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HEV Powertrain Fundamentals

Mengyang Zhang Prepared for 2011 VPPC Tutorial September,
2011

M Zhang, 2011 VPPC Tutorial 1


	
Outlines of HEV PT Tutorial _ Part 1

1. Introduction to petroleum/CO2 challenges and HEV A snap shot
of transportation and HEV

2. Introduction to general vehicle requirements for power-train
Performance Drivability Fuel Economy Emission OBD Functional Safety
Software Architecture Standard - AUTOSAR

M Zhang, 2011 VPPC Tutorial 2


	
Outlines of HEV PT Tutorial _ Part 2

3. Introduction to Gasoline-Electric Hybrid propulsion systems
Power-Split HEV as a design example Gasoline engine fundamentals
Fundamentals of electric machines and drives Li-ion battery as
HEV/PHEV energy storage Introduction to vehicle control system

4. Introduction to HEV/PHEV operating strategy

M Zhang, 2011 VPPC Tutorial 3


	
Transportation and Petroleum/GHG Reduction

Transportation sector is a big user of fossil fuel
Transportation consumed 28% of 2008 USA energy output of 99.3
quadrillion BTU

Transportation sector is a major contributor in CO2 emission
Transportation produced 33% of 2008 USA CO2 emission total of 5814
MMT

Personal transportation is important Important mobility solution
Big contributor to petroleum consumption (60% by automobile and
light truck)

Auto industry has been working on Improving ICE based powertrain
efficiency Electrification

Improving powertrain overall efficiency Link to renewable energy
supply

Alternative fuels Reducing petroleum consumption and CO2
emission

Reducing vehicle energy demand on per mile per person basis
Regulations, consumers, and infrastructure are integral to the
endeavor

M Zhang, 2011 VPPC Tutorial 4


	
2008 US CO2 emission (MMT)

Transportation 1930 MMT, 33% Petroleum 1889 Natural Gas 35
Electricity 4.9

Industrial 1589 MMT, 27% Residential 1220 MMT, 21% Commercial
1075 MMT, 19%

Fuel CO2 emission per gallon of fuel (kg/gallon)

Gasoline 8.8

Diesel 10.1

M Zhang, 2011 VPPC Tutorial 5


	
CO2 from combustion

CNG provides slightly better CO2 emission per energy content
basis

Fuel Specific Carbon Content (kgC/kgFuel)

Specific Energy Content (kwh/kgFuel)

Specific CO2 Emission (kgCO2/kwh)

Coal 0.75 7.5 0.37

Gasoline 0.865 11.9 0.27

Diesel 0.855 11.8 0.27

CNG, Methane 0.75 12 0.23

LPG 0.82 12.3 0.24

M Zhang, 2011 VPPC Tutorial 6


	
Vehicle Fuel Economy and CO2 emission

Current vehicles (typical) 8 L/100 km or 30 mpg 180 gCO2/km or
290 gCO2/mile

CAFE evolution

World vehicle sales in 2010 58 millions

There are about 0.7 billion passenger cars world wide It will
take a while to see the effects of CO2 improvements introduced in
new models

M Zhang, 2011 VPPC Tutorial 7

2011 (mpg) 2016 (mpg) 2025 (mpg) % fuel reduction to 2011

Car 30 38 63 52% LD truck 24.5 29 43 43%
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CO2 emission reduc/on is a global eort


	
Global CO2 Regulations

United States In April 2010, the U.S. Environmental Protection
Agency (EPA) and U.S. Department of Transportation

(DOT) finalized a joint regulation for greenhouse gas (GHG)
emissions and fuel economy for light duty vehicles for model years
2012-2016.

The proposed fleet-average targets are 250 gCO2e/mile or 34.1
miles per gallon The standards are based on vehicle footprint and
separate car and light-truck standards have been

formulated. The US released a Notice of Intent on September
30th, which lays out initial scenarios of potential

stringency of fleet-wide GHG/fuel economy targets for cars and
light trucks during the 2017-2025 timeframe. The scenarios
represent 3 to 6 percent annual decrease in GHG levels from the
MY2016 fleet-average of

250 gCO2e/mile and translate into a range of fleet-wide targets
from 190 to 143 gCO2e/mile

The European Union In 2009, the European Parliament and the
Council adopted a Regulation (EC) No 443/2009 setting CO2
emission

performance standards for new passenger cars. The fleet average
to be achieved by all new passenger cars registered in the EU is
130 grams CO2 per kilometer (gCO2/km) by 2015. This target will be
phased in from 2012, when 65% of each manufacturer's lowest
emitting cars newly registered in that year must comply. This will
rise to 75% in 2013, 80% in 2014, and 100% from 2015 onwards.

A so-called limit value curve implies that heavier cars are
allowed higher emissions than lighter cars while preserving the
overall fleet average.

The target of 95 gCO2/km is specified for the year 2020. Details
of how this target will be reached will have to be defined in a
review to be completed early 2013. Further legislative measures to
reduce CO2 emissions include mandatory fitting of tyre pressure
monitoring system (by 2015), low rolling resistance tyres (by 2018)
and gear shift indicators (by 2015) on all new passenger cars. In
early 2011, the European Parliament and the Council approved the
first CO2 emission standard of 175 g/km in 2017 for
light-commercial vehicles.

A long-term target for CO2 emissions of light commercial
vehicles in 2020 (147g CO2/km) has been included as well. Similar
to the passenger vehicles, the details of the long-term target will
be defined by early 2013.

M Zhang, 2011 VPPC Tutorial 9


	
Global CO2 Regulations

China

In December 2009 the China Ministry of Industry and Information
Technology (MIIT) issued its proposed Phase III fuel consumption
regulation for passenger cars, aimed at reducing the fuel
consumption of new passenger vehicles to 7l/100km (167 gCO2/km) by
2015.

The China Automotive Technology and Research Center (CATARC) is
now developing a detailed implementation and enforcement plan
because of shift from a per-vehicle standard to a corporate average
standard.

Japan

Introduced in 2007, the current fuel efficiency regulation set
weight-based binned corporate average standards for model year
2015.

When the 2015 targets are met, the fleet average fuel economy is
expected to be 16.8 km/L under the new Japanese JC08 driving test
cycle, a 23.5% increase over 2004 performance of 13.6 km/L.

Japan is now in the process of determining a standard for
passenger car fuel economy for 2020, and a formal proposal is
expected by the third quarter of 2011.

M Zhang, 2011 VPPC Tutorial 10


	
Regulation is leading the game

New CAFE regulations are set, calling for 50% reduction in fuel
consumption on per mile basis. EPA and ARB are also focusing on GHG
emissions which depend on both fuel carbon content and fuel
economy. Increased concern over oil imports has resulted in push
for alternative fuels and electricity. fuel economy is become more
important in customers purchasing decision fuel economy improvement
has become an integral part of product plans

So, How is HEV doing in the market ??? 9% weight increase CO2
reduction of about 55 gCO2/mile, 33% reduction averagely

M Zhang, 2011 VPPC Tutorial 11


	
US top 5 HEV models in 2010

2010 HEV

2010 model sales % HEV

Total 274 K 2.4%

Prius 141 K 100%

Honda Insight 21 K 100%

Ford Fusion 20.8 K 219 K 9.5%

Lexus RX400h 15.1 K 95.8 K 16%

Toyota Camry 14.6 K 328 K 4.5%

M Zhang, 2011 VPPC Tutorial 12


	
How HEV reduces fuel consumption

Reducing less efficient engine operations such as engine idling
and low load engine operation Recovering kinetic energy by
regenerative braking Downsizing engine enabled by available battery
power Optimizing engine operations (more efficient) by

EVT: electrically variable transmission Utilizing battery power
and energy buffer for transient

