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Backward Models

Backward-looking models (SIMPLEV, ADVISOR) are static system
models that infer drivetrain operation from a speed vs time trace.

No commands: The desired speed is used to go back from one component to the next.
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* Quasi-steady models

* Transient effects on fuel economy and emissions not
accounted for realistically

* Not suited for hybrid control strategy development
* Fast run-time (1 calculation per second in ADVISOR)
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PSAT Looks Forward

Forward modeling (driver-to-wheels) more realistically predicts system
dynamics, transient component behavior and vehicle response.

Commands from a Powertrain Controller to obtain the desired vehicle speed
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* Consistent with industry design practice

° More accurately represents component dynamics (e.g., engine
starting and warm-up, shifting, clutch engagement ...)

* Allows for advanced (e.g., physiological) component models

* Allows for the development of control strategies that can be utilized in
hardware-in-the-loop or vehicle testing

* Small time steps enhance accuracy
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To Satisfy Goals and Objectives: Two Different Models
for Two Different Uses

ADVISOR PSAT
1. Backward-looking (static model) | 1. Forward-looking (dynamic model)
2. Advantages 2. Advantages
* Run fast  Representative of dynamic systems
e  Simple models  Highly advanced component models
3. Capabilities e Take transients into account
« Components sizing 3. Capabilities
e  Sensitivity analysis «  Component technology evaluation
«  Efficiency vs hybridization Control strategy development
 Generic cost e  Optimization routines
e  Sensitivity analysis
Specific cost
-~ -~
S Provide Trends S Provide Decisions
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Transients Are Accurately Represented
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What Can Be Done with PSAT?

Yes No
Study fuel economy & emission 1. Component calibration
Simulate Performance 2. Study driveability
Size Components 3. Run with a too large sample time
Simulate Gradeability
Perform parametric study
Compare drivetrain configurations
Compare drive cycles
Build drive cycles
Develop & integrate
« Data
e  Component models
Control strategy
10. Optimization
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Model Needed for FE & Performance

Map based (for efficiency & max/min characteristics)
Take into account vehicle transient effects

Take into account component response time
(transfer function)

Inertia effect is only taken into account in vehicle
(not to slow simulation too much)

No stiffness taken into account

Physiological/NN models needed for emission &
further vehicle/component transient effects
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* PSAT Overview




PSAT Has a Long History

* PSAT was initiated in 1995 by USCAR (contract to TASC and
SwRI).

* Redesigned by ANL since 1999 to meet the needs of DOE’s
Integrated analysis, hardware-in-the-loop and validation
activities.

PSATV2.1 PSATV3.0 PSATV4.1  Copyrght pgaTys 1

95-99 /09/99 06/00 1/00 10/01 02/02 ,03/02 03/03




PSAT Needs

Plll 750 MHz — 256 Ram min (The more the better [I)
Matlab R12 or R13
Optional:

- RTW Toolbox to compile code

- Fuzzy Logic Toolbox to use fuzzy control strategy

- Neural Network Toolbox for engine model



PSAT Simulation Process

Chose Drivetrain
Configuration

Analyze Results

Chose Component
Models

Plot Results

=

Chose Component
Initialization Files

Save Results

Chose Test
Cycles/Procedures

Calculate Results

Run Simulation
(Simulink/Compiled)
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Hybrids: A Wide Variety of Configurations

Engine

_|

EngineH Gen H Mot H Trans
Figure 1: Series

Engine —| I— Trans

Motor Trans

Figure 3: Double shaft parallel
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Figure 2: Single shaft parallel
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Figure 4: Power split hybrid
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PSAT GUI
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Initialization Windows
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Cycle Choice Windows
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Post-Processing Windows
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Example of PSAT Simulink Model




PSAT Structure Flows Intuitively

Accelerator/Brake pedal

Controller Commands

Motor command

Engine comman

Shift command Brake command

Clutch command

-
Cluteh
Engine Mech. acc Clutch

I —
=7

SN
7

Final Drive j
Transmission Final drive  Wheel Vehicle

Battery

Elec acc otor Reduction

Pioneering
Science and A
Technology



PSAT Component Model Format Is Generic

Command from
Controller

Effort

Flow

Pioneering
Science and A
Technology

Info to Controller

(Sensors)

L.

q

q

MODEL

—p  Effort

—p  Flow

Effort Flow
Engine | Torque Speed
Motor Voltage Current

All the component models have the same

number of inputs (3) and outputs (3)




Generic Power Controller Organization

A generic organization common to all powertrains

Accelerator
pedal

Information
from
component
(sensors)

