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Introduction

The following sections introduce Model-Based Calibration Toolbox software.

“Model-Based Calibration Toolbox Product Description” on page 1-2
“What Is Model-Based Calibration?” on page 1-3
“Limitations” on page 1-6
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Model-Based Calibration Toolbox Product Description
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Model and calibrate engines

Model-Based Calibration Toolbox provides apps and design tools for optimally calibrating
complex engines and powertrain subsystems. You can define optimal test plans,
automatically fit statistical models, and generate calibrations and lookup tables for
complex high-degree-of-freedom engines that would otherwise require exhaustive testing
using traditional methods. Calibrations can be optimized at individual operating points
or over drive cycles to identify the optimal balance of engine fuel economy, performance,
and emissions. Using apps or MATLAB® functions, you can automate the calibration
process for similar engine types.

Models created with Model-Based Calibration Toolbox can be exported to Simulink®
to support control design, hardware-in-the-loop testing, and powertrain simulation

activities across the powertrain design team. Calibration tables can be exported to ETAS
INCA and ATI Vision.

Key Features

+ Apps that support the entire workflow: designing experiments, fitting statistical
models to engine data, and producing optimal calibrations

*  Design-of-Experiments methodology for reducing testing time through classical,
space-filling, and optimal design techniques

* Accurate engine modeling with data fitting techniques including Gaussian process,
radial basis function, and linear regression modeling

*  Boundary modeling to keep optimization results within the engine operating envelope
* Generation of lookup tables from optimizations over drive cycles, models, or test data

+  Export of performance-optimized models to Simulink for use in simulation and HIL
testing

*  Lookup table import and export to ETAS INCA and ATI Vision
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What Is Model-Based Calibration?

PHYSICAL RESULTS
TESTING
DESIGN OF DATA CALIBRATION Calibration
EXPERIMENTS MODELING GENERATION
Accurale
HIGH FIDELITY Engine Model
SIMULATION

High accuracy engine models are a key component for reducing calibration effort and
engine development time.

The time spent calibrating an engine control unit has been increasing, due to new control
actuators. The new actuators give the potential for increased performance, reduced
emissions, and improved fuel consumption. It is necessary to apply advanced modeling
and optimization techniques to achieve the full benefits available from the addition

of new actuators. Advanced modeling techniques offer increased understanding of the
complex, nonlinear engine responses. High accuracy models can be used throughout the
design process, including the calibration of base maps with the optimal settings for the
control parameters, determined by constrained optimizations.

The toolbox has two main user interfaces for model-based calibration workflows:

*  Model Browser for design of experiment and statistical modeling

*  CAGE Browser for analytical calibration

The Model Browser part of the toolbox is a powerful tool for experimental design and
statistical modeling. The models you build with the Model Browser can be imported into
the CAGE Browser part of the toolbox to produce optimized calibration tables.

Designs and Modeling in the Model Browser

The Model Browser is a flexible, powerful, intuitive graphical interface for building and
evaluating experimental designs and statistical models:

* Design of experiment tools can drastically reduce expensive data collection time.

1-3
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* You can create and evaluate optimal, space-filling, and classical designs, and
constraints can be designed or imported.

* Hierarchical statistical models can capture the nature of variability inherent in
engine data, accounting for variation both within and between tests.

*  The Model Browser has powerful, flexible tools for building, comparing, and
evaluating statistical models and experimental designs.

* There is an extensive library of prebuilt model types and the capability to build user-
defined models.

* You can export models to CAGE or to MATLAB or Simulink software.
Starting the Model Browser

To start the application, type

mbcmodel

at the MATLAB command prompt.

Calibration Generation in CAGE

CAGE (CAlibration GEneration) is an easy-to-use graphical interface for calibrating
lookup tables for your electronic control unit (ECU).

As engines get more complicated, and models of engine behavior more intricate, it is
increasingly difficult to rely on intuition alone to calibrate lookup tables. CAGE provides
analytical methods for calibrating lookup tables.

CAGE uses models of the engine control subsystems to calibrate lookup tables. With
CAGE, you fill and optimize lookup tables in existing ECU software using Model Browser
models. From these models, CAGE builds steady-state ECU calibrations.

CAGE also compares lookup tables directly to experimental data for validation.

1-4
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Starting the CAGE Browser

To start the application, type
cage

at the MATLAB command prompt.
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Limitations

1-6

Waitbar May Have Transparent Background

The waitbar dialogs that are displayed to inform you of the progress of lengthy
operations in the toolbox often display with transparent backgrounds. Instead of the
normal window grey, they pick up their background from whatever is on the screen when
they are displayed.

This bug is purely cosmetic and will not cause any data loss.
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*  “Gasoline Case Study Overview” on page 2-2
* “Design of Experiment” on page 2-5

+ “Empirical Engine Modeling” on page 2-15

* “Optimization” on page 2-20
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Gasoline Case Study Overview
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In this section...

“Gasoline Calibration Problem Definition” on page 2-2

“Case Study Example Files” on page 2-3

Gasoline Calibration Problem Definition

This case study demonstrates how to systematically develop a set of optimal steady-state
engine calibration tables using the Model-Based Calibration Toolbox.

The engine to calibrate is a direct-injected 1.5L spark ignition turbocharged engine with
dual cam-phasers and turbocharger wastegate.

The aim of the calibration is to maximize torque at specific speed/load values across the
engine's operating range, and meet these constraints:

*  Limit knock

+ Limit residual fraction

+  Limit exhaust temperature

* Limit calibration table gradients for smoothness.
The analysis must produce optimal engine calibration tables in speed and load for:

*  Spark advance ignition timing (SA)

* Throttle position % (TPP)

*  Turbo wastegate area % (WAP)

* Air/Fuel Ratio (Lambda: LAM)

+ Intake cam phase (ICP)

+  Exhaust cam phase (ECP)

* Torque (TQ)

+ Brake-specific fuel consumption (BSFC)
+ Boost (MAP)

+  Exhaust temperature (TEXH)
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Ignition Turbo Wastegate
Timing

Area

Throttle
Position

Cylinder Pressure

- Torque
Fuel
> Air/Fuel Ratio .
Speed
This case study illustrates the model-based calibration process.
PHYSICAL RESULTS
TESTING
DESIGN OF DATA CALIBRATION Galibeation
EXPERIMENTS MODELING GENERATION
Accurate
HIGH FIDELITY Engine Model
SIMULATION

Case Study Example Files

The following sections guide you through opening example files to view each stage of the
model-based calibration process. You can examine:

1 Designs, constraints, boundary model, and collected data, in topic “Design of
Experiment” on page 2-5.

2-3
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2 Finished statistical models, in topic “Empirical Engine Modeling” on page 2-15.
3 Optimization setup and results, and filled calibration tables, in topic “Optimization”
on page 2-20.

Use these example files to understand how to set up systematic calibrations for similar
problems. For next steps, see “Design of Experiment” on page 2-5.

Tip: Learn how MathWorks® Consulting helps customers develop engine calibrations that
optimally balance engine performance, fuel economy, and emissions requirements: see
Optimal Engine Calibration.



http://www.mathworks.com/services/consulting/proven-solutions/optimal-engine-calibration.html

Design of Experiment

Design of Experiment

In this section...

“Context” on page 2-5
“Benefits of Design of Experiment” on page 2-5
“Power Envelope Survey Testing” on page 2-5

“Create Designs and Collect Data” on page 2-6

“Data Collection and Physical Modeling” on page 2-13

Context

This topic describes design of experiments for the gasoline one-stage case study. To view
the high-level workflow, see “Gasoline Case Study Overview” on page 2-2.

Benefits of Design of Experiment

You use design of experiment to efficiently collect engine data. Testing time (on a dyno
cell, or as in this case, using high-fidelity simulation) is expensive, and the savings in
time and money can be considerable when a careful experimental design takes only
the most useful data. Dramatically reducing test time is increasingly important as the
number of controllable variables in more complex engines is growing. With increasing
engine complexity, the test time increases exponentially.

Power Envelope Survey Testing

The first stage to solve this calibration problem is to determine the boundaries of the
feasible system settings. You need to generate the power envelope to constrain the
design points. To do this, data was collected using simulation across a range of speed and
torque. The initial survey determined boundaries that produce:

* Acceptable exhaust temperature (not too high to burn piston crowns)

+ Achievable torque production

* Acceptable BSFC (not too high)

* Avoids knock

2-5
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The envelope must include the idle region of low torque and speed, where the cams must
be parked. The cam timings are set to zero in the idle design.

The initial survey design and test data provide information about the engine operating
envelope. This information was used to create constraints for the final design, to collect
detailed data about the engine behavior within those boundaries. You can then use
this data to create response models for all the responses you need in order to create an
optimal calibration for this engine.

The final design used 238 points for this engine with 4 inputs: speed, load, intake and
exhaust cam. You can view the constraints defining the operating envelope by following
the steps below.

Create Designs and Collect Data

You can use a space-filling design to maximize coverage of the factors' ranges as quickly
as possible, to understand the operating envelope.

To create a design, you need to first specify the model inputs. Open the example file to
see how to define your test plan.

1 Open MATLAB. On the Apps tab, in the Math, Statistics and Optimization
group, click MBC Model Fitting.

2 Inthe Model Browser home page, in the Case Studies list, select Dual CAM
gasoline engine with spark optimized during testing. Alternatively, select File
> Open Project and browse to the example file gasol ineOneStage .mat, found in
matlab\toolbox\mbc\mbctraining.

3 To view how to define your test plan design inputs, in the All Models tree, click the
top project node, gasol ineOneStage. In the Common Tasks pane, click Design
experiment. In the New Test Plan dialog box, observe the inputs pane, where you
can change the number of model inputs and specify the input symbols, signals and
ranges. This example project already has inputs defined, so click Cancel.

4  Click the first test plan node in the All Models tree, gasol ineOneStageDoE. The
test plan view appears.

5 Observe the inputs listed on the test plan diagram. Double-click the Inputs block
to view the ranges and names (symbols) for variables in the Input Factor Set Up
dialog box. The design inputs are torque, speed, intake cam, and exhaust cam. The
dynamometer test setup is in speed/torque and so the design is in speed/torque.
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6

Close the dialog box by clicking Cancel.

After setting up inputs, you can create designs. In the Common Tasks pane, click
Design experiment.

The Design Editor opens. Here, you can see how these designs are built.

Click the first design in the tree, gasol ineOneStageldle. If you do not see a 2D
plot, select View > Current View > 2D Design Projection. Then select each
design in the tree in turn.

The first design in the tree, gasol ineOneStageldle, concentrates points in

the idle area with cams parked. It uses the Sobol Sequence space-filling design
type to maximize coverage. To park the cams, after creating the idle region space-
filling design, the cam phaser positions are set to park position (0,0).

2D Design Projection B o X
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The second design, gasol ineOneStageNonldle, is another Sobol Sequence
space-filling design to span the non-idle engine operating envelope.



2 Gasoline Engine Calibration

ElIEd
5000 T s ® .l' T '. s ‘.- ,I" *' T T
. ® * o s, 8, &
. .'. - L ] ae [ ] . . g
4000 s 0°_ 0 ., . _* . » 4
't . ‘ 0% % a0 *, % ‘ s *
- L]

.., " ." e ® 8 e * o -.'
Baoof e '. . -I . et * I' .
“% * ": e *, R . * -I * e

. * * . s * ° 0 T e

2000 - L1 ] - L] ae L] '. _
™ . 4 e, ¢
" e L. *e .
- .
. -

1000 F o, o % .

1 1 ' 1 I 1 - 1 1 1 1 1 i

20 40 60 B0 100 120 140 160 180 200

TQ

¥-axis factor: | TQ - W-axis factor:| Speed -

* The final design is called gasol ineOneStageMerged because it contains the
other two merged designs to cover the whole envelope.
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To see how the constraints are set up, select Edit > Constraints.

In the Constraints Manager dialog box, select each torque constraint in turn and
click Edit. Observe the maximum and minimum torque constraints define the upper
and lower boundary of the feasible operating envelope. These constraints were
developed prior to this design in initial wide-open throttle and closed-throttle engine
performance testing.
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Observe that you can define areas to exclude by dragging points, typing in the edit
boxes, or using the Table Editor tab.

To leave the constraint unchanged, click Cancel.

10 Observe the Properties of the selected gasol ineOneStageMerged design under
the tree, listing 2 constraints, and 238 points.

11 To experiment with a new design and avoid editing the prior designs, select the root
Designs node and select File > New Design.

12 Add the constraints by selecting Edit > Constraints. In the Constraints Manager
dialog box, click Import. Select the torque max and min constraints from the merged
design and click OK. In the following dialogs, click OK to return to the Design
Editor.
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13 See how to construct a similar constrained space-filling design by selecting Design >
Space Filling > Design Browser, or click the space-filling design toolbar button.

14 In the Space-Filling Design Browser, observe the design type is Sobol Sequence,
and specify a Number of points. View the preview of design points. Click OK.
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15 Click gasol ineOneStageMerged. This design style is Custom because the points
are rounded, using Edit > Round Factor. You might also sort design points to
make data collection easier on a dyno. To preserve the space-filling sequence in case
you want to add more points later, you can copy a design before rounding or sorting.

gasol ineOneStageMerged is the final design used to collect data. To make it
easier to collect the data, the points are rounded as follows:

Intake and exhaust cam timings are rounded to 1 degree (2% of range)
+  Speed is rounded to 50 RPM (1% of range)
Torque is rounded to 5 Nm (3% of range)
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You can export designs or copy and paste design points into other files to proceed to
data collection.

16 Close the Design Editor.

The final gasol ineOneStageMerged design was used to collect data from the GT-Power
model with the Simulink and Simscape™ test harness. The example Model Browser
project file gasol ineOneStage.mat in the mbctraining folder contains this data,
imported to the Model Browser after the data collection.

Data Collection and Physical Modeling
The toolbox provides the data in the projects for you to explore this calibration example.

MathWorks collected the data using simulation tools. Control and simulation

models were constructed using a Simulink and Stateflow” test harness. Constrained
experimental designs were constructed using Model-Based Calibration Toolbox. The
points specified in the design were measured using the GT-Power engine simulation

tool from Gamma Technologies (see http://www.gtisoft.com). The engine to calibrate is

a direct-injected 1.5L spark ignition turbocharged engine with dual cam-phasers and
turbocharger wastegate. This model is part of a GT-POWER engine library from Gamma
Technologies.

To collect the data, Simulink and Stateflow controlled the GT-Power engine model to the
desired Design of Experiments points.

Note: Simulation time was reduced from days to minutes using Parallel Computing
Toolbox™,

This simulation of 238 design points took 20 minutes to run in parallel on multiple
machines in the cloud. Running on a single core, the same simulation takes 3 days.
Parallel Computing Toolbox distributed the work to the 225 cores on a cloud computing
cluster and showed that this problem scales linearly as you add workers.

The data was used in the next step of model-based-calibration, to create statistical
models.
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For next steps, see “Empirical Engine Modeling” on page 2-15.
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Empirical Engine Modeling

In this section...

“Examine Response Models” on page 2-15

“Examine the Test Plan” on page 2-19

After designing the experiments and collecting the data, as described in “Design of
Experiment” on page 2-5, then you can fit statistical models to the data. You can use the
toolbox to generate accurate, fast-running models from the measured engine data.

The dynamometer test setup is in speed/torque and so the design is in speed/torque. The
model is in speed/load because the production engine controller implementation uses load
(derived from air flow) instead of torque tables. The controller uses load because airflow
sensors are presently less expensive in mass production than torque meters.

Examine Response Models

1 Open MATLAB. On the Apps tab, in the Math, Statistics and Optimization
group, click MBC Model Fitting.

In the Model Browser home page, in the Case Studies list, open Dual CAM
gasoline engine with spark optimized during testing.

2 Inthe gasolineOneStage.mat project, click the second test plan node in the All
Models tree, gasol ineOneStageModels.

3 To assess high-level model trends, at the test plan node select the Response
Models tab. After you fit models, the view at the test plan node displays the
Response Models tab by default. View the cross-section plots of all the response
models.
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4 To view each response model in detail, expand gasol ineOneStageModels test plan
node in the All Models tree. Select the first response node under the test plan node,
BSFC.
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All Models

@ gasolineCnestage
- fT gasolineOneStageDoE
- [ gasolineOneStageModels
-/ BSFC
- MAP
f@ RF!
fasA
- fp TPP

- /@ TSPEED
@ Torgue

- f@ WAP

5 Examine the Response Surface plot and the Diagnostic Statistics plot.

2-17



2 Gasoline Engine Calibration

/@ Response Model: BSFC
Model type: Gaussian Process Model (ARDSquared Exponential Constant)
e =
Response Surface & m X
Plot: Surface - BSFC
H-axis: |ECP -
Y-axis: |ICP hd
Name Value Tolerance
ECP |0:0.95:48 [J|Linked to X-... .
icP  [0:0.88:48 OJ|Linked to v-... E
LOAD [0.7703882 5 00228837 2| S
Speed 28005 86| P
ol
m
30
20
]
Select Data Point... ICP [degCriAdv] o ECP [degCrkRet]
BSFC
15 T T T T T
10 e . L] i
z : .
£ 5} ) - -
& «® o % .
2 : --.& g w0t .
= . g (]
g oof 0 ..\ .."' z* . 7
2 " se o . * . .
. ) > &
%
. - (1]
5 - g . o* . - .
. * .
l. - .
.10 I [ ] I i i I
200 250 300 350 400 450 500
Predicted BSFC [g/kwh]
X-axis factor: Predicted BSFC [glKwh] v Y-axis factor: Residuals [g/Kwh] -

2-18

6 Examine the other responses in the All Models tree.




Empirical Engine Modeling

For details on using the plots and statistics to analyze models, see “Assess High-Level
Model Trends” and “Assess One-Stage Models”.

Examine the Test Plan

Examine the model setup.

1

At the gasol ineOneStageModels test plan node, change to the test plan view if
necessary by clicking the Test Plan tab. The Model Browser remembers selected
views.

Observe the inputs and response model outputs listed on the test plan diagram.

Double-click the Inputs block to view the ranges and names (symbols) for variables
on the Input Factor Set Up dialog box.

Double-click the Model block to view that the model class is the default for one-stage
models, a Gaussian Process Model. When you use the Fit models button in the
Common Tasks pane, and select a One-stage template, the toolbox sets the model
type to a Gaussian Process Model.

For details on setting up one-stage models, see “Fit a One-Stage Model”.

Click Cancel to close the Model Setup dialog box without altering your example
models.

For next steps, see “Optimization” on page 2-20.
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Optimization

In this section...

“Optimization Overview” on page 2-20
“View Optimization Results” on page 2-21
“Set Up Optimization” on page 2-23

“Filling Tables From Optimization Results” on page 2-27

Optimization Overview

After creating statistical models to fit the data, you can use them in optimizations. You
can use the accurate statistical engine model to replace the high-fidelity simulation and
run much faster, enabling optimization to generate calibrations in feasible times. You
use the statistical models to find the optimal configurations of the engine that meet the
constraints.

The statistical models described in “Empirical Engine Modeling” on page 2-15 were used
in the next step of model-based-calibration, to create optimized calibration tables.

PHYSICAL RESULTS
TESTING
DESIGN OF DATA CALIBRATION Calibeation
EXPERIMENTS MODELING GENERATION
Accurate
HIGH FIDELITY Engine Model
SIMULATION
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The aim of the calibration is to maximize torque at specific speed/load values across the
engine's operating range, and meet these constraints:

*  Limit knock (KIT1)

*  Limit residual fraction

*  Limit exhaust temperature

+ Limit calibration table gradients for smoothness.

Turbocharger speed constraints are implicitly included in the boundary model which
models the envelope.



Optimization

The analysis must produce optimal engine calibration tables in speed and load for:

Spark advance ignition timing (SA)
Throttle position % (TPP)

Turbo wastegate area % (WAP)
Air/Fuel Ratio (Lambda: LAM)

Intake cam phase (ICP)

Exhaust cam phase (ECP)

Torque (TQ)

Brake-specific fuel consumption (BSFC)
Boost (MAP)

Exhaust temperature (TEXH)

View Optimization Results

1

Open MATLAB. On the Apps tab, in the Math, Statistics and Optimization
group, click MBC Optimization.

In the CAGE Browser home page, in the Case Studies list, open Dual CAM
gasoline engine with spark optimized during testing. Alternatively, select File
> Open Project and browse to the example file gasol ineOneStage.cag, found in
matlab\toolbox\mbc\mbctraining.

In the Processes pane, click Optimization. Observe two optimizations,
Torque_Optimization and Sum_ Torque_Optimization.

Why are there two optimizations? To complete the calibration, you need to start with
a point optimization to determine optimal values for the cam timings. You use the
results of this point optimization to set up a sum optimization to optimize over the
drive cycle and meet gradient constraints to keep the tables smooth.

In the Optimization pane, ensure Torque_Optimization is selected. In the
Objectives pane, observe the description: maximize Torque as a function of ECP,
ICP, LOAD and Speed.

In the Constraints pane, observe the constraints: the boundary model of Torque,
knock, residual fraction, speed and exhaust temperature. If you want to see how
these are set up, double-click a constraint and view settings in the Edit Constraint
dialog box.
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6 In the Optimization Point Set pane, observe the variable values defining the points
at which to run the optimization.

7 To view the optimization results, in the Optimization pane expand the
Torque_Optimization node and select Torque_Optimization_Output.
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To learn about analyzing optimization results, see “Choosing Acceptable Solutions”.

8 In the Optimization pane, select Sum_Torque_Optimization and compare with
the previous point optimization setup. The sum optimization has additional gradient
constraints to produce smooth tables, and a single run.
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Set Up Optimization

Learn how to set up this optimization.

1

To perform an optimization, you need to import the statistical models created in the
Model Browser. To see how to import models, in CAGE, select File > Import From
Project.

The CAGE Import Tool opens. Here, you can select models to import from a model
browser project file or direct from the Model Browser if it is open. However, the
toolbox provides an example file with the models already imported, so click Close to
close the CAGE Import Tool.

To view the models, click Models in the left Data Objects pane.

You need tables to fill with the results of your optimizations. To see all the tables,
select the Tables view.

To see how to set up these tables, select Tools > Create Tables from Model. The
Create Tables from Model wizard appears.
a Select the model Torque and click Next.

b  On the next screen you see the controls for specifying the inputs and size of
tables. Click the Edit breakpoints buttons to see how to set up row and column
values. Click Next.
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¢ On the next screen you can set limits on table values. To edit, double-click Table
Bounds values.

In this example, bounds on SA, ICP and ECP are set to [0,50], TPP and WAP are
[0,100], and LAM is [0.8,1].
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Click Cancel to avoid creating new unnecessary tables in your example file.

5 Learn the easiest way to set up an optimization by selecting Tools > Create
Optimization from Model.

a

b

Select the model Torque and click Next.

Observe that the default settings will create a point optimization to minimize
Torque, using 4 free variables, and constrained by a model boundary constraint.
To create this example optimization, edit the settings to maximize Torque,

use the BSFC table grid as a data source, and use only ECP and ICP as free

variables. Click OK to create the optimization.
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6 Compare your new optimization with the example Torque_Optimization. To
finish the setup you need to add or import the rest of the constraints. In this case,
select Optimization > Constraints > Import Constraints. Import the constraints
from the Torque_Optimization optimization.

7 Tolearn how to set up the sum optimization, from the
Torque_Optimization_Output node, select Solution > Create Sum
Optimization. The toolbox creates a sum optimization for you.

8 Compare your new optimization with the example sum optimization,
Sum_Torque_Optimization. The example shows you need to add the table
smoothness constraints to complete the calibration. To see how to set up table
gradient constraints, double-click the constraint GradECP.

To learn more about setting up optimizations and constraints, see:
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“Creating Tables from a Model”
“Creating Optimizations from Models”
“Edit Objectives and Constraints”

“Create Sum Optimization from Point Optimization Output”

Filling Tables From Optimization Results

CAGE remembers table filling settings. To view how the example tables are filled:

1

Expand the example sum optimization node Sum_Torque_Optimization and select
the Sum_Torque_Optimization_Output node.

Select Solution > Fill Tables (or use the toolbar button) to open the Table Filling
from Optimization Results Wizard.

On the first screen, observe all the tables in the CAGE tables to be filled list. Note
that the LAM (lambda) table is not filled from the optimization results, because this
table was filled from the test data. Click Next.

On the second screen, observe all the tables are matched up with optimization
results to fill them with. Click Next.

On the third screen, observe the table filling options. You can either click Finish to
fill all the tables, or Cancel to leave the tables untouched. The example tables are
already filled with these settings.

The following plot shows the calibration results for the ICP table. Observe that the idle
region has locked cells to keep the cams parked at 0. If you want to lock values like this,
to get smooth filled tables, lock the cells before filling from optimization results.
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The following plot shows the calibration results for the ECP table.
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You can examine all the filled tables in the example project.

To learn more about analyzing and using optimization results, see “Optimization
Analysis”.

Related Examples
. “Creating Tables from a Model”
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. “Creating Optimizations from Models”

. “Edit Objectives and Constraints”

. “Choosing Acceptable Solutions”

. “Create Sum Optimization from Point Optimization Output”

. “Filling Tables from Optimization Results”
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Gasoline Engine Calibration Case
Study

This case study provides a step-by-step guide to using the Model-Based Calibration
Toolbox product to solve a gasoline engine calibration problem. This section discusses the
following topics:

“Gasoline Case Study Overview” on page 3-2
“Designing the Experiment” on page 3-6

“Selecting Data and Models to Fit” on page 3-13
“Viewing and Filtering Data” on page 3-18

“How Is a Two-Stage Model Constructed?” on page 3-23
“Selecting Local Models” on page 3-27

“Viewing the Boundary Model” on page 3-28

“Selecting Global and Two-Stage Models” on page 3-33
“Using Validation Data” on page 3-36

“Exporting the Models” on page 3-37

“Optimized Calibration” on page 3-38

“Importing Additional Models into CAGE” on page 3-41
“Setting Up Calibration Tables to Fill” on page 3-44
“Setting Up the Optimization” on page 3-47

“Defining Variable Values” on page 3-50

“Running the Optimization” on page 3-52

“Setting Up the Sum Optimization” on page 3-57
“Filling Tables with Optimization Results” on page 3-62
“MBT Spark Estimator Problem” on page 3-63



3 Gasoline Engine Calibration Case Study

Gasoline Case Study Overview

3-2

In this section...

“Case Study Introduction” on page 3-2
“Why Use Design of Experiment and Engine Modeling?” on page 3-3

“Problem Definition” on page 3-4

“Introduction to Two-Stage Modeling” on page 3-4

Case Study Introduction

This case study demonstrates how to systematically develop a set of optimal steady-state
engine calibration tables using the Model-Based Calibration Toolbox product. This case-
study uses a 2.2L inline 4 cylinder, naturally aspirated DOHC (Dual Overhead Cams) 4
valve per cylinder spark ignition (SI) engine equipped with dual-independent variable
cam-phasing (DIVCP) hardware and electronic throttle.

Optimal steady-state engine calibration tables for intake cam phase, exhaust cam phase,
and spark advance are developed as part of the case study process.

This example takes you through the following steps:
1 Create a design for your experiment — see “Designing the Experiment” on page
3-6.

2 Import the resulting data (taken using the design) and choose responses to model —
see “Selecting Data and Models to Fit” on page 3-13

3 Examine and filter the data in preparation for modeling, and create the models —
see “Viewing and Filtering Data” on page 3-18.

4 Evaluate the statistical models based on the data.

“How Is a Two-Stage Model Constructed?” on page 3-23
“Selecting Local Models” on page 3-27

a
b
¢ “Viewing the Boundary Model” on page 3-28
d “Selecting Global and Two-Stage Models” on page 3-33
e “Using Validation Data” on page 3-36

5 Export these models to the CAGE part of the toolbox to generate optimal calibration
tables — see “Exporting the Models” on page 3-37.
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6 The Model Browser section of the case study involves design of experiment, data
handling, and model construction and export. In the CAGE browser section of the
case study you use the models to complete the optimization of the calibration tables,
see “Optimized Calibration” on page 3-38.

The following sections introduce the benefits of applying model-based calibration
methods to solve this case study problem:

* “Why Use Design of Experiment and Engine Modeling?” on page 3-3
+  “Problem Definition” on page 3-4

*  “Introduction to Two-Stage Modeling” on page 3-4

Why Use Design of Experiment and Engine Modeling?

These approaches can be used to ensure that you develop optimal engine calibrations
for complex engines with many controllable variables (such as variable valve timing,
variable valve lift, and cylinder deactivation) at minimum cost and time.

Test bed time is expensive, and Design of Experiments methodology can help you choose
the most effective points to run to get the maximum information in the shortest time.
You can break the exponential dependency between the complexity of the engine (number
of inputs) and the cost of testing (number of tests). You can collect the most statistically
useful data, and just enough of it to fit the models.

Experimental design test points can be constrained based on previous experience to avoid
damaging expensive engine hardware prototypes at unrealistic operating points.

The act of statistically modeling engine data can help identify the effect of interactions
between calibration settings and engine performance, which can be vital to
understanding how to optimally meet emissions constraints.

Accurate statistical models of engine data can also be used to develop calibration tables
that have smooth transitions between the operating range of the engine and the edge
regions of calibration tables where the engine will not be operated.

Optimal calibrations can be generated from statistical engine models in a methodical,
repeatable process to ensure that maximum performance is achieved subject to
emissions, driveability, and material limit constraints.
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Problem Definition

The aim of this case study is to produce optimized tables for

+ Intake Cam Phase
+ Exhaust Cam Phase
* Spark Timing Schedules

as a function of Load and rpm, subject to the following constraints

+  Constrain solutions to lie within the boundary constraint model (to keep the
engine within its operating region)

Constrain cam phase solutions so they do not change by more than 10° between
table cells (that is, no more than 10° per 500 RPM change and per 0.1 load change).

Constrain residual fraction <= 25% at each drive cycle point (to ensure stable
combustion). Residual fraction is the percentage of burned gas mass in the cylinder
at intake valve close, relative to the total mass in the cylinder at intake valve
close. Constraining maximum residual fraction is a simple and reasonable way of
ensuring stable combustion. Residual fraction = 100 * Burned Gas Mass from Last
Cycle / (Burned Gas Mass From Last Cycle + Fresh Air Mass)

To produce these tables, you need to make accurate models of the behavior of torque,
exhaust temperature, and residual fraction at different values of speed, throttle area,
spark, and cam timings. You need engine data to build these models, so the first step is
constructing an experimental design to collect the most useful set of points.

Before you can design an experiment you need to set up a two-stage test plan and define
your model inputs and model type.

Introduction to Two-Stage Modeling

What is a two-stage test plan? You use a test plan to set up models in the Model Browser.
The two stages refer to the way that engine data is often collected. For example, in each
test, spark (the local variable) is swept while the other variables (such as speed and

load) are held constant — these are referred to as global variables. Each test is taken

at a different point in the global variables. Building the statistical models to take into
account these individual sweeps makes it possible to incorporate engineering knowledge
in the process. You can see plots of torque/spark sweeps, and use variables such as

MBT (maximum brake torque) in modeling, rather than solely abstract mathematical
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properties of curves. You can then apply previous knowledge about the expected behavior
of these variables to help you select good models.

You can easily identify outliers when you can see the sweep in which they were taken.
The Model Browser allows you to visualize the data in a way that can help you identify
and investigate suspect sweeps, and decide what kind of models will produce the best fit
to the shapes of the data. The more controllable variables there are in an engine the more
useful it is to have these visual aids to investigate complex data. Constructing models to
take into account the way the data is collected helps build good models that you can have
more confidence in. Statistically, it is the correct thing to do as it allows you to partition
the errors within sweeps and the errors between sweeps separately.

You use a two-stage test plan to build your models because this data is suited to it. Spark
is varied as the other variables are held constant, so the data is collected in a hierarchical
structure; your models attempt to capture this information. You come to more detail on
how this two-stage model is constructed after creating a design and obtaining data.
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Designing the Experiment

3-6

In this section...

“Overview of Design Process” on page 3-6
“Specifying Model Inputs” on page 3-6
“Creating Designs” on page 3-8

“Data Source” on page 3-11

Overview of Design Process

Creating a design in the Model Browser comprises several steps. You need to open the
tool, select a two-stage template, and enter the ranges and names of the input variables.
Then you can create an initial design and set up the constraints on the input space.
These constraints will be the same for all designs. From this constrained design, a series
of child designs can be made with varying numbers of points added and slightly different
models used. The final design can be chosen by comparing statistics of the various

child designs and considering how many points you can afford to run. These steps are
described next.

Specifying Model Inputs

The example project contains finished designs and models in Gasoline_project.mat.
You can open the example from the home page or from matlab\toolbox\mbc
\mbctraining.

To see how to set up model inputs, follow these steps.

1 In MATLAB, on the Apps tab, in the Math, Statistics and Optimization group,
click MBC Model Fitting.

2 On the home page, click Design Experiment.

The New Test Plan dialog box appears.
3
Click the Two-Stage test plan icon Twests= in the Template pane. A two-stage model

fits a model to data with a hierarchical structure.



Designing the Experiment

The models you are building are intended to predict the torque, fuel flow, and
manifold pressure of the engine as a function of spark angle at specified operating
points defined by the engine's speed, load, and cam timings. The input to the local
model is the spark angle.

Set up your local model input.

a Set Symbol to S.
b Set Signal to SPARK. This is optional and matches the raw data.
¢ Set the range you want to model by changing Max to 50 (and leave Min at 0).

Set up your global inputs. The global inputs are the variables that are held constant
at each operating point while spark is swept. In this case, these global variables are
engine speed, scaled throttle area, intake cam angle, and exhaust cam angle.

By default, there is one input to the global model. Because this engine model has
four input factors, you need to edit the input factors as follows:
a Click the up arrow button to increase the Number of factors setting to four.

b Edit the four factors to create the engine model input. In each case, change the
symbols, signal names, and ranges to the following:

Symbol Signal Min Max
N SPEED 500 6000
L LOAD 0.05 0.95
ICP INT_ADV -5 50
ECP EXH_RET -5 50

Load = aircharge/maximum aircharge.

Cam angles are in units of degrees crankshaft, with intake values indicating
advance from base timing, and exhaust values indicating retard from base
timing.

¢ Click OK to dismiss the dialog box.

The Model Browser displays the test plan diagram with your specified local and
global model inputs, and opens the Design Editor.

3-7
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Creating Designs

Now you have set up the modeling test plan you can create an initial design and set up
the constraints on the input space — these will be the same for all designs. From this
constrained design, a series of child designs can be made with varying numbers of points
added and slightly different models used. The final design can be chosen by comparing
statistics of the various child designs and considering how many points you can afford to
run.

1  You will import a boundary model from an example file. In this way, you can use a
boundary constraint from a previous investigation on a similar engine to constrain
new designs. To locate example files, in MATLAB, change the current folder to
mbctraining:
cd(fullfile(matlabroot, "toolbox", "mbc*", "mbctraining®))

2 In the Design Editor, in the Common Tasks, click Constraints.

In the Constraints Manager dialog box, click Import.

4 In the Import Constraints dialog box, in the Import from list, select Boundary
Constraints (.mat Ffile).

5 Browse to the file Gasoline_project.mat, found in matlab\toolbox\mbc
\mbctraining.

6  Click to select the Boolean type constraint. This is the combination of both
boundary constraint models.
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) Import Constraints I =] e

Impart from: IBoundary Constraints (* mat file) d

Source file: Ilmbc‘.mbctrainingIGasolineJJroject.mat J

— Availskle Constraints

Select one or more constraints to import:

Dezcription Source Type

[ Star(M-3.5e+003 L-0.54) == 0 AND 5. | DIVCPGlobal Eoalean
Star(M-3 5e+003 L-054) ==0 DIVCPWGlohalStar sh... | Star shaped
Star(M-3.5e+003 L-0.54 (CP-22 ECP-2.. | DIVCPWlobalStar sh... | Star shaped

Ok I Cancel Help

Click OK to import the boundary constraint.

Click OK in the following data matching dialog as all the signal names are
automatically selected in this case, and close the Constraints Manager.

In the Design Editor, in the Common Tasks, click Create Space Filling Design.

The Space Filling Design Browser appears. Space-filling designs are best when
there is little or no information about the underlying effects of factors on responses.
For example, they are most useful when you are faced with a new type of engine,
with little knowledge of the operating envelope. These designs do not assume a
particular model form. The aim is to spread the points as evenly as possible around
the operating space. Space-filling designs are also best for radial basis function
models. You can use a mix-and-match approach: start with a space-filling design to
survey the space, then continue testing with an optimal design once you have more
understanding of the response and constraints. Once you have an idea of what model
type will fit the response best, you can optimally add points in the most efficient
places for the most robust model fit.

The most important thing to decide is how many design points you want. Testing is
expensive and time-consuming, so you need to bear in mind how many points you
have time for. When you consider the number of points, you also need to remember
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10

11

12

13

14

that a sweep will be done at each point and this will take some time. Do you need to
allow time to fix problems or redo experimental points that can't be achieved?

Enter 200 for the Number of points and press Enter. A space-filling design is
constructed, using the sobol sequence method. Click the 3-D and 2-D tabs to examine
the preview plots of new design distribution. The preview is identical to the final
design.

Note: You will import the example design for this case study in a later step.

Click OK when you are satisfied with the design.

Right-click a view and select Split View > 3D Design Projection to view the
design points.

Examine the constrained design space by right-clicking the title bar of a design view
and selecting Current View > 3D Constraints.

Add another space-filling design for some points with parked cam phasers. These
points are important because we need an accurate model when cams are parked.

a
Click the (3 button in the toolbar to add a new design. The view switches to the

new design in the tree. Rename it CAM_Parked. The design inherits the same
constraints as the parent design.

b Select Design > Space Filling > Design Browser, or click the Space Filling
Design button on the toolbar.

In the dialog that appears, leave the default choice to replace the current points
with a new design and click OK.

¢ Enter a number of points of 10, press Enter, and click OK.

d Display the design as a table, and edit the values of 1CP and ECP in the new
design to be zero.

Select File > Merge Designs. Select both your designs in the list, leave the default
Merge to new design option button selected, and click OK. Examine the merged
design in the table view to confirm the parked cam points (ICP and ECP values of 0)
are at the end of the list of design points.

Add another space-filling design for collecting validation data.
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Click the 3 button in the toolbar to add a new design. The view switches to the
new design in the tree. You could rename it Val idation. The design inherits
the same constraints as the parent design.

b Select Design > Space Filling > Design Browser, or click the Space Filling
Design button on the toolbar.
In the dialog that appears, choose to replace the current points with a new
design and click OK.

¢ Enter a number of points of 25, press Enter, and click OK.
To add a point where the cams are parked, select Edit > Add Point.

In the dialog that appears, select User-specified from the Augment method
list, edit 1CP and ECP to zero, and click OK.

You can use the Design Editor to make a selection of child designs to compare. When
you have chosen the best design you can export it to file. In this case, you can import the
example design for this case study. This design was used to collect the data for this case
study, and you will later match these design points to data. Import the design as follows:

1
2

5

Select Edit > Constraints. In the Constraints Manager dialog box, click Import.

In the Import Constraints dialog box, in the Import from list, select Design
Editor file (.mvd).

Browse to the design file DIVCP.mvd, found in matlab\toolbox\mbc
\mbctraining, select it and click Open, then click OK to import the design. A new
design node appears.

Rename the imported design (click, and press F2) DIVCP. You can right-click to
change the Current View to examine the design points in 2D and 3D.

If you wanted to Match selected data to design when fitting models to data in
later steps, you must select a design as best to use it. For this example, do not select
any design as best.

Close the Design Editor.

Data Source

The data was collected using a constrained space-filling design on speed, load, intake
cam phase, and exhaust cam phase. The points specified in the design were measured

3-11
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using the GT-Power engine simulation tool from Gamma Technologies (see http://
www . gtisoft.com).

Simulink and StateFlow” simulation tools controlled the GT-Power model, running on
a cluster of 14 desktop PC machines. The simulation time for the testing was 20 hours.
The GT-Power model used predictive combustion, which gives good realistic results but
1s computationally expensive. Ten cycles were run at each spark advance setting after
attaining steady-state speed/load conditions.

For next steps, see “Selecting Data and Models to Fit” on page 3-13.


http://www.gtisoft.com
http://www.gtisoft.com

Selecting Data and Models to Fit

Selecting Data and Models to Fit

Remember that the aim of this case study is to produce optimized tables for:

* Intake cam phase
+  Exhaust cam phase

* Spark timing schedules

These tables are all functions of load and rpm, subject to constraints of operating region
and residual fraction.

To produce these tables, you need to make accurate models of the behavior of torque,
exhaust temperature, and residual fraction at different values of speed, load, spark, and
cam timings. You have set the local model input as spark, and the global model inputs as
engine speed, load, intake cam phase, and exhaust cam phase. Therefore, the responses
you want to model are:

* Torque

*  Exhaust Temperature

* Residual fraction

Follow these steps to select data and model types to fit.

1 In the Model Browser, click the test plan node, Two-Stage, in the All Models tree
to go to the test plan view.

2 In the Common Tasks pane, click Fit models.

The Fit Models Wizard opens.

3 In the Data pane, next to Data set, use the browse button to find and select
the DIVCP_Main_DoE_Data.xls data file, found in matlab\toolbox\mbc
\mbctraining. This example data file results from the example experimental
design. Click Open.

4 In the Fit Models Wizard, select the Open Data Editor on completion check box.

3-13
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4\ Fit Models Wizard el & [

Data and Design
Select the data set to fit models to. Choose whether to use all the data set or to match the data to a design.

Data

Data set: Data Object v |k |t
Validation data set: |<none= b

Percentage of data to use for validation: 204

Design

@ Mo design, use all selected data
WMatch selected data to design

“none=

[¥] Dpen Data Editor on completion

5 Click Next.

6 The wizard tries to match each symbol to a data signal (shown as Signal Name in
the model input factors list). Make sure SPARK, SPEED, LOAD, INT_ADV and EXH_RET

are selected, as shown.
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B Fit Models Wizard =] @ (=3

Input Hames

Choose input variables for modeling.

|:| Use data ranges for all inputs

WModel input factors: All data signals:
H WOUTLTUTY

Symbol .....§!Q!'.'?‘.|.'.".§T.e. R ..SI?‘.Q?.: RESIDFRAC -
3 - SPARK i RGTEMP
N | SPEED 2
L | LOAD z SPEED
P | INT_ADV 2 ot E
ECP EXH_RET 2 \VOLF -
Selected input factor Selected data signal

Units: DegBTDC Units: DegBTDC

Model range: o to 50 Data range: o to 50

|:| Open Data Editor on completion

’ Cancel l’ =« Back ll Mext = Finish

Click Next

7 On this screen you select the responses to model. Select BTQ as the first response you
want to model and click Add.
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B Fit Models Wizard =] 2 (=3

Response Models

Choose rezponses to be modeled. You can also change model types.

Responses: Unused data =ignals:

BTQ [Nm] 5 AFR =
AIRMASSFLOW

i COFLOW

b CYC_COUNT =
Model EXHBP

EXH_ANG_MULT |

EXH_LFT |
EXTEMP by
FUELFLOW
GDOECT
INT_ANG_MULT
INT_LFT
Fit boundary model LOAD CWMD i

Local model:  PS22

Datum: Maximum

Global model:

|:| Open Data Editor on completion

| cancel || <Back || nNew> || Fnmn |

Next to Local model, click Set Up.

The first response you want to model is torque against spark. The shape of torque/
spark curves is well understood and you can examine them in the Data Editor in
later steps. Polynomial spline curves are useful for fitting these shapes, where
different curvature is required above and below the maximum. Therefore, you should
set the local model type to polynomial spline. A spline is a curve made up of pieces of
polynomial, joined smoothly together. The points of the joins are called knots. In this
case, there is only one knot, at the maximum. The location of the knot in this case
marks MBT.

a In the Local Model Setup dialog box, select Polynomial Spline from the
Local Model Class list.

b Set Spline Order to 2 below and 2 above knot.

¢ Click OK.

In the Fit Models Wizard, select Maximum from the Datum drop-down menu. In this
case, the maximum of the torque/spark curves is MBT (spark angle at maximum
brake torque), so this can be a useful feature to model.
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10 Add two more responses to model. Select EXTEMP and click Add, then select
RESIDFRAC and click Add.

4| Fit Models Wizard o] @ [z
Response Models
Choose rezponses to be modeled. You can also change model types.

Responses: Unused data signals:

COFLOW
CYC_COUNT E
i EXHBP

e EXH_ANG_MULT
b EXH_LFT
EXTEMP

Local medel: PS22 SetUp... FUELFLOW

Datum: Maximum hd INT_ANG_KMULT b=
: Delete “LFT

Global model: Quadratic-RBF SetlUp... INT_LFT

LOAD_CMD

m

MAP
Fit boundary model MFIND T

Open Data Editor on completion

’ Cancel l’ < Back l Mext -

11 Click Finish.

The Test Groupings dialog box appears so you can select tests to model.