Displacing fuel by depleting on-board energy storage that can be
charged from the grid (PHEV)

M Zhang, 2011 VPPC Tutorial 13


	
FE survey of some of the recent HEV models _ EPA City
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FE survey of some of the recent HEV models _ EPA Highway
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Why Hybrid Electric Vehicle _ efficiency perspective

Higher overall vehicle power-train efficiency enabled by Dual
energy converters

ICE: converting fuel chemical energy to mechanical energy EM:
conversion between electric energy and mechanical energy

Various configurations to enable blending of two powers for
vehicle operations

Series HEV Parallel HEV Power split: 1-mode, 2-mode And more

Operating strategies optimized for applications Lower vehicle
accessory energy consumption enabled by

Electrifying accessories such as Electric power steering
Electric water pump Electric AC compressor

Better accessory load management M Zhang, 2011 VPPC Tutorial
16


	
Why Hybrid Electric Vehicle _ technology enablers

Battery power density and energy density are more practical 2010
Prius NiMH pack: 44kg / 35L / 201.6V/6.5Ah

Practical battery operating temperature range NiMH can operate
between -30 C to 52 C

Improved battery cycle life and calendar life 15% SOC window,
300,000 shallow cycles (20-50wh)

Electric machines and power electronics are more efficient and
compact 60kW motor /40kg / 15L, about 1.5 kW/kg, 96% peak
efficiency 50kW inverter /7kg / 7L, about 7 kW/kg, 98% peak
efficiency

Cost of battery and power electronics are becoming more
manageable Battery: $1000/kWh or $30/kW Motor/Inverter: $25/kW

integrated vehicle controls to deal system complexities in Fuel
Economy Emission Drivability Safety Durability M Zhang, 2011 VPPC
Tutorial 17


	
Vehicle Class _ US and Europe

USA Interior volume (cubic ft)

Interior volume (1000 Liters)

Mini-compact 120 3.4

Europe USA A: micro cars micro - subcompact B: small cars
subcompact C: medium cars compact D: large cars midsize entry level
luxury E: executive cars full size - midsize luxury F: luxury cars
full size luxury

Toyota Prius Midsize car Cabin 93.7 ft3 Cargo 21.6 ft3 Total
115.3 ft3

EM + PE +Batt 130 kg 75 L 2010 Prius

M Zhang, 2011 VPPC Tutorial 18


	
HEV Power-train Configurations _ examples Series HEV

Parallel HEV

Power Split HEV

fuel ICE

generator

battery inverter

Motor generator trans inverter

brake

wheel

fuel ICE battery inverter

Motor generator trans

brake

wheel

Clutch or solid

fuel ICE Motor

generator battery

inverter

Motor generator

final drive

inverter brake

wheel Trans output split

Power Split Device

M Zhang, 2011 VPPC Tutorial 19


	
Examining HEV fuel economy _ 1

HEV can improve overall power-train efficiency significantly for
typical driving cycles, however, the magnitude of efficiency
improvement depends on the driving cycle characteristics and
power-train match.

Overall vehicle energy efficiency ( energy consumed by vehicle
road and accessory load / energy content of consumed fuel )

EPA city cycle EPA HW cycle

Gasoline vehicle 10.5% 25%

Current best HEV 20% 30%

M Zhang, 2011 VPPC Tutorial 20


	
Examining HEV fuel economy _ 2

If a cycle contains less vehicle idle time and less deceleration
events (such as highway cycle), less improvement in fuel economy is
expected from HEV. On the other hand, for more aggressive cycles
(large accelerations and decelerations), more powerful and more
efficient electric path of HEV is needed to achieve the same
efficiency.

Potential for further improvement: 85% of ICE peak
efficiency
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Hybrid Electric Power-train as a viable vehicle propulsion
solution

Challenges Customers consider HEV cost effective only if payback
time is less than 3 years HEV fuel saving to customer may depend on
driving cycle and vehicle mass Different applications may desire
different electric drive system capability What are cost effective
solutions for OEM ???

What are still evolving Vehicle architecture Component
technologies Supply chain Business model Customer fuel cost
pressure

M Zhang, 2011 VPPC Tutorial 22


	
Where HEV is going

HEV is here to stay and to grow Component technology, system
integration, and cost will continue to improve

Standardization Proliferation Optimal system design and
integration

General public will understand more about HEV HEV is one of the
propulsion solutions

Conventional, HEV, PHEV, EREV, FCEV, BEV Electrification of the
automobile requires critical talents in

Electric Machines: Electro-Magnetics, Mechanical, Thermal, HV
electrical, Systems

Power Electronics: Electrical, Mechanical, Thermal, Systems,
Controls Battery ESS: Electrochemical, Electrical, Mechanical,
Thermal, Systems,

Controls Vehicle System Integration: Electrical, Communication
network, Controls

M Zhang, 2011 VPPC Tutorial 23


	
Vehicle Requirement _ powertrain perspective

Nominal vehicle performance requirements Maximum vehicle speed
Acceleration performance Forward and reverse gradability

Drivability requirements Consistent and predictable vehicle
response through pedal controls All operating conditions: ambient,
altitude etc All operating modes: driver selected modes and reduced
performance modes

Functional Safety Bounded unintended vehicle acceleration

Fuel economy targets City, HW, and combined labels, US06, SC03
Real world driving, Consumer Report test cycles

Emission requirements Tailpipe Emissions, Evaporative
Emissions

OBD Compliance

M Zhang, 2011 VPPC Tutorial 24


	
Vehicle road load coefficients

Vehicle road load coefficients to approximate vehicle rolling
resistance , aerodynamic force and chassis drag for a given
vehicle

f(v) = A + B v + C v where

v: vehicle speed in mph A: lbf B: lbf/mph C: lbf/mph^2

f(v): lbf, the force that the vehicle has to overcome when
travels at speed v in steady state on a flat surface

A, B, and C are determined from coast-down test Speed trace v(t)
during deceleration from 75 mph in Neutral Solving A, B, and C to
best simulating v(t)

M Zhang, 2011 VPPC Tutorial 25


	
Vehicle road power

Vehicle road power is the power needed to overcome the road load
on a flat surface

P(v) = v (A + B v + C v)

0102030405060708090

100

0 20 40 60 80 100 120vehicle speed mph

vehicle road power (kW)

Prius

Tundra

City

Highway
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Vehicle road power _ examples

P(78mph) / P(50mph) 3 Distance(78) / Distance(50) = 1.56 mpg(78)
/ mpg(50) 0.52, assuming same powertrain efficiency therefore, if
you are not in hurry, try to drive more slowly

Prius Camry

Sienna

Highlander

Tundra

m (lb) 3375 3875 4500 4750 6000 A (lbf) 18.501 29.293 38.402
45.796 39.371

B (lbf/mph) 0.02235 0.22809 0.02488 0.22093 0.23583 C (lbf/mph2)
0.01811 0.01852 0.02945 0.02935 0.04163

30 mph 1.5 kW 2.3 2.9 3.5 3.5 50 mph 6.4 kW 8.6 11.3 12.9 15.4
78 mph 20.2 kW 24.8 34.0 37.4 48.2

M Zhang, 2011 VPPC Tutorial 27


	
Equation of motion of a ground vehicle

Simplified vehicle longitudinal dynamics

m dv/dt = Ft - f(v) m g sin

where m is the vehicle mass

Vehicle road load f(v)

mg

m

Traction force Ft

M Zhang, 2011 VPPC Tutorial 28


	
Nominal vehicle performance requirements _ example

A midsize sedan

acceleration speed envelope to meet the requirements

M (kg) A B C Tire radius (m) 1800 25 0.2 0.02 0.32
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Nominal vehicle performance requirements _ example