OzZz>»Zm0O

Commands
to
components
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Constraint Block in Simulink

param_hus_in param_hus_out

dm_bus_in ptc_hus_out

c=tr_eng c=tr_ess cEtr_mec
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Demand Block in Simulink
@ 0

param_bus_in param_bus_out

pte_bus_in

t dmd_hist]
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mux_dmd
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[pte_t<_gear_dmd_hist]

trmu_dmd

key_on

brake_block
propel_brake

shifting_blodk

=ft_choice

riviicel Illg
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Transient Block in Simulink

Q—p param_bus_in  param_bus_out e param_bus_in  param_bus_out e param_bus_in  param_bus_out e paam_bus_in  paam_bus_out p@
param_bus_in param_bus_out

Q—} pte_bus_in pte_bus_out e ptc_bus_in pte_bus_out —e{ptc_bus_in pte_bus_out —Je{ptc_bus_in pte_bus_out p@

ptc_bus_in pte_bus_out

trs_ b trs_eng tr=_mc tr=_wih



Control and Shifting Selections Are Easy

Within the same drivetrain model, we can switch between different
control strategies and different shifting algorithms.

Strategy Shifting

S1: vehicle speed Switch S1: vehicle speed Switch

S2: power demand S2: vehicle accel.

S3: torque demand
S4: level of SOC

S3: engine speed

S4: veh spd & accel

- We ONLY compare separate strategies and shifting
We can EASILY implement new ones




PSAT Is Flexible and Reusable

Drivetrains constructed from user choices

Numerous configurations can be explored(>150: conventional,
parallel, series, power split...)

Several strategies can be compared within the same model
using switches

Can add new component data, models and control
Model format is generic (3 inputs/3 outputs)
Multiple uses of same model possible

Software is highly parameterized



PSAT Is User-Friendly

* Easy integration of initialization files, component models or
control strategies through its Graphical User Interface

* Easy comparison of different levels of model sophistication
and control strategies

* Post simulation analysis is enhanced through use of a voltage
bus for more realistic transient behavior

PSAT has been designed to take transients into account
and handle different levels of modeling detail ... allowing
the user to match the level of sophistication with the

application.




PSAT Speed Increased Up to 12X with Same Accuracy

New PSAT Compiled

4+ Improvement(%) (+10/120 timated)

Initial PSAT Initial PSAT (10ms)
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* Validation




Accurate Validation Provides Confidence in
Studies Results

Ford Taurus 97 3.0L V6 has been validated within
limits of test capabilities (1% FE, 10% Emissions)

Japan Prius* & Honda Insight* Fuel Economy & SOC
validated within 5% for several driving cycles

Ford P2000* Validated within 5% for Fuel Economy &
SOC

*Japan Prius, Honda Insight & Ford P2000 validations have
been realized with APTF Data



Validation Steps




New Tools Allow Users to Speed Up Validation
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Integration of Test Data Is Immediate!

o Conversion G e

Load Crata

Measured vanables

t test data into PSAT variable format

Meas unitz

Save Template

Conversion factors

| Step 6
Save the

Time
DynoSpeed
DynoTarque
fuel28khz
fuelBkhz
crankzpeedbB
12vBatt
144+Batt
freq #1Fuel
Intakedir_Temp
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MAA [not a measured variablg

Step 1

Load Data
From TXT file

B

inlbz
inlbs
4

Ampz
gal/min

Amps

Step 2
Delete

Unwanted
Data

Step 5
Select the

Appropriate
units

|

mph - mds

pm -» rad/s

=] template

t_meas
veh_spd_|

fo_fueldiate meas
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arcelec_volt_out_meas

iz voll_meas
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fc_throttle_meaz
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MC_CUI_Meas
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EEE F0C _MEgE
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b aear_meas
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ez CWI_MMEas

=l |
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Step 7

FEAT unitz
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| Etimina.onaff d
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fc b meas
Step 3
B
Rename each
Data using PSAT
&
Nomenclature
#
Copy in the line
Step 4
Calculate extra

parameters

|




Innovative Window to Replay Tests and
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Conventional Validation - Taurus

US06 Cycle

Test/Simulated
- Consumptions:
22.9/22.6 mpg

Blue = modeling
Red = testing

Engine RPM

0 100 200 300 400 500 600

21.8612

Fuel ate (g/s)
(&)

r

0 100 200 300 400 500 600

Time (Sec.)
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Conventional Validation - Taurus
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HEV Validation - Japan Prius

Japan 10-15

' red — Measured Cycle
S Test/Simulated
‘ ‘ ‘ ‘ ‘ ‘ Consumptions:
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HEV Validation - Japan Prius
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[d-r