12 In the Test Groupings dialog box, edit the Tolerance for LOAD to 0.05. You should
see 203 tests defined. Close the test Groupings dialog box.

13 Click OK to close the Define Test Groupings dialog box.
The Data Editor appears so you can inspect and filter data for modeling. The

response models will be built when you close the Data Editor. For next steps, see
“Viewing and Filtering Data” on page 3-18.
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Viewing and Filtering Data

In this section...

“View Data” on page 3-18
“Filter Data” on page 3-21

View Data

1 Examine the data you imported by following the steps in “Selecting Data and Models
to Fit” on page 3-13.

The Data Editor is a powerful tool for displaying and sorting your data. You can
use the right-click context menu to split the views, or use the toolbar buttons or the
View menu. You can choose 2-D plots, 3-D plots, multiple data plots, data tables,
and tab views of filters, variables, test filters, and test notes.

For example, if you do not already have a 2-D plot, right-click the title bar of any plot
and select Current View > 2-D Data Plot.

2 Click in the left lists to plot torque (BTQ) against spark (SPARK), then select one or
more tests to display.
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Right-click and select Split View > 3-D Data Plot to split the currently selected
view and add a 3-D plot. Select one or more tests to display in the list at the left of

the Data Editor, then choose three variables for the axes.
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4  Click the Test Notes tab. This is empty until you add any test notes.
5 Select Tools > Test Notes > Add.

The Test Note editor appears.

a Enter an expression that defines the tests you want to note; for example
mean(BTQ) < O will evaluate the mean torque for each test and note those
tests where the value is less than zero.

b Enter the text for this note in the edit box, e.g., Negative Torque.
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-loix
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e.9. to note tests with mean(RPM) greater than 1000 specify mean(RPh) = 1000
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¢ Click OK to apply the test note.

6 Note that the new test note appears in the test selector pane. You can sort the
column for the Negative Torque note by clicking the column header (once to sort
ascending and once more to sort descending). This allows you to quickly identify
which tests satisfy the note definition. Investigate these test points in the other
views. Select a test and that test is displayed in the table view, 3-D plot, and
multiple data plots views (but not the 2-D plots, which have their own test selection
controls). If you select multiple tests, they are all shown in the data plots, but only
the first test in the list is highlighted in the table view.

Filter Data

1 If you decide certain operating points are unsuitable for modeling, for instance,
unstable points on the edge of the engine's operating envelope, you can use the Data
Editor tools to help you identify and remove them. You can remove suspect data in
the following ways:
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a You can remove individual points by selecting them as outliers in 2D and
multiple data plots by clicking, then selecting Tools > Filters > Remove
Outliers. You can always replace them again with the Tools menu.

b  You can define filters to remove all data points that do not fulfill a certain
expression. Select Tools > Filters. The Filter Editor appears.

¢ You can enter an expression that defines the records you want to keep. You can
use any MATLAB function for filtering. Enter the following expression, which
keeps records with AFR value greater than 14.25:

AFR>14_25

Click OK. Observe red records that have been filtered out in the top information
bars in the Summary tab. If you have turned on the option to Allow Editing in
the data table view you can also see removed records in red.

d Define another filter. Select Tools > Filters. The Filter Editor appears.

Enter the following expression, which keeps records with RESIDFRAC value less
than 35:

RESIDFRAC<35
f  You can exclude whole tests by defining test filters to remove them. Select Tools

> Test Filters. The Test Filter Editor appears.

You want to keep only those tests with sufficient points to fit the model (at least
5 points).
Enter length(BTQ)>4 and click OK.

2 Click the Filters and Test Filters tabs to see whether the filters have been
successfully applied and how many records or tests are removed by each filter.

The bars in the Summary tab at the top of the Data Editor display the total numbers
and proportion of removed data.

3 Close the Data Editor. A dialog appears to check that you want to build the response
models and update the Actual Design to include all data selected for modeling.
Click Yes, and the models are created.

For next steps, see “Selecting Local Models” on page 3-27.
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How Is a Two-Stage Model Constructed?

Local models find the best fit of a curve to the data in each test. Each test in this case is a
sweep of torque against spark angle, with speed, load, and cams held at a constant value
for each sweep. The following illustrates a single sweep with a local model fitted.

Engine speed : 1000 rpm, 12.4 AFR, 0.65 Load

Max Torgue

........................................

Torque @ MBT+5

Torgue & MBT-12

® .
MBT-12 BT MEBT+5 Spark Angle

The local models provide the coefficients to generate global models. The equations
describing those local model curves have certain coefficients such as max and knot, which
for this data are peak torque and MBT spark (the spark angle that generates maximum

brake

torque).
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Test plan in Speed/Load/AFR space

AFR

Local models are fitted to each test, in different places across the global space, as
illustrated above. Each local model has coefficients for MBT and peak torque, etc. These
coefficients become the data to which the global models are fitted. Coefficients such as
peak torque and MBT are used to make the second stage of modeling more intuitive; an
engineer will have a much better understanding of how a feature such as MBT spark
varies through the global factor space than some esoteric curve fit parameter. Familiar
variables like these are helpful to engineers trying to decide how well a model describes
engine behavior. Better intuitive understanding allows much greater confidence in your
models.

Global models are the best fit of a curve to the values of, for example, MBT for each test.
This is repeated for each coefficient, producing several global models fitted to different
coefficients of the local models. These coefficients are referred to as response features of
the local models. The following example shows a global model for maximum torque across
the speed/load global space.
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Max Torguee In Speed/load /AFR space Mox Torgue In Speed/Lood /AFE spoce

Torque
Torque

e
_l_l?ﬂlhl Spﬂjv

o il

&

The two-stage model is a surface fitted across all the global models, to describe the
behavior across all global variables.

It can be useful to think of local and global models as a series of 2-D slices, while the two-
stage model fits a 3-D surface across the curves of the global model slices. It is difficult to
visualize more dimensions! The following example shows a variety of 3-D plots of global
models for properties of the local torque/spark curves (such as MBT, peak torque, and
torque a number of degrees before and after MBT), showing how these properties vary
across the speed/load global space. The 2-D plot of the global MBT model (on the right)
demonstrates how MBT varies with engine speed.

Torque & MBT in Speed/icad ATk pace Tarque & MIT-7 in Speeciioad AN ipece MBET vs. Engine Speed

MBT

Engine Speed

3-25



3 Gasoline Engine Calibration Case Study

3-26

The two-stage model can take values of each coefficient at a certain value of, say, speed,
to generate a new curve of torque against spark. This is a slice through the two-stage
model surface.

In other words, you can test your two-stage model by comparing it with the local fit
and with the data. For example, you can reconstruct a local torque/spark curve at an
operating point by taking the values of MBT and peak torque and the curvature from
the two-stage model, and then validate this reconstructed curve against the original fit
and the data. The two-stage model can also predict responses between tests, for new
sweeps at intermediate values for which there is no data. If the two-stage model shows
an accurate fit when compared to the local sweeps, this is a good sign that the engine
behavior is well described by the model across the global variables.

For more details on two-stage modeling, see “Two-Stage Modeling Example” on page
9-3, and see “Two-Stage Models for Engines” in the Model Browser documentation
for more statistical depth.

For next steps, see “Selecting Local Models” on page 3-27.



Selecting Local Models

Selecting Local Models

You should inspect the local and global models in turn, removing outliers if appropriate
and trying different model types, before creating a two stage model. If the fit is good at
the local and global levels you have the best chance of creating a two-stage model that
accurately predicts the engine behavior. First, inspect the local models.

1

Select the local model node PS22 in the model tree, in the All Models pane, and the
local model view appears on the right.

Look through the tests to inspect the fits. Use the Test controls.
To quickly identify problem tests, look at the RMSE Plot.

Inspect tests with high error values in the local model view. You can navigate to a
test of interest from the RMSE plot by double-clicking a point in the plot to select the
test in the other plots. Plot all response features in the RMSE plot and investigate
tests with extreme values.

Consider removing outliers to improve fits if some points are badly distorting the
torque spark curve (use right-click or Outliers menu). Pay particular attention to
end points. For example, for tests where the majority of points are at higher spark
angles than the maximum (at MBT), it can improve the fit to remove some of these
long “tails”. It can be useful to remove outliers in this region, because there is likely
to be knock at spark values much higher than MBT where the engine is less stable.
Similarly, as there is no knock in simulation data, points can be collected far in
advance of MBT, and it can improve the fit to remove these.

If removing some outliers does not bring MBT within the range of the data points,
consider removing the whole test (use the Outliers menu).

After making changes, check the RMSE plots again for problem tests.

Check all tests before inspecting the global models. Try looking at the Local

statistics. Check for high values of Cond(J) (e.g., > 10%). High values of this
condition indicator can be a sign of numerical instability.

For more advice on inspecting local models, see “Assess Local Models”.

Optionally, to inspect the boundary model, see “Viewing the Boundary Model” on page
3-28.

For next steps, see “Selecting Global and Two-Stage Models” on page 3-33.
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Note: The Fit Models Wizard automatically created a boundary model for you.

You can view and create boundary models at the test plan node. A model describing the
limits of the operating envelope can be useful when you are evaluating optimization
results and global models. The boundary model is useful for viewing global models, so
you can see the model areas inside the boundary on plots.

To view the boundary model setup:

Select the test plan node in the model tree.
2 Select TestPlan > Fit Boundary.

The Boundary Editor opens.
3 View the boundary models.

(Optional) The following steps show you how to build two boundary models and combine
them, to map the envelope in speed and load, and also in all four inputs.

1
(Optional) Select the root Two-Stage node and click New Boundary Model & n

the toolbar. A dialog opens where you can choose to build a boundary model of the
response, local, or global inputs. In this case, you are interested only in making a

model of the global boundary. You are not interested in the Local boundary (you

know the range of spark already). Select Global and click OK.

A dialog opens where you can select constraint inputs.
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) Boundary Model Setup

Star-shaped regions are similar to convex regions but instead
Biourclary model type: IStar-shaped j' need only be vizible from one point. Here the region is based

on =amples of the interior or the boundary.

=10l x|

Active Inputs I Fit Optionz I

M ame | Symbol I Lnits | bir | b &= |
SPEED M 1pm 500 E000

LOAD L % 0.0679124 0.950161

I INT_ b ICP DegCrank B 50
OJE=H_RET ECP DeqgCrank B 50

A star-zhaped boundary model must have at least 2 active inputs.

The current houndary model has 2 active inputs.

OK I Cancel |

Help |

Leave the Constraint type set to Star shaped and leave only the SPEED and LOAD
check boxes selected. Click OK and the boundary constraint is calculated.

A Star shaped(N, L) child node appears under the Global node and the view

switches to the new model.

Select View > Current View > 3D Slice (or use the toolbar button) to examine
the shape of the new boundary model. Drag the axes to rotate the plot. Use the

drop-down menus to change the variables plotted. In any

view, you can change the

position of the plotted slice by altering the variable values in the edit boxes. You can
split the views as in the Design and Data Editors using the buttons in the title bars,

or the right-click or View menus.
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Click Show Boundary Points in the toolbar. Boundary points are outlined in

red. In some projections and at some plot resolutions, points can falsely appear to

be outside the boundary. You can alter the number of points plotted in the Value
edit boxes, but high resolutions can be time-consuming to plot. You can also check
particular points: in the 3D, 2D, and 1D Slice views you can click (and hold) points to
see the values of the global variables at that point and the Distance. A distance of
0 means the point is exactly on the boundary, and negative values show the distance
inside the boundary. You can use this function to check that enough points are inside
or close to the boundary.

In a 2D or 3D Slice view, click the button Select Data Point. A dialog appears
where you can select a data point. When you click OK the slice is plotted at the
location of the selected data point. You can also double-click points to move the slice
to that location.
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10

11

Select View > Current View > Pairwise Projections (or use the toolbar button).
Here you can see pairwise projections to view the boundary across all combinations
of factors.

Note: If some points appear to be outside the boundary, select View > Set
Resolution to increase the resolution of the pairwise plots. Increasing the number
of evaluation points displays more detail, but takes longer to calculate.

On one of the pairwise plots, click and drag to select a small area of points. The area
you select is colored yellow across all plots, so you can view how those points are
distributed across factors. With some detailed surfaces, areas in the pairwise plots
can appear as discrete patches, so this feature is useful for tracking regions across
factors. This can help you decide whether the boundary is capturing enough (or too
much) detail of the surface.

Select the Global node, and click New Boundary Model & in the toolbar. You can
build other boundary models to compare and combine for the most useful model.

From the Global node you will automatically get a global child node, so you do not
need to select a level. The Boundary Model Setup dialog box appears.

This time leave all four inputs selected and click OK. A new global boundary
constraint is calculated.

Compare the two global boundary models by selecting the Pairwise view, and
selecting each model in the tree in turn.

If you want to combine boundary models, you select Edit > Add to Best and select
the parent node to see the combination.

Note: For this example, do not add any models to best.

For more information see “Combining Best Boundary Models”.
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12 Close the Boundary Editor to return to the Model Browser. Once calculated,
boundary models remain part of the test plan unless you delete them.

For next steps, see “Selecting Global and Two-Stage Models” on page 3-33
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Selecting Global and Two-Stage Models

In this section...
“Inspect the Global Models” on page 3-33
“Create Multiple Models to Compare” on page 3-33

“Create a Two-Stage Model” on page 3-35

“Evaluate Other Response Models” on page 3-35

Inspect the Global Models

When you are satisfied with the local fits, inspect the global models in turn. You
should check trends of global models. Do the trends go in the right direction? Previous
engineering knowledge can be applied. The following steps suggest useful plots for
investigating trends.

Expand the local model node (PS22) in the model tree and click knot.

2 Inspect the Response Surface view. Apply engineering knowledge to check trends.
Areas outside the boundary model are highlighted yellow to help you focus on the
area of interest.

3 In the Diagnostic Statistics plot, right-click outliers (or any point) to see a plot of
the test. You can inspect the shape of the torque/spark curve and see the values of
the global variables. This can help you identify problem tests, perhaps on the edge of
the stable operating region.

Tip: After identifying problem tests at the global level, return to the local level to
decide whether to remove outliers or the whole test.

For more advice on inspecting global models, see “Assess One-Stage Models”.

Create Multiple Models to Compare
The example project contains a finished two-stage model, so you can view the alternative

models underneath each global model. For example, expand knot and view the selection
of child nodes. You can make a selection of models using Create Alternatives in the
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Common Tasks pane. In the example project, the parent model is already part of a two-
stage MLE model, so Create Alternatives is not enabled in the example file.

When comparing models using statistics:

Look for lower RMSE values to indicate better fits.
Look for lower PRESS RMSE values to indicate better fits without overfitting.

PRESS RMSE is a measure of the predictive power of your models. It is useful to
compare PRESS RMSE with RMSE as this may indicate problems with overfitting.
RMSE is minimized when the model gets close to each data point; 'chasing' the data
will therefore improve RMSE. However chasing the data can sometimes lead to strong
oscillations in the model between the data points; this behavior can give good values
of RMSE but is not representative of the data and will not give reliable prediction
values where you do not already have data. The PRESS RMSE statistic guards
against this by testing how well the current model would predict each of the points
in the data set (in turn) if they were not included in the regression. To get a small
PRESS RMSE usually indicates that the model is not overly sensitive to any single
data point.

If the value of PRESS RMSE is much bigger than the RMSE then you are overfitting
— the model is unnecessarily complex.

PRESS RMSE can be the most helpful single statistic you can use to search for the
best fit relative to the number of terms in the model. However you should not rely on
any single statistic, but use a variety of criteria and especially the graphical tools.

You can add other statistics here to help you select models. Select Model >
Summary Statistics. In the dialog, select the check box for AICc and click OK.

A column of AICc values appears in the model list. This can be a useful statistic

for comparison of models as it penalizes over-parameterized models. Over-fitting
models can later cause problems with optimization when you use the models to create
calibrations. See “Using Information Criteria to Compare Models”.

After selecting a best model among the alternatives, it can be useful to select Delete
Alternatives in the Common Tasks pane. This discards all but the model you chose
as best. The process of searching for good model fits often results in a large selection
of models, and cleaning up the tree reduces file size. It can also save time when saving
the file, especially if you have made a change such as removing an outlier at local
level, that causes all response feature models to be refitted.

To learn more, see “Create Alternative Models to Compare” and “Choose the Best Model”.
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Create a Two-Stage Model

To create a two-stage model, select the local node, then click Create Two-Stage in the
Common Tasks pane. The example project already contains a finished two-stage model.

1 Select the BTQ response node in the model tree.
2 Inspect the Sweep plots of the two-stage model against the local fits and the data.

To learn more, see “Assess Two-Stage Models”.

Evaluate Other Response Models

To complete the model building you should follow the same process as for modeling
torque to select good models of the other response models you created using the Fit Model
Wizard: exhaust temperature and residual fraction. These models are required for the
optimization problems. Look at the example finished project, Gasol ine_project.mat,
in the matlab\toolbox\mbc\mbctraining folder, to examine the example models.
You will use these example models in CAGE for the optimization section.

Tip: You can copy outliers you already selected in another model. For example, to copy
outlier selections from the torque model to the exhaust temperature model, at the
EXTEMP local node POLY2, select Outliers > Copy Outliers From, and select the BTQ
local model node in the tree (PS22, under BTQ) .

To assess high-level trends, select the test plan node, and the Response Models tab.
Check the model trends for each response in the cross section view. Is the fit acceptable?
Do you need more data? Can you improve the fit with the existing data? Pay attention
to the boundary model on the plots. Yellow areas are outside the boundary. Focus on the
model trends only within the boundary model.

For next steps, see “Using Validation Data” on page 3-36.
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Using Validation Data
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After you have created models, you can use the validation data.
To view the validation data set,

1 Select the top project node in the Model Tree.

2 Inthe Data Sets pane, you can see main data and validation data in the project.

At the test plan node, the validation data set appears in the information pane for the test
plan tab, and Validation RMSE is shown the summary statistics for comparison in the

bottom list view of response models in the test plan. Check the fit against the validation
data.

For next steps, see “Exporting the Models” on page 3-37.
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Exporting the Models

You can export models to file, or to CAGE, to generate calibrations.

Tip: For more flexibility, use the CAGE Import Tool instead of exporting from the Model
Browser.

1 To export all models in the test plan, select the test plan node.
2 Inthe Common Tasks pane, click Generate calibration.
3 Inthe Export to CAGE dialog box, click to OK to accept the default model names.

The CAGE Browser displays the models.

Alternatively you can use File > Export Models to choose to export to a file, to

the workspace, or to Simulink. This capability makes models easy to share across
engineering groups. The models exported depend on the model node you have selected in
the tree.

For this example, you will use the models in the CAGE part of the toolbox to produce

optimized calibration tables. For next steps, see “Optimized Calibration” on page
3-38.
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Optimized Calibration
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In this section...

“Problem Definition” on page 3-38
“Benefits of Automated Calibration” on page 3-39

Problem Definition

This section describes the creation and optimization of calibration tables for the gasoline
case study. The Model Browser section of this case study covers creating the design for
the experiment and creating and evaluating models from the resulting data. You can
export your models directly to CAGE; or to Simulink software or to a file, ready to be
imported into CAGE for model-based calibration generation. An example file is provided.

The aim of this case study is to produce optimized tables for

* Intake cam phase
+  Exhaust cam phase

* Spark timing schedules
as a function of load and rpm, subject to the following constraints

+  Constrain solutions to lie within the boundary constraint model

Constrain cam phase solutions so they do not change by more than 10° between
table cells (that is, no more than 10° per 500 RPM change and per 0.1 load change).

+ Constrain residual fraction <= 25% at each drive cycle point (to ensure stable
combustion). Residual fraction is the percentage of burned gas mass in the cylinder
at intake valve close, relative to the total mass in the cylinder at intake valve
close. Constraining maximum residual fraction is a simple and reasonable way of
ensuring stable combustion. Residual fraction = 100 * Burned Gas Mass from Last
Cycle / (Burned Gas Mass From Last Cycle + Fresh Air Mass)

CAGE is intended for model-based calibration, although you can still create tables
without reference to models if you want. For this case study, you use models produced in
the Model Browser to generate calibrations in CAGE. You cover the following steps:

1 Load models of engine responses, decide on optimization strategy and define
additional models. See “Importing Additional Models into CAGE” on page 3-41.
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2 Set up tables. See “Setting Up Calibration Tables to Fill” on page 3-44.

3 Define optimization objective and constraints. See “Setting Up the Optimization”

page 3-47.

on

4  Set up an operating point set for the optimization. See “Defining Variable Values” on

page 3-50.

5 Run the optimization and view the results. See “Running the Optimization” on page

3-52

6 Duplicate and modify the optimization to create a sum optimization using the

previous results as starting points. See “Setting Up the Sum Optimization” on page

3-57

7 Fill tables from optimization results. See “Filling Tables with Optimization Results”

on page 3-62.

8 Use models and optimized tables to fill a spark estimator table. See “MBT Spark
Estimator Problem” on page 3-63.

For guidance, you can look at the example finished project:
Gasoline_optimization.cag.

Benefits of Automated Calibration

* You can move the table-filling process away from the test bed.

* You can regenerate calibrations when objectives, constraints, or calibration table
layouts change, without additional testing.

* You can explore tradeoff possibilities interactively.

*  You can produce initial calibrations using engine simulation software, before
hardware is available.

CAGE can provide both automatic and interactive calibration optimization. You can
trade off multiple objectives, deal with multiple constraints, and you can examine
optimizations point-by-point or drive-cycle-based. You can use built-in optimization

routines or write your own. You can fill groups of tables simultaneously, and optimize

table values and breakpoint settings. CAGE can provide solutions for these example
applications:

+ Control problems

Injection timing and duration
+ EGR valve
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*  Spark timing
Dual-independent variable valve timing
+  Emissions-constrained BSFC optimization over drive cycles

+  Estimation problems

Torque

*  Emissions

+ Air flow and manifold pressure
Intake valve temperature

* Borderline spark
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Importing Additional Models into CAGE

1

In the CAGE Browser select File > Import From Project. The CAGE Import Tool
appears.

Click the Import From Project File button. Locate the example model file created
in the Model Browser, Gasol ine_project.mat, in the matlab\toolbox\mbc
\mbctraining folder, and click Open.

You can select from a list of models in the file. Select these models by Ctrl+clicking
in the list:

BTQ
EXTEMP
knot (Type = Datum)

In this case the knot model is duplicated because the datum model was used
twice during modeling. The datum model tracked the maximum of the torque
model, that is, MBT (the spark angle at maximum brake torque). This datum
model was also used when modeling exhaust temperature and residual fraction,
because it can be useful to see MBT on model plots for other factors. This is called
a datum link model. You need only one copy of the knot model.

FX_0 (Check that the Location specifies RESIDFRAC, not EXTEMP)

The response feature model FX_0 is RESIDFRAC at MBT. RESIDFRAC was
constructed using a datum link (in this case knot, i.e., MBT) so FX_0 is residual
fraction evaluated at the datum point (MBT).

Check that your selection matches those shown.
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Gasoline_project/DIVCPRBTAPSZZ/knot

Response Feature
Response Feature

<\ knot Response Feature Gasoline_project/DIVCP/BTQ/PS22/knot

ok max Response Feature Gasoline_project/DIVCP/BTQ/PSZ2/max

QL Bhigh_2 Response Feature Gasoline_projectDIVCR/BTQ/PS22/Bhi
Response Feature Gasoline_projectDIVCP/BTQ/PS22/Bl0...

Gasaoline_project/DNCPR/EXTEMP/POL. ..
Gasoline_projectDNVCP/EXTEMP/POL...

B cacE Import Tool =0 =
Current project: C\Work\IMBC\mbctraining\Gasoline_project. mat
Find: Type: All -
D Match case
Name Type Location
BTQ Responze Gasoline_project/DVCRBTQ -
EXTEMP Response Gasaoline_project'DIVCP/EXTEMP
‘ RESIDFRAC Response Gasoline_projectDIVCP/RESIDFRAC
Q BTQ Point-by-Point Gasoline_projectDNVCR/BTQ/PS22
‘ﬁ EXTEMP Point-by-Point Gasoline_projectDIVCP/EXTEMP/POLY2
43 RESIDFRAC Point-by-Point Gasoline_projectDIVCP/RESIDFRACIP... =

Import Selected tems...

4  Click the Import Selected Items button .
5 In the following Import dialog,

*  Double-click to edit the CAGE Model Name for the knot model to rename to

MBT.

+  Double-click to edit the CAGE Model Name for the FX_0 model to rename to

RESIDFRACatMBT.

+ Leave the other settings to replace models already in CAGE with the models from

the file.
* Click OK to import the models.

6 Close the Import Tool and look at the Models view in CAGE. You should see the
BTQ, EXTEMP, MBT, and RESIDFRACatMBT models in the list. The selected model is

displayed in the other panes.

The objective is to produce optimized tables for spark and cam timings, subject to
constraints on operating region, residual fraction, and the gradient of the cam phasers
over the calibrated tables. You want the optimization to search for the timings that give
the best torque and minimum fuel consumption, subject to the constraints.
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You could fix the spark timing to be MBT spark (the spark angle that produces maximum
brake torque) by using the MBT spark model as the spark input to the other models in
the optimization. With spark fixed at MBT, you can set up an optimization that allows
the two valve timings to vary, exploring the space via a gradient descent algorithm

to locate the optimal timings. Remember, this is a simplified problem and running an
engine at MBT is knock-limited and so is not possible at all operating points. For this
example, you will not use the MBT model as you will use spark as a free variable in the
optimization. You will return to the MBT model later.

Note you can also:

+  Export models directly from the Model Browser to CAGE when both are open.
+ Use the CAGE Import Tool to import models directly from the Model Browser.

+ Use the CAGE Import Tool to import models and other calibration items (tables,
optimizations, tradeoffs, data sets, features) from any project file created in CAGE or

the Model Browser. This can help you use existing projects to speed up the setup of
new sessions.

+  Export models to a file which you can import to CAGE by selecting File > Import >
Model
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Setting Up Calibration Tables to Fill

In this section...

“Altering Variable Ranges” on page 3-44
“Setting Up Tables” on page 3-44

Altering Variable Ranges

Editing variable ranges before creating tables will produce easy-to-read values (e.g.,
0.1, 500, 0.2, 1000, etc.) for the table breakpoints when CAGE automatically spaces the
normalizer values across the variable ranges.

1  Click the Variable Dictionary button to switch to the Variables view.

2 Select N, edit the range to 500 for the minimum, 5000 for the maximum, and press
Enter.

3 Select L, edit the range to 0.1 for the minimum, 1 for the maximum, and press
Enter.

Edit set points of variables as follows.

1 Click to select the variable ECP and edit the Set Point to 5.
2 Click to select the variable 1CP and edit the Set Point to 40.

Setting Up Tables

You can use the Create Tables From Model wizard helps you quickly create a set of
tables with the same axes for all the inputs of a model, and the model response, and any
other responses that share the same inputs. This wizard can be useful when creating
tables for an optimization, to use when filling tables with optimization results, and for
investigating results in the tradeoff views.

1 Select Tools > Create Tables From Model (or use the toolbar button).

The Create Tables From Model Wizard appears.
2 Select the BTQ model to base the new tables on.

Click Next.
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Select table axes input variables and set up the normalizers to use for the new
tables. Select N and L from the X- and Y-axis input drop-down menus. Leave the
number of rows and columns at 10. CAGE automatically initializes the normalizers

by spacing the breakpoints evenly across the range of the input variables N (speed)
and L (load).

-
n Create Tables fram

Table Inputs
Select the table inputs and set up the normalizers to use for all the new tables.
|
U=se model operating points
Y -axis input: ! * |  X-axis input: L - |
MWormalizer: <New= b Mormalizer: <Mew= x|
Table rows: 10 : Table columns: 10 :
M normalizer: L normalizer:
Input Cutput Input Cutput
SO0 0 = 0.068 0 =
1000 1) 2 0.1685 1) 2
1500 27 0.264 27
2000 3 0.362 3
2500 4 0.45 4
3000 o 0.553 o

Click Next.

Select all check boxes to specify which variables and responses to create tables for.
CAGE automatically selects the tables for all the models and the response You can
create tables for other responses with exactly the same inputs as the primary model.

Note the wizard has defined Table Bounds matching the variable bounds for the

S, ICP and ECP tables. You can also edit table bounds later in the Table Properties
dialog box.
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By default you will also create a tradeoff containing all of the new tables. The
tradeoff can be very useful for investigating optimization results.

) Create Tables from Model i ] |

Tables and Tradeoff
Select the tems to create tables for. Tahles are intialized with values from their

azsociated tem.

ltem Table Name Table Bound=s

XS % 5 Table [0,50]
X IcP % |CP_Table [-5,50]
X ECP % ECP_Table [-5,50]
k570 % 5TQ_Table [-Inf, Inf
<k EXTEMP 1% EXTEMP_Table [-Inf, Inf]

¥ Create a tradeoff containing all the tables

Cancel < Back Finizh

Click Finish to create the tables and tradeoff.

You see a dialog listing all the items you have created, and you can choose which (if any)
of the items to view next.

Now you have tables for optimized spark and cam timings, ready to fill with optimization

results.
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Setting Up the Optimization

CAGE provides a flexible optimization environment. You can define the objectives, the
constraints, and the points where the optimization is carried out.

The objective is to maximize the weighted sum of torque over a set of [N, L] points
subject to a set of constraints. This is a constrained single objective optimization problem.

You solve this problem in two parts:

1

Run an initial optimization to explore the problem point-by-point in order to obtain
good starting points for the sum optimization.

Use the solutions from the initial optimization as the start points to run the sum
optimization over the drive cycle to find optimal settings of spark (SPK) and cam
(ICP, ECP) timing. Use these results to fill calibration tables.

CAGE has several built-in optimization routines and the capacity for you to write your
own,; in this case study you use Foptcon. This is a modified version of fmincon from
the Optimization Toolbox™ product. In CAGE, you can use the algorithm to minimize or
maximize.

1

Select Tools > Create Optimization From Model (or use the toolbar button).

The Create Optimization From Model Wizard appears.

Select the BTQ model to maximize in the optimization.

Click Next.

Select the optimization type (algorithm, maximize or minimize, point or sum), data
source for optimization, free variables, and boundary constraint, as follows:
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) Create Optimization from Model

Optimization

Choosze optimization type and select free variables to optimize BTG

=10 x|

Algorithrn;

Ohjective type:

Data zource:
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‘ariable

X
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Cancel
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Algorithm: Use the default Foptcon for gradient-based single-objective
optimizations.

Objective type: Choose to Maximize your model, and leave the default Point
objective type.

Data Source: Select Table gridand S _Table(N,L) to define the points where
you want to run the optimization from the spark table. You can also set up points

in the Optimization view.

Free variables: Leave the selected check boxes of S, ICP, and ECP, the variables

you want to optimize from the set of model inputs.

In the preceding step when you selected the table grid as the Data source,
CAGE automatically removed the table normalizer variables N and L from the

selection of free variables.
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+ Add a model boundary constraint: Leave the check box selected to constrain
the optimization within the boundary model associated with your model.

Click Finish to create the optimization.

CAGE switches to the Optimization view. Look at the information displayed. Here you
can examine and edit the objective and constraint.

The Constraints pane shows the boundary constraint you specified in the wizard.

Add a constraint on the residual fraction response to constrain the optimization to stable
combustion regions. Follow these steps:

1

w

Right-click the Constraints pane and select Add Constraint. The Edit Constraint
dialog box appears.

Leave the Constraint type at the default, Model.
Edit the Constraint name to RESIDFRAC.

Select RESIDFRACatMBT from the list of models on the left and click to select it for
the constraint.

With the RESIDFRACatMBT model selected, enter 25 in the Constant edit box and
press Enter. CAGE closes the dialog box and displays the new constraint in the
Optimization view.

Ensure that the constraint Description reads RESIDFRACatMBT <= 25
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Defining Variable Values

You need to define the set of points where you want the optimization to run. In this case,
you run the optimization over the table breakpoints in the tables. You already defined
this in the Create Optimization from Model wizard. In this section you will also set up
initial values for spark.

You can edit values manually in the Input Variable Values pane in the Optimization
view, or you can import values from existing optimization output values, tables or data
sets.

To import table initial values to your optimization, you will first create a feature to fill
the S_Table from the MBT model. You can then use this table to initialize the starting
values for your optimization.

To create the feature table,

Select File > New > Feature. CAGE switches to the Feature view.
2 Select Feature > Graphical Strategy Editor. Three Simulink windows appear.

In the CAGE project library window, double click the Tables block. The Tables
library window opens.

Drag the S_Table table block from the Tables library to the New Feature window.

Click to select S_Table, then Ctrl+click the blue New_Feature block to connect the
two.

Double-click the blue New_Feature block to import the strategy into CAGE.
In the Feature view, click the Select Model button.

In the Select Model dialog, select MBT and click OK.

Click Fill Feature in the toolbar. The Feature Fill Wizard appears.

0 Click Next three times, then click the Fill Tables button. Click Finish when the
process has finished.

o b~

- 0 0 N O

11 Expand the New_Feature node in the tree and select the S_Table node to view
the filled table. In the comparison pane you can see where the table limits cause the
values to diverge from the feature model at low load.

12 Click the Optimization button to return to the Optimization view.

13 Select Optimization > Import from Table Values.
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Select the check box to import values for S, and select S_Table from the Fill Input

With list. Click OK to import the table values of spark into the optimization initial
values for S.

View the values in the Input Variable Values pane in the Optimization view. These
values define the variable values at each point where you want the optimization to
run. The fixed variable values are the table breakpoints, and the free variable initial

values are the filled table values of spark, and the defaults (set point) for the other free
variables.
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Running the Optimization

3-52

You have defined objectives, constraints and a set of operating points. Your optimization
is ready to run.

1
2

Click Run Optimization in the toolbar.

When the optimization is complete, the view switches to the new child
node, BTQ_Optimization_Output, in the Optimization tree under the
BTQ_Optimization node. View the results.

Look through the solutions at different operating points by clicking cells in the
Results table or contour plot. Regions that do not meet the constraint are yellow in
the plots and tables.

@ Current run: 4505 [ | Accept
Optimization Results Results Contour £mlx|
Vector display format: |Expanded verticaly | i
Run |[@| Accept s ECP | ICP
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4 | | 18.628) 5.808 443
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45 |@® [ 14.533 10.071 3424
9 @ O 12.04 18.613 24.46
50 @ [ 891 20934 24 56
51 ® [ 50.175 22329 17.25
52 @& [EH] 50 18.169 2629
53 |l W™ - (ol 3.7221 40}.2 T axs | v veaxis | v Zaxs v
Objective Graphs #m X| | Solution Information B M X
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100 : N . . . = =
a0 p— Fl ﬂ—-_./""'/ B Exit message Local minimum pos...
a0 iterations 20
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o 60 algorithm medium-gcale: SAP...
2
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Running the Optimization

Because this is a single-objective optimization, there is only one solution at each
point.

Observe the colored icons that indicate the Accept status of each solution plotted in
the Results Contour view, and of each corresponding row in the Optimization Output
Values table.

CAGE automatically selects the Accept check boxes in the table for solutions where
the algorithm exit flag indicates success (>0). These solutions show a green square
icon in the table and surface. CAGE also highlights unsuccessful solutions for you to
investigate.

11 Al O
i2 & O
13 & O
14 d

Click in the table or contour view to select solutions, and other plots (such as the
Objective Contours and Objective Graphs) update.

Right-click the title bar of the Results Contour view and select Current View >
Results Surface. Observe the Accept icons for the solutions.
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Examine the orange triangle Accept status solutions. This indicates the algorithm
exit flag is zero. This means the algorithm terminated because it exceeded limits
on the amount of computation allowed (e.g., the algorithm ran out of iterations or
function evaluations). You could decide to accept these solutions or you could try
changing tolerances and optimizing again. Do not edit any check boxes yet.

Use the plot title bar buttons to split views, or right-click the title bar and use the
context menu to try all the available views for analyzing your results. The Objective
Contour plot of ECP against ICP is useful for analyzing results. Also check the
Objective Graphs for spark to ensure that maximum torque is obtained.
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Current View ]+ Ohijective Graphs
1 Graph Size b Objective Contour Plot
v Display Constraints Pareto Graphs
; Split View b Constraint Graphs
Split View Vertically Constraint Summary
Split View Horizontally Free Variables
Close View Solution Information

8 Export all acceptable results to tables to check surfaces. Click Fill Tables in the
toolbar and use the wizard. If you need instructions, see “Filling Tables with
Optimization Results” on page 3-62.

Check trends, and don't worry about smoothness. You will apply table gradients
constraints to smooth the table surfaces in the next optimization.

9 You can change the Accept selections using the check boxes for each solution, or
by right-clicking points in the surface view. You can use these Accept selections to
choose solutions within the table for use in filling tables, exporting to data sets and
importing to other optimization starting values.

| =2 [@+ O]

Reject points 22 and 32 (clear the check boxes). The points are in the wrong region
with respect to adjacent points in the table. Solutions where you have altered the
check box status show an asterisk in the table and a star in the Results Surface or
Contour plot.

0.
300 1000 13500

10 If you are displaying the Objective Contours plot, you may want to turn off the
display of constraints in the plot before running the next sum optimization or
viewing the output node for the sum optimization. This will save time displaying
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the output views. Right-click the contour plot and toggle Display Constraints off.
Alternatively close the Objective Contours plot.
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Setting Up the Sum Optimization

In this section...

“Setting Up the Optimization Initial Values and Objective” on page 3-57
“Creating Table Gradient Constraints” on page 3-58

“Running the Sum Optimization” on page 3-60

Setting Up the Optimization Initial Values and Objective

The aim of this case study is to produce optimized tables for

* Intake cam phase
*  Exhaust cam phase

* Spark timing schedules

as a function of load and RPM, subject to the following constraints:

* Constrain solutions to lie within the boundary constraint model

Constrain cam phase solutions so they do not change by more than 10° between
table cells (that is, no more than 10° per 500 RPM change and per 0.1 load change.)

Constrain residual fraction <= 25% at each drive cycle point

The optimization objective is to maximize the weighted sum of torque over a set of [N, L]
points subject to the constraints described.

The initial point-by-point optimization was designed to obtain good starting points

for the sum optimization. Now, you can create a sum optimization from the results of
that initial optimization to run the sum problem. You use the solutions from the initial
optimization as the start points to run the sum optimization over the drive cycle to find
optimal settings of spark and cam timings. You use these results to fill calibration tables.

1 To create a sum optimization from your point optimization output node, select
Solution > Create Sum Optimization.

CAGE creates a new optimization named Sum_BTQ_Optimization. The
optimization has these characteristics:
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* The objective matches your original optimization but converted to a sum
objective.

* The new optimization has identical constraints to your original optimization.

Your original fixed and free variables are converted to a sum optimization (a
single run with multiple values).

The new optimization uses only accepted solutions from your original
optimization output (all runs with a selected Accept check box). Therefore, the
number of accepted solutions you had in the original optimization determines the
number of values within the sum optimization run.

* The free variable initial values and fixed variable values are populated from your
point optimal results (accepted solutions only).

* The fixed variables have a Weights column with every value set to 1.

In the Optimization view, observe the new sum objective, and the new values in the
Input Variable Values pane.

Now, your sum optimization is ready to run. Before you do this, see the next section to
create table gradient constraints.

Creating Table Gradient Constraints

To meet engineering constraints it is essential that some calibration tables meet a level
of smoothness. For example, large cam phase changes between adjacent table cells
cannot be used because the controls cannot physically move that fast. Achieving a level of
smoothness is important for variable valve timing calibration problems. Unconstrained
optimizations may find solutions where the cam timings change too rapidly across tables.
You can apply table gradient constraints to make sure the resulting tables are smooth
enough.

To apply a gradient constraint to restrict the change in EXH between adjacent table cells:

1 Right-click in the Constraints pane, and select Add Constraint. The Edit
Constraint dialog box appears.
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O A WODN

) Edit Constraint i ] 4
Constrairt type: ITab'e Gradient - I A table gradient constraint aims to constrain a variable or model ;‘f-‘f -
=uch that itz gradient over a table liez between zpecified bounds. _"Y

Constraint name: IGrad_E CcP e
Show variables d Tahle row: IN b l Tahle column: IL 3 I
MName Type Maximum change in constrained gquarntity:

X s Wariable Axiz Maximum change Axiz value change

v ECP Wariable N 10 | | 500=]
x IcP Wariable L 10 0 0.158

Erter [a b] for maximum decresse and increase
Tahle breakpoirts;
Axiz Axis breakpoints
N 500:500:5000
L 0.1:0.1:1

IImpurt From Tables ... j

Constraint description: Gradiert constraint of ECP aver (ML)

0K | Cancel | Help |

Select Table Gradient from the Constraint type drop-down menu.

Enter Grad_ECP in the Constraint name edit box.
Select the variable ECP to constrain.

Select the table axes N (from the Table row drop-down) and L (from the Table
column drop-down).

Select ECP_Table from the Import From Table drop-down menu. The breakpoints
of this table now appear in the breakpoints edit boxes: 500:500:5000 in N, and
0.1:0.1:1inL.

Apply the gradient constraint across the breakpoints of the table. As shown in the
figure, enter 10 in the N axis Maximum change edit box, and verify 500 is in the
Axis value change edit box. This specification constrains the maximum change to
10 degrees ECP per 500 change in N (the difference between cells, as shown in the
axis breakpoints edit box).

Next, enter 10 in the L axis row Maximum change edit box, and verify that 0.1 is
shown in the Axis value change, to constrain the maximum change to 10 degrees
per 0.1 change in L.

Click OK to close the Edit Constraint dialog box.
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Similarly, add another gradient constraint to restrict the change in INT between adjacent
table cells as follows:

1 Right-click the Grad_ECP constraint in the Constraints pane and select Duplicate
Constraint. The Edit Constraint dialog appears showing a copy of the settings for
your previous constraint.

2 Change the Constraint name to Grad_ICP.

w

Select the variable I1CP to constrain.

4 Leave the other settings to match the ECP constraint: the table axes, the
breakpoints, and the maximum change values. These settings constrain the
maximum change to 10 degrees ICP per 500 change in N and per 0.1 change in L.

) Edit Constraint : =10l x]
Caonstrairt type: ITabIe Gradient - I A table gradient constraint aims to constrain a variable or model 1.5
=uch that itz gradient over a table liez between specified bounds. _"Y

Constrairt name: IGrad_ICP T
Show variables d Tahle row: IN B l Tahle column: IL = I
Name Type Maximum change in constrained gquantity:

X s Wariable Axiz Maximum change Axiz value change

x ECP Wariable N 10 E 5007

v IcP Wariable L 10 pe 0.158

Erter [a b] for maximum decresse and increase
Tahle breakpoirts:
Axiz Axis breakpoints
N 500:500:5000
L 0.1:0.1:1

R [

IImpurt From Tables ...

Constraint description: Gradiert constraint of ICP aver (NL)

0K | Cancel | Help |

5 Click OK to dismiss the Edit Constraint dialog.

Running the Sum Optimization
To run the optimization:

1  Click Run Optimization in the toolbar.

2 When the optimization is complete, the view switches to the child node,
Sum_BTQ_Optimization_Output, in the Optimization tree under the
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Sum_BTQ Optimization node. View the results. For guidance see “Interpreting
Sum Optimization Output”.

Remember you can check the example project, Gasoline_optimization.cag,,
found in matlab\toolbox\mbc\mbctraining, to view completed examples of the
optimizations and filled tables.
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Filling Tables with Optimization Results

3-62

1

From the Sum_BTQ_ Optimization_Output view, select Solution > Fill Tables, or
use the toolbar button.

The Table Filling Wizard appears.

Shift-click to multi-select all the tables and click the button to add the tables to the
filling list. Click Next.

Verify that the filling factors are correct. CAGE automatically selects factors in the
optimization results for table filling, because you used the wizards to create your
tables and optimization.

Note that you could also choose the MBT model to fill a table, for example if you
wished to compare your optimization results with the spark timings specified by the
MBT model. You will fill and optimize tables from models in more detail in the next
section.

Click Next.

The last screen is for fill algorithm settings, such as filter rules to use subsets of
results, and settings for repeated table filling such as locked cells and extrapolation
masks. You can use the default settings.

Make sure the check box Use acceptable solutions only is selected, and click
Finish to fill the tables.

A dialog appears with the message that the tables have been filled successfully. Click
OK.

Switch to the Tables view to view the filled tables. Click Tables in the Data
Objects pane, and select the filled tables in turn.
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MBT Spark Estimator Problem

In this section...

“What Is an Estimator?” on page 3-63

“View the Feature” on page 3-63

“View Variables” on page 3-65

“Edit and Import Boundary Model” on page 3-66
“Use the Feature Fill Wizard” on page 3-67
“Inspect Results” on page 3-71

“CAGE Import Tool” on page 3-74

What Is an Estimator?