A midsize sedan

wheel torque wheel speed envelope to meet the requirements

M (kg) A B C Tire radius (m) 1800 25 0.2 0.02 0.32
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Determining engine peak power requirement for HEV_ example

A midsize sedan

Known maximum vehicle power of 100 kW for full performance

Need full performance and reduced performance requirements
Example

Full performance with full battery discharge power Reduced
performance with 0 battery power

M (kg) A (lbf) B (lbf/mph) C (lbf/mph^2 Tire radius (m) 1800 25
0.2 0.02 0.32

ICE power (kW)

Batt Power (kW)

Loss (kW)

Veh power (kW)

Case 1 110 0 10 100

Case 2 80 35 15 100

Case 3 80 0 8 72

M Zhang, 2011 VPPC Tutorial 31


	
HEV/PHEV vehicle operating conditions

Vehicle operating conditions are those that can not be
influenced by system controls, they are vehicle boundary
conditions

Ambient temperature Barometric pressure Road surface coefficient
of friction Vehicle mass Grade Tire inflation pressure Wind
direction and speed Humidity Fuel grade Fuel level Traffic
conditions Rain

M Zhang, 2011 VPPC Tutorial 32


	
HEV/PHEV system operating conditions

System operating conditions are those that can be influenced by
system controls, they are usually transparent to the operator

Battery temperature, and cell temperature(s) Battery SOC Battery
voltage, and cell voltage(s) Cabin air temperature Engine coolant
temperature Engine oil temperature Exhaust temperature Catalyst
temperature Motor temperature(s) Inverter temperature(s) Converter
temperature Transmission fluid temperature On-board charger
temperature

M Zhang, 2011 VPPC Tutorial 33


	
Defining Drivability _ powertrain perspective

Pedal mapping: (U, X) T Transfer functions: U X, U X, bandwidth
Control errors: X = X* - X Consistency across various vehicle and
system operating conditions

Accelerator pedal

Brake pedal

Driver select

Propulsion System

Vehicle Model

Wheel Torque

Command Driver Model

Acceleration target

Speed target

Actual acceleration

Actual speed

controls U1,U2 State X1, X2 Accl Trq command T1 Brake Trq
Command T2

Pedal force FB

M Zhang, 2011 VPPC Tutorial 34


	
Accelerator Pedal Mapping _ examples_ mid sized sedan
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Pedal mapping at 40 mph _ linear vs. non-linear mapping

Balance among Pedal Gain, Resolution, and Pedal Force Gain:
vehicle response per pedal travel Pedal force feedback Duality:
need small gain for precise control and need large gain for large
response

-500

0

500

1000

1500

2000

0 20 40 60 80 100 120

wheel torque command (Nm)

accelerator pedal%

pedal mapping at 40 mph

LinearTw40mph

NL1Tw40mph

NL2Tw40mph

Max wheel torque 100% pedal

Linear pedal mapping

Lower gain but higher resolution for driver control higher pedal
force at steady state Increased gain at high pedal

higher gain but lower resolution for driver control lower pedal
force at steady state reduced gain at high pedal

M Zhang, 2011 VPPC Tutorial 36


	
Typical accelerator pedal percent near steady state
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torque control +/- 12 kW, +/- 180 Nm relative to steady state
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HEV dual brake operations

Drivability requirement Total brake force must fulfill drivers
deceleration control Blending between regenerative brake and
friction brake must be transparent to driver

Challenges Regenerative brake capacity can vary significantly,
depending on battery state etc. Limited bandwidth and accuracy in
friction brake torque control

Driver

Brake pedal

Desired brake torque

Regenerative brake torque

Friction brake torque

Wheel Vehicle

Regenerative Brake Capacity Actual brake

torque

Vehicle speed deceleration

Torque Request

M Zhang, 2011 VPPC Tutorial
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Brake torque blending during 0.2 g deceleration _ example
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More about HEV Drivability

It is quite a challenge for the controls to achieve smooth
blending of two power sources in varying drive conditions

Varying battery conditions Varying engine conditions Various
driving styles or preferences Example: engine start/stop transition
control

It is quite a challenge to find a good balance between
drivability and fuel economy for less smooth driving

Example: E-drive is less optimal, and transition may be busy
Example: Regenerative braking is less optimal for aggressive
braking Example: engine operating point may move around quite
dynamically

because of drivers busy pedal Opportunity in improving vehicle
response electrically if demand is not aggressive

M Zhang, 2011 VPPC Tutorial 40


	
Other aspects of general drivability

Shift quality Idle quality NVH Cold start quality Linear
acceleration feel Linear brake feel

M Zhang, 2011 VPPC Tutorial 41


	
HEV OBDII

Background OBDII has been mandatory in USA since 1996
Standardized hardware interface, J1962 connecter (2x8 female) OBDII
must operate without any required maintenance

For the actual life of the vehicle Must illuminate Malfunction
Indicator Light (MIL) if emissions are affected Must set and clear
permanent fault codes

9 modes of request such as Mode 1 for PID Mode 2 for Freeze
Frame Storage Mode 3 for DTC Mode 6 for test data Mode 9 for VIN,
CALID, CVN (calibration verification Number)

HEV/engine/trans control modules are stand-alone OBDII modules
Battery Module and Regenerative Brake Module may not be stand-alone
OBD II control modules

M Zhang, 2011 VPPC Tutorial 42


	
Monitoring Requirements for SI Gasoline Engine

A typical threshold is 1.5 x FTP standards 2 free
deficiencies

Catalyst Efficiency Monitor Misfire Monitor EVAP System Monitor
Fuel System Monitor Heated O2 Sensor Monitor EGR System Monitor PCV
System Monitor Thermostat Monitor ETC Monitor Comprehensive
Component Monitor

M Zhang, 2011 VPPC Tutorial 43


	
Catalyst Efficiency Monitor

In normal operations, Upper Stream O2S switches between lean and
rich as controlled by engine closed loop fueling, Down Stream O2S
is stable or switches at a much slower pace. DS O2S switches more
rapidly if catalyst oxygen storage is depleted Index ratio
method

#of switching of down stream O2 signals / #of up switching of
stream O2 signals Typical malfunction: index > 0.8

Partial volume monitoring on LEV and ULEV vehicles front portion
of a catalyst is more sensitive to deterioration Failure could be
detected at lower emission level Malfunction if emission
exceeds1.75* emission standard

Exponentially Weighted Moving Average method to improve
robustness of MIL illumination

Gas Engine DS O2S US O2S

catalyst tailpipe

M Zhang, 2011 VPPC Tutorial
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Misfire monitor

Low Data Rate Misfire Monitor Computing rotational speed and
acceleration for each cylinder for low data rate crankshaft
position signals Computing deviant acceleration by subtracting the
average engine acceleration over an engine cycle Noise removal from
the deviant acceleration comparing deviant acceleration to a
misfire threshold continuously adjusted by estimated engine torque,
misfire is assumed if the deviant acceleration exceeds the
threshold Type A misfire

Catalyst damaging misfire rate: 5-20% depending on engine
load/rpm Evaluate over 200 revolutions

Type B misfire Emission threshold rate : 1% Evaluate over 1000
revolutions

HEV case May have different sensitivity in target wheel learning
and misfire detection if active engine speed control is
involved

M Zhang, 2011 VPPC Tutorial 45


	
EVAP system monitor

EVAP system 0.02 diameter leak check Using Fuel Tank Pressure
Sensor, Canister Vent Solenoid, Purge Valve, and Fuel Level to find
EVAP system leak, 0.02, 0.04 or larger Cruise tests Idle check
Component check

