
high-speed design that cuts size and weight significantly.
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One Drive Cycle of The Urban Dynamometer Driving Schedule (UDDS)
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Advanced Motors and Power Electronicsfor HEVs

FRONT-RUNNING HYBRID
ELECTRIC VEHICLE TRACTION
MOTOR CANDIDATES

AC INDUCTION OTHER
MOTOR COMBINATIONS

PERMANENT MAGNET Rg‘l"&giﬁgl&
SYNCHRONOUSMOTOR YA

VariousHybrid Electric Vehicle Traction Motor Candidates
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Comparative Summary of Electric Traction Motors Advantages
MOTOR
PARAMETER M PMSM SRM DCM M
SIZE [ ]
HIGH SPEED [ ] [ ] [ ]
ENDURANCE [ ] [ ]
EFFICIENCY [}
CONTROLLER
SIZE °
CONTROLLABILITY [ ] ® [ ]
POWER CKT. SIZE [ ] ®
RELAIBILITY
OVERALL BETTER | BEST GooD — —

L— Power Electronics & Motor Drives Laboratory

ILLINOIS INST\TuTE‘iV
OF TECHNOLOGY

Advanced Motors and Power Electronicsfor HEVs
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Integrated Starter-Alternator (1SA) System for Mild HEV's (42 V)
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Simulation of Advanced HEV Topologies
A. Conventional Vehicle

@ A conventional drivetrain was selected using the already
existing physical parameter s of the Honda I nsight.

@ Enginesize was selected to be 100 kW, with a maximum
efficiency of 34%.

@ It wasrun through the “Urban Dynamometer Driving
Schedule (UDDS),” in order to simulate city conditions.

@ For simulating the highway driving schedule, the vehicle
wasrun on the “USO6HWY” highway drive cycle.

@ Each of thesimulationswere carried out using 5 complete
drive cycles of each type.
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A. Conventional Vehicle
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Simulation of Advanced HEV Topologies
A. Conventional Vehicle

Ok Grineadrs

Loags <arc=

Block Diagram of the Simulated Conventional Drive Train
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Simulation of Advanced HEV Topologies
A. Conventional Vehicle

@ Mileage achieved using UDDSdriving schedule: 23.6 mpg.
@ Mileage achieved using USOBHWY driving schedule: 26 mpg.

Emissions (grams/mile)

16 14
144
12

0.8
0.6 0475

0.4 4 0.295
024

grams/mile

HC co NOx

Recorded Emissions upon Simulation (grams/mile)
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Simulation of Advanced HEV Topologies
B. Honda Insight

The vehicle details of the Honda I nsight are as described below:

@ 2-door, 2-passenger sedan.
@ 2125-b curb weight.
@ 4KkW (5.4 HP) road load @50 mph (80 km/h).

ThelCE details of the Honda I nsight are as described below:

@ 1.0L,3-cylinder.
@ VTEC valvecontrol, lean-burn operation.
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Simulation of Advanced HEV Topologies
B. Honda Insight

Thetraction motor details of the Honda I nsight are as described below:

@ Brush-less Permanent Magnet DC Motor.
Q@ 10kW peak.

Thebattery details of the Honda Insight ar e as described below:

@ Panasonic, Ni-MH, spiral-wound cells.
@ 0.9kWh, 10kW, 20 kg.
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Simulation of Advanced HEV Topologies
B. Honda Insight

| |
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ATRORRp Fonda g vse

Block Diagram of the Honda Insight Parallel Drive Train
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Simulation of Advanced HEV Topologies
B. Honda Insight
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B. Honda Insight
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Simulation of Advanced HEV Topologies
B. Honda Insight

@ Mileage achieved using UDDSdriving schedule: 57.4 mpg.
@ Mileage achieved using USOBHWY driving schedule: 63.6 mpg.

Emissions (grams/mile)

0.16
0.14
0.12 4

0.145

0.08 1
0.06

0.04 0.023 0.022
0.02 4

grams/mile

HC co NOx

Recorded Emissions (grams/mile) — ULEV Certified
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Simulation of Advanced HEV Topologies
C. Toyota Prius

Thetraction motor details of the Toyota Prius are as described below:

@ Brush-less permanent magnet DC motor.
@ Generator: 15 kW @4800 rpm.
@ Motor: 30 kW @6000 rpm.

Thebattery details of the Toyota Prius are as described below:

@ Panasonic, Ni-MH, spiral wound cells.
@ 1.8kWh, 21 kW, 40 kg.
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B. Honda Insight
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Simulation of Advanced HEV Topologies
C. Toyota Prius

The vehicle details of the Toyota Prius are as described below:

@ 4-door, 4-passenger sedan.
@ 2700-Ib curb weight.
@ 54kW (7.2HP) road load @50 mph (80 km/h).

ThelCE details of the Toyota Prius are as described below:

@ 15L,in-line4-cylinder.
@ 43kW @4000 rpm.
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Simulation of Advanced HEV Topologies
C. Toyota Prius
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Block Diagram of the Toyota Prius Combined Series-Parallel Drive Train
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Simulation of Advanced HEV Topologies
C. Toyota Prius
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Simulation of Advanced HEV Topologies
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C. Toyota Prius

@ Mileage achieved using UDDSdriving schedule: 56.7 mpg.
@ Mileage achieved using USOBHWY driving schedule: 50.2 mpg.