The cam timings optimization results solved a control problem. You can also use CAGE
to calibrate estimator problems. Here you will use an MBT model to produce a spark
estimator feature which estimates MBT spark when each cam is on or off, using the cam
timings found by the optimization.

View the Feature

1

Select File > Open Project and load the example project,
Gasoline_optimization.cag, found in matlab\toolbox\mbc\mbctraining.

Click Feature in the Processes pane to go to the Feature view.

The features Exhaust_CAM, Intake_CAM, and MBT_Spark are in the Feature tree.
The MBT_Start_Feature was used to provide initial values for the optimization, as
described in “Defining Variable Values” on page 3-50.

Select MBT_Spark and view the strategy by selecting Feature > Graphical
Strategy Editor.

Examine the strategy model. Observe the Multiport Switch block which switches
between MBT tables depending on whether each cam is on or off. The variables
Intake_On and Exhaust_On are used to define whether cams are parked or not.
All the MBT tables (with and without cams) share the same speed (N) and load (L)
normalizers.
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If you wanted to import this strategy model, you would double-click the MBC_Spark
blue outport to parse the strategy into CAGE. This strategy has already been
imported into this project so just close the model window.

Expand the MBT_Spark feature in the tree to see the MBT tables that have been
created by importing the strategy: MBT Base, MBT _Intake, MBT Exhaust, and
MBT_Dual. These tables share the same normalizers in speed and load.

Similarly view the strategies for the Exhaust and Intake CAM features. These
features switch between parked cams and active cams depending on the threshold
value. The CAM features define the cam inputs and switch between the optimal
CAM tables (from the optimization results) and the parked values. You can use the
linking functionality in the Feature Filling Wizard to connect features and tables to
models.
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View Variables

You need some variables and constants to define when the cams are parked so the
strategy can switch between optimal cam timings and parked cams at a threshold value.
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View how this is done:

1

2
3
4

Click Variable Dictionary in the Data Objects pane to switch to the Variable
Dictionary view.

Click to select the new variable Exhaust_On.
Observe the Minimum is 0 and the Maximum is 1.

The variable Intake_On has the same values.

Also two constants define the parked cam positions:

1
2
3

Select Exhaust_Parked.
Observe the Set Point of this constant is O.
Select Intake Parked; this has a Set Point of O.

Edit and Import Boundary Model

To edit the boundary model and import it to CAGE,

1
2

Open the Model Browser (enter mbcmodel at the MATLAB command line).
Load the example project. Select File > Open Project, locate and select
Gasoline_project.mat, found in matlab\toolbox\mbc\mbctraining.
Select the DIVCP test plan node in the tree.

Select TestPlan > Boundary Models (or click Edit boundary models in the
toolbar).

The Boundary Editor opens.

Select the Star shaped constraint in the tree, and click Remove boundary model
from best in the toolbar. You need only Star shaped(N, L) in the collection of
best boundary models.

Close the Boundary Editor. In the Model Browser, observe the single constraint
Global/Star shaped(N, L) listed under Boundary Model in the right
information pane.

Return to CAGE and select File > Import From Project.

The CAGE Import Tool appears. You can import directly from the Model Browser
when it is open, and the CAGE Import Tool automatically displays the available
items.

Select knot (the datum model) from the list.
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10

11

Click the Import Selected Items button.

The Import dialog opens displaying the model you selected for import.

Double-click the CAGE Model Name column cell to edit the name to
MBTwithSpeedLoadBoundary, and click OK to import the model.

Close the CAGE Import Tool.

Use the Feature Fill Wizard

You can use the Feature Fill Wizard to fill and optimize the values in tables by reference
to the model. You can fill multiple tables at once using the wizard, and you can Fill from
the top feature node or from any table node in a feature.

1

3

Click Feature in the Processes pane to return to the Feature view, then select the
feature node MBT_Spark.

Click L in the toolbar, or select Feature > Fill. This opens the Feature Fill
Wizard.

Note: The Feature Fill Wizard is modal so you cannot scroll the help after opening
the wizard. You might want to review the wizard steps before opening the wizard.

Select all four table check boxes to fill all tables.

) Feature Fill Wizard =] 3]
Choose Tables to fill

Choose the tables you want to fill and set options on how each table should be filled.

Table Mame Clear Mask |Extrapolate |Table Bounds Row Gradient Bo... | Column Gradient...
[¥|MET_Base W W [-10,60] [ -Inf, Inf ] [ -Inf, Inf ]
| MET_Dual = = [-10,60] [ -Inf, Inf ] [ -Inf, Inf ]
[#| MET_Exhaust WV WV [-10,60] [ -Inf, Inf ] [ -Inf, Inf ]
v | MET_Intake v ~ [-10, 60] [ -Inf, InF ] [ -Inf, Inf ]

Cancel = Back Mext = Firish
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You could also explore setting gradient bounds to constrain table filling for
smoothness.

This time leave the other settings at the defaults and click Next.

4  Choose filling model, constraint, and links.

) Feature Fill Wizard i =10l x|
Choose Models and links
Set the model to fill the tables from and optionally set & constraint model and link inputs to ather tems from the project.

Model: MET Select Madel... |

Constraint: =none=

Select Constraint...l Deselect Constraint

Wariahles: Links:
ariable Linked ta Link | Mame Type
1 T, Exhaust_Cam Feature -
L Unlirk: | % Intake_CAM Feature
ECP % Exhaust_CAM fqy MET_Start_Feature Feature
ICP L2, Intake_Ca fflk RESIDFRACAtMET Madel
Exhaust_On H\ETO Madsl
Intake_Cn 1“ METwithSpeedLoad... | Model

<\ EXTEMP Model

[ pm—— [ =l

Cancel | = Back | Mext = Finish |

a Make sure MBT 1s the Model to fill the tables.

b Select ECP in the left Variables list and the Exhaust_CAM feature in the right
Links list and click Link.

¢ Select ICP in the left list and Intake_CAM in the right list and click Link.
d Click Select next to Constraint. The Edit Constraint dialog box opens.
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/) Edit Constraint - 0] x|
. Model constraints keep only points where the output value -
Constraint type: IM°d9| - I of an expression is above or below the specified limit. m
Inpt model: Comztraint Faund:
) a
MEdEI Type & Canztant: I i} EI
4k BTG MEC maodel  CAGE fter:
-\ EXTEMP MEC madel ——— ]
<\ RESIDFRAC MEC madel
A MET MEC model ol Type
-\ RESIDFRACSMET | MEC madel Constraftiype: $\BT0 HIEC ol
i MBTwithspesdlLoad... | MEC madel = = A ECTENP DI il
i\ RESIDFRAC MEE mode
< MET MEC madel
<f\ RESIDFRACAMET MEE mode
Ay MMETwithEpeedload... [ MEC model

Evaluate quantity:

Evaluste quantity: IEvaIuaﬁon walue - l

Constraint description: Eoundary constraint of METwithSpeedloadBoundary(M, L, ICP, ECP)

Ok I Cancel | Help |

e Select the model MBTwithSpeedLoadBoundary, select Boundary constraint
as the Evaluate quantity, and click OK. This boundary model constraint
ensures you only fill over speed/load points where the data was collected.

f  When you return to the Feature Fill Wizard, click Next.

5 Set values to optimize over.
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) Feature Fill Wizard =101 x|
Set Yariable Values
Set the values you wart to use to optimize over.
Uze "Intiglize from Mormalizer..." to uze breakpointz of normalizers az a variable's value.
Mame Wallig
S00: 5005000 |
L 0.1:01:1 o
Exhaust_On [01] Lo
Intake_On [01] ]
Intialize from Mormalizer ... |
Cancel | = Back | Mext = Firizty |

* Enter O, 1 in the Exhaust_On Value edit box, and press Enter.
* Enter O, 1in the Intake On Value edit box, and press Enter.

You use these values because the strategy includes the following tables.

Table Intake_On Value Exhaust_On Value
MBT_Base (cams parked) |0 0
MBT_Exhaust 0 1
MBT _Intake 1 0
MBT Dual 1 1

The N and L normalizer values are automatically selected. You can edit normalizers
manually, or you can click the Initialize From Normalizer button here to reach a
dialog where you can select normalizers and interleave values between breakpoints.
Interleaving values can minimize interpolation error by adding values between each
normalizer value. In this way, you can create a grid of more points than table cells to
optimize over. Leave the setting alone for now.

Click Next.

6 Fill tables and generate plots. Click the Fill Tables button. Watch the graph as the
optimization progresses.
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) Feature Fill Wizard (=]
Fill Tables
Press Start to fill the tables bazed on the settings on the previous panes.
Tolerance: =005
Srnocthing: N
RMSE = 2.9532.
40 .
Fill Tahles
30 1 Btop V¥ Feature model
20 [V Fill el with links
10 q v Plat
0 ¥ Plat error
1] 20 40 (=11 a0 [~ |Surface
[ Surface etrar
Cancel | = Back | et = | Finish |

When it is finished, select all enabled check boxes, and click Finish. Plots appear
summarizing the feature fill data.

Inspect Results

Look at the filled tables, linked models and exported data set.

1

In the Feature view, saved fill settings appear in the Feature Fill Settings pane, and
the Feature Tables pane shows the tables you filled.

Select in turn the tables MBT_Base, MBT_Intake, MBT_Exhaust, and MBT_Dual in
the feature tree.
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Change WBT_Spark
using MBT
and
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Observe the blue mask area of cells in each table — the mask is defined by the limits
from the MBTwithSpeedLoadBoundary boundary constraint model you selected.
The rest of the table values are extrapolated after the mask cells are filled by the
Feature Fill Wizard (specified by the Extrapolate check box). Table values are
limited to [-10 60] as specified in the Table Bounds in the Feature Fill Wizard.

Click Models to select the Models view. Look at the feature model and fill model
MBT_SPARK_Model and MBT_SPARK_FilIModel. If you can't view the whole
Connections diagram of MBT_SPARK_Fi I IModel, right-click and select Zoom To
Fit.
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The linking functionality in the Feature Fill Wizard allows features and tables to
be connected to models and any expression to be connected to feature inputs. These
links can be made permanent by creating feature models and fill models that are
static snapshots of the table on finishing the feature fill wizard (specified by the
Feature model and Fill model with links check boxes on screen 4 of the Feature
Fill Wizard).

Notice that the CAM features are converted to feature models (Exhaust_CAM_Model
and Intake CAM_Model are new feature models) and they are connected to
MBT_SPARK_ FilIModel.

Click Data Sets to select the Data Sets view. Select the dataset
MBT_SPARK_FillIResults to study the gridded data, the model and feature values

for the feature fill. Click View Data M in the toolbar to see the data table view. All
the links in the feature fill process are defined in this data set — try clicking column
headers to see highlighted linked input columns.
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CAGE Import Tool

Suppose that you are calibrating a similar engine at a later date. You would build

new models for this engine and then want to solve the same problems in CAGE. The
CAGE Import Tool allows you to reuse the setup from your old CAGE session. All that is
necessary to import new models on top of the existing ones and rerun the optimizations
and feature fill problems. For example you could import new BTQ (replace BTQ), knot
(replace MBT and MBTwithSpeedLoadBoundary) and EXTEMP models from the
example file Gasoline_Project.mat as follows:

1 Select File > Import From Project.

The CAGE Import Tool appears.

2 You can choose a project file or import directly from the Model Browser if it is open.
If the Model Browser is open, the CAGE Import Tool automatically shows the items
available. Use the Import From Project File button to select a file.
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If you are choosing a project file, a file browser dialog opens. Locate
Gasoline Project.mat and click Open.

3 The CAGE Import Tool displays the available items. Select the items you want to
import from the list: BTQ, EXTEMP, and knot.

4  Click the Import Selected Items button.
5 The Import dialog opens displaying the items you selected for import.

*  Double-click the CAGE Model Name column cells to edit item names.

*  Choose to replace BTQ, EXTEMP and MBT. For knot, select Replace from the
Action list, then double-click the CAGE Model Name column cells to open a
dialog to select the correct item, MBT, to replace.

+  Click OK to import the items.

Now you can run the optimization again to generate new optimal CAM timings with new
models. Export the optimization results to the INTCAM and EXHCAM tables, and use
the Feature Fill Wizard to fill the MBT_SPARK strategy using the same steps as before.
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Diesel Engine Calibration Case Study

This case study provides a step-by-step guide to using the Model-Based Calibration
Toolbox product to solve a diesel engine calibration problem. This section includes the
following topics:

* “Diesel Case Study Overview” on page 4-2

* “Design of Experiment” on page 4-4

* “Modeling” on page 4-11

+ “Optimized Calibration” on page 4-12

* “Importing Models of Engine Responses into CAGE” on page 4-15

+ “Defining Additional Variables and Models” on page 4-16

+ “Setting Up Calibration Tables to Fill” on page 4-18

+ “Setting Up the Point Optimization” on page 4-19

+ “Setting Up Constraints” on page 4-22

* “Defining Variable Values” on page 4-26

* “Running the Optimization” on page 4-29

+ “Setting Up the Sum Optimization” on page 4-31

+ “Filling Tables with Optimization Results” on page 4-36
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Diesel Case Study Overview

4-2

In this section...

“Introduction” on page 4-2

“Problem Definition” on page 4-2

Introduction

This case study is an example of a diesel engine control calibration, for a six-cylinder
9.0 L common-rail diesel engine with VGT (variable geometry turbo) and cooled EGR
(exhaust gas recirculation). It is applied in an off-road application with a very narrow
engine speed range from 1600 to 2200 RPM. The aim of the case study is to produce
optimal SOI (start of injection), base fuel, VGT, and EGR calibration schedules as a
function of commanded torque and RPM. It involves models for torque, peak pressure,
equivalence ratio, exhaust temperature, VGT speed, and EGR mass fraction. The
optimization setup in CAGE is based on an 8-mode off-road emission test, approximated
to 7 mode points by neglecting the idle operating point of the engine.

The Model Browser part of the example takes you through the following steps:

1 Create a design for your experiment “Design of Experiment” on page 4-4

2 Create models from the collected data “Modeling” on page 4-11

The Model Browser section of the case study covers design of experiment, data handling,
and model construction and export. In the later CAGE browser section of the case study

you use the models to complete the optimization of the calibration tables, see “Optimized
Calibration” on page 4-12.

Problem Definition

Produce optimal calibration tables in speed and torque for

Best injection timing soi

Best fuel quantity basefuelmass
Best fuel pressure fuelpress
Best VGT grackmea
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Best EGR egrpos, egrmf

Minimize mode-weighted brake specific fuel consumption, subject to constraints on

*  Turbo speed (vtgrpm)

+ Cylinder pressure (pkpress)

+ Exhaust equivalence ratio (exheqr)

To solve this problem, you must first use the Model Browser part of the Model-Based
Calibration Toolbox product to design an experiment for collecting data, and then create

models based on that data. You will use the resulting models in the CAGE Browser part
of the toolbox to produce optimal calibration tables.
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Design of Experiment

4-4

In this section...

“Introducing Design of Experiment” on page 4-4
“Constraining the Design” on page 4-6
“Creating Candidate Designs” on page 4-9
“Data Collection” on page 4-10

Introducing Design of Experiment

Creating a design in the Model-Based Calibration toolbox comprises several steps. First,
you need to enter the ranges and names of the variables being used and choose a default
model. Then you can create an initial design and set up the constraints on the space.
These constraints will be the same for all designs. From this constrained design, you
can create a series of child designs adding varying numbers of points and using different
construction techniques. You can choose the final design by comparing the statistics of
the various child designs, while considering how many test points you can afford to run.

Variables are

measrpm Engine speed (rpm)
basefuelmass Fuel quantity per injection (mg)
fuelpress Fuel pressure (MPa)

grackmea VGT rack position (%)

egrift EGR valve position (mm)

soi Start of injection (deg ATDC)

You need to set up a test plan before you can make designs. This experiment is set up as
a two-stage test plan with start-of-injection (SOI) sweeps at the local level and the other
five variables at the global level.

Open the example session with the test plan set up as follows:

1 Start the Model Browser by typing mbcmodel at the MATLAB command line.
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Select File > Open Project. Locate the example session with the test plan set up,
Diesel_testplan.mat, in the mbctraining directory and double click to load the

project.

Click the Two-Stage test plan node in the model tree to see the test plan diagram.

Local
Input=:

Current selection
Suggested next block: Global Model

s Zet up global input factars

Local Madel

()

Global
Inputs

=0 [-]

measrpm [-]
hazefuelmass [-]
fuelpress [-]
grackmea [-]
eqrlft [-]

I Cuadratic

Global Model

Ciuadratic

Responses

Double-click the Global Inputs block in the diagram to set the ranges of the inputs.
You should set up the ranges before designing an experiment. You can enter the
ranges in the min/max boxes to include the most extreme values you want to set for
each variable. Check the ranges match those shown in the following example, then

click OK.
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Global Input Factor Setup x|
— Factor zettings
Murber of factars: I—Sf‘
-
Symbol Min Max Transform Signal
(meastpm |1 600 IQQDD I Mot d I
hasefuslmass IQD IQDD I Mate d I
fuelpress IQD |1 G0 I Mot d I
grackines ID.2 ID.EI I Mot d I
et ID.S IS I Mot d I

Ok | Cancel | Help

5 Double-click the Global Model block in the test plan diagram to view the model type.
For this exercise, leave the model type at the default, which is a quadratic in all
factors. Click OK to dismiss the dialog.

Remember that the statistical usefulness of different designs depends on the model type.
For example, if you think you need cubic instead of quadratic in EGR, the number of
points required rises dramatically and this has a highly adverse effect on the statistical
quality of the designs.

Some possible models are

* Cubic polynomial, quadratic in fuel pressure: 41 terms

* Cubic polynomial, quadratic in fuel pressure and EGR: 31 terms

However, you do need to bear in mind that the final model will probably not be either of
the possibilities listed here, because some terms will have been removed, or it might even
be an RBF (radial basis function). You choose the most suitable model you can in order to

construct a design, then when you have collected the data you might find that a different
model type produces the best fit.

Constraining the Design

These are the constraints you want to apply to the design space:



Design of Experiment

basefuelmass

+ Maximum 200 at 1600 rpm, 175 at 2200 rpm
fuelpress

* Range 90 - 110 at 1600 rpm
Range 120 - 160 at 2200 rpm
grackmea

Range 0.2 - 0.6 at 1600 rpm
+ Range 0.4 - 0.9 at 2200 rpm

The tables here are very simple: one output value defined at the min and max settings of
RPM. The final constraint is a cube within the base fuel mass-fuel pressure-VGT space
that moves and changes size as RPM 1is altered.

To add a constraint to a design,

1

First open the Design Editor by right-clicking the Global Model block in the test plan
diagram and selecting Design Experiment.

Click the New Design 3 button in the toolbar or select File > New Design. A new
node appears.

The new design node is automatically selected. An empty Design Table appears
because you have not yet chosen a design, unless you have previous design views
from other sessions. The Design Editor retains memory of view settings.

Select Edit > Constraints from the Design Editor menus.
The Constraints Manager dialog appears. Click Add.

The Edit Constraint dialog with available constraints appears. Make sure the
default 1D Table is selected from the Constraint Type drop-down menu. These
are easier to set up than linear constraints, although working out the linear
constraint numbers might be worthwhile for larger problems as it is faster.

You can select the appropriate factors to use. For the first constraint, choose
measrpm, basefuelmass, and the inequality <= from the menus.

You can define the constraint by typing values in the edit boxes or by moving the
large dots (clicking and dragging them) to define a boundary. For this constraint, you
want to define two points.

4-7
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10
11

12

13
14
15

16

17

Edit the Number of breakpoints to 2, and click Span Factor Range.

Next to the plot, click Move Points I ‘% , then click and drag the right point (where
measrpm =2200) down to basefuelmass =175. You can also enter the values in the
measrpm and basefuelmass edit boxes.

Click to select the left point. Make sure the values are 1600 in the measrpm edit
box and 200 in the basefuelmass edit box.

This constraint defines the range of basefuelmass in terms of RPM to within these
bounds: maximum 200 at 1600 rpm, 175 at 2200 rpm.

Click OK to return to the Constraints Manager.

In the Constraints Manager, click Duplicate four times. This saves you setting
up tables with only two points for the next constraints. Click to select the first new
constraint, then click Edit.

You need to add constraints that define each of the following:
fuelpress

Range 90 - 110 at 1600 rpm
* Range 120 - 160 at 2200 rpm

You achieve this by defining two constraints. In the first, the two table points define
a fuelpress minimum of 90 at 1600 rpm and a minimum of 120 at 2200 rpm. In the
second, the two table points define a fuelpress maximum of 110 at 1600 rpm and a
maximum of 160 at 2200 rpm.

In the Edit Constraint dialog, change the Y factor to fuelpress and leave the X
factor as measrpm.

Change the Inequality to >=.
Select the left point (where measrpm = 1600) and enter 90 in the fuelpress edit box.

Select the right point (where measrpm = 2200) and enter 120 in the fuelpress edit
box. Click OK to return to the Constraint Manager.

Select the next constraint and click Edit. Edit the constraint to define a fuelpress
maximum of 110 at 1600 rpm and a maximum of 160 at 2200 rpm. Click OK to
return to the Constraint Manager.

Complete the other constraints in a similar way.

grackmea
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+ Range 0.2 - 0.6 at 1600 rpm
* Range 0.4 - 0.9 at 2200 rpm

18 The Constraints Manager should contain all five constraints. Click OK to return to
the Design Editor.

19 Right-click a Design Editor view and select Current View > 3D Constraints to
view the constrained design space.

Creating Candidate Designs

Number of points
* How many do you have time for? When you consider the number of points, you need to
remember that a sweep will be done at each point, and this will take some time.

* Do you need to allow time to fix problems or redo experimental points that can't be
achieved due to combustion stability constraints?

Design type
*  V-optimal: reduces average prediction error

V-optimal designs are often the preferred choice for engine testing. Optimal designs tend
to push points to the edge, so they should give good coverage of the 1600 and 2200 RPM
points while also allowing good modeling of the entire experimental region.

Create an optimal design with 65 points to compare to the example design.

1 -
Click Optimal Design in the toolbar. The Optimal Design dialog opens.

2 Enter 65 in the Total number of points edit box.
3 Select V-Optimal from the Optimality criteria drop-down menu and click OK.

4 The Optimizing Design dialog appears. Click Accept when iterations are not
producing noticeable improvements; that is, the graph becomes very flat.

5 Examine the design points and compare to the constraint space by right-clicking the
3D Constraints view and selecting Split View > 3D Design Projection.

The final design used contained 65 points, for a quadratic in fuel pressure and EGR lift.
V-optimal value = 0.302.

4-9
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Data Collection

Data was generated by a Ricardo WAVE model using the experimental design. MATLAB
and Simulink simulation tools control WAVE. Simulation tools support multiple WAVE
processes retrieving test points from a central store. Average simulation time was 8
points (30 engine cycles each) per hour using four processors in parallel. Transient test
results were then processed to extract steady-state results.

You can use the toolbox to import test data, view it, sort it into tests, verify ranges, filter
out unwanted points, and select data for modeling. For details on any of these processes,
see the examples in the gasoline case study section “Viewing and Filtering Data” on
page 3-18, and for comprehensive information on data handling in the toolbox, see “Data
Import and Processing”. See also the examples in “Data Manipulation for Modeling” on
page 11-2.

The example project provided (Diesel_testplan.mat) contains the filtered data
attached to the test plan.



Modeling

Modeling

Overview of Modeling Process

Outline of modeling workflow steps:

- = 0 00 N O O A~ WD —~

0
1

Build the models specified in the test plan.

Review local fits. Is the local model flexible enough?
Eliminate outliers.

Try alternative local models.

Review global fits. Is the global model flexible enough?
Eliminate outliers.

Try alternative global models.

Select best models.

Clean up tree.

Create boundary models.

Export models to file or CAGE.

The toolbox provides example files for you to explore this modeling problem:

The file Diesel_testplan.mat, found in the mbctraining directory, contains a
test plan where the model inputs and types are set up, and the data is loaded. Try
building response models.

For guidance, look at the models in the example finished project,
Diesel _project.mat.

You use the example models in the CAGE part of the Model-Based Calibration Toolbox
product to produce optimized calibration tables. For next steps, see Proceed to the next
section for instructions“Optimized Calibration” on page 4-12.
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Optimized Calibration
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In this section...

“Problem Definition” on page 4-12
“Benefits of Automated Calibration” on page 4-13

Problem Definition

This section describes the creation and optimization of calibration tables for the diesel
case study. You use the models created in the Model Browser section of this case study.
An example file is provided.

The problem to solve is to produce tables in speed and torque for

Best injection timing soi

Best fuel quantity basefuelmass
Best fuel pressure fuelpress
Best VTG grackmea

Best EGR egrift

Also, to minimize brake specific fuel consumption, subject to constraints on

*  Turbo speed (vtgrpm)
+ Cylinder pressure (pkpress)

+ Exhaust equivalence ratio (exheqr)

For this case study, you use models produced in the Model Browser to generate
calibrations in CAGE. You cover the following steps:

1 Load models of engine responses. See “Importing Models of Engine Responses into
CAGE” on page 4-15.

2 Define additional models and variables required by optimization strategy. See
“Defining Additional Variables and Models” on page 4-16.

3 Set up tables. See “Setting Up Calibration Tables to Fill” on page 4-18.

4  Set up the optimization to provide feasible starting points for the sum problem. See
“Setting Up the Point Optimization” on page 4-19.
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5 Define constraints. See “Setting Up Constraints” on page 4-22.

6 Define optimization operating points. See “Defining Variable Values” on page
4-26.

7 Run the optimization and view results. See “Running the Optimization” on page
4-29

8 Create a sum optimization using the previous solutions as starting points. See
“Setting Up the Sum Optimization” on page 4-31

9 Fill tables from optimization results. See “Filling Tables with Optimization Results”
on page 4-36.

For guidance, you can look at the example finished project,
Diesel_optimization.cag.

Benefits of Automated Calibration

* You can move the table-filling process away from the test bed.

* You can regenerate calibrations when objectives, constraints, or calibration table
layouts change, without additional testing.

* You can explore tradeoff possibilities interactively.

*  You can produce initial calibrations using engine simulation software, before
hardware is available.

CAGE can provide both automatic and interactive calibration optimization. You can
trade off multiple objectives, deal with multiple constraints, and you can examine
optimizations point-by-point or over a drive-cycle. CAGE can provide solutions for these
example applications:

4-13
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+  Example control applications

Emissions-constrained BSFC optimization over drive cycles producing calibrations
such as:
*  Optimal fuel injection timing schedule
+  Optimal fuel injection quantity schedule
Optimal EGR valve position and EGR mass fraction schedule
*  Optimal spark timing schedule
+  Optimal dual-independent variable valve timing schedules

+ Estimation problems

+ Torque

Emissions
+ Air flow and manifold pressure
+ Intake valve temperature

Borderline spark

4-14
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Importing Models of Engine Responses into CAGE

Start CAGE by typing cage at the MATLAB command line.
2 Select File > Import > From Project. The CAGE Import Tool appears.

To import from a file, click the Import From Project File button. Locate the
example model file created in the Model Browser, Diesel_project.mat, in the
mbctraining directory, and click Open. The import tool loads a list of models in the
file.

Select Response from the Type drop-down list to filter the model list.
Select all the response models in the list by Shift+clicking.

Click the button Import selected items.

In the following Import dialog box, click OK to import the models.

Close the Import Tool and observe the Models view in CAGE. You should see the
models in the list. The selected model is displayed in the other panes.

©© N O O b~

You can also:

*  Export models directly from the Model Browser to CAGE when both are open.
+ Use the CAGE Import Tool to import models directly from the Model Browser.

+ Use the CAGE Import Tool to import models and other calibration items (tables,
optimizations, tradeoffs, data sets, features) from any project file created in CAGE or
the Model Browser. This capability can help you use existing projects to speed up the
setup of new sessions.

+  Export models to a file, which you can import to CAGE by selecting File > Import >
Model.
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Defining Additional Variables and Models

Looking at the problem definition, you need to define some additional variables and
models for this optimization. You want to minimize BSFC, but this is not a model
output. You need to fill tables against speed and torque, but torque is not an input for
the models. The solution to this is to create function models. You can then use a torque
constraint and the BSFC function model in the optimization. To implement the torque
constraint, you need to define a new variable for desired torque, tq_desired.

4-16

Follow these steps:

1

Select File > New > Variable Item > Variable. The Variable Dictionary view
appears.

a Rename the new variable tq_desired.

b Set the range of this variable to be minimum 0 and maximum 1500.

¢ Edit the set point to 600 Nm

Create a new function model.

a Copy the following function model definition, ready to paste into the Function
Model Wizard:

bsfc = 5400 / pi * basefuelmass / tq

b Select File > New > Function Model.
¢ Paste or enter bsfc = 5400 / pi * basefuelmass / tq and click Next.

Assuming: base fuel mass [mg/inj], Tq [Nm], 6 cylinders, 4 stroke

d Select Automatically assign/create inputs. It is important to check for typos
or this step can create unintended new inputs. Click Finish.

The Models view appears.

This optimization requires a constraint on the air/fuel ratio (AFR). However, as
you could not model AFR directly you need to create a function model that relates
equivalence ratio to air/fuel ratio. Then you can constrain AFR. To do this, create
another new function model.

a Copy the following function model definition, ready to paste into the Function
Model Wizard:
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afr = 14.46/eqgrexh
b Select File > New > Function Model.
¢ Paste or enter afr = 14.46/eqrexh and click Next.
d Select Automatically assign/create inputs and click Finish.
4 Select File > New > Variable Item > Variable. The Variable Dictionary view
appears.
a Rename the new variable afr_min.
b Set the range of this variable to be minimum 0 and maximum 100

¢ Edit the set point to 50
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Setting Up Calibration Tables to Fill

4-18
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Set up a new 2-D table. Select File > New > 2D Table.

Name the table soi_best.

Select measrpm and tg_desired from the Y Input and X Input drop-down menus.
Enter 11 rows and 11 columns.

Enter 0 for the initial value.

il

Mame: Isni_best

Rows: I 11 3: W input: I measrpm TI
Calumns: I 11 El: X inpt: Ilq_desired VI

-

Initizl value: 0=

Ok I Cancel | Help |

Click OK to create the table.

Look at the Tables tree on the left. Note that the normalizers appear as calibratable
items in their own right, and as descendants (child nodes) of their tables.

Once you create a table, you can duplicate it to create more tables that share the
same breakpoints. Click soi_best in the tree, then select Edit > Duplicate
soi_best. Repeat until you have four new tables, and rename them as follows:

a basefuelmass best
b fuelpress_best

¢ grackmea_best

d egrift_best
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Setting Up the Point Optimization

CAGE provides a flexible optimization environment. You can define the objectives, the
constraints, and the points where the optimization is carried out.

The objective is to minimize weighted BSFC over a set of points, subject to a set of
constraints. This is a constrained single objective optimization problem.

You solve this problem in two parts:

1 Run an initial point optimization to explore the problem point-by-point in order
to obtain good starting points for the sum optimization. You will create the
optimization, set up constraints and values and run the optimization.

2 Next you can use the solutions from the initial optimization as the start points to run
the sum optimization over the drive cycle to find optimal control settings. Use these
results to fill calibration tables.

CAGE has several built-in optimization routines and the capacity for you to write

your own. In this case study, you use foptcon. This algorithm is a modified version of
fmincon from the Optimization Toolbox product. In CAGE, you can use the algorithm to
minimize or maximize an objective function.

1 Select Tools > Create Optimization from Model, or click the toolbar button. The
Create Optimization from Model Wizard appears.

2 Select the bsfc model to minimize in the optimization.
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) Create Optimization from Model g i | I:Ilﬂ

Model
Select a model to minimize or maximize.

Model Type Variable Inputz
4 tq MBC model =0i, measrpm, bagefuelmas...
v‘ vigrpm MBC model zoi, measrpm, bazefuelmas. ..
4 eqrexh MBC model zoi, measrpm, bazefuelmas. ..
'4 pkpress MBC model z0i, measrpm, basefuslmas...
‘ exhtemp MBC model z0i, measrpm, basefuslmas...
" NOX MBC model z0i, measzrpm, bazefuelmas...
b egrmf KMBC model z0i, measrpm, bagefuelmas...
Function model bazefuelmass, 20i, measrp...
f‘ afr Function model =0i, meazrpm, bagefuelmas...

[T Create o erating point-data st

Cancel < Back Mext = Finizh

Click Next.

3 Select the optimization settings as follows:

Free variables: Clear the check box for measrpm. Leave the selected check boxes
of the other free variables. These are the variables you want CAGE to optimize
from the set of model inputs.

Add a model boundary constraint: Clear the check box. You add another
boundary constraint later in the Optimization view.

Leave the defaults for all the other settings:

+ Algorithm: Use the default Foptcon for gradient-based single-objective
optimizations.
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+ Objective type: Leave the default set to Minimize your model, and leave the
default Point objective type.

+ Data Source: Leave the default Set point. You specify points later in the
Optimization view.

* Click Finish to create the optimization.

) Create Optimization from Model & |I:I|£|

Optimization
Chooze optimization type and =elect free variables to oplimize bafc.

Algorithm: Ifu ptcon j
Objectivetype:  |Minimize = |point -]

Data source: ISet point jl j

Free variables:
5 =zelected

<
g
2
[=x
i

bazefusimass
20

t |+

" measrpm

" fuelpress

" grackmea

CACACIEIEY
GG G

" egrift

[ Add a model boundary constraing

Cancel < Back Mexdt = Finizh

CAGE displays the Optimization view with your new optimization.

You have not yet set up your constraints, so you can add them next.
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Setting Up Constraints

This case study problem has CAGE model constraints on the following quantities (which
you will set up next):

* tg_desired

* vtgrpm
* pkpress
- afr

+ soi

+ grackmea
+ TFfuelpress
* basefuelmass

In the Optimization view, the constraints you will set up next will be shown as follows.

Constraints

Name | Description

&] tq_equals tg(=0i, measrpm, basefuelmass, fuelpress, grackmea, eqrift) == tq_desired

E afr afrizoi, measrpm, basefusimass, fuelpress, grackmea, egrift) == afr_min

E vigrpm wigrpmisoi, measrpm, basefueimass, fuelpress, grackmea, egrift) <= 128000

E pkpress pkpress(zoi, measrpm, bazefuelmass, fuelpress, grackmea, egrift) <= 18000000

E tq_Boundary Boundary constraint of tg(=oi, measrpm, basefuelmass, fuslpress, grackmea, egrift)

You can edit constraint names to aid analysis in other Optimization views (right-click, or
double-click to use the Edit Constraint dialog box).

Set up these constraints as follows:

1 Right-click in the Constraints pane and select Add Constraint. The Constraint
Editor appears. Set up the first constraint to tq == tq_desired as follows.

Leave the Constraint type as Model.

Edit the Constraint name to tq_equals

Select tq in the Input model list.

Select == as the Constraint type.

Select the CAGE item radio button.

Select Show variables from the drop-down list.

- 0 o o U Q
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g Select tg_desired in the variable list. The dialog should look as shown in the
following figure.

) Edit Constraint =10l x|
Constraint type: Ir.mde| - Model constraints keep only points where the output value L.
of an exp ion is above, below or equal to the =pecified limit
Constraint name: I'tq_equﬁls
Input mode: Constraint bound:
Mogel Type  constant | =
qt g MBC model |- & CAGE flem
vigrpm WMBC model
$r vtorp Show varables =l
-k egrexh MBC model
) pkpress MBC model Constraint type: Variable Type
{k exhtemp MBC model |== = I X fuelpress Variakle LI
1& NOX MBC model X grackmea “ariable
4 egrmf MBC model X egrift ariable
m bsfc Function model X tg_desired Variable
. arr Function mode! |~ | X _afr_min Variable -
Evaluate quantity: IE\.faIuat\Un valug 'l Evaluate quantity: IEvaIuallun valug I I
Constraint description: |tq(sm, measrpm, basefuelmass, fuelpress, grackmea, egrift) == tq_desired
oK | Cancel | Help |

h Click OK to return to the Optimization view.
2 Similarly, right-click to add the next constraint as shown: afr >= afr_min.

). Edit Constraint : =10] x|
Constraint type: Ir.‘uue| i l Model constraints keep only points where the output value ] s
of an exp ion iz above, below or equal to the specified limit. “
Constraint name:  [afr
Input model: Constraint bound:
Model Type " Constant: G%I
4: vtgrpm MBC model |« = CAGE tem:
ok eqrexh MBC model
Sh iable: 5
-\ phpress MBC model ow variabies J
-\ exhtemp MBC model Constraint type: Variable Type
o\ NoX MBC model e = X fuelpress Variable =]
1& egrmf MBC model X grackmea Variable
i#bsic Function model X eqrift Variable
i atr Function model X tq_desired Variable
m BSNOX Function model | v afr_min Variable hd
Evaluate quantity: IEvaIuatiUn value T Evaluate quantity: IE\.faIuatiun value x. l
Constraint description afr(=o0i, measrpm, basefuelmass, fuelpress, grackmea, egrift) == afr_min
oK I Cancel | Help |

3 Right-click again and add the next constraint as shown: vtgrpm <= 128000. To do
so, enter a value in the Constant edit box, rather than select a variable from the
CAGE item list.
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) Edit Constraint : o ] A
Constraint type: Ir.‘udg| - l Model constraints keep only points where the output value -
IV't of an exp ion iz above, below or equal to the specified limit. “

Constraint name: grpm
Input model: Constraint bound:
Model Type * Constant: 128000 §|
\1{: vtgrpm MBC model - " CAGE item:
<k eqrexh MBC model S j
1l pkpress MBC model
o\ exhtemp MBC model c int type: Model Type
<k NOX MBC model - = i LR TIE R
[ p— WEC modsl <k vigrom B model
m befc Function model ‘1[" EER M e del
i arr Function model o ploress MBC model
i@ Bsnox Function model [ 7] o exhiemn sl
Evaluate quantity: IEvaIuatinn value ¥ Evaluate guantiy: IEvaIuatinn value 35 l
Constraint description: |\.rtgrpm(sni, measrpm, lpress, grackmea, egrift) <= 128000

oK I Cancel | Help |

4 Right-click again to set up the constraint pkpress <= 18000000, as shown. This
time, enter a value in the Constant edit box.

) Edit Constraint y o =] |
Constraint type: Ir.‘ndg| = I Model constraints keep only points where the output value -
of an exp ion iz above, below or equal to the specified limit.
Constraint name: Ip kpress
Input model: Conztraint bound:
Model Type @ Constant | 1.8e+007 =]
:: wtgrpm MBC mode! :I  CAGE tem:
eqrexh MBC mode!
Sh delz. x
\11 pkpress MBC model oW moce J
o\ exhtemp MBC model C int type: Model Type
<\ NOX MBC model = = ok iy MBC model |14
o\ egrmf MBC model ok vigrom B model
@ bsic Function model o cqrexh MBC madel
i arr Function model ot phioress MBE model
i Bsnox Function model | * ok cxhicmo MBE model ;I
Evaluate quantity: IEvaIuatinn value i Evsluate guantiy: IE\.faIuatiun value X l
Constraint description: i', p i, measrpm, press, g , egrift) <= 18000000
QK I Cancel | Help |

5 Repeat the action to set up a boundary model constraint, as shown in the following
figure.
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) Edit Constraint i =] |
Constraint type: I"‘Ud&l - l Model constraints keep only points where the output value I “n
of an exp ion iz above, below or egual to the specified limit. L

Constraint name: I'lq_BUundary
Input model: Constraint bound:
Model Tyoe % Constant: =
Qam MBC model |+ {° CACE fem:

i MBC model
‘ L e Show models j
-k egrexh MBC model
-\ phpress MBC model Constraint type: Model Type
o\ exitemp MBC model o E g WMECIEE =
‘k NOX WBC modsl \1{\ vigrom WMBC model
o\ egrmi WBC modsl fh eqrexh WMBC model
i bsrc Function model ot ploress WBE model
i@ afr Function model [ | o\ exiiemn Mt usdst [
Evaluate quantity: IElnundary constraint Evaluate guantiy: IE\.faIuatinn value X l
Censtraint description: Boundary constraint of tq{soi, measrpm, basefusimass, fuelpress, grackmea, egrift)

oK I Cancel | Help |

® o o U Q

Leave the Constraint type as Model.
Edit the Constraint name to tq_Boundary.
Select tq in the Input model list.

Select Boundary constraint in the Evaluate quantity drop-down list.

Click OK to create the constraint and return to the Optimization view.
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Defining Variable Values

4-26

You need to define the set of drive cycle points where you want the optimization to run.
To do this you use the Input Variable Values pane in the Optimization view.

1

Increase the Number of runs to 7. Click the buttons or enter the value in the

box. The number of rows in the fixed and free variables panes increases to 7. The
default values are the set point of each variable. Leave the initial values for the free
variables at the defaults.

You can enter or copy values into the Fixed Variables pane to define the fixed
variable values at each point where you want the optimization to run. You can copy
all the variable values from a text file, or from the Help Browser copy each column
in turn. Copy and paste the following values into the measrpm column in the Fixed
Variables pane.

measrpm
2200
2200
2200
2200
1600
1600
1600

Copy and paste the following values into the tq_desired column in the Fixed
Variables pane.

tqg_desired
1263

947

632

126

1550

1163

775



Defining Variable Values

4 Copy and paste the following values into the afr_min column in the Fixed
Variables pane.

afr_min
25.5
27.75
30.0

0

22

22.5

23
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The Fixed Variables pane should look as shown. You have specified the speed and
torque values you want for each run, and also the minimum air/fuel ratio (AFR) at
each N, TQ point.

4-28

Fixed Variables

Wariable: messrpin | to_desired afr_tnin

| S| S|
1 2200 1263 255
2 2200 947 2ETa
3 2200 G52 30
4 2200 126 0
5 1600 1550 22
B 1600 1163 225
7 1600 LEES 23

If you wished to constrain the free variables more than the range defined in the
variable dictionary, you could select Optimization > Edit Free Variable Ranges.

Leave the defaults for this problem.




Running the Optimization

Running the Optimization

Now you can run the optimization. You have set up objectives, constraints and a set of
operating points.

L Click Run Optimization in the toolbar.

2 When the optimization is complete, the view switches to the new child
node, bsfc_Optimization_Output, in the Optimization tree under the
bsfc_Optimization node. View the results.

) CAGE Browser - diesel.cag . -3 x|
File Edit View Soluton Tools Window Help

Dcd[x[wgne [v+30[1u[DPUHRER B |

Processes Optim..
ﬁ E ‘ Current run: il 1j | [ ¥ Accept

Optimization Resultz

Contour

Feasture Vector display format: |Expand... 'l
1501
N Run | @|Accent er 300
ol 1 L 152,685/ o
'*!li 2 & 113.394 i 1000
Honecl 3 B 7eted | £ 250
4 B 24.736] B gy [T ——
<
5 L 185.318 200
6 [ 135.481 i ; -
7 T 90,081 1600 1700 1800 1900 2000 2100 2200
MESSFOMm
H-axis: |mea. T Yeaxiz: |tg_d.. T Z-axiz: |bsfc T
dy free =] foue 21 e o]

Objective Graphs

=00

450

400

2 320
2

300

250

200 M

-
S0 100 150 200

iI J_'I bazefuelmass

| Ready |

100 150

S-6-4-20 2
i fuelpress

=00 grackmes

‘ -

- -
04 06 08 2 4

3  Look through the solutions at different operating points by clicking cells in the
output table. Compare with the gasoline example, where regions that do not meet
the constraint are yellow in the graphs — in this case the torque equality constraint
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causes all the graphs to be yellow, because this constraint produces a feasible
contour in the free variable space, and any deviation off this contour is infeasible.

4  Split the view to display the constraint graphs, and scroll through them to see each
constraint in relation to the solutions.

4-30



Setting Up the Sum Optimization

Setting Up the Sum Optimization

In this section...

“Setting Up Initial Values and Sum Objective” on page 4-31
“Creating the Brake Specific NOx Constraint” on page 4-32
“Setting Weights for the Sum Objective and Constraint” on page 4-33

“Set Parameters and Run Optimization” on page 4-35

Setting Up Initial Values and Sum Objective

Previously, you created the initial point-by-point optimization to obtain good starting
points for the sum optimization. Now, you can create the sum problem from that initial
optimization. You then use the solutions from the initial optimization as the start points
to run the sum optimization over the drive cycle to find optimal settings. Then, you can
fill the calibration tables with these results.

*  From the bsfc_Optimization_Output node of your first optimization, select
Solution > Create Sum Optimization.

CAGE creates a new optimization called Sum_bsfc_Optimization. The optimization
has these characteristics:
* The objective matches your original optimization but converted to a sum objective.
*  The new optimization has identical constraints to your original optimization.
*  Your original fixed and free variables have converted to a sum optimization (a single
run with multiple values).
The new optimization uses only accepted solutions from your original optimization
output (all runs with a selected Accept check box).

* Therefore, the number of accepted solutions you had in the original optimization
determines the number of values within the sum optimization run.

* The new optimization imports the free variable initial values and fixed variable
values from your point optimal results (accepted solutions only).