Check malfunctions of FTPS, CVS, PV, FL, and FT isolation
valve

vapor canister

Can vent solenoid

Normally open

Purge valve Normally close

Intake manifold

Fuel

Gas engine vapor FTPS

atmosphere

vacuum source

vapor
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Fuel System and O2S monitor

Lean fuel system malfunction if Long term fuel trim correction
is at rich limit Short term fuel trim reaches lean threshold

Rich fuel system malfunction if Long term fuel trim correction
is at lean limit Short term fuel trim reaches rich threshold

Up stream O2S Lack of switching Response rate under 1.5 Hz
square wave air/fuel excitation

Malfunction if voltage < 0.5 v Down stream O2S

Functional check Malfunction if failed to reach lean and rich
peak thresholds

O2S heater monitor Check voltage changes and current on driver
side

M Zhang, 2011 VPPC Tutorial 47


	
Electronic Throttle Control Monitor

Sensor check APPS, TPS, TP control output

Electronic Throttle Monitor Failure modes and management Engine
rpm ceiling, pedal follower, default throttle, forced idle,
shut-down

Main

processor

Watchdog processor Motor drive

Throttle position control

Throttle plate

DC motor

2TPS

Accl Pedal position sensors

PT control inputs

Monitoring
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Engine Comprehensive Component Monitor

Engine inputs Engine outputs Intake Air Temperature Injector
check

Engine Coolant Temperature Fuel Pump Driver check

Engine Oil Temperature Air intake System leak check

Cylinder Head Temperature Intake Manifold Runner Control
check

Fuel Temperature

Fuel Rail Pressure

Throttle Position sensors

Mass of Air Flow sensor

MAF/TP rationality check

MAP check

Ignition system check Crankshaft Position Camshaft Position
Ignition profile signal Coil Primary ignition system check
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Other Comprehensive Component Monitor

Battery control module I/O check

HVIL circuit open check

Motor shut -down signal wire check

Rapid shut-down circuit check

Rapid shut-down request check

Motor temperature sensors check

Motor temperature over temperature check

Inverter temperature sensors check

Inverter temperature over temperature check

Transmission oil temperature sensor check

Transmission oil temperature over temperature check
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Introduction to general vehicle requirements for power-train
Fuel Economy
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HEV Fuel Economy Test Method

Vehicle preparation by test protocol Prep test Vehicle soak
time

Fixture the test vehicle on chassis dynamometer rolls (2WD, 4WD)
Cooling fan set-up Connect exhaust collecting and sampling system
Apply dynamometer load and test mass according to road load
coefficients and test weight class Standard fuel Complete test
speed trace (vehicle speed vs. time) Record battery Ahr by an
external instrument Calculate fuel consumed from CO2, HC, and CO
measurement Calculate mpg or L/km
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Carbon Balance Fuel Economy (cont) The total weight of the
carbon present in the fuel-air mixture before

combustion must be equal to the total weight of the carbon
present in the exhaust after combustion.

The equation used to calculate EPA fuel economy for gasoline
fueled vehicle

where, CWF is the carbon weight fraction of the test fuel SG is
the specific gravity of the test fuel NHV is the net heating value
of the test fuel [Btu/lbm] MHC is the total hydrocarbons [g/mi] in
the exhaust gas MCO is the carbon monoxide [g/mi] in the exhaust
gas MCO2 is the carbon dioxide [g/mi] in the exhaust gas 0.6 is
defined as R, the percentage change in fuel economy relative to the
percentage change in volumetric heat content
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EPA HEV city cycle (4 bag 75F FTP)

UDDS: Urban Dynamometer Driving Schedule
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mph

time (s)

Cold 505 (bag1), hill 1-5

Transient 867 (bag2), hill 6-18

10 minute soak

hot 505 (bag3)

Transient 867 (bag4)

UDDS, or LA4

idle

1 UDDS Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max accl (m/s2)

Max decel (m/s2)

stdev accl (m/s2)

1372 57 20 260 7.45 1.47 1.47 0.63

2nd UDDS
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EPA Highway test cycle

EPA HW HFET

Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max accl (m/s2)

Max decel (m/s2)

stdev accl (m/s2)

765 60 48 0 10.3 1.43 1.47 0.3
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US06

US06 Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max accl (m/s2)

Max decel (m/s2)

stdev accl (m/s2)

600 80 45 44 8 3.8 3.1 1.0
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SC03

SC03 Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max accl (m/s2)

Max decel (m/s2)

stdev accl (m/s2)

594 55 22 116 3.6 2.3 2.7 0.7
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mph
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prep
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20F FTP (3 bags)

20F FTP Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max accl (m/s2)

Max decel (m/s2)

stdev accl (m/s2)

2477 57 21 357 11 1.5 1.5 0.63
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bag1

bag2 bag3
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European cycle - NEDC

NEDC Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max accl (m/s2)

Max decel (m/s2)

stdev accl (m/s2)

City 780 31 11 252 2.5 1.1 0.8 0.45

HW 400 75 38 15 4.2 0.5 1 0.36
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Consumer Report City Cycle

CR city Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max accl (m/s2)

Max decel (m/s2)

stdev accl (m/s2)

1176 43 18 288 6 2.6 3.3 1.1
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Consumer Report HW Cycle

CR HW Duration (s)

Max mph

Ave mph

Idle time (s)

miles Max grade (%)

Min grade (%)

stdev grade (%)

558 65 65 0 10 3 -3.3 1.5
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Cycle aggressiveness

Standard deviation of acceleration of a cycle provides a good
measure for cycle aggressiveness It affects fuel economy
adversely
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EPA FE label method

Slope method

City mpg = 1/(0.003259 + 1.1805/FTP mpg) HW mpg = 1/(0.001376 +
1.3466/HFET mpg) Combined mpg = 1/(0.55/City mpg + 0.45/HW mpg)

5-Cycle method

City mpg = 0.905/(Start FC gpm + Run FC gpm) Start FC gpm is
calculated from 20F FTP and 75F FTP results Run FC gpm is
calculated from 20F FTP, 75F FTP, US06 city portion,

SC03 results HW mpg = 0.905/(Start FC gpm + Run FC gpm)

Start FC gpm is calculated from 20F FTP and 75F FTP results Run
FC gpm is calculated from 75F FTP, HFET, US06 HW portion,

SC03 results
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Details of 5-cycle method _ city FE
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Details of 5-cycle method _ HW FE
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FE survey of some of the recent HEV models _ EPA City
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FE survey of some of the recent HEV models _ EPA Highway
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CAFE

CAFE: Corporate Average Fuel Economy Set by National Highway
Traffic Safety Administration (NHTSA) Based on sales weighted
harmonic average

CAFE= total sales / (j sales of model j / mpg of model j)

Sum over all models mpg is a combined fuel economy of city and
highway

Big penalty $5.5 per 0.1 mpg per vehicle if not compliant within
3 years

Model years 2012-2016, higher standard Each models FE target is
based on footprint CAFE from sales weighted harmonic average of
each target FE
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New CAFE requirements
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2011 (mpg) 2016 (mpg) 2025 (mpg) % fuel reduction to 2011

Car 30 38 63 52% LD truck 24.5 29 43 43%


	
Example _ Fusion HEV

Vehicle Energy Demand (Wh/mile)

Estimated Unadjusted Fuel Economy (mpg)

Propulsion System Efficiency (%)

UDDS 127 52 19.5

EPA HW 187 53 29.5

US06 239 36 25.7

CR City 125 28 10.3

CR HW 255 45 34.4

Very good fuel economy in EPA City/HW, Consumer Report City/HW
CR city is very aggressive, large deceleration requires friction
brake,

high acceleration may put engine in less efficient operating
points, thus lower overall efficiency,

In real world driving, fuel economy may be lower because of
Heavier vehicle Higher accessory load Lower tire inflation pressure
More aggressive acceleration and deceleration
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Introduction to general vehicle requirements for power-train
Emission
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Meeting Emission Standards

