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GM Powertrain Globally

e 89 facilities e Over 59,000 people
(Engineering and Manufacturing)

_ e 36,000 engines/day
e 14 countries

e 32,000 transmissions/day




GM Powertrain Europe
nGlobal Lead Responsibilities:

e Smalldiesel engines
Diesel controls

Automated Manual
controls

Small gasoline
engines Torino (ITA)

Manual
transmissions




GM Powertrain Engineering Torino

8 Diesel Engine Engineering
Computer Aided Engineering (CAE) & Simulation
Diesel Engine design & testing
Exhaust Aftertreatment
Turbocharging
Engine Management System Components

Controls Engineering
§ Engine/Transmission Control Algorithms
§ Diagnostics

§ GM is the only auto maker with complete software and systems expertise in
control of gasoline & Diesel engines and transmissions

Hybrid Powertrain Engineering
§  System configuration modelling & optimization
§  HEV powertrain design and testing




New Torino Facility

nlnnovative cooperation with Politecnico di Torino




Automotive Control System Constraints

n Fuel Economy n Durability

[ Emissions n Time to Market

n Performance n Ease of Tune-ability
n Quality n Scale-ability

n Reliability n Workforce Training

n Verification n Validation




The Challenge

Global mcrease 2% / year, |
71% increase over 2003
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Potential for regulations that exceed both
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Source: DOE Energy Information Agency MBDOE: Millions of-barrels per.day oil equivalent
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Energy Diversity

Liquidiuelsv/Electricity/-Hydragenas the In-Vehicle Energy Carriers

Energy Resource Conversion Enerqy Carrier Propulsion System

Oil Petroleum Fuels Conventional ICE:
(Conventional) Liquid Gasoline / Diesel

Fuels

oil
Non-C tional Synthetic Fuels (XTL
(Non-Conventional) y (XTL) ICE Hybrid

Fischer

Biomass I Tropsch

Plug-In Hybrid ICE

Range-Extended EV:
IC Engine/Fuel-Cell

Electricity

Electrification

[
»
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»

Renewables :
Solar, Wind, Hydrg Shift

l Electric Vehicle

Reaction

Critical Dependency on Battery Technology

Hydrogen Fuel-Cell Electric




Application Map

High Load

Diesel Hybrid Heavy Duty }
City Bus Pickup Truck Diesel Truck

W,

Continuou
(Highway)

Non-towing
Highway
Gas Car & SUV

Stop-and-G
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Light load

City Intra-Urban Highway Continuous
Cycle Highway

Urbanization shifts market demand

GM Confidential




Advanced Propulsion Technology Strategy

Hydrogen
Improved Displace Fuel Cell

Vehicle Fuel Petroleum

Economy & Battery Electric
Emissions Vehicles (E-Flex)

Hybrid Electric
Vehicles (including
Plug-In HEV)
IC Engine and
Transmission
Improvements

Petroleum (Conventional & Alternative Sources)
Energy _ =
Diversity Bio Fuels (Ethanol E85, Bio-diesel)

Electricity (Conventional & Alternative Sources)
Hydrogen




Model Based Design

Methods that facilitate global controls
design to meet challenging automotive
constraints and translate our strategies
Into products




Controls Development before MBD

nlLengthy architecture trade off studies prior to start of
control system design

rmHigh'reliance on hardware based on “cut and try”
empirical test methods for development of algorithms

nReguirements captured in text based documentation
n Difficult to manage complexity and parallelism

nAlgorithms and software implementation separated
from requirements

nVerification and validation labor intensive




Controls Development after MBD

n Hardware and Controls design becomes integral to
architecture studies

nPlant models used throughout design cycle at varying
levels of fidelity

nModels capture the requirements for algorithm design
and software execution

nVerification and Validation testing automation
Improved

nKey behavioral tests developed prior to hardware
availability




MaodelingIntegral to the Control Engineering Process

tio Production

Concept LTI T R I L I I I IT System

Executable
Specification

Executable
Specification

Models and
Simulation

—

Advanced Controls

Engineering
Using GMPT Library

» Following GMPT model
structure and guidelines
Single/Boolean data typing
Model descriptions added
Model in 65% form
Functional test cases
Model checker tool used to