Emissions (grams/mile)

0.12 0.116

rams/mile
o
o
&
|

g
o
o
B

L

0.003

HC co NOx

Recorded Emissions (grams/mile) — SULEV Certified
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Simulation of Advanced HEV Topologies

Overall Drive Train Efficiency Comparison

Overall % Efficiency Comparison
(City and Highway Driving)
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Comparative Plot of Overall Percentage Drive Train Efficiencies
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Simulation of Advanced HEV Topologies
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Practical HEVsand Commercial Status

Honda Insight

Front

Wheels
10kw PM Motor |—| Transmission '—>

ICE, 3-Cylinder
Gasoline

Photo: Courtesy American Honda Motor Co., Inc.
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Practical HEVsand Commercial Status
Honda Civic Hybrid

12V Starter
Front
Wheels
10kwW PM Motor |—| Transmission '—>

DCI/AC Inverter

| ICE, 4-Cylinder

Gasoline

144V Ni-MH
Battery Pack

Photo: Courtesy American Honda Motor Co., Inc.
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Practical HEVsand Commercial Status

Toyota Prius

Photo: Courtesy Toyota Motor Corporation.
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Practical HEVsand Commercial Status

Toyota Prius
10kw PM
DC/AC Inverter l—‘ Generator I
274V Ni-MH ICE, 4-Cylinder Planetary Front
Battery Pack Gasoline Gears Wheds

Reduction
DCIAC Inverter |—| 33kW PM Motor H Gearing I

Schematic Representation of the Toyota Prius Hybrid Drive Train
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Practical HEVsand Commercial Status

Hybrid Ford Escape SUV

Photo: Courtesy Ford Motor Company.
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Practical HEVsand Commercial Status

Hybrid Ford Escape SUV
28kW PM
DC/AC Inverter |—| Generator I
300V Ni-MH ICE, 4-Cylinder Planetary Front
Battery Pack Gasoline Gears Wheds

Reduction
DCI/AC Inverter |—| 65 kW PM Motor H Gearing I

Schematic Representation of the Ford Escape Hybrid Drive Train
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Practical HEVsand Commercial Status

Chevrolet Hybrid Pick-Up Truck (PHT)

Rear

|CE, 8-Cylind Wheds
 &-Lylinder l—| 48kW AC IM I—l Transmission |—>
Gasoline

DCI/AC Inverter

36V A
Battery Pack

Photo: Courtesy General Motors Corporation.
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Practical HEVsand Commercial Status
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Pictorial Representation of Growth of Hybrid Electric Vehicles

@ Rumored: Honda Odyssey, Chevrolet Equinox (2006), and Chevrolet
Malibu (2007).
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Fuel Saving via Usage of HEV Conversion Kit

Conventional | Fuel X Annual 25% HEV Annual 50% HEV Annual

Vehicle Consumption | Fyel Cost Improvement | Saving Improvement | Saving

10 mpg 1,200 gallons | $2,400 12.5mpg $480/year | 15.0 mpg $800/year
15mpg 800 gallons $1,600 18.75mpg $320/year | 22.5mpg $533/year
20 mpg 600 gallons $1,200 25.00 mpg $240lyear | 30.0 mpg $400/year
25mpg 480 gallons | $960 31.25mpg $192/year | 37.5mpg $320/year
30 mpg 400 gallons $800 37.50 mpg $160/year | 45.0 mpg $266/year
35mpg 343 gallons. $686 43.75 mpg $137/year | 52.5mpg $229/year
40 mpg 300gallons | $600 50.0 mpg $120/year | 60.0 mpg $200/year

@ Gasoline Price: $2.00/gallon
Q@ Driving Distance: $12,000 miles/year
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Fuel Saving via Usage of HEV Conversion Kit

Conventional | Fuel X Annual 25% HEV Annual 50% HEV Annual
Vehicle Consumption | Fuel Cost | Improvement | Saving Improvement | Saving

10 mpg 1,200gallons | $4,800 125mpg $960/year | 15.0 mpg $1,600/year
15mpg 800 gallons $3,200 18.75 mpg $640/year | 22.5 mpg $1,066/year
20 mpg 600 gallons $2,400 25.00 mpg $480/year | 30.0 mpg $800/year
25mpg 480 gallons $1,920 31.25mpg $384/year | 37.5mpg $640/year
30 mpg 400 gallons $1,600 37.50 mpg $320/year | 45.0 mpg $532/year
35mpg 343 gallons $1,372 43.75 mpg $274/year | 52.5mpg $458/year
40 mpg 300 gallons $1,200 50.0 mpg $2400/year | 60.0 mpg $400/year

@ GasolinePrice (Upon Increase): $4.00/gallon (Doubled)
Q@ Driving Distance: $12,000 miles/year
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AVOID OVER DO NOT STOP
SPEEDING ABRUPTLY
USE MANUAL
KEEPSPEED o P TRANSMISSION (AS
CONSTANT MUCH ASPOSSIBLE)

Graphical Suggestion on Using HEVsat Maximum Capability
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@ Today, around 40,000 vehicles sold in the US annually are hybrids.

@ Of those, nearly 50% comprise of the Toyota Prius, 47% of the sale
belongsto Honda Civic Hybrid, and 3% sales belongsto the Honda
Insight.

Q Itisprojected that by the year 2007, the annual sales of HEVswill
riseto nearly 500,000.

Q@ Releaseof new HEVs, such asthe Ford Escape SUV, Lexus
RX400H, Toyota Highlander, Honda Accord, Saturn VUE, and
others, constitutesa major portion of the automotive industrial
development plan.

Q@ Between the years 2015 and 2030, it is believed that the auto
market will have a stronger influence of HEVs.

@ Thistimeperiod will also probably see the introduction of all-
electric and fuel cell vehicles.
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TODAY, HEVSARE COST EFFECTIVE,
ENVIRONMENTALLY FRIENDLY, AND
FUEL EFFICIENT

Honda Civic Hybrid

Ford Escape Hybrid
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