* The fixed variables have a Weights column with each value set to 1.

In the Optimization view, observe the new sum objective and the new values in the Input
Variable Values pane.
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4-32

Now your sum optimization is ready to run. Before you run it, however, see the next
section to create a brake specific NOx constraint.

Creating the Brake Specific NOx Constraint
In this optimization, you will use brake specific NOx to constrain the results.

BSNOx i1s defined as:

211'\:71 w; NOxl
N
2 0000 21 WiV TGy

You implement this constraint as a weighted sum constraint in CAGE by creating a
function model that represents the following term of the BSNOx sum:

BSNOx =

NOx
21 N
760000 2 i Wi T@;

The denominator of this term represents the weighted power (speed * torque) over the
drive cycle, which is constant for this optimization. You calculate this constant as follows:

BSNOx _term =

Q%OOOOZZMNL'TQL‘

_2n/ [2200>< 1263 +2200% 947 + 2200% 632 + 2200 x126 +]
60000| 1600x 1550 +1600 x1163 +1600x775

= 159.5573

Therefore, the function model to be created is

NOx

BSNOx _term = —————
159.5573

Create the function model as follows:

1  Copy the following function model definition, ready to paste into the Function Model
Wizard:
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BSNOX = 3600*1000*N0OX/159.5573

Select File > New > Function Model.

Paste or enter BSNOX = 3600*1000*NOX/159.5573 and click Next.

The NOx model is in kilograms per hour, and you want to calculate BSNOx in grams
per second, so multiply NOx by 3600*1000.

Select Automatically assign/create inputs. It is important to check for typos or

this step can create unintended new inputs. Click Finish.

The Models view appears with the new function model. Now, you can use this
function model to create a weighted sum constraint.

Setting Weights for the Sum Objective and Constraint

To create a weighted sum constraint:

1
2
3

Click the Optimization button to return to the Optimization view.
Select your sum optimization.

Right-click in the Constraints pane, and select Add Constraint. The Edit
Constraint dialog box appears.

/) Edit Constraint ] 4

Constraint type: ISum Constraint - I A zum constraint provides a constraint distance value @ Z
for & weighted sum of & model with reference to a bound J -
Constraint name: ESNO}( Fe

Input macel: Constraint type:
Conztraint Type |‘= d
i MBC model

4 grpm WEBC model Constraint bound:
4 eqrexh MEC model I 3 él
4\ pkpress MEC model

4 exhtemp MEBC model

ol O MEC model

4 egrmt MEC model

m bsfc Function mociel

@ aft Function maciel

4\ Bshox Funetion moc!

Constraint descrigtion: rNeigI’rted sum of ESMOX (=0, measrpm, hazefuslimass, fusloress, grackmea, egrlft) == 3

Ol I Cancel Help
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4-34

N O O A~

Select Sum Constraint from the Constraint type drop-down menu.
Enter BSNOX in the Constraint name edit box.
Select BSNOX from the Input model list.

Enter 3 in the Constraint bound edit box, and press Enter to create the
constraint, and return to the Optimization view. Verify that the new constraint
description shows Weighted sum of BSNOX <= 3, to constrain the weighted sum to
less than 3g/kWh.

Set the weights in the Optimization view as follows:

Enter 7 in the Number of values edit box for the bsfc_weights column.

Enter, or copy and paste, the following values into the bsfc_weights column in the
Fixed Variables pane.

Objective 1 Weights
0.5

0.15

0.15

0.05

0.05

0.05

0.05

These values sum to 1.

Similarly, enter 7 in the Number of values edit box for the BSNOX_weights
column.

Copy the following values into the BSNOX_weights column in the Fixed Variables
pane.

Constraint 1 Weights

0.15

0.15

0.15

0.1

0.1
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Constraint 1 Weights
0.1
0.1

These values sum to 0.85.

Set Parameters and Run Optimization

To alter parameters and then run the optimization:

1
2

Click Set Up and Run Optimization in the toolbar.

Change the following parameters in the Optimization Parameters dialog box:

+ Maximum iterations = 500
+ Maximum function evaluations = 2000
Variable tolerance = 1e-7

* Function tolerance = 1le-7

Click OK to close the dialog box, and the optimization runs.

When the optimization is complete, the view switches to the updated child

node, Sum_bsfc_Optimization_Output, in the Optimization tree under the
Sum_bsfTc_Optimization node. View the results. For guidance see “Interpreting
Sum Optimization Output”.
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Filling Tables with Optimization Results

You can use the optimization results to fill the tables you created.
1  From the optimization output node, select Solution > Fill Tables.

The Table Filling Wizard appears.

2  Shift-click to multi-select all the following tables and click the button to add all your
tables to the filling list:

soi_best
+ basefuelmass_best
+ fuelpress_best
grackmea_best
+ egrlft_best

) Table Filling from Optimization Results Wizard ] |
Table Selection
Select the CAGE tables that you wish to fil from the optimization results

Available CAGE tables: CAGE tables to be filled:

Table Table
j@ soi_best
’Q bazefuelmass_best

’Q fuelpress_best
’Q grackmea_best

’Q eqrlft_best

Cancel | = Eiack | Mext =

Firizty |

Click Next.

3 Match the following pairs of an output from the right list of optimization results with
a table on the left.

4-36



Filling Tables with Optimization Results

+ soi with soi_best

+ basefuelmass with basefuelmass_best

+ TFuelpress with fuelpress_best
+ grackmea with grackmea_best
+ egrift with egrlft_best

You can double-click in the right list to select an item, and CAGE automatically
moves focus on to the next table in the left list. For example, with the soi_best

table selected in the left list, double-click soi in the right list, then you can double-
click basefuelmass for the next table, and so on.

) Table Filling from Dptimization Results Wizard

Optimal Result Selection
Choosze the optimization results that you wish to fill each table with

=0l x|

Fill Methoet. [Extrapolats Fil BN

[+ Use acceptable solutions only [ 2dd to extrapolation mask

Tablez ta he filled:

Optimization resutts:

CAGE Tahle Cutput Column Status Optirmization Rezutts
Qsoi_best =0
@-basefuelmass... X basefuelmass X bazefuelmass
quelpress_besi X fuelpress X fuelpress
grackmes_best | X grackmes X grackmea
Qegrlﬂ_besi X egrlt X egrit
_‘l X to_desired
X afr_min
X measfp
it
‘\ftgrpm
eqrexh
g =
Cancel | = Back | Next:l Firiizh |

4 Click Finish.

A dialog appears indicating whether the tables have been filled successfully. Click

Close.

5 Switch to the Tables view to view the filled tables. Click Tables in the Data

Objects pane, and select the tables in turn to view the results.

Look at the example finished project, Diesel_optimization.cag.
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“Point-by-Point Diesel Case Study Overview” on page 5-2
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“Verify and Refine Models” on page 5-7
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“Use Optimization Results” on page 5-27
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Point-by-Point Diesel Case Study Overview

5-2

In this section...

“What Is Point-by-Point Modeling?” on page 5-2

“Engine Calibration Specifications and Problem Description” on page 5-2

“Required Tasks” on page 5-4

What Is Point-by-Point Modeling?

This case study shows how to use the Model-Based Calibration Toolbox functionality for
point-by-point engine calibration projects.

Point-by-point functionality allows you to build a model at each operating point of an
engine with the necessary accuracy to produce an optimal calibration. You often need
point-by-point models for multiple injection diesel engines and gasoline direct-injection
engines. You use point-by-point command-line functionality to handle the complexity of
developing designs for each operating point.

Point-by-point models can solve calibration problems with increasingly complex engines.
Engineers add engine actuators and sensors to Engine Management Systems (EMS) to
respond to emerging requirements for fuel economy, performance, and control of engine
emissions. In some cases, optimal engine calibration development processes that rely

on two-stage modeling can no longer model engine performance responses accurately
enough.

Note: Point-by-point models can provide the necessary model accuracy at measured
operating points. However, such models do not provide estimated responses at other
operating points.

Engine Calibration Specifications and Problem Description

The two-stage models in the “Diesel Engine Calibration” case study generated the
point-by-point data for this example. The example engine is the same six-cylinder 9.0-L
common-rail L, common-rail diesel engine with VGT (variable geometry turbo) and cooled
EGR (exhaust gas recirculation). The control calibration is for an off-road application
with an engine speed range from 1600 rpm to 2200 rpm.
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The objective of the case study is to produce optimal calibration schedules as a function of
commanded torque and speed for:

*  Optimal SOI (start of injection)

* Fuel pressure

+ Base fuel

* VGT (variable geometry turbo)

* EGR (exhaust gas recirculation)

While speed and torque define the drive cycle, the engine is tested by controlling speed
and total fuel. The engine test procedure adjusts the total fuel to achieve the required
torque for each point.

The case study involves models for BSFC (brake-specific fuel consumption), BSNOX
(brake-specific NOx emissions), AFR (air/fuel ratio), EGR mass fraction, peak pressure,
VGTSPEED, and base fuel.

The optimization setup in CAGE uses an 8-mode off-road emission test as its basis. This
setup approximates up to seven mode points by neglecting the idle operating point of the
engine.

The engine calibration requires tables in speed and torque for the following variables:

Best injection timing MAINSOI
Best fuel quantity MAINFUEL
Best fuel pressure FUELPRESS
Best VGT position VGTPOS
Best EGR position EGRPOS

To fill these tables, create optimizations to minimize mode-weighted brake-specific fuel
consumption, subject to constraints on the following parameters:

* The boundary model defining the data boundary at each operating point
(BSFC_Boundary)

+  Brake-specific NOx emissions (BSNOX)

*  Cylinder pressure (PEAKPRESS) at full load points only

+ Air/fuel ratio (AFR)
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To solve this problem, follow the steps described in “Required Tasks” on page 5-4

Required Tasks

This example requires you to complete the following tasks:
*  Create designs, model, and boundary models at each operating point. See “Create
Designs and Models Programmatically” on page 5-5.

+  View and analyze models using the Model Browser. See “Verify and Refine Models” on
page 5-7.

*  Optimize the model. See “Point-by-Point Optimization Overview” on page 5-9.
Creating a point-by-point optimization for the model requires these tasks:

1 “Create Point Optimizations in CAGE” on page 5-10
2 “Create Multiregion Sum Optimization” on page 5-19

3 “Use Optimization Results” on page 5-27
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Create Designs and Models Programmatically

In this section...

“Overview of Programmatic Design and Modeling” on page 5-5

“Creating Designs and Models Programmatically” on page 5-5

Overview of Programmatic Design and Modeling

The programmatic part of the case study shows automated creation of designs, models,
and boundary models at each operating point. Alternatively, you could use the Model
Browser to create models interactively.

This example uses the two-stage models generated in the “Diesel Engine Calibration”

case study as a surrogate for an engine dynamometer or engine simulation model. The

models generate the point-by-point data for this example. The example shows you how to:
Generate local designs at each operating point.

2 Collect response data at the design points using the diesel case study models.

3 Augment the local design points using spacefilling Sobol sequences if you need more
design points after initial data collection.

4 Create local multiple models to model each of the responses at each operating point.

5 Build a point-by-point boundary model to define the data boundary at each operating
point for later use in calibration optimization.

Creating Designs and Models Programmatically

To create designs and models in a project:

1 View the command-line example instructions for “Point-by-point Modeling for a
Diesel Engine” by entering:

edit mbcPointByPointCmdLine
2 Run the example to create designs, a project, response models, and boundary models.

3 Save the project to a file before loading it into the Model Browser by entering:

project.Save("DieselPointByPoint.mat");
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After you complete the programmatic design, inspect and refine the fitted models

to verify that the model quality is acceptable. You can use the command line to plot
diagnostics and remove outliers, but it is easier to use the graphical and statistical tools
in the Model Browser. For instructions, see “Verify and Refine Models” on page 5-7.

5-6



Verify and Refine Models

Verify and Refine Models

In this section...

“Open the Project and View Designs” on page 5-7

“Analyze and Refine Local Fits” on page 5-7

Open the Project and View Designs

Visually inspect your fitted models to verify that the model quality is acceptable.

Identify and remove any outliers that affect quality. To verify the models, open the
project you created and saved in the previous section (“Create Designs and Models
Programmatically” on page 5-5). You can use the command line to plot diagnostics and
remove outliers. However, as a best practice, use the graphical and statistical tools in the
Model Browser to analyze and refine your models .

1 To open the project in the Model Browser, locate DieselPointByPoint._mat in the
mbctraining folder.
2 To view the local DOE in the Design Editor:

a Select the test plan node in the Model Tree, and the test plan tab.

b Right-click the local model block in the test plan diagram, and select Design
Experiment.

The Design Editor opens.

3 View the designs. The local designs for each test are at the top level of the design
tree.

4  Close the Design Editor.

Analyze and Refine Local Fits

The example projects for this case study include verified models. To view the models,
load the Model Browser project file DieselPointByPoint.mat from the mbctraining
folder.

Analyze fits for each response as follows:

* In the Model Browser, select each response node in turn in the Model Tree. Start with
BSFC.
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+ For each response node, look for problem tests and possible outliers. Use the following
tools:

To find poorly fitted tests, look for tests with high RMSE in the RMSE Plots.
Double-click points to view a test in the other plots.

Compare alternative model types for the currently selected operating point by
looking at the list of Alternative Local Models.

You can check for tests that are not fitted by clicking Select Test to open the Test
Selector dialog box.
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Point-by-Point Optimization Overview

The CAGE Browser section of the case study covers using the models to create optimized
calibration tables. The CAGE browser part of the example takes you through the
following steps:

1 Create two separate point optimizations for use in combination in a drive cycle
optimization. You create two optimizations so you can apply the peak pressure
constraint only where it is relevant, at full load conditions.

a Create a constrained point optimization to minimize BSFC (brake-specific fuel
consumption) for each part load point.

b Create a constrained point optimization to minimize BSFC for each full load
point.

¢ Export the results to a data set. You use the results from both point
optimizations as start points for a sum optimization.

2 Create a multiregion constrained drive cycle sum optimization.

a Import the results from both point optimizations as start points.
b Apply the peak pressure constraint only at full load points.
¢ Add a second drive cycle with different weights.

You can use the second drive cycle to evaluate optimization results at intermediate
points. The second drive cycle for objective and constraints includes the measured
points (that is, the model operating points) and intermediate speed points.

3 Create tables to fill with your optimization results using the Create Tables from
Model wizard.

4  Fill the tables with your optimization results.
5 Export the tables to a calibration tool.
The toolbox provides an example project containing the models, optimizations, results,

and filled tables. To view the finished project, load the CAGE browser project file
DieselPointByPoint.cag from the mbctraining folder.

For the next task in solving this point-by-point optimization, see “Create Point
Optimizations in CAGE” on page 5-10.
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Create Point Optimizations in CAGE

5-10

In this section...

“Introduction” on page 5-10

“Load Models to Optimize” on page 5-10

“Create Part Load Point Optimization” on page 5-11
“Create Full-Load Point Optimization” on page 5-15

Introduction

This section takes you through the steps to create two separate point optimizations for
use in combination in a drive cycle optimization. You create two optimizations so you can
apply the peak pressure constraint only where it is relevant, at full load conditions.

1  Create a constrained point optimization to minimize BSFC (brake-specific fuel
consumption) for each part load point.

2 Create a constrained point optimization to minimize BSFC for each full load point.

You use the results from both point optimizations as start points for a sum optimization.

Load Models to Optimize

To open CAGE and load the models for the optimization, follow these steps:

Enter cage to open the CAGE browser.

2 Load models to optimize. Select File > Import From Project. The CAGE Import
Tool opens.

3 Click Import From Project File.
4 Locate the mbctraining folder and open the file DieselPointByPoint._mat.
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CAGE Import Tool = =
=
Current project: C:\Work\WBC\mbctraining\DieselPointByPoint. mat
Find: Type: All i
‘ Match case

Name Type Location
ﬁ BSFC Point-by-Point DieselPointByPoint/Point-by-point/BSF ..
ﬁ BSNOX Point-by-Point DiezelPointByPoint/Point-by-point/BSN...
‘ﬁ AFR Point-by-Point DiezelPointByPoint/Point-by-point/aFR)...
dﬁ EGRNF Point-by-Point DigzelPeintByPoint/Point-by-point/EGR...
#3 PEAKPRESS Point-by-Point DieselPointByPoint/Point-by-point/PEA....
ﬁ VGTSPEED Point-by-Point DieselPointByPoint/Point-by-pointvVGT. ..
Q MAINFUEL Point-by-Point DiezelPointByPoint/Point-by-point/MAIN....

Close Help
[ cose |[ en |

Press Shift+click to select all models in the list, and click Import Selected Items.
Then, click OK in the dialog box that appears next to import all the models. Then,

close the Import Tool.

CAGE displays the variable connections for your imported point-by-point models.

Create Part Load Point Optimization

To create the optimization, you perform the following tasks:

“Select Model and Parameters for Optimization” on page 5-11

“Specify Number of Runs” on page 5-13

“Add a Constraint to the Optimization” on page 5-13

“Run the Optimization” on page 5-15

Select Model and Parameters for Optimization

1

Select Tools > Create Optimization From Model.

The Create Optimization From Model wizard opens.

5-11
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2 Select BSFC as the model to optimize, and click Next.

3 Leave all the defaults as shown to create a point optimization that:

+ Minimizes BSFC
Using the Model operating points as the Data source
+  With fixed variables SPEED and BTQ
+  Selects all other variables as free variables for CAGE to optimize

Adds the boundary model as a constraint

) Create Optimization from Model : = | I:Ilﬂ

Optimization
Choosze aptimization type and select free variables to optimize BSFC.

Algarithim: Ifuptcun j
Objective type: [ Minimize ||Point [
[Data source: Ir.1ude|uperﬂting points jl j
Free variahles: Variable
® s M x MANSOI

¥ x FUELPRESS

W x vGTPOS

W x EcrPOs

[T x sPEED

T x BT

¥ 4dd a model bound ary constraint

—+
T

Cancel < Back hNex Finizh

4 Click Finish to create the optimization.

CAGE displays your optimization. Rename your optimization to BSFC_PartLoad
and continue to “Specify Number of Runs”.
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Specify Number of Runs

Observe the model operating points in the Optimization Point Set pane. Remove two
of the runs. Later, your second optimization applies another constraint at the full load
points.

1 Right-click the first run, where SPEED = 2200 and BTQ = 1263, and select Delete
Runs.
2 Right-click the fourth run, where SPEED = 1600 and BTQ = 1550, and select Delete

Runs.

Your optimization now has five runs. Continue to “Add a Constraint to the
Optimization”.

Add a Constraint to the Optimization

Add a constraint for air/fuel ratio before running the optimization. Follow these steps:

Right-click the Constraints pane, and select Add Constraint.

Select Constraint type Range.

Select Show models from the drop-down menu on the Bound Expression tab.
Select AFR in the model list.

Edit the constraint name to AFR.

o O A WOWN —

Click the Lower Bound tab, and select the Vector option button. Ensure the
Constraint description matches the following example, and click OK.

5-13
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) Edit Constraint

=10] %]
Constraint type: Iﬂﬂnge - I Range constraints keep only pointz where the output value

of an expression is between the specified limits. '———[<
Constraint name: EFR

Eound Expression  Lower Bound I Upper Bound

" Constant: I -Inf%

& Vector

 CAGE item:
Show variables j
Variable Type
X MAINSOI aniable e
X FUELPRESS Variable
X VGTPOS Variahle ~|
Exvaluste quantity: IE-.-aIuaticn value j

Caonstraint description: ‘AFR_LowerBound <= AFR(MAINSOI, FLELPRESS, VGTPOS, EGRPOS, SPEED, BTE) == Inf

OK I Cancel | Help

7 When the variable AFR_LowerBound appears in the Fixed Variables pane, copy and
paste the following values into the AFR_LowerBound column.

AFR_LowerBound
27.5

30.0

0.0

20.0

22.5

Verify that your fixed variable values look like those in the following image.
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Fixed variables
Wariable: SPEED BTQ AFR Lo...
- |
1 2200 E) 275
2 2200 632
E 2200 126
4 1600 1163
5 1600 LI

Run the Optimization
You can now run your optimization:

1 Select Optimization > Run.

2 After CAGE calculates the optimization and displays the output, view the results.

Create Full-Load Point Optimization

Creating the full-load point optimization requires you to set up the optimization, define
runs at full load, add the peak pressure constraint, and define required variables.

+ “Set Up the Optimization” on page 5-15
*  “Import Variables to Define Constraint and Weights” on page 5-16
+  “Add Peak Pressure Constraint and Define Fixed Variable Values” on page 5-17

Set Up the Optimization
To set up the optimization, follow these steps:
1 Select Tools > Create Optimization From Model.

The Create Optimization From Model wizard opens.
Select BSFC as the model to optimize, and click Next.
Leave all the defaults, and click Finish to create the optimization.

Rename the new optimization to BSFC_Ful ILoad.

O b WODN

uses only the full-load points. Right-click and delete runs to leave only these two:

Delete all but two runs in the Optimization Point Set pane, because this optimization
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+ SPEED = 2200 and BTQ = 1263
+ SPEED = 1600, and BTQ = 1550

6 Import the AFR constraint from the previous optimization.

a Right-click the Constraints pane, and select Import Constraints.

) Import Constraints i =10l =]

Import constraints
Impaort constraints from other optimizations inthe current CAGE project. | i only possible to
import constraints that have free variables in common with BEFC_FullLoad.

Optimization ESFC_PartLoad constraints

i+ BSFC_PartLoad Constraint Description
h BSFC_Bound... | Boundary constraint of BSFC{MAINSOI, FUELPR. ..
E AFR AFR_LowerBound <= AFR(MAINSOI, FUELPRES...

oK I Cancel Help

b Select the AFR constraint, and click OK.

Import Variables to Define Constraint and Weights

You need some new variables to define a constraint and also to define some weights for
the multiregion optimization. To save time you can import the variables and weights
from the example project, rather than defining them manually, as follows:

Select File > Import From Project. The CAGE Import Tool opens.

Click Import From Project File.

Locate the mbctraining folder and open the file DieselPointByPoint.cag.
Select Dataset from the Type drop-down list.

O b WO —

Select DriveCyclelO in the list, and click Import Selected Items. In the following
dialog box, you also import the variables you need for later steps:

+ BSFC_weights
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+ BSNOX_DriveCyclelO weights

Click OK to import the data set and variables.

6 Select Variable from the Type drop-down list, select MaxPressure in the list, and
click Import Selected Items. Click OK in the following dialog box to import the
variable.

Close the Import Tool. You use all the items you imported in later steps.
Add Peak Pressure Constraint and Define Fixed Variable Values

Return to the BSFC_Ful lLoad optimization node, and add a peak pressure constraint,
using the following steps:

Right-click the Constraints pane, and select Add Constraint.
2 Select the PEAKPRESS model.

Select the CAGE item option button, and then select Show variables from the
drop-down menu.

4 Select MaxPressure in the variable list.
5 Rename the constraint to PEAKPRESS, and click OK.

) Edit Constraint

=10l x|

Constraint type: I[.1ude| - I Model constraints keep only points where the output value
of an expre=ssion iz above or below the specified limit.
Constraint name: W

It model: Conzstraint bound:
Model Type " Constant: I 0 %l
BSFC Point-by-point ... & CAGE item:
BSNOX Po ?nt-by-pu?nt Show variables d
AFR Paoint-by-point ...
EGRMF Point-by-point .. Constraint type: SEIELE Type
PEAKPRESS Point-by-point ... — = X SPEED “ariable ;I
WGETSPEED Point-by-point ... X BTQ “Wariable
MAINFUEL Point-by-point ... X BSFC_weights Wariable
X BSMOX_DriveCycl... | Variable
MaxPreszsure Wariable -

Evaluate quantity: IEl.ralu atien value bt I

Evaluate quantity: IEl.raluatiun value T I

Constrairt description: ‘PEAKPRESS(MAINSOI, FUELPRESS, ¥GTPOS, EGRPOS, SPEED, BTQ) <= MaxPressure

oK I Cancel |

Help |
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Copy and paste the following values into the fixed variables columns for
AFR_LowerBound and MaxPressure.

AFR_LowerBound MaxPressure
25.5 15
20 18

When you finish defining all required variables, select Optimization > Run. Then,
continue next to “Create Multiregion Sum Optimization”.
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Create Multiregion Sum Optimization

In this section...

“Introduction” on page 5-19

“Create Data Set from Point Optimization Results” on page 5-19

“Create Sum Optimization” on page 5-20

“Add Application Point Sets” on page 5-21

“Set Up Constraints” on page 5-23

“Define Weights and Fixed Variables and Run Optimization” on page 5-25

Introduction
Creating a multiregion constrained drive cycle optimization requires the following tasks:

Create the optimization.
Import the results from both preliminary optimizations as start points.

Apply one of the constraints only at full load points.

AW N —

Add a second drive cycle with different weights to evaluate optimization results at
intermediate points.

Create Data Set from Point Optimization Results

You have set up preliminary optimizations to generate suitable start points for the final
multiregion sum optimization. To use the results from both previous optimizations as the
start points, you can package the results from both optimizations into a single data set.
Follow these steps:

Select the output node of your optimization, BSFC_PartLoad_Output.

2 Click Export to data set in the toolbar.

The Export To Data Set dialog box opens.
3 Enter PointResults for the new data set name, and click OK.

4 Return to the Optimization view, and select the output node of your second
optimization, BSFC_FullLoad_Output.
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Click Export to data set in the toolbar.

The Export To Data Set dialog box opens.

To add the full load results to the existing data set, select the Modify existing
option button.

Select your data set PointResults in the list, leave the action set to Append, and
click OK.

Create Sum Optimization

To create the optimization, follow these steps:

1

Select Tools > Create Optimization From Model.

The Create Optimization From Model wizard opens.
Select BSFC as the model to optimize, and click Next.
Change the Objective type from Point to Sum.

To use your PointResults data set to define the optimization points, change the
Data source to Data set.

Leave the rest of the defaults as shown to create a sum optimization that:

Minimizes BSFC
+  With fixed variables SPEED and BTQ
+  Selects all other variables as free variables for CAGE to optimize

Adds the boundary model as a constraint



Create Multiregion Sum Optimization

) Create Optimization from Model - 10| x|

Optimization
Choosze aptimization type and select free variables to optimize BSFC.

Algarithim: Ifuptcun J
Objsctivetype:  [Minmze - | - |
[Data source: IData zet IF‘::untHes.urts J
Free variables: Variable ¢
4 zelected I x o

W x Ecrros

¥ x FUELPRESS

WV x mansol

™ x speeD

¥ x vaTtPos

¥ 4dd a model bound ary constraint

Cancel < Back Next = Finizh

5 Click Finish to create the optimization.

Add Application Point Sets

You can use application point sets to evaluate constraints and objectives at different
operating points than those points specified in the optimization. You can only use
application point sets with sum optimizations.

In this case, you want to apply a peak pressure constraint only at full load. You can use
an application point set to define the points where you want to apply this constraint.

You also want to evaluate the BSFC objective and a NOx constraint over a different
drive cycle to the optimization points. You can use an application point set to define the
secondary drive cycle points. This approach allows you to run an optimization at a subset
of points, and evaluate interpolated results across an application point set.
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To set up your application point sets, follow these steps:

1

To add an application point set to your optimization objective, right-click the
objective BSFC, and select Select Application Point Set

The Select Operating Point Variables dialog box opens.

Define a pair of the fixed variables as the application point variables to use with this
optimization. You only select variables once per optimization.

In this case, you only have two fixed variables available (BTQ and SPEED), so leave
the defaults, and click OK.

The Select Application Point Set dialog box opens.

Select the DriveCyclelO data set you imported earlier. View the plot displaying the
application points and optimization points.

Some of the application points coincide with the optimization points, and others lie
between them. CAGE extrapolates the optimization results to evaluate the objective
at these intermediate points.

) Select Application Point Set P [m] P

Select an existing data set to use as an application point st or create & nevw one from the optimization point
zet.

Dita set [privecycie1 = ©  Application Point Set
¥ Optimization Point Set

Deta set mEme: I:ri'-'sli:.-cle‘l 0

2000
SPEED BTQ
v 2200 947 =] : ; . . .
v 2200 532 A500M - - - - e e e Lo ccdonoead bocone
v 2200 128 : : : !
v 2200 1263 a 0 : @
..... e U Y U

v 1500 1183 e 1000 ' ,
v 1800 775 . ' o ] i
v 1900 1550 500 bennnn s oo Lo I L
v 1600 1163 i . : : i i
v 1600 775 =
— —I u, 1 I I 1 I
humber of points: 10 1600 1700 1800 1900 2000 2100 2200

SPEED

oK I Cancel Help

4  Click OK to apply the application point set to the objective.
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Set Up Constraints

*  “Import Constraints from a Previous Optimization” on page 5-23
* “Apply the Peak Pressure Constraint at Full Load” on page 5-23
* “Add NOx Sum Constraints” on page 5-24

Import Constraints from a Previous Optimization

Import the AFR and PEAKPRESS constraints from the previous optimization.

1 Right-click the Constraints pane, and select Import Constraints.

2 Select the AFR and PEAKPRESS constraints from the BSFC_Ful ILoad optimization,
and click OK.

Apply the Peak Pressure Constraint at Full Load

To apply the peak pressure constraint only at full load, add an application point set to
the PEAKPRESS constraint.

1 Right-click the constraint PEAKPRESS, and select Select Application Point Set

The Select Application Point Set dialog box opens.

2 Select New subset from the Data set list. You can use this setting to select a subset
of your optimization points for an objective or constraint.

3 Select the check boxes for the full load points only. To select points, you can use the
check boxes or click points on the plot.
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) Select Application Point Set

Select an existing data set to use as an application point set or create s nev one from the optimization point

zet.

=101 ]

Data set: I{New subset=

=

Data set name: IPUintSet

SPEED BTQ
O 2200 947,
O 2200 532
O 2200 128
O 1600 1183
O 1600 775
v 2200 1283
[v 1600 1850

Mumber of points: 2

BT

2000

& Application Point Set
»  Optimization Point Set

15004

1000

500

----------------------------------------

D I L L I L
1600 1700 1800 1800 2000 2100 2200

SPEED

OK I Cancel | Help

4 View the plot displaying the application points where the constraint applies, and

click OK.

Add NOx Sum Constraints

To add the NOx sum constraints,

1

w

Right-click the Constraints pane, and select Add Constraint.

The Edit Constraint dialog box opens.
Select the Sum Constraint Constraint type.

Select the BSNOX model.

Enter 0.003 for the Constraint bound and press Enter. CAGE closes the dialog

box.

Ensure that the constraint description shows the weighted sum <= 0.003.
Right-click the BSNOX constraint, and select Duplicate.

The Edit Constraint dialog box opens.
Rename the constraint to BSNOX_DriveCyclel0, and click OK.



Create Multiregion Sum Optimization

8 To evaluate the constraint at different operating points than the points specified in
the optimization, right-click the constraint BSNOX_DriveCyclel0, and select Select
Application Point Set

The Select Application Point Set dialog box opens.
9 Select the DriveCyclelO data set. View the plot, and click OK.

Your sum optimization should contain the following constraints.

Constraints

Mame Description Application Point Set
h BSFC_Boundary Boundary constraint of BSFCIM...

E AFR AFR_LowerBound <= AFR(MAL ..

E PEAKPRESS PEAKPRESS(MAINSOI, FUELPR... | FullLoad(SPEED BTO)
E BSHNOX Weighted sum of BSNOX{MAIN...

E BENOX_DriveCycle10 | Weighted sum of BSNOX(MAIN... | DriveCycle10{SPEED BTQ;BSHNOX_DriveCycle10_weights)

Define Weights and Fixed Variables and Run Optimization

Next, review the Fixed Variables pane. To define new weights and fixed variables,
change the default values for BSFC_weights, AFR_LowerBound, MaxPressure,
BSNOX_weights and BSNOX_DriveCyclelO _weightsas described in the following
steps:

1 Increase the Number of values to 7 for AFR_LowerBound, MaxPressure,
BSNOX_weights and BSNOX_DriveCyclelO _weights.

2 Copy and paste the following values into the fixed variables columns.

BSFC_ SPEED BTQ AFR_ Max BSNOX_ BSNOX_

weights LowerBound Pressure weights DriveCycle10_
weights

0.15 2200.0 947.0 27.5 18 0.15 0.15

0.15 2200.0 632.0 30.0 18 0.15 0.15

0.15 2200.0 126.0 0.0 18 0.15 0.15

0.1 1600.0 1163.0 |20.0 18 0.1 0.1

0.1 1600.0 775.0 22.5 18 0.1 0.1
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BSFC_ SPEED BTQ AFR_ Max BSNOX_ BSNOX_

weights LowerBound Pressure weights DriveCycle10_
weights

0.15 2200.0 1263.0 |25.5 15 0.15 0.15

0.1 1600.0 1550.0 (20.0 18 0.1 0.1

5-26

Note: Weights in application point sets override weights in the Fixed Variables pane.
If an objective or constraint has an application point set, CAGE applies the weights
in the application point set if the name matches, for example “BSNOX_weights”.

3 Select Optimization > Run.

Inspect the optimization results before proceeding to the next task, “Use Optimization
Results.”
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Use Optimization Results

In this section...

“Introduction” on page 5-27
“Create Tables to Fill” on page 5-27
“Fill Tables from Optimization Results” on page 5-28

“Export Tables” on page 5-29

Introduction

This section takes you through the following steps:

1 Create tables to fill with your optimization results using the Create Tables from
Model wizard.

2  Fill the tables with your optimization results.
3  Export the tables to a calibration tool.

Create Tables to Fill

You can use the Create Tables from Model wizard to create a set of tables with the same
axes for all the inputs of a model, and the model response. You can add tables for any
other responses that share the same inputs. You can choose which of these tables to
create and select the values for the axes (or normalizers) that all tables share. You can
also add all the new tables to a tradeoff.

1 Select Tools > Create Tables From Model (or use the toolbar button).

The Create Tables From Model Wizard opens.
2 Select the BSFC model to base the new tables on.

If you are viewing an optimization or an optimization output node, then the wizard
automatically selects the model in the first objective. You can use this feature to
create tables for the selected optimization.

Click Next.

3 As you have point-by-point models, CAGE automatically selects the check box to Use
model operating points for the table normalizers. To edit the normalizers, clear
the check box.
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Enter 11 for the Table rows and Table columns, and click Next.

Select check boxes to specify which variables and responses to create tables for.
CAGE automatically selects your free variables and the objective response (BSFC).
You can add tables for other responses with the same the same inputs as the
primary model (and the same operating points for point-by-point models). Select the
check boxes to add AFR, BSNOX and MAINFUEL.

By default you also create a tradeoff containing all the new tables. The tradeoff
can be useful for specifying fill factors for tables and for investigating optimization
results. Leave the check box selected to Create a tradeoff containing all the
tables.

Click Finish to create the tables and tradeoff.

Fill Tables from Optimization Results

To fill the tables from your optimization results:

1

Select the output node of your multiregion sum optimization,
BSFC_Optimization_Output.

Select Solution > Fill Tables, or click the toolbar button.

The Table Filling wizard opens.

Shift+click to select all the tables in the list, and click the button to move them to
list of tables to fill. Click Next.
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4 .} Table Filling from Optimization Results Wizard -0l x|
Optimal Result Selection
Chooze the optimization results that you wish o fill each takle with
Fill ethod: [Extrapolate Fil [ ]
v Use acceptable zolutions only v Addto extrapolation mask v Update tradeoffz
Tables ta be filled: Optimization resutts:
CAGE Table Output Column |Tradeuff Optimization Results
Q MAINSOI Table | ©* MAINSOI i1 BSFC_Tradeoff U MAINSOI >
% FUELPRESS_.. | X FUELPRESS |G BSFC_Tradeoff X FUELPRESS
% vGTPOS_Tabke | X WGTPOS B BSFC_Tradenff X VGTPOS
% £GRPOS_Table | X EGRPOS B2 BSFC_Tradeoff X EGRPOS
b BSFC_Table ‘Q BSFC EE BSFC_Tradeoff X BSFC_weights
g AFR_Table |43 AFR B& BSFC_Tradeoff 1 | X BSNOX_DriveCyclel0_wsights
L BSNOX_Table |43 BSNOX BB BSFC_Tradeoff X SPEED
lage MANFUEL_Ta...[ 43 MANFUEL B BSFC_Tradenff x BTQ
X MaxPressure
44 BsFC
44 BSNOX
2% .o hd|
Cancel | < Back | Next = | Finizh |

Check that all tables match to the correct filling item, and clear the check box to
Update tradeoffs.

5 Click Finish to fill the tables.

6 View your optimization results in the Tables view.

Export Tables
To export your calibration data to file or to a calibration tool,
1 Select File > Export > Calibration > Selected Item or All Items.

The Export Calibration Data dialog opens.

2 Select the check boxes of the calibration items you want to export.

All tables and normalizers in the project are in the list of calibration items.

3 Select the format you want to export to:

« ATI Vision
« ATI Vision MAT file
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INCA DCM file
Simple CSV file
Simple MAT file
Simple MATLAB file

Click OK to export your selected items.
4 Ifyou selected ATl Vision, the ATI Vision Connection Manager dialog opens.

If you select a file format, a file browser appears. Choose a location and filename,
and click Save.

5-30



Composite Models and Modal
Optimizations

*  “Introducing Composite Models and Modal Optimization” on page 6-2
+ “Composite Model and Modal Optimization Projects” on page 6-3
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Introducing Composite Models and Modal Optimization

6-2

You can use composite models in CAGE to produce optimal calibrations for engines with
multiple operating modes.

See the next section for example projects you can use to learn about modal optimizations,
“Composite Model and Modal Optimization Projects” on page 6-3.

For more information, see:
+ “Creating and Viewing Composite Models in CAGE”

+ “Set Up Modal Optimizations”
+ “Analyzing Modal Optimization Results”
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Composite Model and Modal Optimization Projects

In this section...

“Gasoline Example with Four Cylinder and Eight Cylinder Modes” on page 6-3
“Diesel Example with Low and High EGR Modes” on page 6-3
“Composite Model Example with Separate Tables for Each Mode” on page 6-4

Gasoline Example with Four Cylinder and Eight Cylinder Modes

You can load these example projects found in matlab\toolbox\mbc\mbctraining, to
view completed examples of composite models, optimizations and filled tables:

+ GasolineComposite.mat

+ GasolineComposite.cag

The Gasol ineComposite.cag example shows optimizations created from composite
models imported from Gasol ineComposite.mat. The composite models combine
responses for two engine operating modes: 4—cylinder mode and 8—cylinder mode. In this
example, the modal optimization is a point optimization that selects the best mode for
maximizing torque at each operating point.

In this example, the sum optimization has been created from the results of the point
optimizations, using the selected best mode at each point. Table gradient constraints are
added for ICP and ECP to ensure smooth control and engine response.

For instructions showing examples from this project describing how to create and use
composite models and modal optimizations, see:

* “Creating and Viewing Composite Models in CAGE”

+ “Creating Modal Optimizations”

+ “Viewing and Selecting Modal Optimization Results”

+ “Creating Sum Optimizations from Modal Optimizations”

+  “Filling Tables for Operating Modes”

Diesel Example with Low and High EGR Modes

You can load these example projects found in matlab\toolbox\mbc\mbctraining, to
view completed examples of composite models, optimizations and filled tables:

6-3



6 Composite Models and Modal Optimizations

+ DieselComposite.mat
+ DieselComposite.cag

This diesel example shows the interaction of composite models and point-by-point
models. The DieselComposite.cag example shows optimizations created from a
composite model imported from DieselComposite.mat. The composite model combines
point-by-point response models for two engine operating modes: low and high exhaust
gas recirculation (EGR).

Operating points are repeated in different modes. When using modal optimization to
choose the best mode at an operating point, you need a single run for each operating
point, with the mode as a free variable. Use the Create Optimization from Model wizard
to remove repeated operating points as follows:

1  To specify an optimization run for each unique operating point, use the Data
Source option Unique operating points in the Create Optimization from Model
wizard. This option displays only for composite models created from point-by-point
models.

2 The wizard automatically selects the mode variable as a free variable when you use
the Create Optimization from Model wizard to create a modal optimization from a
composite model.

In this example, both modes use the same operating points except for one point. Select
Model > Properties to view which modes are available for each operating point. See
“Creating and Viewing Composite Models in CAGE”.

If you want to run a separate optimization for each mode, use the Model operating
points option in the Create Optimization from Model wizard. Then, delete the runs for
the modes you do not want.

Composite Model Example with Separate Tables for Each Mode

To see an example project where the strategy has separate tables for each mode, load
the example project CompositeWith2Tables. cag found in matlab\toolbox\mbc
\mbctraining.

In this example project there is a single table for each control variable which stores

the value for the best mode. Composite calibration problems of this kind often involve
separate optimizations (point and sum) with different free variables and constraints for
each mode.



Composite Model and Modal Optimization Projects

1 Each mode has a separate point optimization.

2 The results from each mode have been exported to the same data set, using the
append option.

3 To finish off the calibration the sum optimization provides results for a multimodal
drive cycle, using the selected mode at each point. The sum optimization was created
as follows:

+  Select the combined point results data set for the optimization points.
Import point constraints from the point optimizations.

+ Add table gradient constraints for ICP and ECP. Separate table gradient
constraints are required for different modes because the goal is to fill separate
tables for each mode.

Add an application point set to restrict table gradient constraints to mode 1
points only. Use the Interpolate by mode option.

Duplicate the table gradient constraints and create an application point set to
restrict them to mode 2 points only.

4 This example uses table-filling filter rules to fill tables using only the appropriate
mode. For details see “Filling Tables for Operating Modes”.






Design and Modeling Scripts

*  “Introduction to the Command-Line Interface” on page 7-2
+ “Automate Design and Modeling With Scripts” on page 7-3
* “Understanding Model Structure for Scripting” on page 7-6
* “How the Model Tree Relates to Command-Line Objects” on page 7-10



7 Design and Modeling Scripts

Introduction to the Command-Line Interface
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The Model-Based Calibration Toolbox product is a software tool for modelling and
calibrating powertrain systems. The command-line interface to the Model-Based
Calibration Toolbox product enables the design of experiments and modeling tools
available in the toolbox to be accessible from the test bed.

You can use these commands to assemble your specific engine calibration processes into
an easy to use script or graphical interface. Calibration technicians and engineers can
use the custom interface without the need for extensive training. This system enables:

Transfer of knowledge from the research and development engineers into the
production environment

Faster calibration
Improved calibration quality
Improved system understanding

Reduced development time

See Model-Based Calibration Toolbox Demos for command-line examples.
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Automate Design and Modeling With Scripts

In this section...

“Processes You Can Automate” on page 7-3

“Engine Modeling Scripts” on page 7-5

Processes You Can Automate

The following description illustrates an example engine modeling process you can
automate with the command-line Model-Based Calibration Toolbox product. You can
assemble the commands for these steps into an easy-to-use script or graphical interface.
This is a guideline for some of the steps you can use to model engine data.

Create or load a project — CreateProject; Load

2 Create a new test plan for the project using a template set up in the Model Browser
— CreateTestplan

3 Create designs that define data points to collect on the test bed — CreateDesign.
Work with classical, space-filling or optimal designs: CreateConstraint;
CreateCandidateSet; Generate; FixPoints; Augment.

4 Create or load a data object for the project and make it editable — CreateData;
BeginEdit

5 Load data from a file or the workspace — ImportFromFile;
ImportFromMBCDataStructure

You can instead specify the required data file when you call CreateData; you must
still call BeginEdit before you can then make changes to the data.

6 Work with the data:

+  Examine data values — Value

+  Modify the data to remove unwanted records — AddFilter; AddTestFilter
* Add user-defined variables to the data — AddVariable

+ Add new data — Append

*  Group your data for hierarchical modeling by applying rules —
DefineTestGroups; DefineNumberOfRecordsPerTest

+  Export your data to the workspace — ExportToMBCDataStructure
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10

11

Save your changes to the data, or discard them — CommitEdit; RollbackEdit

Designate which project data object to use for modeling in your test plan —
AttachData

Create and evaluate boundary models, either in a project or standalone. You can use
boundary models as design constraints. See “Boundary Model Scripting” on page
7-8.

Create models for the data; these can be one- or two-stage models and can include
datum models — CreateResponse

Work with your models:
+  Examine input data and response data — DoubleInputData;
DoubleResponseData

+  Examine predicted values at specified inputs — PredictedValue;
PredictedValueForTest

Examine Predicted Error Variance (PEV) at specified inputs — PEV; PEVForTest

+  Examine and remove outliers — OutlierIndices; OutlierIndicesForTest;
RemoveOutliers; RemoveOutliersForTest; RestoreData

+  Create a selection of alternative models — CreateAlternativeModels

*  Choose the best model by using the diagnostic statistics —-
AlternativeModelStatistics; DiagnosticStatistics; SummaryStatistics

Extract a model object from any response object (Model Object), then:

* Fit to new data (Fit)

+ Create a copy of the model, change model type, properties and fit algorithm
settings (CreateModel; ModelSetup; Type (for models); Properties (for models);
CreateAlgorithm)

* Include and exclude terms to improve the model (StepwiseRegression)

+  Examine regression matrices and coefficient values (Jacobian;
ParameterStatistics)

+ If you change the model you need to use UpdateResponse to replace the new
model back into the response in the project.