HEV Validation - Japan Prius

Engine torque vs. Engine Speed
Japan 10-15 FHDS

Cngine Torgue vs. Cngine Speed
fe-map- hisIJapanIEl 15-80-1000-0.9-7100-1000-0. 2 FHOS
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Specific Tools Are Necessary to Understand and

Develop Advanced Controls
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The Japan Prius Does Not Always Follows the Best
Efficiency Curve

100

80 | = Best Efficiency-.curvé

P




HEV Precept Correlation

Combined

Test/Simulated
Consumptions:
79.6 /76 mpg

Small SOC
difference in
Simulation
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HEVs Validated Within 5% FE & SOC

Japan Prius

S

Honda Insight

p
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Outline

* Example of Work Done at ANL
* Fuel Cell Modeling




Transient Fuel Cell Modeling Needed for
FreedomCAR

Develop engineering models of FC systems and components
using the GCtool architecture.

GCtool is design-oriented ... models are too slow (complex) for
transient driving cycles

Details may not be available for building mechanistic models
Flexible to arrange component configuration
Some existing models can be adapted




Engineering Model

* Solve conservation equations for energy, mass, species and
momentum to develop performance maps.

- ATR: Composition (P, T, GHSV, A/F, W/F)
- WGS: CO Conversion (P, T, GHSV, CQOin, H20/CO)
- PROX: CO/H2 Conv. (P, T, GHSV, COin, O2/CO)
- PEFC: V(P, T, I, CO, AB)
* Performance maps are design-specific

°* Models are transient, can be multinodal and may directly
interact with other components




GCTool-ENG Along with PSAT Allows Realistic
Madeling

GCtool _ e
Euel Cell _> Transient FC ; JU I ..
Configuration Model in MATLAB L
PSAT o
Transient Vehicle ™% |
Model

Succession Of Accel./Deccel.
In PSAT - Direct H2 Fuel Cell

ransient Fuel Cell Evaluation
within Transient Vehicle Model




Outline

Example of Work Done at ANL

e Transient Engine Emission Models




Improved Transient Emission Modeling Needed

MEEM ORNL After-treatment TECAT Scalable
Model Model Engipe Algorithm

Enhanced PSAT
Emis. Transients

Japan Prius MB NN
1Hz NN 1.7L CIDI




Overview of the Japan Prius Engine NN Model

Throttle Throttle-Torque T
Angle Output brake ==
Predictor
= RPM ugem
RPM (NN or Lookup)

Neural Network
Exhaust
Emissions

Tailpipe

s HC (/S ey
s CO (0/S) ey

and Fuel Use |™==NOX (g/S )t

Ti1 block —»@

Ti-l,exh ?

Temperature
Predictor
Model
(NN or Lumped
Capacitance)

Ti-1 prick

Catalyst
Model

e HC (/)
p CO (0/s)
—p NOX (g/s)

‘ I DTbrick

— q DTexh

> DTblock

Toock = ENgine Block Temperature, T,,,= Engine Exhaust Temperature, T, = Catalyst Brick Temperature,

t = Torque i-1 = last time step



HC Plot for Cold FTP

HC prediction for Cold FTP

!

0 50 100 150 200 250 300 350 400 450 500
Time
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Outline

Example of Work Done at ANL

 Trade-off between FE & Emission




Trade-off Between Fuel Economy & Emission

UQM Data . A Class 1.7L Data

Direct
Optimization

L ™

Fuzzy Logic
Control

CVT Data
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Example of Work Done at ANL

e Potential Gains for Class 2B Vehicle



Potential Gains for Class 2B Vehicle

Fuel Economy (mpg)

17.8

31.0 mpg

26.7

23.6 “Hybridize”
(mild)
Replace Sl

Reduce Mass W/ Cl Engine

Reduce Losses (21CT goals)
(21CT goals)

Class 2B
(SI Engine)
7000
Component Losses

6000 Rolling

= ,

<

) 5000 and = GM

S Aerodynami = PSAT

54000 ¢ Drag

Q Tramefar

|-|J3006 Irrarisicel

Trans Case and

Braking
Ener

Combined EPA Cycle
(55 FUDS/45 FHDS)

Comparison Between
GM Data And PSAT

Silverado Pickup
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Perspectives




Summary/Perspectives

PSAT is a state-of-the-art powertrain modeling tools
allowing users to simulate unrivaled number of
predefined configuration (>130)

PSAT has been developed for external users and
development emphasized on easy integration of
Initialization files, component models, and control
strategy integration

PSAT simulates transients and allows realistic
control
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