HC, NMOG, CO, NOX, HCHO, and PM are pollutants, permissible
amount of the pollutants are regulated by Federal and California
Emission Standards. Pollutants are present in exhaust out of the
tailpipe, or they are produced by evaporative processes. Emission
Certification process are executed to show that the vehicle meets
all Tailpipe Emission Standards and Evaporative Emission Standards
following rigorous testing procedures and certification procedures.
Company can optimally partition the emission standards over models
for a given emission credit and model make-up Certification
documents are prepared for each model, Agency can call the
certification vehicle to conduct the confirmatory tests.
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Pollutants from SI NA gasoline engine

Air O2, N2

Fuel HmCn

Combustion Chamber Catalyst Exhaust Tailpipe

CO2 H2O (vapor) Unburned HC CO NOx Carbon Particle

CO2 H2O HC CO NOx PM

Oxidation: CO + O2 CO2 HC + O2 CO2 + H2O Reduction: NO + CO N2 +
CO2 HC+NON2 +CO2+H2O

O2 sensor Fueling Control
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Catalyst Conversion Efficiency

Two fundamental requirements for efficient conversion Catalyst
temperature

Oxidation reactions and reduction reactions need thermal
activation Cold catalyst can be heated by exhaust gas or external
heater, Or heat produced from oxidation reaction

Oxygen level in catalyst O2 is needed for oxidizing CO and HC O2
can hinder reduction reactions that convert NOX It is desired to
have alternating O2 level (switching between lean and rich) Precise
fueling control to achieve alternating air fuel ratio about the
stoichiometric ratio Catalyst needs to store and release oxygen
dynamically

Operation in the first 2 minutes after a cold start is
critical
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Federal Tier 2 FTP Tailpipe Emission Standards

FTP, PC and LDV


	
California LEVII FTP Tailpipe Emission Standards

FTP, PC and LDV


	
Tier2 Bin5: Required Tailpipe Emission Standards - Example

Test NMOG (g/mile)

CO (g/mile)

NOX (g/mile)

PM (g/mile)

HCHO (g/mile)

NMHC+NOX (g/mile)

FTP (50k /120k) 0.075 (0.090)

3.4 (4.2)

0.05 (0.07)

(0.01) 0.015 (0.018)

HW NOX (50k /120k)

0.0665

FTP50F(4k)

0.15 3.4 0.05 0.03

US06 (4k) (LDT3)

10.5 0.07 0.4

SC03 (4k) (LDT3) 3.5 0.07 0.31

FTP20F(50k) 12.5
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Tier 2 Evaporative Emission Standards

Tier 2 LDV,


	
LEV II Evaporative Emission Standards

LEV II PC LDV,


	
Refueling Standards

Fuel Spitback Standard Federal: 1 g/test HC California: 1 ml of
liquid gasoline

Onboard Refueling Vapor Recovery (ORVR) 0.20 g HC/gal, fuel
dispensed at 4-10 gal/minute
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Introduction to general vehicle requirements for power-train
Introduction to Automotive Functional Safety
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Introduction to Automotive Functional Safety

ISO 26262 definition of Functional Safety Absence of
unacceptable risk due to hazards caused by mal-functional behavior
of electrical and/or electronic systems

Basic concepts of Functional Safety All systems will have some
inherent and quantifiable failure rate For an application, there is
a tolerable failure rate which does not lead to unacceptable risk
reflecting effects of failure severity and frequency Risk can be
classified in terms of Safety Integrity level (SIL) Failures can be
categorized into two classes

Systematic Failures resulted from design and manufacturing
Random Failures resulted from random defects associated with usage
conditions. Detecting and handling random failures are
important.

M Zhang, 2011 VPPC Tutorial 82


	
Safety Requirement Development _ Example

System Safety Analysis: top-down approach

System Safety Definition of Risk and SIL Definition of Safety
Functions Goal for each safety function

E/E subsystem requirements

How to avoid and control systematic faults How to detect/control
random HW faults and mitigate their harmful effects

MCU requirements HW, SW requirements Integrity check on HW
Integrity check on SW

System FMEA

Fault Tree Analysis(FTA) Reliability Model

State Transition Diagram

Component FMEA, FTA

M Zhang, 2011 VPPC Tutorial

83


	
Automotive Safety Integrity Level (ASIL) Risk Reduction

Severity Catastrophic

Very likely

Frequency

Acceptable Risk

Tolerable Risk ASIL requirement Failure rate of Safety
Function

Risk Reduced by Driver Control

Likelihood of the situation of the severity

Failure of the severity
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ISO26262-5 ASIL vs. Faults

Single Point Fault any non-detected fault which leads directly
to violation of a safety goal

Latent Fault an undetected, dangerous failure caused by the
presence of multiple faults which independently may not cause
dangerous failures

ASIL A ASIL B ASIL C ASIL D

Single Point Faults Metric

>90% >97% >99%

Latent Faults Metric

>60% >80% >90%

Random HW failure rate


	
Fault Tolerance and Redundancy

Dual Modular Redundancy

Module 1

Module 2

Mismatch Detection Recovery

External method

Triple Modular Redundancy

Module 1

Module 2 Voting Right output to be used

DMR

Main CPU

Checker CPU

Compare Checkpointing And Rollback

Controller

Module 3

Lock-step Dual CPU
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Introduction to general vehicle requirements for power-train
Introduction to automotive software requirement _ AUTOSAR
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Why AUTOSAR

AUTOSAR Automotive Open System Architecture

AUTOSAR Consortium was formed in 2003 by OEMs and Suppliers The
complexity of automotive SW system is increasing

Challenges Safety requirement Containment of complexities and
risks in product and process Using more Off-the-Shelf HW and SW
components Reuse functions in new applications SW upgrade/update
and maintainability

Basic Concept Separation of application and infrastructure

Per vehicle # ECU MIPS MHz Program Data 1994 40 45 85 1.1 MB 160
kB

2008 60 1150 2000 19 MB 1250 kB
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AUTOSAR _ Layered Software Architecture

Application layer

AUTOSAR Real Time Environment for Communication services

Sensor SW Component Actuator SW Comp Application SW Comp

AUTOSAR Interface AUTOSAR Interface AUTOSAR Interface

ECU Hardware

AUTOSAR Interface

Complex Device Driver

AUTOSAR Interface

ECU Abstraction

Microcontroller Abstraction

Standard Interface

Operating System

Standard Interface

Standard Interface

Communication Service

Standard Interface

AUTOSAR Interface

Standard Interface

Standard Interface

Standard Interface

Standard SW

ECU Firmware

AUTOSAR SW Component

Services NVRAM Flash/memory management Diagnostic Protocols
Communication Framework (CAN) I/O management Network management

SW Level

Basic SW

GPT WDT Clock Flash EEPROM SPI LIN CAN

CCU PWM ADC Digital

I/O
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Summary _ HEV Requirement from powertrain perspective

HEV product must fulfill following powertrain related
requirements Nominal vehicle performance requirements Drivability
requirements Functional Safety Fuel economy targets Emission
requirements OBD Compliance

OEM has to deal with cost, brand, and time to market HEV
powertrain design and integration team must balance all the above,
a complex systems engineering effort
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Gasoline-Electric Hybrid propulsion systems Power-Split HEV as a
design example

General HEV Power Split HEV
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HEV/PHEV Anatomy

Powertrain ICE Electric Drive Power Electronics ECUs HV cables
Connectors

HV Electrical Battery and BMS HV distribution HV cables
Connectors

Chassis Regen brake System Elec Vac Booster Elec Power Steering
ECUs

Thermal Elec Water Pump Elec AC

Interior Human Machine Interface

Charger On-Borad Charger Grid Interface

LV Electrical

HEV PHEV
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Generic HEV Controls