For two-stage test plans, once you are satisfied with the fit of the local and response
feature models (and have selected best models from any alternatives you created), you
can calculate the two-stage model — MakeHierarchicalResponse.

Now you can also examine the predicted values and PEV of the two-stage model.
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* You can export any of these models to MATLAB or Simulink software — Export

This overview is not an exhaustive list of the commands available. For more information
on all available functions, see “Automation Scripting”.

Engine Modeling Scripts

See Model-Based Calibration Toolbox Examples for a selection of command-line script
examples. Run the scripts to learn about:

+ Loading and Modifying Data

* Designing experiments and constraining designs

Gasoline engine modeling script to automatically generate a project for the gasoline
case study, including:

Grouping and filtering data
*  Boundary modeling
* Response modeling

Removing outliers and copying outlier selections
+ Creating alternative models and selecting the best based on statistical results
Point-by-point diesel engine modeling to automatically generate a project for the
diesel case study, including:

Defining engine operating points
* Creating designs for each operating point
+ Augmenting designs to collect more data

Building a point-by-point boundary model

* Create response models using the local multiple model type
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Understanding Model Structure for Scripting
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In this section...

“Projects and Test Plans for Model Scripting” on page 7-6
“Response Model Scripting” on page 7-6
“Boundary Model Scripting” on page 7-8

Projects and Test Plans for Model Scripting

To use the Model Browser in the Model-Based Calibration Toolbox product, you must
understand the structure and functions of the model tree to navigate the views. To
use the command-line version of the toolbox, you must understand the same structure
and functions, that is, how projects, test plans, and models fit together. The following
sections describe the relationship between the different models that you can construct.
The diagrams in the following section, “How the Model Tree Relates to Command-Line
Objects” on page 7-10, illustrate these relationships.

*  Projects can have one or more test plans.

*  Projects can have one or more data objects.

* Test plans have no more than one data object.

+ Test plans have response objects.

If a one-stage test plan, these are simply known as responses.
If two-stage test plan, these are hierarchical responses.

* Test plans have boundary tree objects.

Response Model Scripting
A response is a model fitted to some data. These are the types of responses:
* Hierarchical Response (Level 0)

A hierarchical response (also known as a two-stage response) models a
ResponseSignalName using a local response and one or more response features.

A hierarchical response has one or more different local responses (accessible via
the property LocalResponses) that provide different possible models of the
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ResponseSignhalName. One of these must be chosen as the best, and that will then
be the local response used subsequently. The response features of each of the local
responses are available directly from those local response objects.

* Local Response (Level 1)

The local response consists of models of the ResponseSignalName as a
function of the local input factors. The local input factors are accessible via the
InputSignalNames property.

A local response has one or more response features (accessible via the property
ResponseFeatures) containing the models fitted to those response features of the
local model.

* Response (Level 1 or 2)

+  For two-stage test plans, response objects model the response features of local
responses (ResponseSignalName corresponds to the name of the response
feature). In this case, the response has a level value of 2.

* For one-stage test plans, response objects simply model the
ResponseSignalName as a function of the input factors. In this case, the response
will have a level value of 1.

All responses can have zero or more alternative responses (accessible via the

property AlternativeResponses) that provide different possible models of the
ResponseSignalName. These all retain the same level as the response for which they
are an alternative. One of these must be chosen as the best and that will then be the
response used subsequently.

See the illustrations in the following section, “How the Model Tree Relates to Command-
Line Objects” on page 7-10, for examples of different responses and how they relate to
each other.

Note that each response contains a model object (nbcmodel _.model) that can be
extracted and manipulated independently of the project. You can change the model type
and settings, fit to new data, examine coefficients, regression matrices and predicted
values, and use stepwise functions to include or remove terms. You can change model
type, properties and fit algorithm settings. To learn about what you do with a model
object, see Model Object. If you change the model, you must use UpdateResponse

to replace the new model type in the response object in the project. When you use
UpdateResponse the new model is fitted to the response data. See UpdateResponse.
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To learn about all the available functions for constructing and working with models, see
“Modeling”.

Boundary Model Scripting

You can create and evaluate boundary models either in a project or standalone. You can
combine boundary models in the same way as when using the Boundary Editor GUIL. You
can use boundary models as design constraints.

In a project, the test plan has a Boundary property that can contain an
mbcboundary.Tree object.

BoundaryTree = mbcmodel .testplan._Boundary

The BoundaryTree is a container for all the boundary models you create. The tree
1s empty until you create boundaries, and if you change the testplan data the toolbox
deletes the boundaries.

You can fit boundary models in mbcmodel projects using the boundary tree class
mbcboundary.Tree, or you can fit boundary models directly to data.

To create a boundary model outside of a project, you can either:
*  Use the CreateBoundary package function:

B = mbcboundary.CreateBoundary(Type, Inputs)
+  Use the Fit method to create and fit a boundary to some data X:

B = mbcboundary.Fit(X,Type)

To create a boundary model within a project, use the CreateBoundary method of the
boundary tree:

B = CreateBoundary(Tree,Type)

This creates a new boundary model, B, from the mbcboundary.Tree object, Tree. The
test plan inputs are used to define the boundary model inputs. The new boundary model
is not added to the tree, you must call Add.

To create a new boundary model from an existing boundary model, you can use the
CreateBoundary method of all boundary model types:

B = CreateBoundary(B,Type)



Understanding Model Structure for Scripting

You can combine boundary models by using the InBest property of the boundary tree.
This corresponds to combining boundary models in best in the Boundary Editor GUI, as
described in “Combining Best Boundary Models” in the Model Browser documentation.
You can also combine boundary models with logical operators, for use as design
constraints or outside projects.

You can change the Activelnputs, Evaluate, and use as a designconstraint.

For a complete list of boundary model classes, methods and properties, see “Boundary
Models”.
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How the Model Tree Relates to Command-Line Objects
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The tree in the Model Browser displays the hierarchical structure of models. This
structure must be understood to use the command-line interface. The following examples
illustrate the relationship between projects, test plans and responses in one-stage and
two-stage models.

The following is an example of a two-stage model tree.

1. Project > @ Holiday
BE Two-Stage
=] /% tq
7 o/l Ps22
knot
4. Local Response ————— % max

2. Test Plan ————

3. Hierarchical Response —

Bhigh_2
5. Responses ——— é Blow_2

The elements of the tree correspond to the following objects in the command-line
interface:

Project

Test Plan

Hierarchical Response

Local Response

O A WON —

Responses

The following example illustrates a project containing a one-stage test plan; in the
command-line interface this corresponds to a project, one-stage test plan, and a response
model.
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Project ——mnow

One-stage
test plan

Haolliday1
=1 One-Stage

A ta

Response

Hierarchical responses can have multiple local responses, as shown in the

following example from the Model Browser. In the command-line interface these

are accessible via the property LocalResponses for a hierarchical response object
(mbcmodel .hierarchicalresponse). In this example, the local responses are PS22,
PS32, and POLY2.

Only one of these local responses can be chosen as best (in this example, PS22, indicated
by the blue icon) and used to construct the hierarchical response, together with the
associated response features of the local response. Each local response object has a set of
responses, accessible by the property ResponseFeatures(Local Response).
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Test plan ——— 5. 7 Two-Stage

Hierarchical —— =-/& tg
response S

% PS22
/@ knot

@ Blow_2 |

_5/‘“ PS32

/@ knot

Local responses

: @® Blow_3 |
=/ POLY2

D1_0

/o

D20

Bhigh 2 |

Bhigh_2
; Blow_2

g o |

Responses

Responses can have zero or more alternative responses, as shown in the following model
tree. You call the method CreateAlternativeModels on the command line to do the same.



How the Model Tree Relates to Command-Line Objects

Project —

HolidayMLE
Test plan & ¥

P T o TwoStage
Hierarchical /% tq
response PS2

e
~

Local responses

/@ knot

—

@ Quadratic

max
Bhigh_2
Blow_2
Blow_3
FX_0

Responses

Alternative
responses
for knot

In this example, the alternative responses for the knot response are accessible via the
property AlternativeResponses. You can create alternative responses for any response
(including all one-stage responses).

You can use model templates to try alternative model types for several responses. The
following example shows the results of using a model template for four alternative
responses (Linear-RBF, RBF-multiquadric, Cubic, and Quadratic). The model
template has been used to create alternative responses for the responses knot and
max. You can call the method CreateAlternativeModels to do this in the command-line

interface.
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Local response — - /@
@ knot

/@ Linear-REF

; Cubic
@ Quadratic

= /3 max
N - {@ LinearRBF

A

Cubic

RBF-multiquadrid

RBF-multiquadric|

Alternative
responses
for knot

Alternative
responses

o

Quadratic

Responses

One of the alternative responses must be chosen as best for each response (call the
method ChooseAsBest). In this example, when Linear-RBF is chosen as best from the

for max

alternatives for the knot response, then it is copied to knot.
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* “Multi-Injection Diesel Calibration Workflow” on page 8-2
* “Design of Experiment” on page 8-22

+  “Statistical Modeling” on page 8-35

+ “Optimization” on page 8-42
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Multi-Injection Diesel Calibration Workflow
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In this section...

“Multi-Injection Diesel Problem Definition” on page 8-2
“Engine Calibration Workflow” on page 8-7
“Air-System Survey Testing” on page 8-8
“Multi-Injection Testing” on page 8-9

“Data Collection and Physical Modeling” on page 8-10
“Statistical Modeling” on page 8-11

“Optimization Using Statistical Models” on page 8-12
“Case Study Example Files” on page 8-20

Multi-Injection Diesel Problem Definition

This case study shows how to systematically develop a set of optimal steady-state engine
calibration tables using Model-Based Calibration Toolbox.

The engine to be calibrated is a 3.1L multi-injection combustion ignition engine
with common rail, variable-geometry turbocharger (VGT), and cooled exhaust gas
recirculation (EGR).

The aim of the calibration is to minimize brake-specific fuel consumption (BSFC) at
specific speed/load operating points across the engine’s operating range, and meet these
constraints:

+ Limit total NOx emissions.

*  Limit maximum turbocharger speed.

* Limit calibration table gradients for smoothness.
The analysis must produce optimal calibration tables in speed and torque for:

* Best main start of injection timing

+ Best total injected fuel mass per cylinder per cycle

* Best pilot injection timing relative to main timing

*  Best pilot injection fuel mass fraction of total injection mass

* Best exhaust gas recirculation (EGR) position
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+  Best variable geometry turbocharger (VGT) vane position

+ Best fuel rail pressure relative to nominal pressure vs. engine speed

These sections explain the objectives of selecting best values for these calibration tables
and the effects of these control variables on the engine:
+ “Select Main Injection Timing for Efficiency” on page 8-3
+ “Select Pilot Injection Timing to Control Noise” on page 8-4
+ “Select Main Fuel Mass for Efficiency and Emissions” on page 8-5
+  “Select Fuel Pressure for Efficiency and Emissions” on page 8-5
+ “Select the Turbocharger Position to Control Air-Charge and EGR” on page 8-6
+ “Select the EGR Valve Position to Control Air-Charge and Emissions” on page
8-7

Select Main Injection Timing for Efficiency

You select the injection timing of the main fuel injection to maximize engine efficiency.
You aim to make peak cylinder pressure occur slightly after piston top center. You inject
fuel just before top-center compression, as shown.
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Then you can achieve peak combustion pressure just after top-center expansion.

You also need to adjust injection timing according to speed and other conditions.

* You need to advance (move earlier before piston top center) the start of injection
timing with increasing speed and dilution (exhaust gas recirculation or EGR).

* You need to retard the start of injection timing with increased fresh air intake (load).

Select Pilot Injection Timing to Control Noise

You select the timing of the pilot fuel injection to start combustion early before the larger
main fuel injection. The pilot fuel injection occurs well before top-center compression and
before the main injection.
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You can use pilot fuel injection to control combustion noise, because it affects the
variability in cylinder pressure.

In this example, pilot fuel injection timing is defined as a crank-angle delta offset before
the main injection, and is therefore a relative quantity.

Select Main Fuel Mass for Efficiency and Emissions

The air-fuel ratio (AFR) affects engine efficiency and emissions. A rich AFR causes high
engine-out particulates and low engine-out NOx. You control AFR by changing the main
fuel mass for optimal balance between power and emissions.

The AFR of the combustion mixture is determined by the main fuel injection mass for
a given amount of fresh air. The amount of air results mainly from EGR valve position,
VGT position, intake throttle position, and speed.

Select Fuel Pressure for Efficiency and Emissions

You can use fuel pressure to control fuel droplet size. Reduced fuel droplet size in the
combustion chamber reduces particulates, releases more energy from the fuel, and
achieves more stable combustion. High fuel pressure decreases fuel droplet size to
improve efficiency and emissions.
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At low loads, you can use lower fuel pressure to decrease fuel pump power losses without
much effect on emissions and power efficiency.

In this example, fuel pressure is controlled relative to an engine-speed-dependent base
level via a fuel pressure delta, and is therefore a relative quantity.

Select the Turbocharger Position to Control Air-Charge and EGR

You can use the variable-geometry turbocharger (VGT) position to balance fresh air and
exhaust gas recirculation for optimal NOx control at a given power level.

You can change VGT vane position to increase cylinder fresh air due to the turbocharger
speed increase. With the vanes closed, the turbocharger moves faster (high VGT speed)
and sends a higher load (or boost) of air into the engine. Closing the vanes also increases
exhaust gas recirculation (EGR) due to increased backpressure from the closed vanes.

With the vanes open, VGT speed is low and passes through low load (or boost) to the

engine.
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Select the EGR Valve Position to Control Air-Charge and Emissions

You can use the EGR valve position to control the flow of burned exhaust gases back to
the intake manifold.

Reburning exhaust gases decreases in-cylinder temperature, resulting in a significant
decrease in NOx emissions.

If you select too much EGR for a given amount of injected fuel, then the air-fuel ratio will
be rich, causing increased soot emissions. Therefore, you must balance these competing
objectives.

In engines, timing is everything. Using the EGR valve and all the other control variables,
controlling the engine's air flow is the key to optimizing fuel economy, reducing
emissions, and increasing power density.

Engine Calibration Workflow

The following graphic illustrates the workflow for the model-based calibration process.
The workflow can use a combination of tools: Model-Based Calibration Toolbox,
Simulink, Stateflow, third-party high-fidelity simulation tools, and Hardware-in-the-
Loop testing for fine tuning calibrations on ECUs.
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Vi I Eng ine Dynamomaher DOE Test |

“"T

MBC Toolbox  Simulink/Stateflow

Design of Experiments Automated Virtual Engine Mapping High Fidelity Engine Model

MBC T00|b0)( MBC TOOlbOX ECU Calibrations
Model Fitting Calibration Generation -

Air-System Survey Testing

The first step to solve this calibration problem is to determine the boundaries of the
feasible air-system settings. To do this, you create an experimental design and collect

data to determine air-system setting boundaries that allow positive brake torque
production in a feasible AFR range.
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EGR Pos

VGT Pos

> Torque

Speed

AFR

These simplifications were used to conduct the initial study:

+ Pilot injection is inactive.
*  Main timing is fixed.
*  Nominal fuel pressure vs RPM.

*  Main fuel mass is moved to match the AFR target.

Fit a boundary model to these design points.

Multi-Injection Testing

After the air-system survey, you have established the boundaries of positive brake torque
air-system settings. Now, you can create an experimental design and collect data to
gather fuel injection effects within those boundaries. You can then use this data to create
response models for all the responses you need to create an optimal calibration for this
engine.
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Data Collection and Physical Modeling
The toolbox provides the data for you to explore this calibration example.

MathWorks collected the data using simulation tools. Control and simulation models
were constructed using Simulink and Stateflow. Constrained experimental designs were
constructed using Model-Based Calibration Toolbox. The points specified in the design
were measured using the GT-Power engine simulation tool from Gamma Technologies
(see http://www.gtisoft.com).

To collect the data, Simulink and Stateflow controlled the torque output of the GT-Power
engine model to the desired Design of Experiments points using total fuel mass. This
graphic shows the virtual dynamometer test model.


http://www.gtisoft.com
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Statistical Modeling

After designing the experiments and collecting the data, you can fit statistical models
to the data. You can use the toolbox to generate accurate, fast-running models from the
measured engine data.

The following graphic shows the models to define in the toolbox to solve this calibration
problem. The graphic shows how the model inputs and output relate to the optimal
tables, optimization operating points, objectives and constraints you need to perform the
optimization and create the calibration.
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1/0 of Multi-Inject 3.1L Common Rail Engine Model with
Variable Geometry Turbocharger and Cooled EGR
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Optimal Tables T T
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Goal: Minimize BSFC subject to NOx, turbocharger speed, and
user-specified table gradient constraints

Optimization Using Statistical Models

After creating statistical models to fit the data, you can use them in optimizations. You
can use the accurate statistical engine model to replace the high-fidelity simulation and
run much faster, enabling optimizations to generate calibrations.

1 Run an optimization to choose whether to use Pilot Injection at each operating point.

2 Optimize fuel consumption over the drive cycle, while meeting these constraints:

*  Constrain total NOx
+  Constrain turbocharger speed
Constrain smoothness of tables

3  Fill lookup tables for all control inputs.

The following plots show a preview of the calibration results.
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Pilot Mode Table

This graphic shows the plot of the table to select the active or inactive pilot mode
depending on the speed and commanded torque

You need to fill calibration tables for each control variable described in “Multi-Injection
Diesel Problem Definition” on page 8-2, in both pilot modes, active and inactive.

Following are all the pilot active tables.
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SPEED

Main Start of Injection (SOI) Timing Table
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200 80D

TQCMD

Total Injected Fuel Mass Table
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200 BOD

TQCMD

Fuel Pressure Delta Table
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20 80O

TQCMD

Exhaust Gas Recirculation (EGR) Valve Position Table
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Variable-Geometry Turbo (VGT) Position Table
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200 8OO

TQCMD

Pilot Injection Timing (Pilot SOI Delta) Table
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Pilot Fuel Mass Fraction Table

Case Study Example Files

The following sections guide you through opening example files to view each stage of the
model-based calibration process. You can examine:

1  Designs, constraints, boundary model, and collected data, in topic “Design of
Experiment” on page 8-22.
2 Finished statistical models, in topic “Statistical Modeling” on page 8-35.

i

3 Optimization setup and results, and filled calibration tables, in topic “Optimization’
on page 8-42.

Use these example files to understand how to set up systematic calibrations for similar
problems. For next steps, see “Design of Experiment” on page 8-22.
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Multi-Injection Diesel Calibration Workflow

If you need more help on any stage of calibration, see the tutorials in “Getting Started
with Model-Based Calibration Toolbox” for step-by-step examples.

Tip: Learn how MathWorks Consulting helps customers develop engine calibrations that
optimally balance engine performance, fuel economy, and emissions requirements: see
Optimal Engine Calibration.
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Design of Experiment

In this section...

“Benefits of Design of Experiment” on page 8-22

“Air-System Survey Testing” on page 8-22

“Create Designs and Collect Data” on page 8-23

“Fit a Boundary Model to Air Survey Data” on page 8-29

“Use the Air Survey and Boundary Model to Create the Final Design” on page 8-32
“Multi-Injection Testing” on page 8-34

Benefits of Design of Experiment

You use design of experiment to efficiently collect engine data. Testing time (on a dyno
cell, or as in this case, using high-fidelity simulation) is expensive, and the savings in
time and money can be considerable when a careful experimental design takes only
the most useful data. Dramatically reducing test time is increasingly important as the
number of controllable variables in more complex engines is growing. With increasing
engine complexity, the test time increases exponentially.

Air-System Survey Testing

The first stage to solve this calibration problem is to determine the boundaries of the
feasible air-system settings. To do this, create an experimental design and collect data to
determine air-system setting boundaries that allow positive brake torque production in a
feasible AFR range.
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> Torque

These simplifications were used to conduct the initial study:

* Pilot injection is inactive.
*  Main timing is fixed.
*  Nominal fuel pressure vs RPM.

*  Main fuel mass is moved to match the AFR target.

The design process follows these steps:

1 Set up variable information for the experiment, to define the ranges and names of
the variables in the design space.

Choose an initial model.

Create a base design that contains the correct constraints.

Create child designs using varying numbers of points and/or methods of construction.

O WODN

Choose the design to run based on the statistics and how many points you can afford
to run.

Create Designs and Collect Data

You can use a space-filling design to maximize coverage of the factors' ranges as quickly
as possible, to understand the operating envelope.

To create a design, you need to first specify the model inputs. Open the example file to
see how to define your test plan.
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1 In MATLAB, on the Apps tab, in the Math, Statistics and Optimization group,
click MBC Model Fitting.

2 Select File > Open Project and browse to the example file
CI_Multilnject_AirSurvey.mat, found in matlab\toolbox\mbc
\mbctraining.

3 The Model Browser displays the top project mode in the All Models tree,
Cl_Multiinject AirSurvey.

4 To see how to define your test plan, click Design Experiment. In the new test plan
dialog box, observe the inputs pane, where you can change the number of model

inputs and specify the input symbols, signals and ranges. This example project
already has inputs defined, so click Cancel.

5 Click the first test plan node in the All Models tree, AirSurveyDoE. The test plan
view appears.

Model
Input= Responses
1 Guadratic 1
EGRPOS [-]
WETPOS [-]
AFRCMWD [-]
SPEED [-]

6 Observe the inputs listed on the test plan diagram. Double-click the Inputs block to
view the ranges and names (symbols) for variables in the Input Factor Set Up dialog
box.
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-

B input Factor Set Up E=nE=E =
Mumber of factors: 4=
Symbol Min Max Transform Signal
EGRPOS 0 =] Mone -
VGETPOS 0 1 Mone -
AFRCND 15 100 MNone -
SPEED 400 4000 Mone -
’ OK H Cancel || Help |

Close the dialog box.
7 After setting up inputs, you can create designs. In the Common Tasks pane, click

Design experiment.

The Design Editor opens. Here, you can see how these designs are built:

+ The final Air Survey design is a ~280 point Sobol Sequence design to span the
engine operating space. The Sobol Sequence algorithm generated the space-
filling design points. The final design is called AirSurveyMergedDoE because it
contains two merged designs, one with a constraint and one unconstrained:

+ A 232-point design for overall engine operating range called
AirSurveySpaceFill
* A 50-point design low speed/load for an idle region called AirSurveyldle

8 Select the AirSurveySpaceFill design in the Designs tree, and select View >
Current View > 2D Design Projection.
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B
"4 Design Editor - [AirSurveyDoE]

File Edit Wiew Design Toels Window Help
By A
|Bx [ E@Ex NG e v P
Design Tree | EIETES
% Designs
2] AirsurveySpaceFil 1
— " & 8 " ' ®
[ sirSurveyidie ﬁ‘ ®e - : S e, —.I
EIE; AirSurveyMergedDoE 09 oy o.* “ o’ ‘. L .
- airSurveyMergedDc « " o he™ . .. . a? o
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0ar "® 8 o «? ®ee o0 9
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Number of Poi... (232 LI R e 'oe
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Mumber of Co... |2 = o 1 3 q 4 5
Last Changed |23-Aug-... EGRPOS
Model CQuadratic
Discrepancy (0530710 | _ X-axis factor: EGRPOS v f-axis factor:
|Ftea1:h.r

L

9 Select Edit > Constraints to see how the constraints are set up.
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-
@ Constraints Manager ==

AFRCMD(SPEED) <= AFRCMDmax ~ +

AFRCMD(SPEED) == AFRCKDmin

-

—

o< | [ cancel | [ e

L A

10 In the Constraints Manager dialog box, select a constraint and click Edit. Observe
that you can define areas to exclude by dragging points or typing in the edit boxes.

' ™y
E' Edit Constraint E@M

1D Table constraints are used for constraining the —
Constraint type: | 1D Table - walue of the Y-factor at specific values of the X-factor. ﬁ

¥ factor: SPEED ~ | MNumber of breakpeints: 3|Z|Y [ Span Factor Range ] | Import Table... |
Y factor: |AFRC.. = | Constraint inequality: == -

SPEED AFRCMD
400 100 E
1500 100]
4000 15| a b
=
5 [*]
:
ok ][ cancel [[ Hep ]
A oy
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8-28

Click Cancel to close the Edit Constraint dialog box and leave the constraint
unchanged. Close the Constraints Manager dialog box.

11 Observe the Properties of the selected AirSurveySpaceFill design under the
tree, listing 2 constraints, 232 points, and a Design Style of Sobol Sequence.

12 You can see how to construct a design like this by selecting Design > Space Filling
> Design Browser, or click the space-filling design toolbar button.

a -+ A dialog box asks what you want to do with the existing design points. Click
OK to replace the points with a new design.

+ In the Space-Filling Design Browser, click Generate several times to try
different space-filling points. You can specify the Number of points, and
view previews of design points. Observe the default design type is Sobol

Sequence.
g
4| Space-Filling Design Browser =NREN X
Design type: |Sobol Sequence x|
Number of points: 230 : Constraints present Preview
Options Autumaticalh{ update preview
Sequence size: 400 20 | 3p|ap
@) Mo skip
() Skip initial 2k points 1
() Custom skip: 0=
08
Apply Matousek Affine Owen scramble
w
Range of values: E 0.6
Input Factor Min Max 5
EGRPOS oF% (% = a6
VGTPOS (= 12
AFRCHMD 15E8 10015
SPEED 4005 400005 02 e .$ Teo, @
2 - b %o % % %00, 0
0 1 2 3 4 &
EGRPOS
X-axie factor:|EG... v. -axig factor: |V, v.
’ OK ] ’ Cancel ] ’ Help ]
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+  Click Cancel to close the Space-Filling Design Browser and leave the design
unchanged.

13 Click the AirSurveyldle design to observe it is also a Sobol Sequence design,
containing 50 points and no constraints.

14 Click the AirSurveyMergedDoE design to observe it is of type Custom, and contains
282 points and 2 constraints. This design is formed by merging the previous 2
designs. You can find Merge Designs in the File menu.

15 Click AirSurveyMergedDoE_RoundedSorted, the child design of
AirSurveyMergedDoE. This design contains the same points but rounded and
sorted, using Edit > Sort Points and Edit > Round Factor. This is the final
design used to collect data.

16 Close the Design Editor.

The final air survey design was used to collect data from the GT-Power model with

the Simulink and Simscape test harness. The example Model Browser project file
Cl_Multilnject_AirSurvey.mat contains this data, imported to the Model
Browser after the air survey. You can also view the data in spreadsheet form in the file
Cl_AirSurvey Data.xlsx in the mbctraining folder.

Fit a Boundary Model to Air Survey Data

You need to fit a boundary model to the data collected at the air survey design
points. The test data from the air survey was used to create a boundary
model of the engine operating range. The example Model Browser project file
CIl_Multilnject AirSurvey.mat contains this boundary model.

1 In the Model Browser, click the second test plan node in the All Models tree,
AirSurveyBoundary.

Compare with the AirSurveyDoE test plan view. For the boundary modeling test
plan,

Observe an imported data set listed under the Common Tasks pane. The second
test plan has imported the air survey data in order to fit a boundary model to the
data.

*  Observe the Inputs are different in the test plan diagram. Instead of the AFRCMD
input in the DoE test plan, there is a SPEED input for boundary modeling.
AFRCMD was used to constrain the design points to collect the air survey data.
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To model the boundary before creating the final design, you now need the SPEED
input instead.

All Models f* Test Plan: AirSurveyBoundary
Cl_Muttinject_AirSurveY | Common Tasks Humber of stages: 1=
ET" AirsurveyDoE _
/A ey Design experiment Current selection : Build new response moedel
Fit models
e
@ Model
Inputs Responses
o =]
Dataset: AirSurveyBoundary : Airg
Stages : 1
Recore 196 i i EUTIEE i
E 4 EGRPOS [mm]
T 156 / VGTPOS [ratio] B &
SPEED [rev/min]
Validation Data: <None> TQ [Nm]

Design: <None>

Boundary Model:
Convex hull(SPEED,TQ)
Convex hul(EGRPOS VGTPOS)
Convex hull(VGTPOS,TQ)
Convex hul{(EGRPOS,SPEED)
Hotes:

2 In the Model Browser, select TestPlan > Fit Boundary to open the Boundary
Editor.

3 Examine the boundary model by selecting View > Current View > Pairwise
Projections. The plots show the shape across the inputs.
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#

n Boundary Editor

File Edit View Window Help

[o]l e ]

|@[% %X |6 & =H®ES| Nal?

Boundary Tree
One-Stage TestP!
€3 Convex hull{SF

-f% Convex hull{EC
% Convex hull?vt

4 | 3

Properties - Dne—Sta..I

Number ... [0 -
Number ... [0
Best Bou...

m

Convex...[Conv...
Convex...[Conv...
Convex...[Conv...

Convex  [Cnnwv

Test Selector

Response

(@ Local

1=

Select Test...

Ready

Pairwise Projections

8|t

0.4

08

WETPOS

0.4

0.z

3000

2500

2000

SPEED
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1000
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Use the Air Survey and Boundary Model to Create the Final Design

The initial air survey design and test data provide information about the engine
operating envelope, where the feasible AFR range can produce positive brake torque.
The resulting data lets you create a boundary model. You can use the boundary model
to create the final design avoiding infeasible points, and in later steps to guide modeling
and constrain optimizations.

Using the boundary model as a constraint, you can generate the final design to collect
detailed data about fuel injection effects within those boundaries. You can then use
this data to create response models for all the responses you need in order to create an
optimal calibration for this engine.

The final Point-by-Point Multi-Injection design (around 7000 points) was generated using
a MATLAB script together with the Air Survey boundary model.

1  Open the example files CI_PointbyPointDoE.m and
createClPointbyPointDoEs.min the mbctraining folder to see the script
commands that build the final design.

The script keeps only points that lie within the boundary model, and continues
generating design points until it reaches the desired number of points. The Sobol
space-filling design type keeps filling in spaces for good coverage of the design space.

After generating design points for each test, the script creates a Model Browser
project with a point-by-point test plan, and attaches the point-by-point designs to the
test plan.

2 Open the project CI_Multilnject PointbyPoint.mat to view the project created
by the script.

3 Select the second test plan node in the tree, and then click the Test Plan tab. In the
test plan diagram, right-click the Operating Point Selector block, and select Design
Experiment to view the designs created by the script.
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) Cperating Point Selectar

Set Up Model...
Design Experiment
View Design Data
View Model

Summary Statistics

4  In the Design Editor, select Mode Points in the Design tree, and view the 2D
Design Projection.

5 In the Design tree, select Actual Design. Observe that the boundary model
constraint removed points in the corners, so that the actual design points collect data
only in the feasible region determined by the initial air survey.

6 Return to the Model Browser test plan, right-click the Local Model block, and select
Design Experiment.

Local Model

Multiple Models

Set Up Model...
Design Experiment
View Design Data
View Model
7 Click test numbers to view the local design points at each operating point. At each

test, the values of SPEED and TQ are fixed and the space-filling design selects points
across the space of the local inputs.
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Multi-Injection Testing

The final design was used to collect data for the following inputs and responses.

——p Total Fuel Mass/Inj
» Peak Pressure
p— Exhaust AFR

Main SOl —

Pilot SOl Delta —»

Pilot Fuel Mass Fraction —»||(*
Fuel Pressure Delta —»!
EGR Position —»

VGT Position —»

— Engine Out NOX
—————p VG T Speed

* |—p |ntake MAP

—p Exhaust MAP
—p COMP Pressure Ratio
» BSFC

—p AIRFLOW

——p COMP Out Pressure

» COMP Speed
= EGRFLOW
> Exhaust Temp
> Fuel Pressure

t

RPM Commanded Brake Torque

The toolbox provides the data files for you to explore this calibration

example. You can view the data in spreadsheet form in the file

Cl_Multilnject PointByPoint Data.xls, and the data is imported to the Model
Browser project file CI_Multilnject PointbyPoint.mat.

For details on how the data was collected, see “Data Collection and Physical Modeling” on

page 8-10.

For next steps, see “Statistical Modeling” on page 8-35.

Tip: Learn how MathWorks Consulting helps customers develop engine calibrations that
optimally balance engine performance, fuel economy, and emissions requirements: see

Optimal Engine Calibration.
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Statistical Modeling

Statistical Modeling

In this section...
“Examine the Test Plans for Point-by-Point Models” on page 8-35

“Examine Response Models” on page 8-40

Examine the Test Plans for Point-by-Point Models

After designing the experiments and collecting the data, you can fit statistical models
to the data. You can use the toolbox to generate accurate, fast-running models from the
measured engine data.

The following graphic shows the models to define in the toolbox to solve this calibration
problem. The graphic shows how the model inputs and output relate to the optimal
tables, optimization operating points, objectives and constraints you need to perform the
optimization and create the calibration.

1/0 of Multi-Inject 3.1L Common Rail Engine Model with
Variable Geometry Turbocharger and Cooled EGR

( Main SOl — ' » ModeHBased Calbration Toobox | ——> BSFC } Objective
Pilot SOI Delta—| . * e
Pilot Fuel Mass — | ¥ — NOXx
Fuel Pressure —» | — Turbo Spegd Constraints
EGR Position —» — Table Gradients
VGT Position ety — Total Fuel Mass}’
Optimal Tables | 1‘ T Auxiliry Table
Opead { RPM & Torque

Goal: Minimize BSFC subject to NOx, turbocharger speed, and
user-specified table gradient constraints
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The toolbox provides the data for you to explore this calibration example. For details on
how the data was collected, see “Data Collection and Physical Modeling” on page 8-10.

Examine the model setup.

1 In MATLAB, on the Apps tab, in the Math, Statistics and Optimization group,
click MBC Model Fitting.

2 In the Model Browser home page, in the Case Studies list, select Multi-injection
diesel tested with pilot injection on and off. Alternatively, select File > Open
Project and browse to the example file CI_Multilnject_PointbyPoint._mat,
found in matlab\toolbox\mbc\mbctraining.

3 The Model Browser remembers views, so change to the test plan view if necessary,
by clicking the PilotInactivePointbyPoint test plan node in the All Models
tree.

The Response Models tab shows the cross-section view of the responses. Here you
can assess high-level model trends.
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Test Plan  Response Models
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4 Select the Test Plan tab.
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Local Local Model
Inputs Responses

o O
1 » Point-by-Point » 1
MAINSOI [DegATDC] 8 >

FUELPRESSDELTA [MPA]
EGRPOS [mm]
VGTPOS [ratio]

BSFC [g/KWh]*
MOXFLOW [g/s]*
EXHTEMP [C]*
WGETSPEED [rewmin]”
Global PEAKPRESS [MPA]
Inputs AFR [ratio]”

TOTALFUELMASS [mafin]®
2 ¥ perating Point Sele
SPEED [revw/min]

TQCMD (TQ) [Nm]

Observe the inputs and response model outputs listed on the test plan diagram.
This is a Point-by-Point test plan. The Global Inputs SPEED and TQCMD select the
operating points for each model.

Double-click the Inputs blocks to view the ranges and names (symbols) for variables
on the Input Factor Set Up dialog box.

Double-click the Local Model block to view that the Point-by-Point Model Setup
dialog. View the list of alternative models to fit at each operating point for a point-
by-point test plan. When you use the Fit models button in the Common Tasks
pane, and select a Point-by-Point template, the toolbox selects this list of models.
This model setup fits four alternative model types at each operating point, and
selects the best model based on the Criteria setting, in this case PRESS RMSE.
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- B

E Point-by-Point Model Setup

1) fIMAINSOMZ, FUELPRESSDELTAZ, EGRPOSY2 VGETPOS"2)
(2} fIMAINSOM3, FUELPRESSDELTAM3, EGRPOS 3, VGTPOS 3)
(3) ﬂuadrgtlc—RElF—Medlum . Edit Model._
(4} Gaussian Process Model (ARDSguaredExponential, Constant)

Add

Delete

{
IIII E

Template...

Criteria: PRESS RMSE ull Statistics. ..

Transform: Mone -

Automatic input ranges

R

[ oK H Cancel H Help

L A

8 Click Cancel to close the Model Setup dialog box without altering your example
models.

9 Similarly, examine the Pi lotActivePointbyPoint test plan. This test plan has
the same response models and model type setup, but two more local inputs for the
pilot injection timing and mass, PILOTDELTASOI and PILOTFMF. The data used to
fit the models is also different, with the two additional factors. Observe the Dataset
information under the Common Task pane in the test plan view.

For details on setting up point-by-point models, see “Fit a Point-by-Point Model”.
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Examine Response Models

1 Expand the PilotlnactivePointByPoint test plan node in the All Models tree
and select the nodes for each response name, e.g., BSFC.

2 Click through tests to see the model selected as best at each point.

The toolbox tries to select the best model for each operating point based on the
selected statistical criteria. However, you should always verify the model choices. To
search for the best fit you must examine each model, consider removing outliers, and
compare with alternative fits. The example models show the results of this process.

3 Look at the RMSE Plots. These plots can help you identify problem tests to
investigate. Double-click to view a test of interest (with larger RMSE) in the other

plots.
RMSE Plots
0 RMSE Plots - double-click a point to change test.
T T T T T
2{:\. — —
ww
<
= 1 18
10 . ” .
12 d
& n 17 21
53 4% 11 6% é 528 27 28
JLdé é v & 8 a0, g4 15 1920 2858087 8 3
i} 5 10 15 20 25 30 35
Test Number
X-axis factor: Test Number - v-axis factor: RMSE -

4  Choose a model to use at a particular operating point by selecting the Best Model
check box in the list of Alternative Local Models.

/& Alternative Local Models

Name Observations | Parameters Box-Cox PRESS RMSE RMSE | Best Model
,/i CQuadratic 59/ 8 1 89.554 80.283 ]
ﬁ Cubic 59 12| 1 74.319 65.344 =
,/i Quadratic-RBF-Medium 59/ 33 1 44,751 27.093
ﬁ GPM-ARDSquaredExpo... 59 8.259 1 84 557 76.458 =
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For details on analyzing point-by-point models, see “Analyze Point-by-Point Models and
Choose the Best”.

For next steps, see “Optimization” on page 8-42.

Tip: Learn how MathWorks Consulting helps customers develop engine calibrations that
optimally balance engine performance, fuel economy, and emissions requirements: see
Optimal Engine Calibration.
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Optimization

8-42

In this section...

“Optimization Overview” on page 8-42

“Set Up Models and Tables for Optimization” on page 8-42
“Examine the Point Optimization Setup” on page 8-45

“Examine the Point Optimization Results” on page 8-49

“Create Sum Optimization from Point Optimization” on page 8-51

“Fill Tables from Optimization Results” on page 8-57

“Examine the Multiobjective Optimization” on page 8-67

Optimization Overview

After creating the statistical models to fit the data, you can use them in optimizations.
You can use the accurate statistical engine model to replace the high-fidelity simulation
and run much faster, enabling optimization to generate calibrations in feasible times.

1 Run an optimization to choose whether to use Pilot Injection at each operating point.

2 Optimize fuel consumption over the drive cycle, and meet these constraints:

Constrain total NOx
+  Constrain turbocharger speed
+ Constrain smoothness of tables

3  Fill lookup tables for all control inputs.

Set Up Models and Tables for Optimization

To perform an optimization, you need to import the statistical models created earlier in
the Model Browser.

1 In MATLAB, on the Apps tab, in the Math, Statistics and Optimization group,
click MBC Optimization.
2 To see how to import models, on the home page, click Import From Project

The CAGE Import Tool opens. Here, you can select models to import from a model
browser project file or direct from the Model Browser if it is open. However, the
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toolbox provides an example file with the models already imported, so click Close to
close the CAGE Import Tool.

On the home page, in the Case Studies list, select the multi-injection example, or
select File > Open Project and browse to the example file CI_Multilnject.cag,
found in matlab\toolbox\mbc\mbctraining.

Click Models in the left Data Objects pane to view the models.

To see how to set up tables to fill with the results of your optimizations, select Tools
> Create Tables from Model. The Create Tables from Model wizard appears.

’u Create Tables from Model E =] @

Model
Select a model to base the new tables on.

=

Model Type \ariable Inputs

ﬁH BSFC Composite model  MAINSOI, PILOTDELTASOI, ...
ﬁ:‘ HOXFLOW Composite model | MAINSOI, PILOTDELTASOI, ...
$ EXHTEMP Composite model | MAINSOI, PILOTDELTASOI, ...
ﬁ WGTSPEED Composite model | MAINSOI, PILOTDELTASOI, ...
$ PEAKPRESS Composite model | MAINSOI, PILOTDELTASOI, ...
$ AFR Composite model | MAINSOI, PILOTDELTASOI, ...
ﬁ TOTALFUELMASS Composite model | MAINSOI, PILOTDELTASO, ...
’m VGTSPEEDNorm Functien model MAINSOI| PILOTDELTASOI, ...

Create operating point data sef

Cancel

Select the model BSFC and the Create operating point data set check box, and
click Next.

If you left the defaults, you would use the model operating points for the table
breakpoints. However, you need to create different tables to the operating points.

m
[
(%]
=
W
ul
|
7

a Clear the Use model operating points check box.
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Table Inputs

b  Select SPEED and TQCMD for the axis inputs.

Enter 11 for the table rows and columns.

i '

Select the table inputs and set up the normalizers to use for all the new tables.

|:| Use model operating points

Y-axis input: SPEED - H-axis input: TQCKMD -
MNormalizer: =Mew= - MNormalizer: <New= -
Table rows: 11|+|[ [|_|_|_|_ ] Table columns: 11|+|[ |]_|_|_|_ ]
SPEED normalizer: TQACKMD normalizer:
Input Output Input Output
200 0 = 30 0 =
1045 1| = 56 1=
1280 2 &2 2
1535 3 108 3
1780 4 134 4
2025 A 160 A
| cancel || <Back || mMext= || Finsn

Click Next.

View the last screen to see how many tables CAGE will create for you if you finish
the wizard.

Click Cancel to avoid creating new unnecessary tables in your example file. The
example file already contains all the tables needed for your calibration results.
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u Create Tables from Model
Tables and Tradeoff

azsociated item.

Mormalizers: SPEED_norm_2 TQCMD_norm_2

ftem Table Mame
X MANSOI % amsOl_Table
X PILOTDELTASOI L@' PILOTDELTASOI Table
X PILOTFMF % pILOTFMF_Table
X FUELPRESSDELTA jc?‘ FUELPRESSDELTA._Table
X EGRPOS % EGRPOS_Table
X VGTFOS % vGTPOS_Table
X PilotMode LQ PilotMode_Table
Vi BsFC % BSFC_Table
4 AFR i AFR Tahle
L I

Create a tradeoff containing all the tables

[ cancel | [[<oex |

ol & S|

Select the tems to create tables for. Tables are initialized with values from their

Table Bounds
[-10, 2.945]
[2, 14045
[0.01, 0.149]
[-30, 25.883 ]
[0.5, 4.955]
[0.2,0.855]
[1,2]

[-Inf, Inf]

[ -Inf Infl

m

9 Select the Tables view to see all the tables. Observe there are tables named
_wPilot and _noPilot, that will be filled by optimization results. The goal is to fill

separate tables for each mode, pilot injection active and no pilot injection.

Examine the Point Optimization Setup

The example file CI_MultilInject.cag shows the results of the multistage process to

finish this calibration.

1 Click Optimization in the left Data Objects pane to view the two optimizations.
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Optimization
81 Wuttiinject_optimization

EREANBSFC_PointOpt

&-[#) BSFC_SumOpt

Why are there two optimizations? To complete the calibration, you need to start with
a point optimization to determine whether to use Pilot Injection at each operating
point. You use the results of this point optimization to set up the sum optimization to
optimize fuel consumption over the drive cycle, and meet these constraints:

+  Constrain total NOx

*  Constrain turbocharger speed

+  Constrain smoothness of tables

Select the BSFC_PointOpt optimization to view the setup.

View the two objectives in the Objectives pane. These are set up to minimize BSFC
and PEAKPRESS. Double-click an objective to view its settings.

Objectives

Mame Description Type
Ay BSFC BSFC(MAINSOI, PILOTDELTASOI, PILOTFMF, FUELPRESSDELTA, EGRPOS, WGTPOS, SPEED, TQCMD, PilotMode) Winimize
My PEAKPRESS PEAKPRESS(MAINSOI, PILOTDELTASOI, PILOTFMF, FUELPRESSDELTA, EGRPOS, VGTPOS, SPEED, TQCMD, PilotMode) Minimize

Observe that the Constraints pane shows a boundary model constraint.

Learn the easiest way to set up an optimization like this by selecting Tools >
Create Optimization from Model.



Optimization

’u Create Optimization from Model E =] @

Model

Select a model to minimize or maximize.