—

Algorithm Engineering
» Finalize model structure
(Adhere to naming
standards, select interface
parameters (Aspen))
Add initialization logic
Finalize all comments
Run model checker tool
Run Functional test cases

—

Software Engineering

Automated:

* code

* testing

» documentation
« calibration

Software

* Add MPT to the model

» Configure settings for file
structure and data scope
Generate code
Compile code
Perform Code Inspection
Run code checker tool
Check-in to CM Synergy

and add additional test cases
Generate ADD (Populate
B]D)]

Generate Reactis test cases

Integration

» Test the System

» Execute Reactis test
cases

» Verify Code-
To_Maodel testing
(CTM) using RIBETT




Modeling Integral to the Control Engineering Process

tio Production
lllllllllllllllllllllllll’
System

Concept

Executable

Specification Specification
Models and .

Executable

Automated:

* code

* testing

» documentation
« calibration

Simulation

Software
Integration

Advanced Controls
Engineering

Algorithm Engineering Software Engineering
» Finalize model structure * Add MPT to the model
(Adhere to naming » Configure settings for file

Using GMPT Library

» Following GMPT model
structure and guidelines
Single/Boolean data typing
Model descriptions added
Model in 65% form
Functional test cases
Model checker tool used to

standards, select interface
parameters (Aspen))

Add initialization logic
Finalize all comments

Run model checker tool

Run Functional test cases
and add additional test cases
Generate ADD (Populate
B]D)]

Generate Reactis test cases

=)

structure and data scope
Generate code

Compile code

Perform Code Inspection
Run code checker tool
Check-in to CM Synergy

» Test the System

» Execute Reactis test
cases

» Verify Code-
To_Maodel testing
(CTM) using RIBETT

Critical to have a
consistent/stable tool
chain throughout the
process and life cycle

of the program!




Algorithm Description Documents
Algorithm Engineering

nAlgoerithmrDescription
Documents (ADDs)
describe the control
strategy to the level that
production code can be
produced

NADDs for the core SIDI
functions contain
extractions of the
Simulink/Stateflow
algorithm models from
advanced development

1.1.11.6 DirmnFHPO_ PumpEven n

D etermine FHPO Pump Event Position

Figure 217 DimnmnmFHFD_FumpEven tP:m

ADD for FHPE_SIDI
Fuel High Pressure Pump
Control Ring




Production Code Generation

Software Engineering Production code for the
TTeron apini3 vozHpi/. /Determine Torque Model Inputs/Determnin core S|D| funCtionS
produced using RTW
Embedded Coder

The nurm C e
null etqgcneqr. c

rik
nitionFile

#i nclude "etqrsxlt.h"
#include "ful rpitf.h"

voi d DtrmETQC_Ef f ecti veEQR(voi d)
Filter option - 1 {

FLOAT rtb_Switch2_e;
if ((GetFULR Fuel CntrlState() ==
CeFULR_Cl osedLoop)) {
VeETQC eqr _Equi vRatio = Get ETQR eqr_Equi vRatio();
} else {
if ((Get ETQR OpenLoopEquivRatio() == 0.0F)) {
rth_Switch2_e = 1.0F;
} else {
rth_Switch2_e = (Get ETQR eqr _Equi vRatio() /
Get ETQR_OpenLoopEqui vRati o());
}
VeETQC eqr _Equi vRatio = rth_Switch2_e;




Calibration Procedures

Integration / Documentation
nCalibration e :
procedures are ProciD_00% Or: Fuelpressurefites calfration
documents detailing
the steps to follow in
order to calibrate
control strategy

4 OQverview

nCalibration
procedures fo the the N
core SIDI functions e e
contain extractions of
the
Simulink/Stateflow
algorithm models