Driver Demand

Generator

Strategic Reference Generator

Propulsive Torque Ref

Vehicle Safety System

System Operating Conditions

Battery Power Ref

Transmission State Desired

ICE Operating

Point Ref

Controls Reference Generator

ICE Torque Command

EM1 Torque Command

EM2 Torque Command

Clutch Control

Ref

Driver Inputs

ICE Torque Control

EM1 Torque Control

EM2 Torque Control

Clutch Control

Propulsive Torque

Vehicle

Friction Brake Torque

Vehicle States

Regen Brake System

Vehicle External Conditions
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HEV configurations _ Series HEV

fuel ICE

generator

battery inverter

motor generator

final drive inverter

brake

wheel

Pros Engine is decoupled from driven train, better for

Engine efficiency, emission and controls optimization Generator
design optimization E-drive capability and start-stop control

No special transmission integrated with electric machines Better
transient efficiency because of more powerful traction system

Cons Need size traction motor and battery for peak traction
requirement Need size engine and generator for continuous traction
requirement Higher requirement for motor/generator efficiency
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HEV configurations _ Parallel HEV

fuel ICE battery inverter

motor generator trans

brake

wheel

clutch or solid

Tractive wheel torque = ICE torque + motor torque

Pros Single motor/inverter Lower electric power and efficiency
requirements because of

Direct ICE torque path Less disturbance to vehicle architecture
because of

Nominal transmission integrated with a motor Cons

Restricted E-drive Limited space for more powerful electric
machine Reserve for start control
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HEV configurations _ Power Split HEV

fuel ICE

EM 1

battery inverter

EM 2

final drive

inverter

brake

wheel Trans output

Power Split

Power Split Device

Pros EVT: electrically continuous variable transmission without
clutches

Better engine operations Better engine start-stop control

Recirculation power may be reduced with proper mechanical point
Highly integrated trans-axle Production proven (Prius, Fusion
etc.)

Cons Motor loss due to recirculation power is still significant
E-drive capability may be restricted by kinematics Less efficiency
for aggressive driving
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Generic HEV power-train functional development process

Application Requirement

HEV Architecture Selection

HEV Component Sizing, Efficiency

HEV Operating Strategy, Boundary

System technical Specification

Sourcing

Control Functions Requirement

Control SW Architectural Design

Algorithm Development

SW Integration Validation Plan

Feature Calibration HIL System Calib.

Control System Integration

System and Vehicle Calibration

Vehicle Validation

Durability Testing

Certification

Control Systems Requirement

HW Integration
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Basics of Power Split Device _ kinematics

Ring Gear Connecting to motor 2 Output to Final Drive r, Rr

Sun Gear Connecting to motor 1 s, Rs

Carrier Gear Connecting to ICE c, Rc

Planet Gear p, Rp

c = s k + r (1-k) p = s (-k/1-2k) + r (1-k/1-2k) k =Rs /2(Rs +
Rp) Prius: k = 0.2778

Speed sign convention Positive if CW

+

M Zhang, 2011 VPPC Tutorial 98


	
Basics of Power Split Device _ steady state torque relations

r, T2 Output To

s, T1

c, Te

Te k + T1 = 0 Te (1-k) + T2 = To -T1 (1-k)/k + T2 = To Engine
off: To = T2

Mechanical Point s = 0, T2= 0, That requires c, = r (1-k)

Pbatt = s T1 + MotLoss1 + r T2 + MotLoss2

Regen: T2 < 0

+
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Power Split HEV Dynamics

r, T2, J2 Output To

s, T1, J1

c, Te, Je,

Assume Jp = 0

+

Final Drive ratio r

w Rw Jw

To, r

Fw

m, v Fw

f(v)

(J1/k + kJe) c + (B1/k + kBe) c - (1-k)/k J1 r - (1-k)/k B1 r =
T1 + k Te (1- k)Je c + (1- k)Be c + (J2+Jv) r + B2 r + f(r) Rw /r =
T2 + (1-k) Te Jv = (Jw + m Rw2) / r 2 To = T2 + (1-k) Te (1-k)(Je c
+ Be c) (J2 r + B2 r) Pb = T1c /k + Loss (c, T1) + (T2T1(1-k)/k)r +
Loss(r, T2)
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Power Split HEV Controls Problem Formulation _ no braking
case

State Vector: x = (c, r)T Control Vector: u = (T1, T2, Te)T
Output vector: y = (To, Pb)T

Control tasks Achieving outputs references (y1ref and y2ref)
with proper responses Achieving state reference (x1ref) with proper
response Satisfying constraints of controls (u, du/dt) Satisfying
constraints of states (x, dx/dt) Satisfying constraints of y2
Satisfying constraints on y1 and dy1/dt

Optimization tasks Generating optimal references (y1ref , y2ref
, x1ref) Achieving consistent correlation between accelerator pedal
and y1ref
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Basics of Power Split Device _ 2010 Prius

IC engine is connected to the Carrier Shaft 73 kW / 5200 rpm,
142 Nm / 4000 rpm 1.8 L, CR = 13, Atkinson cycle

Traction motor is connected to the Ring Gear through a Gear
reduction 60 kW, 207 Nm, IPM, 13500 rpm 2nd planetary gear
reduction ratio: 2.636

Generator is connected to the Sun Gear 42 kW, ? Nm, IPM, ?
Rpm

Ring to Sun ratio 2.6

Final Drive 3.267

HV battery 201.6 V, 27 kW, 1.3 kWh

Power Electronics 201 650 v with an active boost converter
Integrated Converter/Inverter box
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A few simple calculations about 2010 Prius

Max vehicle speed 13500 / 2.636 / 3.267 *(3.1416/30) * 0.3 *
(3.6/1.609) = 110 mph

Transaxle Torque Path

To = 0.7222 T engine + 2.636 T motor

T generator = - 0.2778 T engine

72% of engine torque goes to the output torque In Engine-Off, T
motor provides traction and regenerative braking, subjected to
battery power limits and motor capability

Mechanical Point: generator speed is zero If N engine = 0.7222 N
ring

Optimal Operations Choosing N engine / T engine / P battery such
that the optimization criteria and system constraints are met Both
motor loss and engine efficiency are important
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Understanding 2010 Prius WOT performance

For the WOT performance, it is all about maximizing transaxle
output torque for given battery power capabilities and capabilities
of the actuators
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Understanding 2010 Prius Fuel Economy

A (lbf)

B (lbf/mph)

C (lbf/mph2)

M (kg)

Acc city (kW)

Acc HW (kW)

18.501 0.02235 0.01811 1530 250 450

Dist (Miles)

Vehicle energy demand (Wh/mile)

Kinetic energy (Wh/mile)

KE Recup. round trip Efficiency (%)

Trans Mech. Eff. (%)

Ave BSFC (g/kWh)

EstimatedUnadj. Fuel Economy (mpg)

UDDS 7.45 89.4 119.8 55 91 245 72.6

HW 10.27 140 48.3 55 91 245 70.6

d VED KE EffKE EffTr BSFC

Fuel consumption in gallons

= (VED + KE*(1- EffKE)) * d /1000 * BSFC/(740*3.785) / EffTr
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2010 Prius vehicle performance achievements

0-60 acceleration time About 9.8 seconds

Fuel Economy City label 51 mpg, HW label 48 mpg, combined 50
mpg

Emission SULEV and ATPZEV, Tier2 Bin3

Maximum vehicle speed About 110 mph

Maximum E-drive speed About 45 mph

Drivability Good start stop quality Good regen braking and
blending Good overall vehicle drivability and attributes
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Gasoline-Electric Hybrid propulsion system design Gasoline
Engine Fundamentals