Model Type “ariable Inputs

ﬁ? BSFC Composite model  MAINSOI, PILOTDELTASOI, ...
ﬁ' WOXFLOW Composite model | MAINSOI, PILOTDELTASOI, ...
ﬁ EXHTEMP Composite model | MAINSOI, PILOTDELTASOI, ...
ﬁ WGTSPEED Composite model | MAINSOI, PILOTDELTASOI, ...
ﬁ PEAKPRESS Composite model | MAINSOI, PILOTDELTASOI, ...
ﬁ:’ AFR Composite model | MAINSOI, PILOTDELTASO, ...
ﬁ:’ TOTALFUELMASS Composite model | MAINSOI, PILOTDELTASO, ...
@ WGTSPEEDNorm Functicn model MAINSCOI PILOTDELTASOI, ...

Create operating point data sef

Select the model BSFC and the Create operating point data set check box, and
click Next.

Observe that the default settings will create a point optimization to minimize BSFC
at the model operating points, using six free variables and not SPEED, TQCMD, or
PilotMode, and constrained by a model boundary constraint.
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u Create Optimization from Model E =] @

Optimization
Choose optimization type and select free variables to optimize BSFC.

Algorithm: foptcon =
Objective type: Minimize = Paoint =
Data source: Unigue operating points =
Free variables: Variable
Srrie X MAINSOI A
X PILOTDELTASOI
X PILOTFMF |
X FUELPRESSDELTA S
x EGRPOS
X VGTPOS
[] x sPEED 1l

Add a model boundary constraint
’ Cancel ]’ < Back ] Mext =

8 You want the optimization to identify which pilot mode (active pilot injection or no
pilot injection) is best to use at each operating point. To do this, you must select
Modal optimization from the Algorithm list.

9 You want to include PilotMode as a free variable, so the optimization can identify
which mode is best to use at each operating point. From the Free variables list,
select the check box to include PilotMode.
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10
11

Algorithm:

Data source:

7 selected

Objective type:

Free variables:

n Create Optimization from Model
Optimization
Choose optimization type and select free variables to optimize BSFC.

Modal optimization -

Minimize

* | Point

Unigue operating points =

ol & S|

m

dariable
¥ x PILOTFWF

[¥f] x FUELFRESSDELTA
[¥] x EGRPOS

X VGTPOS

[]x sPEED

.-.- TQCMD

X PilotMode

Add a model boundary constraint

I Cancel H < Back ‘ Next >

Finish

Click Finish to create the new optimization.
Compare your new optimization with the example BSFC_PointOpt. Notice the
example has a second objective, to minimize PEAKPRESS. To see how to set this up,
right-click the Objectives pane and select Add Objective.

Examine the Point Optimization Results

The example file CI_Multilnject.cag shows the results of the multistage process to

finish this calibration.

1

Expand the first optimization node, BSFC_PointOpt, and select the output node
underneath, BSFC_PointOpt_output.

Select View > Selected Solution (or the toolbar button) to view which pilot mode
the optimization selected as best at each operating point. You can see the selected
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value of 1 or 2 at each point in the Results Contour plot and the PilotMode
column in the Optimization Results table.

B | Current run: 1= Current solution: 2= Selected solution: 2 @ [¥] Accept

Optimization Results Results Contour Bloix

Vector display format: |Expanded verticaly = |

22
Run | @ Accept| PilotMode | MAINSOI | PILOTDE... | PILOTFMF | FUE
1 3 2 2422 8.487 0.08 -
2 3 @ 2] 2.532 8.487| 008 [ z
3 3 2| 0.146 8.475| 0.08
4 E z 2| -0 uzj 8.475) 0.08 18
5 (@ @ 2 0.08] 8.475] 0.08
3 ] ] 2| ~1.201 8 525| 0.08
7 F] E] 2| 0.878 8.525| 0.08 = 16
8 3 = 1 -1.935 6.431 0.051
9 ] i 2| -2.412 8.475| 0.08
1w |[H 2 -2.545| 8.475 0.08 ik
1" ] il 2| -2.928 8.475| 0.08
12 H & 1 -2.412 7.503| 0.08) 12
13 ] il 1 428 6.702| 0.098 W
14 F] [E] 1 -8.462) 13.84| 0.083
15 |l 1 6532 5.429| 0.014) 1
18 ] i 2| 432 8.475| 0.08
17 3 2| -8.426 8.475| 0.08
13 ] ¥ 1 -5.452) 8.499| 0.072
19 H 1 7253 9.785) 0.056|
oo (@@ I 1 = anel 11 4m7) vowl T wads [l v vaaks TQL v Zeds P v
4 [ b A .
Objective Graphs 8/m|x
480
440
; 420
@
400
aso 4 N —— /\ \“—l
360
9
8
@
) 7, H— 1 |
% T~
6
o
5
4
- - - - - > -
1 1.5 2 |-10 -5 0 2468101214 | OOPBORBA.024 & 20 O 20 2 4 0.2 0.4 06 0.8
PilotMode MAINSOI PILOTDELTASOI PILOTFMF FUELPRESSDELTA EGRPOS VGTPOS

3 Review the Results Contour plot to see which mode has been selected across all
operating points. Use this view to verify the distribution of mode selection.

4  Click to select a point in the table or Results Contour, and you can use the Selected
solution controls at the top to alter which mode is selected at that point. You might
want to change selected mode if another mode is also feasible at that point. For
example, you can change the mode to make the table more smooth.
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Use the other objectives to explore the results. For example, you might want to
manually change the selected mode based on an extra objective value. It can be
useful to view plots of the other objective values at your selected solutions.

a To display another plot simultaneously, right-click the Results Contour title bar
and select Split View.

b  Plot the objective BSFC on the Results Surface and observe the difference when
you change a selected solution.

¢ Plot PEAKPRESS on the Results Surface and observe the difference when you
change a selected solution.

Results Contour & @ X | | Results Surface &/t X

22

PEAKPRESS

2500
2000

SPEED

TQCMD
1000 1500 2000 2500

X-axis: |SPEED )| Y-axis: | TQCMD > Z-axis: |PilotMode X-axis: |SPEED )| Y-axis: |TQCMD A Z-axis: PEAKFRESS v

To see both solutions for a particular operating point, use the Pareto Slice view. You
can inspect the objective value (and any extra objective values) for each solution. If
needed, you can manually change the selected mode to meet other criteria, such as
the mode in adjacent operating points, or the value of an extra objective.

For details on tools for choosing a mode at each operating point, see “Analyzing Modal
Optimization Results”.

Create Sum Optimization from Point Optimization

The point optimization results determine whether to use pilot injection at each operating
point. When you are satisfied with all selected solutions for your modal optimization, you
can make a sum optimization over all operating points. The pilot injection mode must be
fixed in the sum optimization to avoid optimizing too many combinations of operating
modes.
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8-52

The results of the point optimization were used to set up the sum optimization to
optimize fuel consumption over the drive cycle. To see how to do this:

1

From the point optimization output node, BSFC_PointOpt_output, select Solution
> Create Sum Optimization.

The toolbox automatically creates a sum optimization for you with your selected best
mode for each operating point. The create sum optimization function converts the
modal optimization to a standard single objective optimization (Foptcon algorithm)
and changes the Mode Variable to a fixed variable.

Compare your new optimization with the example sum optimization, BSFC_SumOpt.
The example shows you need to set up more constraints to complete the calibration.

Constraints

Name Description Application Point Set Status
h BSFC_Boundary Boundary constraint of BSFC(M...
E NOxSum Weighted sum of NOXFLOW(M...

il vGTspeediax WGTSPEEDNorm(MAINSOI, PILO...

E MainS0|_wPilot Gradient constraint of MAINSOI ... | PilotActive(SPEED TQCMD;PilotMode)
E MainS0|_noPilot Gradient constraint of MAINSOI ... | Pilotinactive(SPEED, TQCKD;PilotMode )
E EGRPos_wPilot Gradient constraint of EGRPOS .. | PilotActive(SPEED, TQCMD;PilotMode)
E EGRPos_noPilot Gradient constraint of EGRPOS ... | Pilotinactive(SPEED, TQCKMD; PilotMode )
E FuelPressDelta_w...| Gradient constraint of FUELPRE... | PilotActive(SPEED, TQCMD;PilotMode)
E FuelPressDelta_n... | Gradient constraint of FUELPRE... | Pilotinactive(SPEED, TQCKMD;PilotMode )
E VGTPos_wPilot Gradient constraint of VGTPOS ... | PilotActive(SPEED, TQCMD;PilotMode)
E VGTPos_noPilot Gradient constraint of VGTPOS .| Pilotinactive(SPEED, TQCMD;PilotMode)
E PilotDetaS0l_wPilot | Gradient constraint of PILOTDEL...| PilotActive(SPEED, TQCMD;PilotMode)
E PilotFMF_w Pilot Gradient constraint of PILOTFM... | PilotActive(SPEED TQCMD;PilotMode)

The additional constraints make the optimization meet these requirements:

+  Constrain total NOx
*  Constrain maximum turbocharger speed
*  Constrain smoothness of tables with gradient constraints

Import all required constraints to your new optimization by selecting Optimization
> Constraints > Import Constraints. Select the example sum optimization and
import all but the first boundary model constraint.

Double-click the additional constraints to open the Edit Constraint dialog box and
view the setup.

This sum constraint controls the total NOx.



Optimization

faor & weighted sum of & model with reference to a bound

Constraint type: Sum Constraint - A sum constraint provides a constraint distance value E

Constrant e

Input medel: Constraint type:
Constraint | Type |
BSFC Composite model

Constraint bound:

EXHTEMP Composite model 085 |Z|v
WVGTSPEED Composite model
PEAKPRESS Composite model
AFR Composite model
TOTALFUELMASS Composite model
‘”. WGETSPEEDNorm Function model

Constraint description:  |Weighted sum of NOXFLOW(MAINSOI, PILOTDELTASO!, PILOTFMF, FUELPRESSDELTA,
EGRPOS, VGTPOS, SPEED, TQCMD, PilotMode) <= 0.85

ok | [ cance || rew |

This constraint controls maximum turbocharger speed.

Constraint type: Model consira?rds. keep only points where the output vg!ue o T
of an expression is sbove, below or egual ta the specified limit.
Censtraint name: | VGTSpeedMax

Input madel: Constraint bound:
Model Tvpe @ Constant:
BSFC Composite model (©) CAGE item:
NOXFLOW Ci ite model
DITI|:ID3- = = Show models v|
EXHTEMP Composite model
WGTSPEED Composite model Conaztraint type:
PEAKPRESS Composite model . =
AFR Composite model

TOTALFUELMASS Composite model

Evaluate quantity: |Ewvaluation value - Evaluate quantity: |Evaluation value -

Constraint description: VGTSPEEDMorm{MAINSOI, PLOTDELTASOI, PILOTFMF, FUELPRESSDELTA, EGRPOS, VGTPOS,
SPEED, TQCMD, PilotMode) <= 1

ok [ concel |[ nep |
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Observe that this constraint does not use the VGTSPEED model directly, but instead
uses a function model VGTSPEEDNorm. You can examine this function model in

the Models view. The function model scales the constraint to help the optimization
routines, which have problems if constraints have very different sizes. VGTSPEED is
of order of 165000, while the other constraints are of the order of 1, so the function
model VGTSPEEDNorm normalizes VGTSPEED by dividing it by 165000.

The following constraint controls the gradient across the MAINSOI table.

B dit Constraint ==
Constraint type: Table Gradient - A table gradient constraint aims to constrain & variable or mocel 1.
' = such that its gradient over a table lies between specified bounds. -:"v'
Constraint nams:  MainS01_wPilot T
Show variables x| Table row: SPEED = Table column: | TQCWMD x|
Mame Type Maximum change in constrained quantity:
- MAINSOI Variable Axis Maximum change Axis value change
X PILOTDELTASOI ariable SPEED 13 [=]| 20575
X PILOTFMF Variable TacMD  [1.3 [=]| 265
A FUELPRESSDELTA Variable Enter [a b] for maximum decrease and increase
X EGRPOS Variable T ——
X VGTPOS Variabls NS,
Axiz Axis breakpoints
SPEED |00:245:3250 =]
TQcMD |30:26:200 O
Import From Table ... -

Constraint description: Gradient constraint of MAINSO| over (SPEED, TQCMD)

o] [Comen ] [rer]

5 In the Optimization view, in the Constraints pane, observe that:

* The gradient constraints are in pairs, one with pilot and one with no pilot.
Separate table gradient constraints are required for different modes because the
goal is to fill separate tables for each mode.

All the gradient constraints have an entry in the Application Point Set column.
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Constraints

Name Description Application Point Set Sl
. BSFC_Boundary Boundary constraint of BSFCIM...

. NOxSum Weighted sum of NOXFLOWIM. ..

il veTSpeediax
MainS0| wPilot
i Main=0l_noPilt

WETSPEEDMorm(MAINSOI, PILO...
Gradient constraint of MAINSQI ...
Gradient constraint of MAINSQI ...

Pilot&ctive(SPEED, TQC...
Pilotinactive(SPEED, TQ...

il EGRPos_wPilst

Gradient constraint of EGRPOS ...

Pilot&ctive(SPEED, TQLC...

il EGRPos_noPilt

Gradient constraint of EGRPOS ...

Pilotinactive(SPEED, TQ...

. FuelPressDelta_w...

Gradient constraint of FUELPRE...

PilotActive(SPEED, TQC...

. FuelPrezsDelta_n...

Gradient constraint of FUELPRE...

Pilotinactive(SPEED,TQ...

i veTros_wPilnt

Gradient constraint of VGTPOS ...

Pilot&ctive(SPEED, TQC...

il veTPoz_noPilt

Gradient constraint of VGTPOS ...

Pilotinactive(SPEED,TQ...

S rioimcuem e e

Plmm dim el mm = b imd =& Pl ATEUEL

Filed & odiee FOFEEF T

Right-click the table gradient constraint MainSOl_wPilot and click Select

Application Point Set to see how these are set up.

Bl Select Application Point Set = =R
Select an existing data set to use as an application point set or create a new ene from the eptimization point
set.

Data set: Pilotactive = O Application Point Set
e 1 H Optimization Point Set
300 T
Interpolate for each mode : E‘O
SPEED TQCMD FilotMode 2l
1208 247] 1 - 200
1617 160/ 1[2 g
1817 203 1 5 V0|
1517 247 1 T o
1617 290 1
2025 117 1~ a0
< | i | » : : . :
0 H H ] ; i
Number of points: 15 500 1000 1500 2000 2500 3000 3500
SPEED
[ 0K ] [ Cancel ] [ Help ]

Observe the Interpolate for each mode option is selected. This application point
set restricts the table gradient constraint to Pi lotMode 1 (active) points only.
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You can create an application point set like this by selecting New subset and
then choosing a subset of the optimization points by clicking in the plot or table.
The application points here correspond to the operating points where the point
optimization determined that the pilot mode should be active (PilotMode = 1). For
comparison, here is the results contour plot for the point optimization results.

Rezults Contour B X

TQCMD

=} = =
1000 1500 2000 2500

3000

X-axis: |SPEED - v-axis: | TQCMD - Z-axis: |PilotMode +

8 Compare the results contour plot with the application points for the next table
gradient constraint, MainSOl_noPi lot. These application points restrict the table
gradient constraint to Pi lotMode 2 points only, where the pilot is inactive.
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set.

Data set:

Pilotinactive

Pilotinactive

Interpolate for each mode:

ll Select Application Point Set

Number of points: 16

SPEED TQCMD | PiotMode
Fl| 800 30 2 .
gl 800 73 2[=
| 1208 30 2
1208 73 2
1208 17 2
1208 160 2~
4 (11} b

TRCHMD

300

240

200

150

100

a0

Select an existing data set to use as an application point set or create a new one from the optimization point

[E=N NCR =)

O Application Point Set
. Optimization Poirt Set
: X :
....... SR VIRL VIS *SNN S SN
...... ﬁxxx_
_______ DELIXR LKL X
_______ B X X xi
Himom B o8 X
Qz}z};} ..... ;} mm_
USUU 10;30 ‘15;30 2UIE|U ZSIUU 30‘00 3500
SPEED
’ oK ][ Cancel ‘I Help ‘

Your sum optimization now contains all the required constraints and is ready to run.
Next, view the results in the example sum optimization.

Fill Tables from Optimization Results

CAGE remembers table filling settings. To view how the example tables are filled:

1 Expand the example sum optimization node BSFC_SumOpt and select the Output

node.

2 Select Solution > Fill Tables (or use the toolbar button) to open the Table Filling
from Optimization Results Wizard.

3  On the first screen, observe all the tables in the CAGE tables to be filled list.

Click Next.

4  On the second screen, observe all the tables are matched up with optimization
results to fill them with. Click Next.
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/4 Table Filling from Optimization Results Wizard
Optimal Result Selection
Choose the optimization results that you want to fill each table with.
Tables values to be filled:
CAGE Table Fill with Tradeoff Optimization Results
- _ -
PILOTDELTASOL wPiot(... | X PLOTDELTASO| g5 BSFCcal wPit B X PILOTDELTASOI B
j@' PILOTFMF_wPilot{SPEED...| X PILOTFMF EE BSFCcal wPilot X PILOTFMF
’Q‘ FUELPRESSDELTA_wPil...| X FUELPRESSD... EE BSFCcal_wPilat E] X FUELPRESSDELTA
% EGRPOS_wPiot(SPEED_..| X EGRPOS o BSFCeal_wPilot X EGRPOS
i% vGTPOS_wPibt(SPEED... | X VGTPOS o BSFCeal_wPilot x VGTPOS
j@' PilotMode_Table(SPEED_...[ X PilotMode EE BSFCcal wPilot X SPEED £
jQ‘TCITALFUELI:!ASE'._\'u'PiI... ﬁ‘ TOTALFUELM... EE BSFCcal_wPilot i X TQCMD:
X PilotMode
MNormalizer inputs: BSFC
Normalizer Input NOXFLOW
- EXHTEMP L4
./ TQcMD_norm X TQCMD E| E VGTSPEED
./ SPEED_norm_1 X SPEED PEAKPRESS
4 TArun naem 1 v TACMn S LFR S
| cancel | | <Back | | Nexts || Finsn |

5 On the third screen, observe how some tables have a Filter Rule set up so that they
are filled only with results where Pi lotMode is 1 or 2. You can create a filter rule
like this by entering Pi lotMode==1 in the Filter Rule column.
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Fill Algorithm
Set up table filing a

Igorithm.

- Table Filling from Optimization Results Wizard

Fill Method: |Extrapolate Fill

Use acceptable solutions only
Update tradeoffs

Fitter rules for tables:

Use locked table values in extrapolation
|:| Use existing extrapolation mask in fill

| »

m

| »

Table Cutput Column Fitter Rule Fitter Rule Inputs
1% aNSOl wPict| x MANSOI PilotMode==1 |+ | x mamsoi

% pPILOTDELTAS...| X PILOTDELTASOI| Piotiode==1 | | x PILOTDELTASOI
™ PILOTFMF_w... | X PILOTFMF Pilothode== ﬂ X PILOTFMF

% FUELPRESSD... | x FUELPRESSD... | PiotMode== X FUELPRESSDELTA
% £GRPOS_wPint| x EGRPOS Pilothode== X EGRPOS

% veTPOS_wPint| X VGTPOS Pilothode==1 X VGTPOS

1% piotMode_Table| X PiotMode X SPEED

% TOTALFUELM... |4 TOTALFUELW... | Piothode== X TQCMD

% WANSOLnoPi..| x MANSOI Piloth ode==; X Pilotiode

% FUELPRESSD... | X FUELPRESSD.. | Piothode==: g BSFC

< 1 NOXFLOW

Next >

You can either click Finish to fill all the tables, or Cancel to leave the tables
untouched. The example tables are already filled with these settings.

The following plots show the calibration results.
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32
2760 3005
15351?m2ﬂ2522?ﬁ2515

app 10451280

SPEED
Pilot Mode Table

This graphic shows the plot of the table to select the active or inactive pilot mode
depending on the speed and commanded torque

You need to fill calibration tables for each control variable described in “Multi-Injection
Diesel Problem Definition” on page 8-2, in both pilot modes, active and inactive.

Following are all the pilot active tables.
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SPEED

Main Injection Timing (SOI) Table
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200 80D

TQCMD

Total Injected Fuel Mass Table
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o0 800

TQCMD

Fuel Pressure Delta Table
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20 80O

TQCMD

Exhaust Gas Recirculation (EGR) Valve Position Table
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Variable-Geometry Turbo (VGT) Position Table
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200 8OO

TQCMD

Pilot Injection Timing (Pilot SOI Delta) Table
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0.12

0.1 4

0.08 4

0.06 -

280 800

TQCMD

Pilot Fuel Mass Fraction Table

Examine the Multiobjective Optimization

The example file CI_Multilnject.cag also shows an example multiobjective
optimization. This can useful for calibrations where you want to minimize more than one
objective at a time, in this case, BSFC and NOX. The multiobjective optimization uses the
gamultiobj algorithm.

1  Select the BSFC_NOX node to see how the optimization is set up. Observe the 2
objectives and the optimization information: Multiobjective optimization using a
genetic algorithm.

2 Expand the BSFC_NOX node and select the BSFC_NOX_ Output to view the results.
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3 Examine the Pareto Graphs. It can be useful to display the Solution Information
view at the same time to view information about a selected solution. You might want
to select a dominated solution (orange triangle) over a pareto solution (green square)

to trade off desired properties.

E Current run: 1= Current solution: | 148> Selected solution: 1= £ [T Accept
Optimization Results Results Centour 8|
Vector display format: |Expanded verticaly - q
Solution | [@)| Accept| MAINSOI | PILOTDE... | PILOTFMF | FUELPRE...| EGRPOS | vGTPOS o 32
148 A [ 2559 8244 0.121 -0.248 0.939 0616/ + =30 é 05
148 |4 [ 2717 7.126 0.096 -2.872 1.228] 0.543) & o
150 = 270 7.951 0.12 -2598 1.015 0514 o
151 | 2752 6.219 0.096 2799 1222 0536 — 750 800 850
152 | 2736 7172 0.087 -0.359 1.065) 0.606]
153 |4l [ 2522 7.838] 0.117) 211 0.839] 0634 T |y o — 7
4 i | r ’ '
Pareto Graphs 8 ¥ Solution Information 8| X
Accept No
T T T T T T Exit flag 0
A Exit message Dominated solution
389 r E T problemtype nenlinearconstr
A& rngstate =1x1 struct=
3R L A - |generations 145
“ﬁi funcoount 29201
maxcoenstraint 8.58309e-07
o T L & 1 !
e averagedistance 0.00012138
@ & A spread 0.13447
86| O Da 7
) aﬁ
.5 | b - ﬂf‘ "’-“é .
agh
o
= P
1 1 1 1 1 1 1 &
T T T x T T T
52 5.4 56 58 6 6.2 6.4
NOXFLOW <103
4  Select the Sum_BSFC_NOX node to see how the sum optimization is set up. The

sum optimization was created from the point optimization results. Observe the 2

objectives and all the constraints.

5 Expand the Sum_BSFC_NOX node and select the Sum_BSFC_NOX_ Output to view the

results.
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Tip: Learn how MathWorks Consulting helps customers develop engine calibrations that
optimally balance engine performance, fuel economy, and emissions requirements: see
Optimal Engine Calibration.
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Model Quickstart

This section discusses the following topics:

+ “Empirical Engine Modeling” on page 9-2

+ “Two-Stage Modeling Example” on page 9-3

+ “Open the App and Load Data” on page 9-5

+ “Set Up the Model” on page 9-7

+ “Verify the Model” on page 9-11

+ “Export the Model” on page 9-15

+ “Create Multiple Models to Compare” on page 9-17



9 Model Quickstart

Empirical Engine Modeling

MBC Model Fitting provides tools for building, evaluating and comparing statistical
models fitted to engine data.

To get started with empirical engine modeling, follow the steps in this workflow: “Fit
a One-Stage Model”.

To view an example project with engine data and finished models, see “Gasoline
Engine Calibration”.

To get started with two-stage modeling, follow the steps in this example: “Two-Stage
Modeling Example” on page 9-3.

Related Examples
. “Fit a One-Stage Model”
. “Gasoline Engine Calibration”

. “Multi-Injection Diesel Calibration”
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Two-Stage Modeling Example

About the Two-Stage Modeling Example

This two-stage modeling example shows you how to use MBC Model Fitting to create
a statistical model of an automobile engine that predicts the torque generated by the
engine as a function of spark angle and other variables. The toolbox provides example
engine data. The instructions show you how to load data, fit a statistical model to the
data, examine and verify the fit, and export the model.

In the normal modeling process, you would create many different models for one project
and compare them to find the best solution. The tutorial also provides a quick guide to
fitting and comparing multiple models.

To get started with two-stage modelling, follow the steps in these sections in order:

1  “About Two Stage Models” on page 9-3

2 “Open the App and Load Data” on page 9-5

3 “Set Up the Model” on page 9-7

4  “Verify the Model” on page 9-11

5 “Export the Model” on page 9-15

6 “Create Multiple Models to Compare” on page 9-17

About Two Stage Models

Following is an explanation of how two-stage models are constructed and how they differ
from one-stage models.

This tutorial is a step-by-step guide to constructing a single two-stage model for modeling
engine brake torque as a function of spark, engine speed, load, and air/fuel ratio. One-
stage modeling fits a model to all the data in one process, without accounting for the
structure of the data. When data has an obvious hierarchical structure (as here), two-
stage modeling is better suited to the task.

The usual way for collecting brake torque data is to fix engine speed, load, and air/

fuel ratio within each test and sweep the spark angle across a range of angles. For this
experimental setup, there are two sources of variation. The first source is variation
within tests when the spark angle is changed. The second source of variation is between
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9-4

tests when the engine speed, load, and air/fuel ratio are changed. The variation within a
test is called local, and the variation between tests, global. Two-stage modeling estimates
the local and global variation separately by fitting local and global models in two stages.
A local model is fitted to each test independently. The results from all the local models
are used to fit global models across all the global variables. Once the global models have
been estimated, they can be used to estimate the local models' coefficients for any speed,
load, and air/fuel ratio. The relationship between the local and global models is shown in
the following block diagram, as you will see in the Model Browser.
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For next steps, see “Open the App and Load Data” on page 9-5.



Open the App and Load Data

Open the App and Load Data

1

In MATLAB, on the Apps tab, in the Math, Statistics and Optimization group,
click MBC Model Fitting.

If you have never used the toolbox before, the User Information dialog appears. If
you want, you can fill in any or all of the fields: your name, company, department,
and contact information, or you can click Cancel. The user information is used to tag
comments and actions so that you can track changes in your files (it does not collect
information for MathWorks).

Note You can edit your user information at any time by selecting File >
Preferences.

When you finish with the User Information dialog, click OK.

The Model Browser window appears.

In this window, the left pane, All Models, shows the hierarchy of the models currently
built in a tree. At the start, only one node, the project, is in the tree. As you build models,
they appear as child nodes of the project. The right panes change, depending on the tree
node selected. You navigate to different views by selecting different nodes in the model
tree.

Load the example data file hol liday.xls:

1

From the startup project node view, in the Common Tasks pane, click Import
data.

In the Select File to Import dialog box, browse to the file hol liday.xls in the
mbctraining directory. Click Open or double-click the file.

The Data Editor opens.

View plots of the data in the Data Editor by selecting variables and tests in the lists
on the left side. Have a look through the data to get an idea of the shape of curve
formed by plotting torque against spark.

Use the editor to prepare your data before model fitting. For more details on using
the Data Editor, see “Data Manipulation for Modeling”.

Close the Data Editor to accept the data and return to the Model Browser. Notice
that the new data set appears in the Data Sets pane.
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This data is from Holliday, T., “The Design and Analysis of Engine Mapping
Experiments: A Two-Stage Approach,” Ph.D. thesis, University of Birmingham, 1995.

For next steps, see “Set Up the Model” on page 9-7.
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Set Up the Model

In this section...

“Specifying Model Inputs” on page 9-7
“Setting Up the Response Model” on page 9-9

Specifying Model Inputs

You can use the imported data to create a statistical model of an automobile engine
that predicts the torque generated by the engine as a function of spark angle and other

variables.

1 In the Model Browser project node view, in the Common Tasks pane, click Fit
models.

2 In the Fit Models dialog box, observe that the Data Object you imported is selected
in the Data set list.

3 Click the Two-Stage test plan icon in the Template pane.

4 In the Inputs and Responses pane, select data channels to use for the responses

you want to model.

The model you are building is intended to predict the torque generated by an engine
as a function of spark angle at a specified operating point defined by the engine's
speed, air/fuel ratio, and load. The input to the local model is therefore the spark
angle, and the response is torque.

The inputs to the global model are the variables that determine the operating point
of the system being modeled. In this example, the operating point of the engine is
determined by the engine's speed in revolutions per minute (rpm - often called N),
load (L), and air/fuel ratio (afr).

a Select spark in the Data channels list and click the button to add it to the
Local inputs list.

b Select n, load and afr in the Data channels list and click the button to add
them to the Global inputs list.
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Set Up the Model

5 Leave the responses empty, and click OK. You will set up the response later.

The default name of the new test plan, Two-Stage, appears in the Model Browser tree,
in the All Models pane.

Setting Up the Response Model

To achieve the best fit to torque/spark sweeps, you need to change the local model type
from the default. The type of a local model is the shape of curve used to fit the test data,
for example, quadratic, cubic, or polynomial spline curves. In this example, you use
polynomial spline curves to fit the test data. A spline is a curve made up of pieces of
polynomial, joined smoothly together. The points of the joins are called knots. In this
case, there is only one knot. These polynomial spline curves are very useful for torque/
spark models, where different curvature is required above and below the maximum.

To change from the default models and specify polynomial spline as the local model type,

1 In the Model Browser, select the test plan node Two-Stage, and in the Common
Tasks pane, click Fit models. A dialog box asks if you want to change all the test
plan models. Click Yes.

In the Fit Models Wizard, click Next to continue using the currently selected data.
The next screen shows the model inputs you already selected. Click Next

To choose the response, on the Response Models screen, select tq and click Add.
Edit the Local model type by clicking Set Up.

g A WODN

The Local Model Setup dialog box appears.

a Select Polynomial Spline from the Local Model Class list.
b Edit the Spline Order Below knot to 2, and leave Above knot set to 2.
¢ Click OK to dismiss the dialog box.

6  Select Maximum under Datum. Only certain model types with a clearly defined
maximum or minimum can support datum models. See “Add Response Models and
Datum Models”.

7 Click Finish.

The Model Browser calculates local and global models using the test plan models you
just set up.
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Notice that the new name of the local model class, PS (for polynomial spline) 2,2 (for
spline order above and below knot) now appears on a new node in the tree in the All
Models pane, called PS22.

For next steps, see “Verify the Model” on page 9-11.
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Verify the Model

In this section...

“Verifying the Local Model” on page 9-11

“Verifying the Global Model” on page 9-12

“Creating the Two-Stage Model” on page 9-13

“Comparing the Local Model and the Two-Stage Model” on page 9-14

“Response Node” on page 9-14

Verifying the Local Model

The first step is to check that the local models agree well with the data:

1

If necessary, select PS22 (the local node) on the Model Browser tree.

The Local Model view appears, displaying the local model fitting the torque/spark
data for the first test and diagnostic statistics that describe the fit. The display is
flexible in that you can drag, open, and close the divider bars separating the regions
of the screen to adjust the view.

View local model plots and statistics. The Sweep Plot shows the data being fitted by
the model (blue dots) and the model itself (line). The red spot shows the position of
the polynomial spline knot, at the datum (maximum) point.

Look for problem tests with the RMSE Plots. The plot shows the standard errors
of all the tests, both overall and by response feature. Navigate to a test of interest
by double-clicking a point in the plot to select the test in the other plots in the local
model view.

In the Diagnostic Statistics plot pane, click the Y-axis factor pop-up menu and
select Studentized residuals.

Scroll through local models test by test using the Test arrows at the top left, or by
using the Select Test button.

Select Test 588. You see a data point outlined in red. This point has automatically
been flagged as an outlier.

Right-click the plot and select Remove Outliers. Observe that the model is refitted
without the outlier.
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9-12

Both plots have right-click pop-up menus offering various options such as removing and
restoring outliers and confidence intervals. Clicking any data point marks it in red as an
outlier.

You can use the Test Notes pane to record information on particular tests. Each test has
its own notes pane. The test numbers of data points with notes recorded against them are
colored in the global model plots, and you can choose the color using the Test Number
Color button in the Test Notes pane. Quickly locate tests with notes by clicking Select
Test.

To learn more about the plots and statistics, see “Assess Local Models”.

Verifying the Global Model

The next step is to check through the global models to see how well they fit the data:

1 Expand the PS22 local node on the Model Browser tree by clicking the plus sign (+)
to the left of the icon. Under this node are four response features of the local model.
Each of these is a feature of the local model of the response, which is torque.

2 Select the first of the global models, knot.

You see a dialog box asking if you want to update fits, because you removed an
outlier at the local level. Click Yes.

The Response Feature view appears, showing the fit of the global model to the
data for knot. Fitting the local model is the process of finding values for these
coefficients or response features. The local models produce a value of knot for each
test. These values are the data for the global model for knot. The data for each
response feature come from the fit of the local model to each test.

Use the plots to assess model fits.

3 Select the response feature Bhigh_2. One outlier is marked. Points with an absolute
studentized residual value of more than 3 are automatically suggested as outliers
(but included in the model unless you take action). You can use the right-click menu
to remove suggested outliers (or any others you select) in the same way as from the
Local Model plots. Leave this one. If you zoom in on the plot (Shift-click-drag or
middle-click-drag) you can see the value of the studentized residual of this point
more clearly. Double-click to return to the previous view.



Verify the Model

Note Never remove outliers as a matter of course. However, this tutorial shows you
how the toolbox helps you to do this when required. The default outlier selection
criterion is a studentized residual greater than 3, to bring your attention to possible
outliers, but you should never remove data without good reasons. Remove enough
points and the model will simply interpolate the data and become useless for
prediction. You can customize the criteria for outlier selection.

4  Select the other response features in turn: max and Blow 2. You will see that Blow
2 has a suggested outlier with a very large studentized residual; it is a good distance
away from all the other data points for this response feature. All the other points are
so clustered that removing this one could greatly improve the fit of the model to the
remaining points, so remove it.

To learn more about the plots and statistics, see “Assess One-Stage Models”.

Creating the Two-Stage Model

Recall how two-stage models are constructed: two-stage modeling partitions the variation
separately between tests and within tests, by fitting local and global models separately.
A model is fitted to each test independently (local models). These local models are used to
generate global models that are fitted across all tests.

For each sweep (test) of spark against torque, you fit a local model. The local model in
this case is a spline curve, which has the fitted response features of knot, max, Bhigh_2,
and Blow_2. The result of fitting a local model is a value for knot (and the other
coefficients) for each test. The global model for knot is fitted to these values (that is, the
knot global model fits knot as a function of the global variables). The values of knot
from the global model (along with the other global models) are then used to construct the
two-stage model

The global models are used to reconstruct a model for the local response (in this case,
torque) that spans all input factors. This is the two-stage model across the whole global
space, derived from the global models.

After you are satisfied with the fit of the local and global models, it is time to construct a
two-stage model from them.

1  Return to the Local Model view by clicking the local node PS22 in the Model Browser
tree.
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2 To create a two-stage model, click Create Two-Stage in the Common Tasks pane.

Comparing the Local Model and the Two-Stage Model

1 Now the plots in the Local Model view show two lines fitted to the test data. Scroll
though the tests using the left/right arrows or the Select Test button at the top
left. The plots now show the fit of the two-stage model for each test (green circles
and line), compared with the fit of the local model (blue line) and the data (blue
dots). Zoom in on points of interest by Shift-click-dragging or middle-click-dragging.
Double-click to return the plot to the original size.

Compare how close the two-stage model fit is to both the data and the local fit for
each test.

Notice that the local model icon has changed (from the local /a icon showing a

house, to a two-stage icon % showing a house and a globe) to indicate that a two-
stage model has been calculated.

Response Node
Click the Response node (tq) in the Model Browser tree.

Now at the Response node in the Model Browser tree (tq), which was previously blank,
you see plots showing you the fit of the two-stage model to the data. You can scroll
through the tests, using the arrows at top left, to view the two-stage model against the
data for groups of tests.

You have now completed setting up and verifying a two-stage model.

For next steps, see “Export the Model” on page 9-15 or “Create Multiple Models to
Compare” on page 9-17.

9-14



Export the Model

Export the Model

All models created in the Model Browser are exported using the File menu. A model can
be exported to the MATLAB workspace, to a file, to CAGE, or to a Simulink model.

1  Click the tq node in the model tree.

2 Choose File > Export Models. The Export Model dialog box appears.

3 Choose File from the Export to pop-up menu. This saves the work as a file for
use within the Model-Based Calibration Toolbox product, for instance, to create

calibrations in the CAGE Browser.

4 In the Export to edit box, select the destination of the file. You can do this by typing
directly in the edit box, or using the Browse button if you want to locate a directory

or use an existing file.

u Export Models

Wodel type: 'ﬂ Two-5Stage
Export to: File

Destination file: |CA\Work\MBC\tg.exm
Variable name: tg

Export boundary constraint
Export PEV blocks

— Export information

o] ® ==

-
Export Preview

User:

Date: 22-Jan-2013

MBC Version: 4.6

Parent File: C:\Werk\WBC'modeltuterial. mat
Model: modettutorialTwo-Stageitg
Variables: S, N, L, A

5 Click OK to export the models to file.
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To import models into CAGE to create calibrations, use the CAGE Import Tool
instead for more flexibility.

For next steps, see “Create Multiple Models to Compare” on page 9-17.
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Create Multiple Models to Compare

In this section...
“Methods For Creating More Models” on page 9-17
“Creating New Local Models” on page 9-17

“Adding New Response Features” on page 9-20
“Comparing Models” on page 9-21
“Creating New Global Models” on page 9-22

Methods For Creating More Models

After you have fitted and examined a single model, you normally want to create more
models to search for the best fit. You can create individual new models or use the Create
Alternatives common task to create a selection of models at once, or create a template to
save a variety of model settings for reuse.

To use the Model Template dialog box to quickly create a selection of different child
nodes to compare, click Create Alternatives in the Common Tasks pane. The following
exercises show you examples of these processes.

Note: You need to complete the previous tutorial sections to have a complete two-stage
model as a starting point. See “Empirical Engine Modeling” on page 9-2.

Creating New Local Models

To follow these examples, you need to create the initial models by following the previous
sections in “Empirical Engine Modeling” on page 9-2.

1 As an example, select the tq response node and click New Local Model in the
Common Tasks pane.

The Local Model Setup dialog appears.

2 Select a Polynomial Spline, and edit the spline order to 3 below the knot and 2
above. Click OK.

A new set of local models (and associated response feature models) is calculated.
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3 Return to the parent tqg response node , and click New Local Model again, in the
Common Tasks pane.

4 Select a Polynomial with an order of 2 in the Local Model Setup dialog. Click OK.
A new set of local models and response feature models is calculated.

Now you have three alternative local models to compare: two polynomial splines (order
3,2 and order 2,2) and a polynomial (order 2), as shown.
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You can select the alternative local models in turn and compare their statistics. For an
example, follow these steps:

Select the new local model node PS32.
2 Select test 587 in the Test edit box.

In the Local statistics pane, observe the value of RMSE (root mean squared error)
for the current (i'") test.

The RMSE value is our basic measure of how closely a model fits some data, which
measures the average mismatch between each data point and the model. This is why
you should look at the RMSE values as your first tool to inspect the quality of the fit
— high RMSE values can indicate problems.

4 Now select the local model node POLY2 and see how the value of RMSE changes.



Create Multiple Models to Compare

Observe that the shape of the torque/spark sweep for this test is better suited to

a polynomial spline model than a polynomial model. The curve is not symmetrical
because curvature differs above and below the maximum (marked by the red cross
at the datum). This explains why the value of RMSE is much lower for PS32 (the
polynomial spline) than for the POLY2 (polynomial) for this test. The polynomial
spline is a better fit for the current test.

5 Look through some other tests and compare the values of RMSE for the different
local models. To choose the most suitable local model you must decide which fits
the majority of tests better, as there are likely to be differences among best fit for
different tests.

6 To help you quickly identify which local models have the highest RMSE, indicating
problems with the model fit, check the RMSE Plots.

a Use the plot to help you identify problem tests. Use the drop-down menus to
change the display. For example, select s_knot to investigate the error values
for knot (MBT), or RMSE to look at overall error.

b  You can navigate to a test of interest from the RMSE Plots by double-clicking a
point in the plot to select the test in the other plots.

7 Look at the value of Local RMSE reported in the Pooled Statistics pane on the
right (this is pooled between all tests). Now switch between the POLY2 and the PS32
local models again and observe how this value changes.

8 You can compare these values directly by selecting the parent tq response node,
when the Local RMSE is reported for each child local model in the list at the bottom.

When all child models have a two-stage model calculated, you can also compare two-
stage values of RMSE here. Remember, you can see statistics to compare the list of
child models of the response node in this bottom list pane.

When comparing models, look for lower RMSE values to indicate better fits. However,
remember that a model that interpolates between all the points can have an RMSE of
zero but be useless for predicting between points. Always use the graphical displays to
visually examine model fits and beware of “overfitting” — chasing points at the expense
of prediction quality. You will return to the problem of overfitting in a later section when
you have two-stage models to compare.
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Adding New Response Features

Recall that two-stage models are made up of local models and global models. The global
models are fitted to the response features of the local models. The response features
available are specific to the type of local model. You can add different response features
to see which combination of response features makes the best two-stage model as follows:

1 Select the local model node PS32.
2 Select File > New Response Feature.

A dialog appears with a list of available response features.
3 Select F(x+datum) from the list and enter -10 in the Value edit box. Click OK.

A new response feature called FX_less10 is added under the PS32 local model.
Recall that the datum marks the maximum, in this case maximum torque. The
spark angle at maximum torque is referred to as maximum brake torque (MBT).
You have defined this response feature (F(x+datum)) to measure the value of

the model (torque) at (-10 + MBT) for each test. It can be useful to use a response
feature like this to track a value such as maximum brake torque (MBT) minus 10
degrees of spark angle. This response feature is not an abstract property of a curve,
so engineering knowledge can then be applied to increase confidence in the models.

4  Select the local node PS32, and click Create Two-Stage in the Common Tasks
pane. The Model Selection window opens, because you now need to choose 5 of the 6
response features to form the two-stage model.

In the Model Selection window, observe four possible two-stage models in the Model
List. This is because you added a sixth response feature. Only five (which must
include knot) are required for the two-stage model, so you can see the combinations
available and compare them. Note that not all combinations of five response features
can completely describe the shape of the curve for the two-stage model, so only the
possible alternatives are shown.

5 Close the Model Selection window and click Yes to accept one of the models as best.

Notice that the response features chosen to calculate the two-stage model are
highlighted in blue, and the unused response feature is not highlighted.

6  Select the tq response node to see a comparison of the statistics of both two-stage
models (your original PS22 and the new PS32).

Remember that the POLY2 local model has no two-stage model yet; no two-stage
statistics are reported for POLY2 in the bottom list pane. You cannot fully compare
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the two-stage models until every local model in the test plan has a two-stage model

calculated.

7 To calculate the two-stage model for POLY2, in the Common Tasks pane, click
Create Two-Stage.

Comparing Models

1 Now you have three two-stage models. Select the tq response node and look at the

statistics, particularly Local RMSE and Two-Stage RMSE reported in the list of child
models at the bottom.

Look for lower RMSE values to indicate better fits.

Look for lower PRESS RMSE values to indicate better fits without overfitting.
PRESS RMSE is a measure of the predictive power of your models.

It is useful to compare PRESS RMSE with RMSE as this may indicate problems
with overfitting. RMSE is minimized when the model gets close to each data
point; “chasing” the data will therefore improve RMSE. However, chasing the
data can sometimes lead to strong oscillations in the model between the data
points; this behavior can give good values of RMSE but is not representative of
the data and will not give reliable prediction values where you do not already
have data. The PRESS RMSE statistic guards against this by testing how well
the current model would predict each of the points in the data set (in turn) if
they were not included in the regression. To get a small PRESS RMSE usually
indicates that the model is not overly sensitive to any single data point.

If the value of PRESS RMSE is much bigger than the RMSE, then you are
overfitting - the model is unnecessarily complex. For a fuller description of the
meaning of overfitting, and how RMSE and PRESS can help you select good
models, see “Choose the Best Model”.“Choose the Best Model”. As a rule of thumb,
if you have about 100 data points, you should aim for a PRESS RMSE no more
than 5% larger than the RMSE (remember here you have only 27 tests).

Look for lower T*2 values. A large T~2 value indicates that there is a problem
with the response feature models.

Look for large negative log likelihood values to indicate better fits.