Autoe-Code Targeted for Rapid Prototyping Controller

Algorithm
Development

Matlab/Simulink/Stateflow

|

Automatically
Generated Code

Control/Monitor
Interface

Control Desk

Rapid Prototyping
Controller
(dSPACE Micro-Autobox)

Production
ECM/TCM

Data Logging
Interface
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Control Desk Logging




Autoe-Code Targeted for Production Controller Hardware

Algorithm Control/Monitor Data Logging
Development Interface Interface

Tl Qpiave CorsarZuem lraee
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Matlab/Simulink/Stateflow Control Desk Control Desk Logging

|

Automatically
Generated Code

ECM/TCM




Auto-Code Targeted for Production Controller Hardware

Algorithm Control/Monitor Data Logging
Development Interface Interface

Tl Qpiave CorsarZuem lraee
I3 I e T O
=

Matlab/Simulink/Stateflow Control Desk Control Desk Logging

Automatically
Generated Code

....SIDI algorithm models and
auto-code will continue to be
used across many applications,
model years (MY2012, 2013,
2014,...) and controllers! e T ion
ECM/TCM




Controls Development using MBD

SIDI'Controls System Development Example

n Rapid prototyping controls enabled development of engine
hardware analysis

e Compression Ratio Analysis

Injector Spray Patterns and Orientation

Dual Injection for Knock and Emissions Control
CMCV Analysis

NVH Development

n Algorithm models developed and tested for new SIDI
functionality including fuel delivery, pump control, spark,
torque, and cam phasers

n Plant models utilized in SIL, MIL and HIL

n Advanced development architecture used for initial fuel
economy, emissions and drivability development, environmental
testing including altitude and cold weather




SIDI'Control Development Architecture
Advanced Development

Injectors

High Pressure
Fuel Sensor

58X Crank Flow

Sensor Control

4X Cam Valve
Sensor

‘l SIDI Functions

Core SIDI functions developed
in Simulink/Stateflow models
and executed on rapid
prototyping hardware




Model-Based Development Acceptance

Define
System

Reqts (STSS) I

Control
System
Requirements

Systems
Engineering

System
Conceptual
Design

Requirements

Algorithm

Design .

. Algorithm
Design Elaboration
For
Implementation

Software

Implementation
COde (Autocode)

Software
Unit Test

Testing

Validate
Control
System

in Vehicle

System
Calibration TeSti ng
(Vehicle)

Controller
Validation

(HIL) Controller
b Testing (HIL)

Subsystem
Testing

Sub-System
Testing (SIL)

Unit Testing




Model-Based Development — Design & Implementation

* Plant Models

» Physics-based Models
System * Virtual engine mapping project

Conceptual ePowertrain Model Architecture

Design project

e Empirical Models

e Control System Design

» Rapid Prototyping

» Software-in-the-Loop

e System Simulation

Requireme

Algorithm
Design e Plant Models
* Algorithm Models
- e Rapid Prototyping
Algorithm - Software-in-the-Loop
Elaboration « System Simulation

For « SDSS Analysis
Implementation

e Algorithm Models

» GMPT Block Library

* Modeling Guidelines
Software e Autocode Process

Implementation
(Autocode)




Model-Based Development — Testing & Validation

Validate Control

System in Vehicle
 Algorithm Models y

e Generated C code

 Algorithm Documentation Calibration

System

olant Model Testing
(Vehicle)

_ Controller
 Algorithm Models Validation (HIL)

* Plant Models
» Software-in-the-Loop - Controller

e System Simulation Subsystem Testing (H||_)
Testing

 Algorithm Models

. Ring L |
« Model-based test vector generation Ig] etz

e Reactis/RiBeTT vs. Functional tests et
» Software-in-the-Loop

e Test Cases — from requirements
Software njt Testing
Unit Test

Sub-System
Testing (SIL)




Benefits of Model Based Design

Seamless transition

Reguirements ->Design->Implementation->Verification and Validation

Enables global development by eliminating translation
and re-interpretation between steps

Permits what-if studies via virtual simulation
Allows variation analysis without hardware

Enables controls development prior to hardware
availability

Enables increase of global domain knowledge