Basic terminology Gasoline engine characteristics Examples of
some of modern engine technologies
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Introduction to NA-SI Engine _ basic terminology

Compression Ratio Rc = (Vc +Vs) / Vc Vs = L Spark Ignition (SI)
Natural Aspiration (NA) 4 strokes

Induction Compression Power stroke Exhaust

I4: In-line 4 cylinder engine Cylinders are in same direction,
in same plane

V6: 6 cylinders in V arrangement Cylinders are in 2 planes 60-90
deg apart 2 banks

P, V, T

Exhaust Valve

Intake Valve

Exhaust manifold

Intake manifold

Stroke L

Bore B

Crank Shaft axis

Crank Angle

Swept Volume Vs

Bottom Dead Center BDC

Top Dead Center TDC

Clearance Volume Vc

Piston
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Otto cycle PV diagram

Work

logV

logP

TDC BDC

End of combustion

start of combustion

Ignition

EO

IC IO

EC

PV^ = C1

Adiabatic, PV^ = C2

IO: intake opening IC: intake closing EO: exhaust opening EC:
exhaust closing

Pumping loop

Ideal Otto Cycle

Actual Otto Cycle

Heat Rejection

Combustion

Lost work
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Mean Effective Pressure (MEP)

MEP = Work / Swept Volume = P dV / Vs IMEP = Indicated MEP =
work done by compression-expansion loop / Vs (>0) PMEP = Pumping
MEP = work done by exhaust-induction loop / Vs (0) = NMEP BMEP BMEP
= IMEP + PMEP - FMEP
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Efficiency

Thermal Efficiency th = indicated work / fuel heat value = w /
(mf * LHV)

mf: fuel mass LHV: lower heating value, 42.5 MJ/kg for
gasoline

Thermal efficiency of an ideal Otto cycle th = 1 CR(1 - )

Mechanical Efficiency me = BMEP / IMEP

Volumetric Efficiency v = mair per cylinder per cycle / mair to
occupy Vs at ambient P, T

Brake Specific Fuel Consumption (grams fuel /kWh) BFSC = fuel
consumed / brake energy

= fuel consumption rate / brake power
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Actual Otto Cycle Efficiency

Example: CR =10, = 1.28,

Ideal Otto cycle thermal efficiency th = 0.475

Indicated efficiency, about 0.87 of th ind = 0.413 Lost work is
mainly due to

Finite combustion rate Incomplete combustion Heat loss Finite
rate of blow-down Air-fuel mixture and exhaust are not perfect
gases

Brake efficiency, about 0.87 of ind brake = 0.36 Due to pumping
loss and friction loss

0.3

0.35

0.4

0.45

0.5

0.55

8 9 10 11 12 13 14 15

efficie

ncy

compression ratio

thermal efficiency

indicated efficiency

brake efficiency
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Diesel Cycle and Efficiency

th = 1 CR(1 - ) ( 1)/( ) where CR = V1 / V2 = Cp / Cv = V3 / V2
= (T3/T1) CR(1 ), cut-off ratio

Log V

Log P

TDC BDC

1

2 3

4

V3 V1 V2

1-2: adiabatic compression 2-3: combustion 3-4: adiabatic
expansion 4-1: heat rejection

combustion

Fuel injection
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Gas engine torque control basics

Throttle position control function

Valve timing/lift Control function

Injector Control function

Purge valve Control function

EGR valve Control function

Spark timing Control function

Air charge Air/fuel ratio Mixture temperature Combustion
characteristics

Exhaust/Catalyst O2 sensors Rpm Knock

Actual Brake Torque

Operating conditions Torque Model

Desires air Desired AFR Desired SA

FW torque command

Control reference generator
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Friction characteristics of a NA SI engine
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Pumping loss characteristics of a NA SI engine
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Why not high load / low rpm _ knock limiting

0
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mg fuel per engine cycle per liter

1000 rpm

1500 rpm

2000 rpm

Spark retard to prevent knock Lower combustion efficiency

CA50 = 40 deg

CA50 = 8 deg

CA50 = 35 deg

CA50 = 27 deg

CA50: 50% burn Crank Angle MBT: minimum spark advance for
maximum brake torque Optimal CA50: 8-10 degrees CA, corresponding
to MBT MBT Spark

Brake Torque
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Efficiency characteristics of a typical NA SI engine
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ICE characteristics for HEV efficiency

engine power (kW)

optimal fuel consumption rate (g/s)

minimal engine braking power in Fuel Cut-Off

engine idle at min rpm

Max engine power For performance

engine peak efficiency 240 g/kWh 15 kW/g/s

constant efficiency region

P1 P2

replaced with E-drive

downsizing engine electric boost turbo

Desired ICE for HEV fuel economy High peak efficiency P1 = 10
kW, P2 = 45 kW
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Engine technologies_1

Modern Atkinson Cycle Late exhaust valve opening and late intake
valve closing Expansion ratio is greater than effective compression
ratio Higher efficiency but lower power density 2010 Prius, 1.8L,
CR = 13, peak BSFC 222 g/kWh Ford Fusion HEV, 2.5 L, CR = 12.3,
peak BSFC 225 g/kWh

Gasoline Direct Injection (GDI) Injection timing and fuel
quantity depending on engine loads Stratified charge at light load
(lean fuel/air ratio) Homogenous mixture at moderate load
(stoichiometric) Homogenous mixture at high load (rich fuel/air
ratio) Higher efficiency, better emission control
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Engine technologies_2

Cylinder Deactivation Intake and exhaust valves are closed for
deactivated cylinders Higher efficiency because of less pumping
loss Unbalanced cooling and vibration may limit its operating range
Chrysler MDS (Multi-Displacement System) GM DOD (Displacement on
Demand)

Variable Valve Actuation Technology Adjusting IVO, IVC, EVO, EVC
based on engine load and rpm Reduce pumping loss, emission, or
improve performance Variable Cam Phasing (VCT)

Phasing of intake cam, or exhaust cam or both Same duration and
lift

Fiat Multiair Hydraulically controlling the connection of

the intake cam and the intake valves Honda VTEC

Switching between 2 cam lobes M Zhang, 2011 VPPC Tutorial
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Gasoline-Electric Hybrid propulsion system design Fundamentals
of AC electric drive systems

Basic terminology Motor and inverter loss characteristics
Generic PM motor torque controls Some highlights of 2010 Prius
electric motors
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AC electric machines

Mechanical Electric Conversion: 4-quardrant operation

speed

torque

Motoring

Motoring Generating

Generating

AC electric machines Synchronous machine

Permanent Magnet Synchronous Machine (PMSM) Field-Excited Motor
Reluctance Motor

Asynchronous machine Induction Motor
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Important motor measures

Peak torque, duration Peak power, duration Continuous maximum
torque Continuous power rating Base speed, bus voltage Maximum
speed Constant power range Torque density Power density Rotor
inertial Thermal derating

speed

torque

Constant power

Continuous

Base speed

peak

speed

power

Base speed M Zhang, 2011 VPPC Tutorial 124


	
Main motor losses

Copper losses Stator winding, rotor winding, proportional to
I2R

Iron losses (core losses) Magnetic energy loss in stator core,
eg. hysteresis loss Depends on magnetic field, frequency, material
properties

Mechanical losses Bearing friction, windage Depends mainly on
speed

Stray losses Anything other than the above

Pin = Pout + Loss(speed, torque, voltage, winding temperature
etc.) Efficiency = Pout / Pin
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3-phase PMSM voltage and torque equations

Stator voltage equation vabcs = - rs iabcs + dabcs/dt

abcs = - Ls iabcs

In rotor reference frame (d-q coordinates)

vq = rs iq + Lq diq/dt + r(Ldid + )

vd = rs id + Ld did/dt rLqiq

T = 3P/4*[ iq + (Ld Lq)iqid] Voltage limit: vq2 + vq2 vmax2
Current limit: iq2 + iq2 imax2

Max torque per amp: maximizing (T/i) for efficiency Field
weakening: generating negative id to reduce (Ldid + )

To satisfy voltage limit M Zhang, 2011 VPPC Tutorial 126


	
Typical PMSM torque control

Iq Id target generator

Iq closed-loop control

Id closed-loop control

Voltage vector

generator

PWM generator

Inverter

Motor

Phase current sensors

Rotor position sensing

Rotor speed

sensing

Actual Iq

Actual Id

Motor temperature

Torq Cmd

DC voltage
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Motor torque control performance

Under all operating conditions (speed, voltage, thermal
etc.)