See “Pooled Statistics” for more on T*2 and log likelihood.
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2 To compare all three two-stage models simultaneously, select Model > Selection
Window. Here you can see the same statistics to compare the models in the bottom
list, but you can also make use of a variety of views to look for the best fit:

* You can plot the models simultaneously on the Tests, Residuals and Cross
Section views (Shift- or Ctrl-click to select models in the list)

*  You can view each model in the Response Surface view as a surface; movie,
contour or multiline plot, and as a table

3 You can select a model and click Assign Best in the Model Selection window, or
double-click a model to assign it as best.

4  When you close the Model Selection window and return to the Model Browser, the
model you selected as best is copied to the parent response node, tq.

Creating New Global Models

In this example, you have not yet searched for the best global model types. You would
normally do this before creating and comparing two-stage models. For the purpose of this
tutorial, you have already created two-stage models and used RMSE to help you identify
better models. The principle is the same at each level in the model tree: add new child
models and choose the best. You can create any number of child nodes to search for the
best global model fit for each response feature in your tree.

1 Select the local node POLY2.

2 To create a selection of alternatives for each response feature node, in the Common
Tasks pane, click Build Global Models.

3 Inthe Model Template dialog box, click New, then click OK.

4  Observe the default list of a variety of model types, then click OK. It is worth trying
the default model settings for a quick exploration of the trends in the data.

5 In the Model Selection dialog box, leave the default selection criterion for
automatically choosing the best child node, and click OK.

The toolbox builds the models and selects the best using your selection criteria.

Note: The toolbox automatically builds models in parallel if you have Parallel
Computing Toolbox.

6  Assess all the fits in the Alternative Models list in case you want to choose an
alternative as a better fit.
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7 Notice that the child node model assigned as best is highlighted in blue in the
Alternative Models list and the model tree. The local node has changed from the
two-stage icon back to the local model icon (a red house). This is because you have
changed the response feature models, and so you need to recalculate the two-stage
model using the new global models for the response features.

When you have chosen best global models for all your response features, you need to
recalculate the two-stage model.

8 When you have chosen a best model among alternatives, it can be useful to clean up
the rejected models by selecting Delete Alternatives in the Common Tasks pane.
You can also select File > Clean Up Tree. This deletes all rejected child models
where best models have been chosen; only the child nodes selected as best remain.

You can use the Model Template dialog box to create and save templates of model types
you often want to build. Creating a template containing a list of all the models you want
is a very efficient way to quickly build a selection of alternative model child nodes for
many global models. Use these techniques to find models well suited to the data for each
of your global models. See “Create Alternative Models to Compare”.

Related Examples
. “Fit a One-Stage Model”
. “Gasoline Engine Calibration”

. “Multi-Injection Diesel Calibration”
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Design of Experiment

This section discusses the following topics:

+ “Design of Experiment” on page 10-2

+ “Set Up a Model and Create a Design” on page 10-5

+ “Create a Constrained Space-Filling Design” on page 10-7
+ “Save Designs” on page 10-12

+ “Create Optimal Designs” on page 10-13

+ “View Design Displays” on page 10-19

* “Use the Prediction Error Variance Viewer” on page 10-21
+ “Create Classical Designs” on page 10-27

+ “Use the Design Evaluation Tool” on page 10-33
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Design of Experiment

10-2

In this section...

“Why Use Design of Experiment?” on page 10-2
“Design Styles” on page 10-3

“Create Examples Using the Design Editor” on page 10-3

Why Use Design of Experiment?

With today's ever-increasing complexity of models, design of experiment has become

an essential part of the modeling process. The Design Editor within the Model-Based
Calibration Toolbox product is crucial for the efficient collection of engine data. Dyno-cell
time is expensive, and the savings in time and money can be considerable when a careful
experimental design takes only the most useful data. Dramatically reducing test time

is growing more and more important as the number of controllable variables in more
complex engines is growing. With increasing engine complexity, the test time increases
exponentially.

The traditional method of collecting large quantities of data by holding each factor
constant in turn until all possibilities have been tested is an approach that quickly
becomes impossible as the number of factors increases. A full factorial design (that is,
testing for torque at every combination of speed, load, air/fuel ratio, and exhaust gas
recirculation on a direct injection gasoline engine with stratified combustion capability) is
not feasible for newer engines. Simple calculation estimates that, for recently developed
engines, to calibrate in the traditional way would take 99 years!

With a five-factor experiment including a multiknot spline dimension and 20 levels in
each factor, the number of points in a full factorial design quickly becomes thousands,
making the experiment prohibitively expensive to run. The Design Editor solves this
problem by choosing a set of experimental points that allow estimation of the model with
the maximum confidence using just a fraction of the number of experimental runs; for the
preceding example just 100 optimally chosen runs is more than enough to fit the model.
Obviously, this approach can be advantageous for any complex experimental design, not
just engine research.

The Design Editor offers a systematic, rigorous approach to the data collection stage.
When you plan a sequence of tests to be run on an example engine, you can base your
design on engineering expertise and existing physical and analytical models. During
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testing, you can compare your design with the latest data and optimize the remaining
tests to get maximum benefit.

The Design Editor provides prebuilt standard designs to allow a user with a minimal
knowledge of the subject to quickly create experiments. You can apply engineering
knowledge to define variable ranges and apply constraints to exclude impractical
points. You can increase modeling sophistication by altering optimality criteria, forcing
or removing specific design points, and optimally augmenting existing designs with
additional points.

Design Styles

The Design Editor provides the interface for building experimental designs. You can
make three different styles of design: classical, space-filling, and optimal.

Space-filling designs are better when there is low system knowledge. In cases where
you are not sure what type of model is appropriate, and the constraints are uncertain,
space-filling designs collect data in such as a way as to maximize coverage of the factors'
ranges as quickly as possible. See “Create a Constrained Space-Filling Design” on page
10-7.

Optimal designs are best for cases with high system knowledge, where previous studies
have given confidence on the best type of model to be fitted, and the constraints of the
system are well understood. See “Create Optimal Designs” on page 10-13.

Classical designs (including full factorial) are very well researched and are suitable for
simple regions (hypercube or sphere). Engines have complex constraints and models
(high-order polynomials and splines). See “Create Classical Designs” on page 10-27.

You can augment any design by adding points. Working in this way allows new
experiments to enhance the original, rather than simply being a second attempt to gain
the necessary knowledge.

Create Examples Using the Design Editor

Follow the steps in the following sections in order. The instructions guide you through
constructing space-filling, optimal, and classical designs; how to apply constraints to
designs, and how to compare designs using the prediction error variance (PEV) viewer
and Design Evaluation tool.

1  Choose a model to design an experiment for, enter the Design Editor, and construct
an space-filling design. Then construct and apply two different constraints to this
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design and view the results. Often you would design constraints before constructing
a design, but for the purposes of this tutorial you make constraints last so you can
view the effects on your design.

See

“Set Up a Model and Create a Design” on page 10-5
+ “Create a Constrained Space-Filling Design” on page 10-7
Create an optimal design. See “Create Optimal Designs” on page 10-13.
After you create designs, use the displays and tools to examine the properties of the
design, save the design, and make changes.
+ “View Design Displays” on page 10-19
“Save Designs” on page 10-12
* “Use the Prediction Error Variance Viewer” on page 10-21

Create a classical design, and use the Prediction Error Variance Viewer to compare
it with the optimal design. You can also use the Design Evaluation tool to view all
details of any design.

See

+  “Create Classical Designs” on page 10-27
“Use the Design Evaluation Tool” on page 10-33

For more details on functionality in the Design Editor, see “Design of Experiments”.

Related Examples

“Set Up a Model and Create a Design” on page 10-5
“Create a Constrained Space-Filling Design” on page 10-7
“Apply Constraints” on page 10-7

“Create Optimal Designs” on page 10-13

“Create Classical Designs” on page 10-27

“Save Designs” on page 10-12

More About

“Design of Experiments”
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Set Up a Model and Create a Design

In this section...

“Set Up Model Inputs” on page 10-5
“Open the Design Editor” on page 10-5
“Create a New Design” on page 10-6

Set Up Model Inputs

You must first specify model inputs for which to design an experiment.

1

2

Start the Model Browser part of the toolbox by typing mbcmodel at the MATLAB
command line.

From the startup project node view, in the Common Tasks pane, click Design
experiment.

The New Test Plan dialog box appears.
Click the Two-Stage test plan icon mwestez in the Template pane. A two-stage model
fits a model to data with a hierarchical structure.

There 1s only one input to the global model by default. Click the up arrow button to
increase the Number of factors setting to 3.

Change the symbols of the three input factors to N, L, and A. This matches the global
factors modeled in the tutorial “Empirical Engine Modeling” on page 9-2: speed (n),
load (L), and air/fuel ratio (A).

Click OK to dismiss the dialog box.

The Model Browser displays the test plan diagram with your specified model inputs.

Open the Design Editor

In the test plan view, in the Common Tasks pane, click Design experiment.

The Design Editor window appears.

Alternatively, to open the Design Editor, you can also use either of the following
methods:

10-5
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Right-click the global model in the diagram and choose Design Experiment, as
shown.

You can also access the Design Editor by selecting the menu item TestPlan > Design
Experiment.

Create a New Design

1

2

Click the (3 button in the toolbar or select File > New. A new node called appears.

The new node is automatically selected. An empty Design Table appears ( or any
view you last used in the Design Editor) because you have not yet chosen a design.
For this example you create an optimal design for the default global model.

You can change the model for which you are designing an experiment from within
the Design Editor window by selecting Edit > Model.

Rename the new node Space Fill (you can edit the names by clicking again on a
node when it is already selected, or by pressing F2, as when selecting to rename in
Windows Explorer).

For next steps, see “Create a Constrained Space-Filling Design” on page 10-7.
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Create a Constrained Space-Filling Design

Space-filling designs should be used when there is little or no information about the
underlying effects of factors on responses. For example, they are most useful when you
are faced with a new type of engine, with little knowledge of the operating envelope.
These designs do not assume a particular model form. The aim is to spread the points
as evenly as possible around the operating space. These designs literally fill out the n-
dimensional space with points that are in some way regularly spaced. These designs can
be especially useful with nonparametric models such as radial basis functions (a type of
neural network).

1 In the Design Editor, with the new design selected (that you created in “Open the
Design Editor” on page 10-5), select Design > Space Filling > Design Browser, or
click the Space Filling Design button on the toolbar.

The Space Filling Design Browser appears.

1 Leave the default Sobol Sequence in the Design type list, and the default
Number of points.

2 Use the Preview tabs to view 2-D and 3-D previews.

3 Click OK to calculate the space-filling design and return to the main Design Editor.

Apply Constraints

In many cases, designs might not coincide with the operating region of the system to

be tested. For example, a conventional stoichiometric AFR automobile engine normally
does not operate with high exhaust gas recirculation (EGR) in a region of low speed

(n) and low load (I). You cannot run 15% EGR at 800 RPM idle with a homogeneous
combustion process. There is no point selecting design points in impractical regions,

S0 you can constrain the candidate set for test point generation. Only optimal designs
have candidate sets of points; classical designs have set points, and space-filling designs
distribute points between the coded values of (1, -1).

You would usually set up constraints before making designs. Applying constraints
to classical and space-filling designs simply removes points outside the constraint.
Constraining the candidate set for optimal designs ensures that design points are
optimally chosen within the area of interest only.

Designs can have any number of geometric constraints placed upon them. Each
constraint can be one of four types: an ellipsoid, a hyperplane, a 1-D lookup table, or a 2-
D lookup table.
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To add a constraint to your currently selected design:

Select Edit > Constraints from the Design Editor menus.

2 The Constraints Manager dialog appears. Click Add.
The Constraint Editor dialog with available constraints appears. Leave the default
1D Table in the Constraint type list.

3  You can select the appropriate factors to use. For this example, choose speed (N) and
air/fuel ratio (A) for the X and Y factors.

4 Move the large dots (click and drag them) to define a boundary. The Constraint

Editor should look something like the following.

I ~
4 Edit Constraint =Nl X
1D Table constraints are used for constraining the 54
Constraint type: |1D Table i value of the Y-factor at specific values of the X-factor. mﬂ
¥ factorr |TQ ~ | Mumber of breakpoints: 5 : Span Factor Range mport Table
% factor: | Speed | Constraint inequality: <= -
TQ Speed 5000 L s
21.852 3564.5]
61.25 5000 4000 *
112.5 5000 © b
157664 43475 g 3000 =
181.367 2288.5 5] —
2000 \g|
1000 \:|
50 100 150 200 EB'
TQ
| oK | | Cancel | | Help |
J
5 Click OK.

Your new constraint appears in the Constraint Manager list box. Click OK to return
to the Design Editor. A dialog appears because there are points in the design that
fall outside your newly constrained candidate set.

6 Click Continue to remove the points outside the constraint. Note that fixed points

are not deleted by this process.
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H-awiz factor IN vl -awiz factor ||_ vl

Plot the 2-D projection of the hypercube, and observe the effects of the new
constraint on the shape of the design, as shown in the preceding example.

Right-click the display pane to reach the context menu, and select Current View >
3D Constraints.
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These views are intended to give some idea of the region of space that is currently
available within the constraint boundaries.

8 Return to the Constraint Editor, choose Edit > Constraint, and click Add in the
Constraint Manager.

9 Add an ellipsoid constraint. Choose El1lipsoid from the drop-down menu of

constraint types.

2 Edit Constraint -0l ]
. — An ellipzoid constraint keeps only the poirts within . :
Caonstraint type: IElllps-:ud - I the ellipzoid defined by (X-X WIX-X ) £1. L .
Certet poirt: Elliprzoid form rostrix:
Factar Yalue M L A
50+ M de-d
L 501 L 0l 1]
A 50+ 2, 0 0 de-d

QK I Cancel Help

Enter O as the value for the L diagonal in the table, as shown. This will leave L
unconstrained (a cylinder). The default ellipsoid constraint is a sphere. To constrain
a factor, if you want a radius of r in a factor, enter 1/(r*2). For this example, leave
the other values at the defaults. Click OK to apply the constraint.

10 Click OK, click OK again in the Constraint Manager, and click Continue to remove
design points outside the new candidate set (or Replace if you are constraining an
optimal design). Examine the new constraint 3-D constraints plot.

Both constraints are applied to this design.

For next steps, see “Save Designs” on page 10-12.
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To try other design styles, see “Create Optimal Designs” on page 10-13 and “Create
Classical Designs” on page 10-27.

Related Examples

. “Design of Experiment” on page 10-2

. “Save Designs” on page 10-12

. “Create Optimal Designs” on page 10-13
. “View Design Displays” on page 10-19

. “Create Classical Designs” on page 10-27

More About

. “Design of Experiments”
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10-12

To save your designs with your project and close the Design Editor, select File > Save
and Close or the toolbar button.

To export your design to a file:

1

2
3
4

Choose File > Export Design. The selected design only is exported.
Export to options:

+ Comma separated format file exports the matrix of design points to a CSV
(comma-separated values) file. You can include factor symbols and/or convert to
coded values by selecting the check boxes.

Design Editor file generates a Design Editor file (.mvd).

Workspace exports the design matrix to the workspace. You can convert design
points to a range of [-1, 1] by selecting the check box.

Choose a CSV file.
Name the destination file by typing Designtutorial in the edit box.
Click OK to save the file.

For more details on functionality in the Design Editor, see “Design of Experiments”.

Related Examples

“Design of Experiment” on page 10-2

“Create a Constrained Space-Filling Design” on page 10-7
“Create Optimal Designs” on page 10-13

“View Design Displays” on page 10-19

“Create Classical Designs” on page 10-27

More About

“Design of Experiments”
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Create Optimal Designs

In this section...

“Introducing Optimal Designs” on page 10-13
“Start Point Tab” on page 10-14

“Candidate Set Tab” on page 10-15
“Algorithm Tab” on page 10-17

Introducing Optimal Designs

In the Design Editor, with a new design selected, create an optimal design by clicking

the button in the toolbar, or choose Design > Optimal.

Optimal designs are best for cases with high system knowledge, where previous studies
have given confidence on the best type of model to be fitted, and the constraints of the
system are well understood.

The optimal designs in the Design Editor are formed using the following process:

* An initial starting design is chosen at random from a set of defined candidate points.

* m additional points are added to the design, either optimally or at random. These
points are chosen from the candidate set.

* m points are deleted from the design, either optimally or at random.
+ If the resulting design is better than the original, it is kept.
This process is repeated until either (a) the maximum number of iterations is exceeded

or (b) a certain number of iterations has occurred without an appreciable change in the
optimality value for the design.

The Optimal Design dialog consists of several tabs that contain the settings for three
main aspects of the design:

+ Starting point and number of points in the design
+ Candidate set of points from which the design points are chosen

*  Options for the algorithm that is used to generate the points

10-13
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Start Point Tab

The Start Point tab allows you to define the composition of the initial design: how many
points to keep from the current design and how many extra to choose from the candidate
set.

Leave the optimality criteria at the default to create a V-Optimal design.

2 Increase the total number of points to 30 by clicking the Optional additional
points up/down buttons or by typing directly into the edit box. You can edit the
additional points and/or the total number of points.

Optimal Design X

Optimality criteris: IV-OptimaI j

Intial Desion | Cancidate et | Augorithm |

— Initial Poirts From Current Design
' Keep current design poitts
| Keep current ficed desinn paoints

f* Do not keep any current design points

— Additional Design Paoints
Pairts from current design: a

Minirnum additional poirts required: 10

Ciptional additional points: |2IZ| %I
Total number of points: |3l] %

Ok Cancel Help
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Candidate Set Tab

The Candidate Set tab allows you to set up a candidate set of potential test points. This
typically ranges from a few hundred points to several hundred thousand.

1  Choose Grid for this example. Note that you could choose different schemes for
different factors.

2 This tab also has buttons for creating plots of the candidate sets. Try them to
preview the grid.

3 Notice that you can see 1-D, 2-D, 3-D, and 4-D displays (the fourth factor is color, but
this example only uses three factors) at the same time as they appear in separate
windows (see example following). Look at a display window while changing the
number of levels for the different factors. See the effects of changing the number of
levels on different factors, then return them all to the default of 21 levels.
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Select variables in this list —
= _(ofx

Choose grid from this list
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Algorithm Tab

<} Optimal Dezign X

Optirmality Criteria; IV-DptimaI ﬂ

Start Paint | Candidate Set  Algonthm I

— Optimization Parameters

Augrmentation method; IHandom "I
Dreletion rgthod: IEIptimaI 'I
p - number of pointz to alter per iteration: I a0 %

~ Stopping Criteria
Delta - value below which the change in o0 %‘
optimality criterion tiggers an increment in q; : -
q - number of conzecutive non-productive |—25EI -
iterationg which trigger a stop: E‘
b amimumm number of iterations bo perform; I 2000 %

The current canfiguration will vizit a maxinum of 9261 unigue
candidate points, which cormesponds to 100,00 percent of the
candidate et

ak, | Cancel Help

1

Leave the algorithm settings at the defaults and click OK to start optimizing the

design.

When you click the OK button on the Optimal Design dialog, the Optimizing
Design dialog appears, containing a graph. This dialog shows the progress

of the optimization and has two buttons: Accept and Cancel. Accept stops
the optimization early and takes the current design from it. Cancel stops the

optimization and reverts to the original design.
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<} Optimizing Deszign x|

Optimizing deszign to attain minimnum Y-optimal value.

0.z g
D L 1 1
1] A00 1000 1400 2000
Current W-optimal walue: 01385
Murnber of iterations perfarmed: 199

Murnber of iterations without improvenent: — 23/250

.&ccept% Cancel |

2 Click Accept when iterations are not producing noticeable improvements; that is,
the graph becomes very flat.

For next steps, see “View Design Displays” on page 10-19, “Use the Prediction Error
Variance Viewer” on page 10-21, and “Create Classical Designs” on page 10-27.
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View Design Displays
When you click Accept button, you return .

In the Design Editor, after you create a design, it shows the Design Table view of the
design or other views if you previously viewed designs. In the context menu, available by
right-clicking on the title bar, you can change the view of the design to 1-D, 2-D, 3-D, 4-D,
and pairwise design projections, 2-D and 3-D constraint views, and the table view (also
under the View menu). This menu also allows you to split the display either horizontally
or vertically so that you simultaneously have two different views on the current design.
You can also use the toolbar buttons to do this. The split can be merged again. After
splitting, each view has the same functionality; that is, you can continue to split views
until you have as many as you want. When you click a view, its title bar becomes blue to
show it is the active view.

The currently available designs are displayed on the left in a tree structure. For details,
see “The Design Tree”.

Display Options

The Design Editor can display multiple design views at once, so while working on a
design you can keep a table of design points open in one corner of the window, a 3-D
projection of the constraints below it and a 2-D or 3-D plot of the current design points as
the main plot.

The current view and options for the current view are available either through the
context menu or the View menu on the Design Editor window.
Change the main display to 3-D Projection view.

2 You can rotate the projection with click-drag mouse movement. View your design
in several projections (singly, or simultaneously by dividing the pane) by using the
right-click context menu in the display pane.

Related Examples

. “Design of Experiment” on page 10-2

. “Create a Constrained Space-Filling Design” on page 10-7
. “Create Optimal Designs” on page 10-13

. “Create Classical Designs” on page 10-27
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. “Use the Prediction Error Variance Viewer” on page 10-21

. “Use the Design Evaluation Tool” on page 10-33

More About

. “Design of Experiments”
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Use the Prediction Error Variance Viewer

In this section...

“Introducing the Prediction Error Variance Viewer” on page 10-21

“Add Points Optimally” on page 10-24

Introducing the Prediction Error Variance Viewer

A useful measure of the quality of a design is its prediction error variance (PEV). The
PEV hypersurface is an indicator of how capable the design is in estimating the response
in the underlying model. A bad design is either not able to fit the chosen model or is very
poor at predicting the response. The Prediction Error Variance Viewer is only available
for linear models. The Prediction Error Variance Viewer is not available when designs
are rank deficient; that is, they do not contain enough points to fit the model. Optimal
designs attempt to minimize the average PEV over the design region.

With an optimal design selected (as constructed in “Create Optimal Designs” on page
10-13), select Tools > Prediction Error Variance Viewer.

10-21



10 Design of Experiment
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The default view is a 3-D plot of the PEV surface.
This shows where the response predictions are best. This example optimal design

predicts well in the center and the middle of the faces (one factor high and the other
midrange), but in the corners the design has the highest error. Look at the scale to see
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how much difference there is between the areas of higher and lower error. For the best
predictive power, you want low PEV (close to zero).

You can examine PEV for designs and models. The two are related in this way:

Accuracy of model predictions (model PEV)=Design PEV * MSE (Mean Square Error in
measurements).

You can think of the design PEV as multiplying the errors in the data. The smaller
the PEV, the greater the accuracy of your final model. You can read more about the
calculation of PEV in “Prediction Error Variance”.

Try the other display options.

* The View menu has many options to change the look of the plots.

* You can change the factors displayed in the 2-D and 3-D plots. The pop-up menus
below the plot select the factors, while the unselected factors are held constant. You
can change the values of the unselected factors using the buttons and edit boxes in
the Input factors list, top left.

+ The Movie option shows a sequence of surface plots as a third input factor's value is
changed. You can change the factors, replay, and change the frame rate.

* You can change the number, position, and color of the contours on the contour plot
with the Contours button, as shown.
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Predicted Errar Yariance

Add Points Optimally

You can further optimize the optimal design by returning to the Optimal Design dialog,
where you can delete or add points optimally or at random. The most efficient way is to
delete points optimally and add new points randomly — these are the default algorithm
settings. Only the existing points need to be searched for the most optimal ones to
delete (the least useful), but the entire candidate set has to be searched for points to add
optimally.

To strengthen the current optimal design:

1 Return to the Design Editor window.

2  Click the Optimal Design button in the toolbar again to reenter the dialog, and add
60 more points. Keep the existing points (which is the default).
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3 Click OK and watch the optimization progress, then click Accept when the number
of iterations without improvement starts increasing.

4 View the improvements to the design in the main displays.

5 Once again select Tools > Prediction Error Variance Viewer and review the
plots of prediction error variance and the new values of optimality criteria in the
optimality frame (bottom left). The shape of the PEV projection might not change
dramatically, but note the changes in the scales as the design improves. The values
of D, V, and G optimality criteria will also change (you have to click Calculate to see
the values).

To see more dramatic changes to the design, return to the Design Editor window (no need
to close the Prediction Error Variance Viewer).
Split the display so you can see a 3-D projection at the same time as a Table view.
2  You can sort the points to make it easier to select points in one corner. For example,
to pick points where N is 100 and L is O,
a Select Edit > Sort Points.

b  Choose to sort by N only (reduce the number of sort variables to one) and click
OK.

3 Choose Edit > Delete Point.

4 Using the Table and 3-D views as a guide, in the Delete Points dialog, pick six points
to remove along one corner. Add the relevant point numbers to the delete list by
clicking the add (>) button.

5 Click OK to remove the points. See the changes in the main design displays and look
at the new Surface plot in the Prediction Error Variance Viewer (see the example
following).
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Related Examples

. “Design of Experiment” on page 10-2

. “Create a Constrained Space-Filling Design” on page 10-7
. “Create Optimal Designs” on page 10-13

More About

. “Design of Experiments”
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Create Classical Designs

In this section...

“Adding a Classical Design” on page 10-27
“Classical Design Browser” on page 10-28

“Setting Up and Viewing a Classical Design” on page 10-29

Adding a Classical Design

Classical designs (including full factorial) are very well researched and are suitable for
simple regions (hypercube or sphere).

1

In the Design Editor window, click to select the Optimal design in the design tree (as
constructed in “Create Optimal Designs” on page 10-13).

Add a new design. Use the first toolbar button, or select File > New.

A new child node appears in the tree, called Optimal_1. Notice that the parent
node now has a padlock on the icon. This indicates it is locked. This maintains

the relationship between designs and their child nodes. The tree arrangement

lets you try different operations starting from a basic design, then select the most
appropriate one to use. The hierarchy allows clear viewing of the effects of changes
on designs. The locking of parent designs also gives you the ability to easily reverse
out of changes by retreating back up the tree.

Select the new design node in the tree. Notice that the display remains the same

— all the points from the previous design remain, to be deleted or added to as
necessary. The new design inherits all its initial settings from the currently selected
design and becomes a child node of that design.

Rename the new node Classical by clicking again or by pressing F2.

Click the button in the toolbar or select Design > Classical > Design
Browser.

Note In cases where the preferred type of classical design is known, you can go
straight to one of the five options under Design > Classical. Choosing the Design
Browser option allows you to see graphical previews of these same five options
before making a choice.
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A dialog appears because there are already points from the previous design. You
must choose between replacing and adding to those points or keeping only fixed
points from the design.

6 Choose the default, replace current points with a new design, and click OK.

The Classical Design Browser appears.

Classical Design Browser
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Design type:  |Box-Behnken d
— Options — Prewview:

MNumber of center points: I 3 §| Generste | v Automatically update previsw

Range of values:

= Size of unconstrained design: 27
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L 0.068 = 0955
ICP £ 5075
ECP 55 505
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0z

1000 2000 3000 4000  S000 G000
il

X-axiz factor: IN - l Y -axiz factor: ||_ - l
10 2.0 |3-D| 4.0
Ok I Cancel | Help |

In the Design Style drop-down menu, there are five classical design options:

+ Central Composite

Generates a design that has a center point, a point at each of the design volume
corners, and a point at the center of each of the design volume faces. You can choose

a ratio value between the corner points and the face points for each factor and the
number of center points to add. You can also specify a spherical design. Five levels are
used for each factor.
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Box-Behnken

Similar to Central Composite designs, but only three levels per factor are required,
and the design is always spherical in shape. All the design points (except the center
point) lie on the same sphere, so there should be at least three to five runs at the
center point. There are no face points. These designs are particularly suited to
spherical regions, when prediction at the corners is not required.

Full Factorial

Generates an n-dimensional grid of points. You can choose the number of levels for
each factor and the number of additional center points to add.

Plackett Burman

These are “screening” designs. They are two-level designs that are designed to allow
you to work out which factors are contributing any effect to the model while using the
minimum number of runs. For example, for a 30-factor problem this can be done with
32 runs.

Regular Simplex

These designs are generated by taking the vertices of a k-dimensional regular simplex
(k = number of factors). For two factors a simplex is a triangle; for three it is a
tetrahedron. Above that are hyperdimensional simplices. These are economical first-
order designs that are a possible alternative to Plackett Burman or full factorials.

Setting Up and Viewing a Classical Design

A ON -

Choose a Box-Behnken design.

Reduce the number of center points to 1.

View your design in different projections using the tabs under the display.
Click OK to return to the Design Editor.

Use the Prediction Error Variance Viewer to see how well this design performs
compared to the optimal design created previously; see the following illustration.
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As you can see, this is not a realistic comparison, as this design has only 13 points (you
can find this information in the bottom left of the main Design Editor display), whereas
the previous optimal design had 100, but this is a good illustration of leverage. A single
point in the center is very bad for the design, as illustrated in the Prediction Error
Variance Viewer surface plot. This point is crucial and needs far more certainty for there
to be any confidence in the design, as every other point lies on the edge of the space. This
1s also the case for Central Composite designs if you choose the spherical option. These
are good designs for cases where you are not able to collect data points in the corners of
the operating space.

If you look at the PEV surface plot, you should see a spot of white at the center. This is
where the predicted error variance reaches 1. For surfaces that go above 1, the contour at
1 shows as a white line, as a useful visual guide to areas where prediction error is large.

1 Select Movie, and you see this white contour line as the surface moves through the
plane of value 1.

2 Select the Clip Plot check box. Areas that move above the value of 1 are removed.
The following example explains the controls.
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Turn PEV value clipping on and off here

Change PEV clipping value here
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Related Examples
. “Design of Experiment” on page 10-2

“Create a Constrained Space-Filling Design” on page 10-7
. “Create Optimal Designs” on page 10-13
. “View Design Displays” on page 10-19

More About

. “Design of Experiments”
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Use the Design Evaluation Tool

The Design Evaluation Tool is available for linear models only. See also “Global Model
Class: Multiple Linear Models”.

1

In the Design Editor, after creating a classical design (in “Create Classical Designs”
on page 10-27) select Tools > Evaluate Designs.

Choose the Box-Behnken design and click OK in the Select Designs dialog.

The Design Evaluation Tool displays a large amount of statistical information about
the design.

Select Hat Matrix from the list on the right.
Click the Leverage Values button.

Note that the leverage of the central point is 1.00 (in red) and the leverage of all
other points is less than this. The design would clearly be strengthened by the
addition of more central points. Obviously, this is a special case, but for any kind
of design, the Design Evaluation Tool is a powerful way to examine properties of
designs.

Select Design Matrix from the list box.
Click the 3D Surface button in the toolbar.

10-33



10 Design of Experiment
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This illustrates the spherical nature of the current design. As usual, you can rotate the
plot by clicking and dragging with the mouse.

There are many other display options to try in the toolbar, and in-depth details of the
model terms and design matrices can all be viewed. You can export any of these to the

workspace or a .mat file using the Export box.

For a description of all the information available here, see “Use the Design Evaluation
Tool” on page 10-33.
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Improving the Design

To strengthen the current Box-Behnken design near the center region:

o 0 A WOWN —

Close the Design Evaluation Tool.

Return to the Design Editor window.

Select Design > Classical > Box-Behnken.

Click OK to replace the current points with a new design.
Increase the number of center points and click OK.

Once again select Tools > Prediction Error Variance Viewer and review the
plots of prediction error variance and the new values of optimality criteria in the
optimality frame (bottom left).

Review the leverage values of the center points. From the Design Editor window, use
Tools > Evaluate Design and go to Hat Matrix.

Try other designs from the Classical Design Browser. Compare Full Factorial with
Central Composite designs; try different options and use the Prediction Error
Variance Viewer to choose the best design.

Note You cannot use the Prediction Error Variance Viewer if there are insufficient
points in the design to fit the model. For example, you cannot fit a quadratic with
less than three points, so the default Full Factorial design, with two levels for
each factor, must be changed to three levels for every factor before you can use the
Prediction Error Variance Viewer.

When you are satisfied, return to the Design Editor window and choose Edit >
Select as Best. You will see that this design node is now highlighted in blue in the
tree. This can be applied to any design.

When you are creating designs before you start modeling, the design that you select
as best is the one used to collect data.

Related Examples

“Design of Experiment” on page 10-2

“Create a Constrained Space-Filling Design” on page 10-7
“Create Optimal Designs” on page 10-13

“View Design Displays” on page 10-19
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. “Create Classical Designs” on page 10-27

More About

. “Design of Experiments”
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Data Editor for Modeling

This section discusses the following topics:

+ “Data Manipulation for Modeling” on page 11-2

* “Load Data” on page 11-3

+ “View and Edit the Data” on page 11-5

+ “Create New Variables and Filters” on page 11-9

+ “Store and Import Variables, Filters, and Plot Preferences” on page 11-12
+ “Define Test Groupings” on page 11-13

+ “Match Data to Experimental Designs” on page 11-16
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Data Manipulation for Modeling

11-2

For empirical engine modeling in the Model Browser, you first need to load, process and
select data for modeling. This tutorial shows you how to use the Data Editor for loading
data, creating new variables, and creating constraints for that data.

You can load data from files (Microsoft® Excel® files, MATLAB files, text files) and from
the MATLAB workspace. You can merge data in any of these forms with previously
loaded data sets (providing there is no conflict in the form of the data) to produce a new
data set. Test plans can use only one data set, so the merging function allows you to
combine records and variables from different files in one model.

You can define new variables, apply filters to remove unwanted data, and apply test
notes to filtered tests. You can store and retrieve these user-defined variables and filters
for any data set, and you can store plot settings. You can change and add records and
apply test groupings, and you can match data to designs. You can also write your own
data loading functions.

The following tutorial is a step-by-step guide. Follow the steps in these sections in order:

+ “Load Data” on page 11-3

+ “View and Edit the Data” on page 11-5

* “Create New Variables and Filters” on page 11-9

+  “Store and Import Variables, Filters, and Plot Preferences” on page 11-12
* “Define Test Groupings” on page 11-13

+ “Match Data to Experimental Designs” on page 11-16

For comprehensive help on using data in the Model Browser, see “Data Manipulation for
Modeling”.



Load Data

Load Data

In this section...

“Opening the Data Editor” on page 11-3

“Loading a Data File” on page 11-3

Opening the Data Editor

You can create, copy, rename and delete data objects from the Project view in the Model
Browser.

To enter the Data Editor and create a new data object, from the Project node, select Data
> New Data (or click the New Data Object toolbar button).

The Data Editor appears.

There are no plots until some data has been loaded. The views shown depend on whether
you have previously looked at the Data Editor, as it retains memory of your previous
layout.

By default the new data object is called Data Object. Select File > Rename Data to
enter a new name.

Loading a Data File

1  Click the import data from file button in the toolbar.

2 In the dialog box, find and select the Hol l iday . xIs data file in the matlab
\toolbox\mbc\mbctraining folder. Double-click to load the file, or select it and
click Open.

You can also enter file pathnames in the edit box. The list contains the file types
recognized by the Model Browser (Excel files, Delimited text files, MATLAB
data files, etc). Leave this at the default, and the toolbox tries to determine what
type of file is selected by looking at the file extension.

3 In Data Variable Editor, edit the variables names and units if you want. Double-click
or use the Edit or Remove buttons for selected variables. View the summary showing
the total number of records and variables imported, and each variable's range, mean,
standard deviation, and units. Click OK.
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View the data you loaded in the Data Editor.
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View and Edit the Data

In this section...

“Viewing Data” on page 11-5
“Using Notes to Sort Data for Plotting” on page 11-5

“Removing Outliers and Problem Tests” on page 11-6

“Reordering and Editing Data” on page 11-7

Viewing Data

You can split the views to display several plots at once. Use the right-click context
menus, the toolbar buttons, or the View menu to split views. You can choose 2-D plots, 3-
D plots, multiple data plots, data tables, and tabs showing summary, statistics, variables,
filters, test filters, and test notes.

For more details about each view, see “View and Edit Data” in the Model-Based
Calibration Toolbox Model Browser User's Guide.

You can use test notes to investigate problem data and decide whether some points
should be removed before modeling. The following steps cover using notes and views to
sort and investigate your data.

Using Notes to Sort Data for Plotting

1 Right-click a view and select Current View > Multiple Data Plot.
2 Right-click the new view and select Add Plot.

The Plot Variables Setup dialog appears.

3 Select spark and click to add to the X Variable box, then select tq and click to add
to the Y Variable box. Click OK to create the plot.

4  Click in the Tests list to select a test to plot (or Shift-click, Ctrl-click, or click and
drag to select multiple tests).

5 Select Tools > Test Notes.

6 In The Test Note Editor, enter mean(tq)<10 in the top edit box to define the tests
to be noted, and enter Low torque in the Test Note edit box. Leave the note color at
the default and click OK.
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11-6

10

Click the Test Notes tab to view your note definition.

In the Test Selector pane on the left, observe that all the tests that satisfy the
condition mean(tq)<10 show Low torque next to them. Click the column header to
sort the tests that meet the note condition to the top or bottom of the list.

Now create some more views.

Right-click a view and select Split View > Data Table.
Right-click a view and select Split View > 3D Plot.
In the Test Selector pane, click particular tests with the Low torque note.

Notice that when you select a test here, the same test is plotted in the multiple data
plots, the 3D data plot, and highlighted in the data table. You can use the notes

in this way to easily identify problem tests and decide whether you should remove
them.

Removing Outliers and Problem Tests

1

Click a point on the Multiple Data Plots view.

The point is outlined in red on the plot, and highlighted in the data table. You can
remove points you have selected as outliers by selecting Tools > Remove Data
(or use the keyboard shortcut Ctrl+A). Select Tools > Restore Data (or use the
keyboard shortcut Ctrl+Z) to open a dialog where you can choose to restore any or
all removed points.

You can remove individual points as outliers, or you can remove records or entire
tests with filters.

For example, after examining all the Low torque noted tests, you could decide they
should be filtered out.
a Select Tools > Test Filters.

b In the Test Filter Editor, enter mean(tg)>10 to keep all tests where the mean
torque is greater than 10, and click OK.

¢ Click the Test Filters tab and observe the new test filter results show it is
successfully applied and the number of records removed.

Similarly, you can use filters to remove individual records rather than entire tests,
which you will cover in a later section “Applying a Filter” on page 11-9.
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3 To view removed data in the table view, right-click and select Allow Editing.
Removed records are red. To view removed data in the 2-D and Multiple Data Plots,
select Properties and select the box Show removed data.

Reordering and Editing Data

To change the display, right-click a 2-D plot and select Properties. You can alter grid
and plot settings including lines to join the data points.

Reorder X Data in the Plot Properties dialog can be useful when record order does not
produce a sensible line joining the data points. For an illustration of this:

1 Ensure you are displaying a 2-D plot. You can right-click on any plot and select
Current Plot > 2-D Plot, or use the context menu split commands to add new

views.

2 Right-click on a 2-D plot and select Properties and choose solid from the Data
Linestyle drop-down menu, as shown below. Click OK.

) 2D Plot Properties

Data linestyle: ISoIid ()

=l

Drata market: IDD‘t
[~ Reorder ¥ data

[~ Show legend

=l

=101 ]

[~ Shovwe grid

[~ Show bad data

QK I Cancel |

3 Choose afr for the y-axis.
4 Choose Load for the x-axis.

5 Select test 590. You must use the test controls contained within the 2-D plot. The
Tests pane on the left applies to other views: tables and 3-D and multiple data plots.
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Right-click and select Properties and choose Reorder X Data. Click OK.

1452

This command replots the line from left to right instead of in the order of the records,
as shown.
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Right-click and select Split Plot > Data Table to split the currently selected view
and add a table view. You can select particular test numbers in the Tests pane on
the left of the Data Editor. You can right-click to select Allow Editing, and then you
can double-click cells to edit them.
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Create New Variables and Filters

In this section...

“Adding New Variables” on page 11-9

“Applying a Filter” on page 11-9

“Sequence of Variables” on page 11-11

“Deleting and Editing Variables and Filters” on page 11-11

Adding New Variables

You can add new variables to the data set.

1

Select Tools > Variables, or click the toolbar button.

In the Variable Editor, you can define new variables in terms of existing variables.
Define the new variable by writing an equation in the edit box at the top.

Define a new variable called POWER that is defined as the product of two existing
variables, tq and n, by entering POWER=tg*n, as seen in the example following. You

can also double-click variable names and operators to add them, which can be useful
to avoid typing mistakes in variable names, which must be exact including case.

Click OK to add this variable to the current data set.

View the new variable in the Data Editor in the Variables tab at the top. You can
also now see 7 + 1 variables in the summary tab.

Applying a Filter

A filter is a constraint on the data set you can use to exclude some records. You use the
Filter Editor to create new filters.

1

Choose Tools > Filters, or click the toolbar button.

In the Filter Editor, define the filter using logical operators on the existing variables.

Keep all records with speed (n) greater than 1000. Type n (or double-click on the
variable n), then type >1000.

Click OK to impose this filter on the current data set.
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4  View the new filter in the Data Editor in the Filters tab at the top. Here you can
see a list of your user-defined filters and how many records are removed by the
new filter. You can also now see 141/270 records in the summary tab and a red
section in the bar illustrating the records removed by the filter.
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Sequence of Variables

You can change the order of user-defined variables in the Variable Editor list using the
up and down arrow buttons.

Select Tools > Variables.

Example:

1

3

Define two new variables, Newl and New2. Note that you can use the buttons to add
or remove a list item to create or delete variables in this view. Click the button to
'Add item' to add a new variable, and enter the definitions shown.

Notice that New?2 is defined in terms of Newl. New variables are added to the data in

turn and hence Newl must appear in the list before New2, otherwise New2 is not well
defined.

Change the order by clicking the down arrow in the Variable Editor to produce this
erroneous situation. Click OK to return to the Data Editor and in the Variables tab
you can see the error message that there is a problem with the variable.

Use the arrows to order user-defined variables in legitimate sequence.

Deleting and Editing Variables and Filters

You can delete user-defined variables and filters.

Example:

1

To delete the added variable Newl, select it in the Variables tab and press the
Delete key.

You can also delete variables in the Variable Editor by clicking the Remove Item
button.

Similarly, you can delete filters by selecting the unwanted filter in the Filters tab and
using the Delete key.
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Store and Import Variables, Filters, and Plot Preferences

11-12

You can store and import plot preferences, user-defined variables, filters, and test notes
so they can be applied to other data sets loaded later in the session, and to other sessions.

+  Select Tools > Import Expressions

Click the toolbar button &

The Data Editor remembers your plot type settings and when reopened will display
the same types of views. You can also store your plot layouts to save the details of your
Multiple Data Plots, such as which factors to display, line style, grid, etc.

In the Import Variables, Filters, and Editor Layout dialog box, use the toolbar buttons
to import variables, filters and plot layouts. Import from other data sets in the current
project, or from MBC project files, or from files exported from the Data Editor.

To use imported expressions in your current project, select items in the lists and click the
toolbar button to apply in the data editor.

To store expressions in a file, in the Data Editor, select Tools > Export Expressions
and select a file name.

For more, see “Using Data”.
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Define Test Groupings

The Define Test Groupings dialog collects records of the current data object into groups;
these groups are referred to as tests.

The dialog is accessed from the Data Editor in either of these ways:

+ Using the menu Tools > Test Groups

) (=3

Using the toolbar button “*=*

When you enter the dialog using the hol liday data, a plot is displayed as the variable
logno is automatically selected for grouping tests.

Select another variable to use in defining groups within the data.

1 Select nin the Variables list.

2
Click the E.fJ button to add the variable (or double-click n).

The variable n appears in the list view on the left. You can now use this variable to
define groups in the data. The maximum and minimum values of n are displayed.
The Tolerance is used to define groups: on reading through the data, when the
value of n changes by more than the tolerance, a new group is defined. You change
the Tolerance by typing directly in the edit box.

You can define additional groups by selecting another variable and choosing a
tolerance. Data records are then grouped by n or by this additional variable changing
outside their tolerances.

3 Clear the box Group by for logno. Notice that variables can be plotted without
being used to define groups.

Add load to the list by selecting it on the right and clicking EEJ.
5 Change the load tolerance to 0.01 and watch the test grouping change in the plot.

6 Clear the Group By check box for load. Now this variable is plotted without being
used to define groups.

The plot shows the scaled values of all variables in the list view (the color of the
tolerance text corresponds to the color of data points in the plot). Vertical pink bars
show the tests (groups). You can zoom the plot by Shift-click-dragging or middle-
click-dragging the mouse; zoom out again by double-clicking.
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11-14

Select load in the list view (it becomes highlighted in blue) and remove it from the
list by clicking the E:"I button.

Double-click to add spark to the list, and clear the Group By check box. Select
logno as the only grouping variable.

It can be helpful to plot the local model variable (in this case spark) to check you
have the correct test groupings. The plot shows the sweeps of spark values in each
test while speed (n) is kept constant. Speed is only changed between tests, so it is a
global variable. Try zooming in on the plot to inspect the test groups; double-click to
reset.