Stability Transient torque response

Rise time, settling time, overshoot Steady state torque
accuracy

Typically,


	
IPM efficiency characteristics

torque

Base speed

Copper loss dominates

speed

High efficiency area Peak efficiency: 97%

Core loss dominates

Low efficiency area
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Some highlights of 2010 Prius motors

Motor Interior PMSM Distributed winding 60 kW peak, 207 Nm peak
Stator weight: 16 kg Rotor weight: 6.7 kg High specific power: 2.6
kW/kg High specific torque: 9.1 Nm/kg

Generator Interior PMSM Concentrated winding 42 kW peak Stator
weight: 8.6 kg Rotor weight: 4 kg High specific power: 3.3
Kw/kg

HEV motors Compact Efficient Light weight Smooth
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Gasoline-Electric Hybrid propulsion system design HEV/PHEV
energy storage systems

HEV ESS requirements Basic cell characteristics Battery pack
construction and BMS Challenges in HEV/PHEV applications

M Zhang, 2011 VPPC Tutorial 131


	
HEV battery requirements

Battery charge/discharge power capability Depends on battery
temperature and SOC Need to cover temperature range of -30 60 C
Typical full HEV: +/- 30 kW in nominal temperature and SOC
range

Only need a limited energy window for HEV driving cycles Typical
< 300 wh

Light and compact 70 wh/kg is quite satisfactory

Good cycle life for specified HEV shallow cycles Approximately
300,000 cycle, 5% SOC

Safety Sealed Structurally sound No thermal runaway

Uniformity across the pack Balanced cells, Adequate cooling

Robust BMS performance M Zhang, 2011 VPPC Tutorial
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Typical cell characteristics

Cell behavior can be modeled as a resistor/capacitor network

Voltage response

Current profile

discharge

charge

resistive response

capacitive response May take hours to achieve equilibrium

Resistance increases Significantly at low temperature
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Battery pack construction

Cells and modules and interconnections Cell/module
monitoring/balancing circuits Cooling controls such as fan, cooling
plate etc HV cables and connectors HV management

Contactor Isolation/interlock Service key

Case BMS module

Cell/module/pack monitoring HV management SOC/SOH estimation,
power capabilities Communication Diagnostics and DTC
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Challenges_ HEV battery

Precise battery power control to avoid over voltage / under
voltage at low battery temperature Accurate and robust SOC
estimation

SOC may drift away if it solely relies on current
integration

To maintain cell uniformities across the whole pack Weak cells
tend to be stressed more

Aging process is not well understood, therefore aging related
monitoring and adjustment are difficult
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Gasoline-Electric Hybrid propulsion system design Vehicle
control systems

HEV PHEV BEV
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Vehicle networks connected with gateway modules Multiple
buses

HEV controller

Body controller

Engine controller

Transmission controller

Motor controller

Brake Controller

Regen Controller

Steering Controller

HVAC controller

APM controller HMI

Battery controller

ESP controller

Charger controller

Thermal controller

M Zhang, 2011 VPPC Tutorial 137


	
Generic HEV Controls_ supervisory control

Driver Demand

Generator

Strategic Reference Generator

Propulsive Torque Ref

Vehicle Safety System

System Operating Conditions

Battery Power Ref

Transmission State Desired

ICE Operating

Point Ref

Controls Reference Generator

ICE Torque Command

EM1 Torque Command

EM2 Torque Command

Clutch Control

Ref

Driver Inputs

ICE Torque Control

EM1 Torque Control

EM2 Torque Control

Clutch Control

Propulsive Torque

Vehicle

Friction Brake Torque

Vehicle States

Regen Brake System

Vehicle External Conditions
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Operating strategy is about optimal utilizations of relevant
subsystems to achieve vehicle targets under all possible operating
conditions.

Performance Drivability Fuel Economy Emission OBD Functional
Safety

It is based on characteristics of all relevant subsystems such
as thermal engine and control, electric machine and control,
battery cells and pack etc.

It generates references for underline control functions.
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HEV/PHEV vehicle operating conditions

Vehicle operating conditions are those that can not be
influenced by system controls, they are vehicle boundary
conditions

Ambient temperature Barometric pressure Road surface coefficient
of friction Vehicle mass Grade Tire inflation pressure Wind
direction and speed Humidity Fuel grade Fuel level Traffic
conditions Rain
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HEV/PHEV system operating conditions

System operating conditions are those that can be influenced by
system controls, they are usually transparent to the operator

Battery temperature, and cell temperature(s) Battery SOC Battery
voltage, and cell voltage(s) Cabin air temperature Engine coolant
temperature Engine oil temperature Exhaust temperature Catalyst
temperature Motor temperature(s) Inverter temperature(s) Converter
temperature Transmission fluid temperature On-board charger
temperature
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HEV operating strategy must determine When to turn on/off the
engine How to run the engine (rpm, torque, spark etc) for
efficiency, emission and other needs How to maximize kinetic energy
recuperation through regenerative braking How to handle
Wide-Open-Throttle and aggressive braking How to manage tractive
effort during ESP events How to protect battery and other systems
How to maintain SOC within a window (Charge Sustaining) How to
maintain consistent vehicle responses

PHEV operating strategy must determine All the above How to
achieve efficient and consistent charge depleting operations
Plug-in charging behavior
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HEV/PHEV operating strategy


	
When to turn on the engine if P> 5-20 kW, depending on ICE
and other consideration

How to run the engine Emission control after cold start prefers
particular engine speed/torque/air fuel

ratio with retarded spark, mostly 1200 1400 rpm Purge control
prefers higher vacuum (lower torque) and higher speed Engine
operating point determination based on desired engine power (
desired

battery power) and engine efficiency considerations NVH
considerations Engine fast torque path management via spark and
fuel cut-off Rate of engine torque/speed changes based on engine
control characteristics

How to maximize energy recuperation by regenerative braking
Blending to 100% friction braking at low vehicle speed Minimizing
friction braking, based on system regenerative braking
capacity,

vehicle speed, brake pedal inputs etc. Safety and consistency
are most important Disable regenerative braking id ESP is
active

M Zhang, 2011 VPPC Tutorial 143
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Blended-Mode PHEV vs. EREV

Blended-Mode PHEV It is essentially a HEV with fuel displacement
capability Less E-drive power requirement than BEV and EREV Engine
will be used for efficiency or meeting traction demand Depleting
battery strategically Less powerful battery Prius PHEV (2012),
Chrysler DOE PHEV Demo Fleet (2011)

EREV (Extended Range EV) E-drive power capability is enough to
meet high traction demand under nominal conditions (of battery),
just like BEV All electric operation during charge depleting
operation Range Extender (ICE + generator) is relatively weak,
maybe designed to maintain charge-sustaining operations Powerful
battery pack, usually thermally managed Example: Chevy Volt
(2010)
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