One-stage data defines one test per record, regardless of any other grouping. This
is required if the data is to be used in creating one-stage models.

Sort records before grouping allows you to reorder records in the data set.
Otherwise, the groups are defined using the order of records in the original data
object.

Show original test groups displays the original test groupings if any were defined.

Test number variable contains a list of all the variables in the current data set.
Any of these could be selected to number the tests.

Make sure logno is selected for the Test number variable.

This changes how the tests are displayed in the rest of the Model Browser. Test
number can be a useful variable for identifying individual tests in Model Browser
and Data Editor views (instead of 1,2,3...) if the data was taken in numbered tests
and you want access to that information during modeling.

If you chose none from the Test number variable list, the tests would be
numbered 1,2,3 and so on in the order in which the records appear in the data file.
With logno chosen, you will see tests in the Data Editor listed as 586, 587 etc.

Every record in a test must share the same test number to identify it, so when you
are using a variable to number tests, the value of that variable is taken in the first
record in each test.

Test numbers must be unique, so if any values in the chosen variable are the same,
they are assigned new test numbers for the purposes of modeling (this does not
change the underlying data, which retains the correct test number or other variable).



Define Test Groupings

10 Click OK to accept the test groupings defined and close the dialog.
In the Data Editor summary tab, view the number of tests.

The number of records shows the number of values left (after filtration) of each
variable in this data set, followed by the original number of records. The color coded
bars also display the number of records removed as a proportion of the total number.
The values are collected into a number of tests; this number is also displayed. The
variables show the original number of variables plus user-defined variables.
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Match Data to Experimental Designs

11-16

In this section...

“Introducing Matching Data to Designs” on page 11-16
“Tolerances and Cluster Information” on page 11-18

“Understanding Clusters” on page 11-20

Introducing Matching Data to Designs

You can use an example project to illustrate the process of matching experimental data to
designs.

Experimental data is unlikely to be identical to the desired design points. You can use
the Design Match view in the Data Editor to compare the actual data collected with your
experimental design points. Here you can select data for modeling. If you are interested
in collecting more data, you can update your experimental design by matching data to
design points to reflect the actual data collected. You can then optimally augment your
design (using the Design Editor) to decide which data points it would be most useful to
collect, based on the data obtained so far.

You can use an iterative process: make a design, collect some data, match that data with
your design points, modify your design accordingly, then collect more data, and so on.
You can use this process to optimize your data collection process in order to obtain the
most robust models possible with the minimum amount of data.

1 To see the data matching functions, in the Model Browser, select File > Open
Project and browse to the file Data_Matching.mat in the in the matlab\toolbox
\mbc\mbctraining directory.

2 Click the Spark Sweeps node in the model tree to change to the test plan view.
Here you can see the two-stage test plan with model types and inputs set up. The
global model has an associated experimental design (which you could view in the

Design Editor). You are going to use the Data Editor to examine how closely the data
collected so far matches to the experimental design.

1
Click the Edit Data button ( % ) in the toolbar.

The Data Editor appears.



Match Data to Experimental Designs

You need a Design Match view to examine design and data points. Right-click a
view in the Data Editor and select Current View > Design Match.

In the Design Match you can see colored areas containing points. These are
“clusters” where closely matching design and data points have been selected by the
matching algorithm.

Tolerance values (derived initially from a proportion of the ranges of the variables)
are used to determine if any data points lie within tolerance of each design point.
Data points that lie within tolerance of any design point are matched to that cluster.
Data points that fall inside the tolerance of more than one design point form a single
cluster containing all those design and data points. If no data points lie within
tolerance of a design point, it remains unmatched and no cluster is plotted.
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Notice the shape formed by overlapping clusters. The example shown outlined in
pink is a single cluster formed where a data point lies within tolerance of two design
points.

Note that on this plot you can see other unselected points that appear to be
contained within this cluster. You need to track points through other factor
dimensions using the axis controls to see where points are separated beyond
tolerance. You will do this in a later step of this tutorial, “Understanding Clusters”
on page 11-20.
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Tolerances and Cluster Information
1 To edit tolerance values, select Tolerances in the context menu.

The Tolerance Editor appears. Here you can change the size of clusters in each
dimension. Observe that the LOAD tolerance value is currently 100. This accounts
for the elongated shape (in the LOAD dimension) of the clusters in the current plot,
because this tolerance value is a high proportion of the total range of this variable.
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INJ E
CAM R

QK | Cancel | Help |

2 Click the LOAD edit box and enter 20, as shown. Click OK.

Notice the change in shape of the clusters in the Design Match view.
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Shift click (center-click) and drag to zoom in on an area of the plot, as shown. You
can double-click to return to the full size plot.

OO O

L] ﬁo o]
B0 | . 0
o}

4n b O €]

20 fe)

20t

400 BOO 800 1000 1200 1400 1600 1800 2000

H-awis factor: ISF'EEE vl *f-awis factor: ILDAD -I

-

Click a cluster to select it. Selected points or clusters are outlined in pink. If you click
and hold, you can inspect the values of global variables at the selected points (or for
all data and design points if you click on a cluster). You can use this information to
help you decide on suitable tolerance values if you are trying to match points.
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Notice that the Cluster Information list shows the details of all data and design
points contained in the selected cluster. You use the check boxes here to select or
exclude data or design points. Click different clusters to see a variety of points. The
list shows the values of global variables at each point, and which data and design
points are within tolerance of each other. Your selections here determine which data
will be used for modeling, and which design points will be replaced by actual data
points.

Note All data points with a selected check box will be used for modeling. All data
points with a cleared check box will be removed from the data set, and not seen in

any other views. This design match cluster view is the only place you can restore
these excluded data to the data set.

Understanding Clusters

If you are not interested in collecting more data, then there is no need to make sure
the design is modified to reflect the actual data. All data (except those you exclude by
clearing the check boxes) will be used for modeling.

However, if you want your new design (called Actual Design) to accurately reflect
what data has been obtained so far, for example to collect more data, then the cluster
matching is important. All data points with a selected check box will be added to the
new Actual Design, except those in red clusters. The color of clusters indicates what
proportion of selected points it contains as follows:

Green clusters have equal numbers of selected design and selected data points. The
data points will replace the design points in the Actual Design.

Note that the color of all clusters is determined by the proportion of selected points
they contain; excluded points (with cleared check boxes) have no effect. Your check
box selections can change cluster color.

Blue clusters have more data points than design points. All the data points will
replace the design points in the Actual Design.

Red clusters have more design points than data points. These data points will not be
added to your design as the algorithm cannot choose which design points to replace, so
you must manually make selections to deal with red clusters if you want to use these
data points in your design.
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If you don't care about the Actual Design (for example, if you do not intend to
collect more data) and you are just selecting data for modeling, then you can ignore
red clusters. The data points in red clusters are selected for modeling.

Right-click the Design Match and select Select Unmatched Data. Notice that
the remaining unmatched data points appear in the list. Here you can use the check
boxes to select or exclude unmatched data in the same way as points within clusters.

Select a cluster, then use the drop-down menu to change the Y-Axis factor to INJ.
Observe the selected cluster now plotted in the new factor dimensions of SPEED and
INJ.

You can use this method to track points and clusters through the dimensions.
This can give you a good idea of which tolerances to change in order to get points
matched. Remember that points that do not form a cluster may appear to be
perfectly matched when viewed in one pair of dimensions; you must view them in
other dimensions to find out where they are separated beyond the tolerance value.
You can use this tracking process to decide whether you want particular pairs of
points to be matched, and then change the tolerances until they form part of a
cluster.

Clear the Equal Data and Design check box in the Design Match view. You
control what is plotted using these check boxes.
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This removes the green clusters from view, as shown. These clusters are matched;
you are more likely to be interested in unmatched points and clusters with uneven
numbers of data and design points. Removing the green clusters allows you to focus
on these points of interest. If you want your new Actual Design to accurately
reflect your current data, your aim is to get as many data points matched up to
design points as possible; that is, as few red clusters as possible.

Clear the check box for More Data than Design. You may also decide to ignore blue
clusters, which contain more data points than design points. These design points will
be replaced by all data points within the cluster. An excess of data points is unlikely
to be a concern.

However, blue clusters may indicate that there was a problem with the data
collection at that point, and you may want to investigate why more points than
expected were collected.
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Select one of the remaining red clusters. Both of these have two design points within
tolerance of a single data point.

Choose one of the design points to match to the data point, then clear the check box
of the other design point. The cleared design point remains unchanged in the design.
The selected design point will be replaced by the matched data point.

Notice that the red cluster disappears. This is because your selection results in a
cluster with an equal number of selected data and design points (a green cluster) and
your current plot does not display green clusters.

Repeat for the other red cluster.

Now all clusters are green or blue. There are two remaining unmatched data points.

Clear the Unmatched Design check box to locate the unmatched data points. Select
Unmatched Design check box again — you need to see design points to decide if
any are close enough to the data points that they should be matched.

Locate and zoom in on an unmatched data point. Select the unmatched data point
and a nearby design point by clicking, then use the axis drop-down menus to track
the candidate pair through the dimensions. Decide if any design points are close
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enough to warrant changing the tolerance values to match the point with a design
point.

10 Recall that you can right-click the Design Match and select Select Unmatched
Data to display the remaining unmatched data points in the Cluster Information
list. Here you can use the check boxes to select or exclude these points. If you leave
them selected, they will be added to the Actual Design.

These steps illustrate the process of matching data to designs, to select modeling
data and to augment your design based on actual data obtained. Some trial and error
1s necessary to find useful tolerance values. You can select points and change plot
dimensions to help you find suitable values. If you want your new Actual Design to
accurately reflect your experimental data, you need to make choices to deal with red
clusters. Select which design points in red clusters you want to replace with the data
points. If you do not, then these data points will not be added to the new design.

When you are satisfied that you have selected all the data you want for modeling, close
the Data Editor. At this point, your choices in the Design Match view will be applied to
the data set and a new design called Actual Design will be created. All the changes are
determined by your check box selections for data and design points.

All data points with a selected check box are selected for modeling. Data points with
cleared check boxes are excluded from the data set. Changes are made to the existing
design to produce the new Actual Design. All selected data will be added to your new
design, except those in red clusters. Selected data points that have been matched to
design points (in green and blue clusters) replace those design points.

All these selected data points become fixed design points (red in the Design Editor) and
appear as Data in Design (pink crosses) when you reopen the Data Editor.

This means these points will not be included in clusters when matching again. These
fixed points will also not be changed in the Design Editor when you add points, though
you can unlock fixed points if you want. This can be very useful if you want to optimally
augment a design, taking into account the data you have already obtained.

See “Match Data to Designs” for more information.

For more information on all aspects of data handling for modeling, see “Data Import and
Processing”.
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In this section...

“What Are Feature Calibrations?” on page 12-2
“Start CAGE” on page 12-4

“Set Up Variables” on page 12-4

“Set Up Models” on page 12-7

“Set Up a New Feature” on page 12-9

“Set Up the Strategy” on page 12-10

“Set Up the Tables” on page 12-12

“Process For Feature Calibration” on page 12-14
“Calibrate the Normalizers” on page 12-15
“Calibrate the Tables” on page 12-19
“Calibrate the Feature” on page 12-25

“Export Calibrations” on page 12-30

What Are Feature Calibrations?

The feature calibration process within the Model-Based Calibration Toolbox product
calibrates an estimator, or feature, for a control subsystem in an electronic control unit
(ECU). These features are usually algebraic collections of one or more tables. You use
the features to estimate signals in the engine that are unmeasurable, or expensive

to measure, and are important for engine control. The toolbox can calibrate the ECU
subsystem by directly comparing it with a plant model of the same feature.

There are advantages to feature calibration compared with simply calibrating using
experimental data. Data is noisy (that is, there is measurement error) and this can be
smoothed by modeling; also models can make predictions for areas where you have no
data. This means you can calibrate more accurately while reducing the time and effort
required for gathering experimental data.

An example of an ECU subsystem control feature estimates the value of torque,
depending on the four inputs: speed, load, air/fuel ratio (AFR), and spark angle.

A diagram of this ECU subsystem example follows.
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In this tutorial example, there are three lookup tables:

* A speed-load table

+ A modifier, or table, for AFR

* A modifier for spark angle

This tutorial takes you through the various steps required to set up this feature and then

calibrate it using CAGE. You will use CAGE to fill the tables by comparing them with a
torque engine model.

The model is a copy of the torque model built in the Model Browser's Quick Start tutorial
using engine data. This illustrates how you can use the Model-Based Calibration Toolbox
product to map engine behavior and transfer this information to engine calibrations.

You can construct a model using the Model Browser; then you can use CAGE to calibrate
lookup tables by reference to the model.

Start CAGE

Start CAGE by typing
cage

at the MATLAB prompt.

Note If you have a CAGE session open, select File > New > Project.

Before you can perform a calibration, you must set up the variable dictionary and models
that you want to use.

Set Up Variables
To set up the variables and constants that you want to use in your calibration,

1 Click Variable Dictionary in the Data Objects pane of CAGE.
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The Variable Dictionary view displays all the variables, constants, and formulas in a
session. This is empty until you add some variable items.

There are two ways in which you can set up variables:

* Import a variable dictionary

+ Add variables and constants to your session

After setting up your variables and constants, you can export the variable dictionary to
use in other calibrations.

Importing a Variable Dictionary

To import a variable dictionary,

1 Select File > Import > Variable Dictionary.
2 Select the tutorial .xml file found in matlab\toolbox\mbc\mbctraining and
click Open. CAGE automatically switches to the Variable Dictionary view.

This imports a set of variables and a constant. In this example, the variable dictionary
contains

+  The stoichiometric constant, stoich
* N, engine speed

+ L, load

+ A, AFR

Your display should resemble the following.
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Adding and Editing Variables and Constants

To add a variable for the spark angle,

Click New Variable in the toolbar. This adds a new variable to your dictionary.
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2 Right-click the new variable and select Rename (or press F2) to rename the
variable.

3 Enter SPK as the name.
4  Set the range of the variable by entering -5 as the Minimum and 50 as the

Maximum.

The variable dictionary enables you to specify different names for the same variable, and
also give descriptions of variables. For example, the variable spk might be referred to as
S or spark in other models.

To ensure that CAGE recognizes an instance of S or spark as the same as spk, specify
the aliases of SPK:

1 Enter S, sparkin the Alias edit box.
2 Enter Spark advance (deg) in the Description edit box.

Note The Variable Dictionary is case sensitive: S and S are different.

The variable dictionary enables you to specify a preferred value for a variable. For
example, in the preferred value of the variable, AFR is set as the stoichiometric constant
14.35.

1 Select SPK and enter 25 in the Set Point edit box to specify the preferred value.

Set Up Models

A model in the Model-Based Calibration Toolbox product is a function of a set of
variables. Typically, you construct a model using the Model Browser; then you can use
CAGE to calibrate lookup tables by reference to the model.

The following example uses a model of the behavior of torque with varying spark angle,
air/fuel ratio, engine speed, and load.

Importing a Model

To import a model built using the Model Browser,

1 Select File > Import > Model, which opens a file browser.

12-7



] 2 Feature Calibration

2 Browse to matlab\toolbox\mbc\mbctraining, select the tutorial .exm file
(this is a copy of the torque model built in the Model Browser's Empirical Engine
Modeling tutorial), and click Open. The Model Import Wizard appears.

3 There are two models stored in this file, tq and knot. Highlight tq and select the
check box to Automatically assign/create inputs.

CAGE automatically assigns variables in the variable dictionary to the model input

factors or their aliases (as long as names are exact). If names are not exact you can
select variables manually using the wizard.

4 Click Finish to complete the wizard.

CAGE switches to the Models view, as shown following.
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For more information about models, see “Setting Up Models” in the CAGE
documentation.

Set Up a New Feature

The feature calibration process calibrates an algebraic collection of lookup tables, or
strategy, by comparing the tables to the model.
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When you have set up the variables and models, you can set up the feature as follows:

1

Select File > New > Feature.

CAGE automatically displays the Feature view and creates a new feature.

Select Feature > Select Filling Item. This opens the Select Filling Item dialog box.
Select tq (currently the only model in your project) and click OK.

Create a strategy. For instructions, see the next section, “Set Up the Strategy” on
page 12-10.

A strategy is a collection of tables. The Model-Based Calibration Toolbox product
uses Simulink software to enable you to graphically specify the collection of tables
for a feature.

After you have created a strategy, the next step is to set up your tables. For more
information, see the section, “Set Up the Tables” on page 12-12.

Set Up the Strategy

The toolbox uses Simulink to graphically specify the strategy.

Importing a Strategy

To import a strategy,

Select File > Import > Strategy.

Select the model file called tutorial, found in matlab\toolbox\mbc
\mbctraining, and click Open.

CAGE imports the strategy.
To view the strategy, select Feature > Graphical Strategy Editor.

This opens the Torque_Output strategy in a Simulink window, and also the
libraries for your project and other blocks for use with CAGE.

View the Torque_Output strategy.
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The blocks show how the strategy is built up.
Close the Simulink windows.
CAGE displays the new Torque_Output feature parsed from Simulink as the

output of the algebraic equation of tables. You can see this parsed into the Strategy
pane as follows:

Torque_Output = T(Norm_N(N),Norm_L(L)) + F_ACA) +
F_SPK(SPK)

Select View > Full Strategy Display to turn off the full description and see this
simplified expression:

Torque_Output = T + F_A + F_SPK

This shows the collection of tables that makes up the new feature — a torque table
T (with normalizers in speed N and load L) combined with modifier tables depending
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on the values of air/fuel ratio and spark. You will fill these tables by using CAGE to
compare them with the torque model.

6  Click the plus next to Torque_Output to expand the Feature tree and observe the

tables created by importing the strategy: T, F_A, and F_SPK. Expand each table node
in turn to view the normalizers of each. You will define the sizes of the tables next.

For a more detailed description of strategies, see “What Is a Strategy?” in the CAGE
documentation.

Set Up the Tables

Currently, the lookup tables have neither rows nor columns, so you must set up the
tables.

Click Calibration Manager ﬁ or select Tools > Calibration Manager. The Calibration
Manager dialog box opens, so you can specify the number of breakpoints for each axis.
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To set up table T,

Highlight the table T by clicking T in the tree hierarchy.

Enter 10 as the number of rows and 12 as the number of columns. This determines
the size of each normalizer.

Set the Value for each cell set to O.

Click Apply, and click Continue in the dialog to change the size of the table. The
pane changes to show the table is set up.

Follow the same procedure for the F_A table:

a Highlight the F_A node.

b Set the number of rows to be 10 and press Enter.
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¢ Leave the value for each cell set to O.
d Click Apply.
6 Repeat step 5 for F_SPK.

Note The icons change as you initialize each table or function.

7 Click Close to leave the Calibration Manager.

After completing these steps, you can calibrate the lookup tables.

Process For Feature Calibration

The feature contains both a strategy (which is a collection of tables) and a model. You can
use CAGE to fill the lookup tables using the model as a reference.

These are the three steps to calibrate a feature, described in these sections:

1 Calibrate the normalizers.
2 Calibrate the tables.
3 Calibrate the feature as a whole.

Click the expand icon, &, to expand the nodes and display all the tables and normalizers
in the feature.

3. Calibrate the feature

Feature
=P New_Feature

i T
i/ Nomm_N

—../ Nom_L
= F_& - 2. Callibrate the tables
1. Calibrate the /_ L;,) Nom & /

normalizers \_ 54 FsPK
1/ Norm_SPK
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Each node in the display has a different view and different operations.

Calibrate the Normalizers
Normalizers are the axes for the lookup tables. Currently, Norm_N has 12 breakpoints;
the other normalizers have 10 breakpoints each. This section describes how to set values

for the normalizers Norm_N and Norm_L, based on the torque model, tg.

To display the Normalizer view, select the normalizer Norm_N in the branch display.
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The Normalizer view has two panes, Norm_N and Norm_L.

In each pane, you see

* An input/output table
* A normalizer display

* A breakpoint spacing display

In both Normalizer panes, the Input Output table and the Normalizer Display show
the position of the breakpoints.

The Breakpoint Spacing display shows a blue slice through the model with the break
points overlaid as red lines.

For a more detailed description of the Normalizer view, see “Table Normalizers” in the
CAGE documentation.

Placing the Breakpoints Automatically

You now must space the breakpoints across the range of each variable. For example,
Norm_N takes values from 500 to 6500, the range of the engine speed.

To space the breakpoints evenly throughout the data values,

1 Click Initialize Il in the toolbar. Alternatively, select Normalizer > Initialize.

This opens a dialog box that suggests ranges for Norm_N and Norm_L.
2 To accept the default ranges of values of the data, click OK.
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A better fit between model and table can often be achieved by spacing the breakpoints
nonlinearly.

1
Click Fill £ in the toolbar. Alternatively, select Normalizer > Fill.

This opens a dialog box that suggests ranges for Norm_N and Norm_L. It also
suggests values for AFR and SPK; these values are the set points for AFR and SPK.

2 To accept the values in the dialog box, click OK.
This ensures that the majority of the breakpoints are where the model is most

curved. The table now has most values where the model changes most. So, with the
same number of breakpoints, the table is a better match to the model.
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For more information about calibrating the normalizers, see “About Normalizers” in
the CAGE documentation.
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You can now calibrate the lookup tables; this is described in the next section.

Calibrate the Tables

The lookup tables currently have zero as the entry for each cell. This section
demonstrates how to fill the table T with values of torque using the torque model, tq.

To view the Table display, click the T node.
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This view has two panes: the table and the graph of the table.
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To fill the table with values of the model at the appropriate operating points,

1 Click Fill £ on the toolbar.

This opens the Feature Fill Wizard.

2 Observe that the tq model is selected to fill the table. Here you could also set up
constraints, for example using a boundary model to constrain filling to table areas
where data was collected, and you can link other models or features to inputs.

B Table Fill Wizard for T = R =™

Choose Filling Item and Links

Select the item to fill the tables from. Optionally, select a constraint model, and link inputs to other tems from the project

Filled by: tq Select

Constraint: <none= I Select. | ‘ Deselect

Variables: Links:

\ariable Linked to Link Name Type /
N - tg Wodel

L Unlink %k Torque_Output_WModel| Model

A B4\ Torque_Dutput_Fill1...| Model

SPK

Cancel = Back Next =

Leave the settings at the defaults and click Next.

3 On this screen you can set variable values for optimizing over.
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By default the table's normalizer breakpoints (here N and L) and the set points of
the other variables (A and SPK) are selected. You can select different normalizers,
and edit values to optimize over a range rather than at a single point. You can edit
values directly in the Value edit box or click the button on the right in the Value
box to open the Vector Editor dialog box. If you choose a range of values, CAGE fills
the table using the average model value at each cell. If you choose Initialize from
Normalizer, you can use the Number of values between breakpoints setting
to add values between normalizer breakpoints to optimize over a finer grid than the
number of table cells.

Leave the settings at the defaults and click Next.
Click Fill Tables. The graph shows the progress of the optimization.
Select all the check boxes.
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[:7: Feature model
40 Stor =
|| Fill model with links
20 1 [¥] Piot
IZI Plot error
i) L h @ Surface
o 1 2 S 4 =
. o .
Click Finish.

CAGE creates plots of the filled table surface and the error between the table values

and the model.
Click OK.

The following view shows the table filled with values of the model.
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The table T is now filled with optimized values compared to the model at these operating
points. CAGE runs an optimization routine over the feature to minimize the total square
error between the model and the feature.
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For more information about the process of filling tables, see “Optimize Table Values” in
the CAGE documentation

Now you must fill the tables F_A and F_SPK and their normalizers. The tables are

modifiers for AFR and the spark angle respectively. These steps are described in the next
section.

Calibrate the Feature
A feature is a strategy (which is a collection of tables) and a model. Currently the torque
table, T, is filled with optimized values compared to the torque model, £q. You must now

calibrate the normalizers and tables for F_A and F_SPK.

You could calibrate the normalizers and then the tables for F_ A and F_SPK in turn.
However, CAGE enables you to calibrate the entire feature in one procedure.

To view the Feature view following, click the Torque_Output node.
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File Edit View Feature

Tools Window Help

Ded x| we »

|E £ gy

Processes

Data Objects

| Feature

581 feature_tutorial(1)

1 el

Strategy: Inputs: N, L, &, SPK

Torque Output = T{Norm_N(N) Norm_L(L)) +
F A(a) +F SPK(sPK)

Feature Fill Settings

Tables Filled by E
E‘

e [T — 3 E=

Feature Tables

Name Comment

’Q T Filled from Torgue_Output using tg and extra

./ F_A Filled from Tergue_Output using tg and extra

L/ F_SPK Filled from Torgue_Output using tg and extra

Feature History

Comment / Action

Strategy equation diagram created and parzed
PO || S r

Details:

9

To calibrate all the tables and their normalizers,
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1

2

Select Feature > Initialize (or use the Initialize toolbar button). The Feature

Initialization Options dialog appears.

Clear the Enable check boxes for Breakpoints of T, and Values of T, as shown.

Feature Initialization Options

fo )l

—HInitialize Torgue_Output
—Breakpoints of T
—-Breakpoints of Norm_L
Breakpoint range:
—-Breakpoints of Norm_N
Breakpoint range:
Enable
—-Walues of T
Initial value:
Enable
—-Breakpoints of F_&A
—-Breakpoints of Axis F_A
Breakpoint range:
Enable
—Walues of F_A
Initial value:
Enable

—Breakpoints of F_SPK

il

=

-

0.1 1

500 8500

7

-

ok | [ canest |

You have already optimized the breakpoints and table values for table T, so you only
want to initialize the other tables F_A and F_SPK.

Click OK.

Select Feature > Fill Feature (or use the Fill = toolbar button) to open the

Feature Fill Wizard.

Select only the F_A table to fill, and follow the steps in the wizard to fill this table:
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a Click Next 3 times.
b Click Fill Tables.
¢ Click Finish.
5 Select the F_A table node to view the results.

6 Select F_SPK table node and click Fill & . Repeat the wizard steps to fill the table.

All three tables and normalizers are filled.
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File Edit View Table Tools Window Help
> b KA
jDed| || ” |tk Fl|H
| Featurs i FA
@ feature_tutorial 11 0 A L AL A b R
E|2}- Torgue_Qutput 11.667 ]
.- 12333 0
13 0
13.667 0
14.333 0
16 -0
15.667 -1
o Axis F 5F|  16.333 = ;
17 -5
b :
v :
: ! 1 i i I i
11 12 13 14 15 18 17
1+« 2
i, ot
e 1
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This display shows that the range of the normalizer for F_Ais 11 to 17, the range of AFR.
This completes the calibration of the torque feature.

For more information about calibrating features, see “Optimize Table Values” in the
CAGE documentation.

You can now export the calibration.

Export Calibrations
To export your feature,

1  Select the Torque_Output node in the branch display.
2 Select File > Export > Calibration > Selected Item.

3 Choose the type of file you want to save your calibrations as. For the purposes of this
tutorial, in the Export to list, select Simple CSV file, a comma separated value
file. Click OK.

4 Enter feature_tutorial.csv as the file name and click Save.
This exports the calibration.

Note that when you choose to exportSelected Item rather than All Items, what you
export depends on which node is highlighted:

* Selecting a normalizer node outputs the values of the normalizer.

+ Selecting a table node outputs the values of the table and its normalizers.

+  Selecting a feature outputs the whole feature (all tables and normalizers).

* Selecting a branch node outputs all the features under the branch.

You have now completed the feature calibration tutorial.
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This section includes the following topics:
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Tradeoff Calibration

13-2

In this section...
“What Is a Tradeoff Calibration?” on page 13-2
“Setting Up a Tradeoff Calibration” on page 13-2

“Performing the Tradeoff Calibration” on page 13-7

What Is a Tradeoff Calibration?

A tradeoff calibration is the process of filling lookup tables by balancing different
objectives.

Typically there are many different and conflicting objectives. For example, a calibrator
might want to maximize torque while restricting nitrogen oxides (NOX) emissions. It is
not possible to achieve maximum torque and minimum NOX together, but it is possible to
trade off a slight reduction in torque for a reduction of NOX emissions. Thus, a calibrator
chooses the values of the input variables that produce this slight loss in torque over the
values that produce the maximum value of torque.

This tutorial takes you through the various steps required for you to set up this tradeoff,
and then to calibrate the lookup table for it.

Setting Up a Tradeoff Calibration

+ “Creating a Tradeoff” on page 13-2
+ “Adding Tables to a Tradeoff Calibration” on page 13-5
+ “Displaying the Models” on page 13-6

Creating a Tradeoff

Start CAGE by typing
cage

at the MATLAB prompt.

Before you can calibrate the lookup tables, you must set up the calibration.
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Select File > Open Project (or the toolbar button) to choose the
tradeoffiInit.cag file, found in the matlab\toolbox\mbc\mbctraining
directory, then click OK.

The tradeofflInit.cag project contains two models and all the variables necessary
for this tutorial. For information about how to set up models and variables, see
“Calibration Setup” in the CAGE documentation.

To create a tradeoff calibration, select File > New > Tradeoff.

This takes you to the Tradeoff view. You need to add tables and display models to
the tradeoff, which are described step by step in the following sections:

+ “Adding Tables to a Tradeoff Calibration” on page 13-5.

“Displaying the Models” on page 13-6 describes how you display the models
of torque and NOX emissions.
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1. Open the project file

2.Add a new
tradeoff

| B T e S i

3.Add anew table 3. Select item to fill table. 5. Display the models

File Edt/ Tradeoff Tools Window |Help

D@ @|X|F® |85 |
[Processes | [Tradeott || Tables |
""" EB New-_Tradedff Table size:
Table inputs:
e Tables In Tradeoff | FiledBy | | Additional Inp
o\
Al U
Tradeoff
4
Optimization
< , | i
| Additional Display Models
dvailable Models | Tpe | Display Models | Tupe

HANOXFLOW _Mod... MBC ...

Mariahle
Dictionary
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Adding Tables to a Tradeoff Calibration

The models of torque and NOX are in the current session. You must add the lookup table
to calibrate.

Both models have five inputs. The inputs for the torque and NOX models are

Exhaust gas recycling (EGR)
Air/fuel ratio (AFR)

Spark angle

Speed

Load

For this tutorial, you are interested in the spark angle over the range of speed and load.

To generate a lookup table for the spark angle,

(6]

Click E (Add New Table) in the toolbar. This opens the Table Setup dialog.

JRT=IE

Marme: ISpark
Rows: I 10 El: Y it I L - I
Columns: I 13 3: * input: I ] hd I

Initizl value: 0=

Fill takle with: Select... |
Ok I Cancel | Help |

Enter Spark as the table Name.

Check that N is the X input and L is the Y input (these are selected automatically
as the first two variables in the current Variable Dictionary).

Enter 10 as the size of the load axis (Rows).
Enter 13 as the size of the speed axis (Columns).
Click Select to open the dialog Select Filling Item.
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<} Select Filling Ttem ' X|

Select the itern you wwart to fill table New 20 Table with:

Itermn | Type |
- TO_Model MBC model

-ﬂ. MOXFLOW _Madel MBC model
— List options

{* Display models

™ Display varisbles

™ Display all tems

[ Cnly show items that are not filing snother takble

QK Cancel

Select the radio button Display variables, then select SPK to fill the table and click
OK.

7 Click OK to close the Table Setup dialog.
Before you can perform the calibration, you must display the models.
Displaying the Models

For this tutorial, you are comparing values of the torque and NOX models. Thus, you
need to display these models.
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To display both models,

Click ﬂ Add Model to Display List in the toolbar twice. This will move both
available models into the Display list.

+ Alternatively, Shift-click to select both models in the Available Models list and
click LI to include both models in the current display. In this case you want to include
all available models. You can click to select particular models in the list to display.

The Display Models pane following shows both models selected for display.

|Additional Display Madels |

Available Models | Tupe | Diizplay Modelz | Tupe |
‘l TO_ModelM, L, A SPK.E]  MBC model
4\ MOHFLOW _ModeliM, L. &, ... MBC model

_I
kil

You can now calibrate the tradeoff.

Performing the Tradeoff Calibration

* “Process Overview” on page 13-7

*  “Checking the Normalizers” on page 13-10

+  “Setting Values for Other Variables” on page 13-11
+  “Filling Key Operating Points” on page 13-13

+  “Filling the Table by Extrapolation” on page 13-16
+  “Exporting Calibrations” on page 13-18

Process Overview

You now fill the lookup table for spark angle by trading off gain in torque for reduction in
NOX emissions.
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The method that you use to fill the lookup table is

* Obtain the maximum possible torque.

* Restrict NOX to below 250 g/hr at any operating point.

To perform the tradeoff calibration, follow the instructions in the next four sections:

Check the normalizers.
Set values for the other variables, AFR and EGR.

Fill key operating points with values for spark angle.

AW N —

Fill the table by extrapolation.

Once you have completed the calibration, you can export the calibration for use in the
electronic control unit.
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2 |
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L 2. Set values for the other variables, either individually /

/

for each operating point or in the Variable Directory.
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Checking the Normalizers

A normalizer is the axis of the lookup table (which is the collection of breakpoints). The
breakpoints of the normalizers are automatically spaced over the ranges of speed and
load. These define the operating points that form the cells of the tradeoff table.

Expand the Tradeoff tree by clicking the plus sign in the display, so you can see the
Spark table and its normalizers Speed and Load. Click to highlight either normalizer to
see the normalizer view. A tradeoff calibration does not compare the model and the table
directly, so you cannot space the breakpoints by reference to the model.

MMormalizer (W) |

Inpit Output Mormalizer Dizplay Breakpoint Spacing
=00 0 iz e e q
1000 1
1500 2 08
2000 3 gl i
2500 4 0E
3000 5 [ R TR -, SO
3500 5 04
4000 ? 4 ......................
4500 g
SDDD 9 2 ................... D2
5500 10 : : :
5000 L 2000 4000 6000 . 2000 4000 80oo
5500 12
LMatrmalizer (L)
Inpit Output Mormalizer Dizplay Breakpoint Spacing
Y 0 U0 q
nz 1
03 2 Bboee ]
0.4 3
0s 4 Blheosoo il 06
06 5
07 Bl gl 04
0.8 7
ng9 g
] A b T A nz

: : : : : 0
02 04 06 08 1 02 04 06 08 1
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Setting Values for Other Variables

At each operating point, you must fill the values of the spark table. Both of the models
depend on spark, AFR (labeled A, in the session), and EGR (labeled E in the session). You
could set the values for AFR and EGR individually for each operating point in the table,
but for simplicity you will set constant values for these model inputs.

To set constant values of AFR and EGR for all operating points,

Click Variable Dictionary in the Data Objects pane.

2 Click A and edit the Set Point to 14.3, the stoichiometric constant, and press
Enter.

3 Click E and change the Set Point to O and press Enter.

You have set these values for every operating point in your tradeoff table. You can
now fill the spark angle lookup table. The process is described next.

Click Tradeoff in the Processes pane to return to the tradeoff view.
5 Highlight the Spark table node in the Tradeoff tree display.

6 In the lower pane, check that the value for A is 14 .3, and the value for E is O,
as shown in the following example. You leave these values unchanged for each
operating point.

For each operating point you change the values of spark to trade off the torque and NOX
objectives; that 1s, you search for the best value of spark that gives acceptable torque
within the emissions constraint. The following example illustrates the controls you use,
and there are step-by-step instructions in the following section.
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1. Highlight the Spark node. 2. Select operating points in
the Spark tradeoff table.
Tradeoff [ Table: Spark Selected cell
New Tradeoff Filled by: SPK L=01,N=3500
1‘ Spark -=—
1{_ NNormalizer 500 \/ 1000 1500 ,r:x:\
4/ LNomalizer :ﬂ“ﬁ o o = | =¥
0.2 0 0 0 Piilidad 1
03 0 0 0 0 Lig :
04 0 0 0 : ' I
05 0 0 0 A LT
- - ~ el hd '\ N \,\’\"\ N
| | v 4000 “N\yovo 1.2
2090 @%13
v Inputs have been saved Extrapolation mask 0!
& Locked table cell Region mask
Extrapolation and region mask
Value: 20
5.48987 10
T 4
E 0
I -
o 10
-20
-30
Value: ® 300
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=, 200
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= 100 4
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3. Change values of SPK to trade off torque
and NOX emissions at each operating point.
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Filling Key Operating Points
You now fill the key operating points in the lookup table for spark angle.

The upper pane displays the lookup table, and the lower pane displays the behavior of
the torque and NOX emissions models with each variable.
The object is to maximize the torque and restrict NOX emissions to below 250 g/hr.

Determining the Value of Spark

At each operating point, the behavior of the model alters. The following display shows

the behavior of the models over the range of the input variables at the operating point
selected in the table, where speed (N) is 4500 and load (L) is 0.5. You can show confidence
intervals by selecting View > Display Confidence Intervals.

Value of the torque model

/

Value: / 60

23.1449

Value: 4000

58.5002

()
o
o
o

2000 1
1000 3

NOXFLOW_Mode

-1000 -

v
12 14 16

ez T O e I O

\ Value of the NOX model
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The top three graphs show how the torque model varies with the AFR (labeled A), the
spark angle (SPK), and the EGR (E), respectively. The lower panes show how the NOX
emissions model varies with these variables.

You are calibrating the Spark table, so the two spark (SPK) graphs are green, indicating
that these graphs are directly linked to the currently selected lookup table.

Select the operating point N = 4500 and L = 0.5 in the lookup table.

2 Now try to find the spark angle that gives the maximum torque and restricts NOX
emissions to below 250 g/hr. You can change the value of spark by clicking and
dragging the orange line on the SPK graphs, or by typing values into the SPK edit
box. You can change the values of any of the other tradeoff variables in the same
way, but as you have already set constant values for A and E you should not change
these. Try different values of spark and look at the resulting values of the torque and
NOX models.

3  Click to select the top SPK - TQ_Model graph (TQ_Model row, SPK column). When
selected the graph is outlined as shown in the following example.

Now click 'Find maximum of output' ( ﬂ ) in the toolbar. This calculates the value
of spark that gives the maximum value of torque. The following display shows the
behavior of the two models when the spark angle is 26.4458, which gives maximum
torque output.
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Torque model behavior

99% Confidence interval
for the torque model

NN PR p——

7+ NOX model behavior

SPK / Value of spark
26.4458 = ‘

At this operating point, the maximum torque that is generated is 48.136 when the
spark angle is 26 .4989. However, the value of NOX is 348.968, which is greater
than the restriction of 250 g/hr. Clearly you have to look at another value of spark
angle.

Click and drag the orange bar to change to a lower value of spark. Notice the change
in the resulting values of the torque and NOX models.

Enter 21.5 as the value of SPK in the edit box at the bottom of the SPK column.

The value of the NOX emissions model is now 249 .154. This is within the
restriction, and the value of torque is 47.2478.

At this operating point, this value of 21 .5 degrees is acceptable for the spark angle
lookup table, so you want to apply this point to your table.
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value to the spark table.

Press Ctrl+T or click @ (Apply table filling values) in the toolbar to apply that

This automatically adds the selected value of spark to the table and turns this cell
yellow. It is blue when selected, yellow if you click elsewhere. Look at the table
legend to see what this means: yellow cells have been added to the extrapolation
mask, and the tick mark indicates you saved this input value by applying it from the
tradeoff. You can use the View menu to choose whether to display the legend.

8 Now repeat this process of finding acceptable values of spark at four more operating

points listed in the table following. In each case,

+ Select the cell in the spark table at the specified values of speed and load.

* Enter the value of spark given in the table (the spark angles listed all satisfy the

requirements).

value to the spark table.

Press Ctrl+T or click @ (Apply table filling values) in the toolbar to apply that

Speed, N Load, L Spark Angle, SPK
2500 0.3 25.75

3000 0.8 10.7

5000 0.7 8.2

6000 0.2 41.3

After you enter these key operating points, you can fill the table by extrapolation. This is

described in the next section.

Filling the Table by Extrapolation

When you have calibrated several key operating points, you can produce a smooth

extrapolation of these values across the whole table.

When you apply the value of the spark angle to the lookup table, the selected cell is
automatically added to the extrapolation mask. This is why the cell is colored yellow. The
extrapolation mask is the set of cells that are used as the basis for filling the table by

extrapolation.

Click ¥ in the toolbar to fill the table by extrapolation.
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The lookup table is filled with values of spark angle.

The following figure displays the view after extrapolation over the table.
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Rl [ ;IJ
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Extrapolation and reg
Value:
58.724 (i
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|
o W
™=
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245738 B
EI 4000
=
S 2000
[T,
5
= o
b —_— -
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| 143 2| | 83 2| [220452-016 21

Note Not all the points in the lookup table will necessarily fulfill the requirements of
maximizing torque and restricting the NOX emissions.

You could use these techniques to further improve the calibration and trade off torque
and NOX to find the best values for each cell in the spark table.

For a more detailed description of tradeoff calibrations, see “Tradeoff Calibration”.
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You can now export this calibration to file.
Exporting Calibrations
To export your table and its normalizers,

Select the Spark node in the branch display.
2 Select File > Export > Calibration.

3 Choose the file type you want for your calibration. For the purposes of this tutorial,
select Comma Separated Value (.csv).

4 Enter tradeoff.csv as the file name and click Save.
This exports the spark angle table and the normalizers, Speed and Load.

You have now completed the tradeoff calibration tutorial.
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Compare Calibrations To Data
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In this section...

“Setting Up the Data Set” on page 14-2
“Comparing the Items in a Data Set” on page 14-7
“Reassigning Variables” on page 14-14

Setting Up the Data Set

*  “Tutorial Overview” on page 14-2

* “Opening an Existing Calibration” on page 14-3

* “Importing Experimental Data into a Data Set” on page 14-3
+ “Adding an Item to a Data Set” on page 14-6

Tutorial Overview

You can use the Data Sets view in CAGE to compare features, tables, and models with
experimental data. You can use data sets to plot the features, tables, etc., as tabular
values or as plots on a graph.

Data sets enable you to view the data at a set of operating points. You can determine the
set of operating points yourself, using Build Grid. Alternatively, you can import a set of
experimental data taken at a series of operating points. These operating points are not
the same as the breakpoints of your tables.

This tutorial takes you through the basic steps required to compare a completed feature
calibration to a set of experimental data.

Start CAGE by typing

cage

at the MATLAB prompt.

To set up the data set tutorial, you need to

1  Open an existing calibration.

2 Import the experimental data.
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3 Add the Torque feature to the data set.

Your data set contains all the input factors and output factors required. As the imported
data contains various operating points, this information is also included in the data set.

The next sections describe these processes in more detail.

Opening an Existing Calibration

For this tutorial, use the file datasettut.cag, found in the matlab\toolbox\mbc
\mbctraining directory.

To open this file,

1
2

3

Select File > Open Project.
In the file browser, select datasettut.cag and click Open.

This opens a file that contains a complete calibrated feature with its associated
models and variables. This particular feature is a torque calibration, using a torque
table (labeled T1) and modifiers for spark (labeled T2) and air/fuel ratio (labeled T3).

For information about completing a feature calibration, see “Feature Calibration”.

Select File > New > Data Set to add a new data set to your session.

This automatically switches you to the Factor Information pane of the data set display.

Importing Experimental Data into a Data Set

To import data into a data set,

1
2

Select File > Import > Data > File.

In the file browser, select meas_tq_data.xls from the mbctraining directory, and
click Open.

This set of data includes six columns of data, the test cell settings for engine speed
(RPM), and the measured values of torque (tgmeas), engine speed (nmeas), air/fuel
ratio (afrmeas), spark angle (spkmeas), and load (loadmeas).

The Data Set Import Wizard asks which of the columns of data you would like to
import. Click Next to import them all.

The following screen asks you to associate variables in your project with data
columns in the data.
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4 Highlight afr in the Project Assignments column and afrmeas in the Data
Column, then click the assign button, shown.

v
<
5 Repeat this to associate load with loadmeas, n with RPM, and spk with spkmeas.
The dialog box should be the same as shown.

) Data Set Import Wizard 2 ;.lg.ll.l

— Match data columns in right list to project expressions in left list

Nate: Unassigned columns will be treated as output data

Project Assignments Data Columns
Project l Data Column Name I Column
X afr afrmeas X afrmeas 4
X load loadmeas X loadmeas 3
X n RPM Vg nmeas 2
X spk spkmeas &« x RPM 1
v spkmeas 5
% tgmeas 6
=

™ Show all expressions

<-Back | Finish | Cancel

Assign button
6  Click Finish to close the dialog box.
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Note If you need to reassign any inputs after closing this dialog you can click E in
the toolbar or select Data > Assign.
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Adding an ltem to a Data Set
To add the Torque feature to the data set,

1 Highlight the Torque feature in the lower list of Project Expressions.
2 Select Data > Factors > Add to Data Set.

This adds two objects to the data set: Torque: Model and Torque: Strategy. These
two objects make up the Torque feature.

Torque: Model is the model used as a reference point to calibrate the feature.

Torque: Strategy is the values of the feature at these operating points.

When these steps are complete, the list of factors includes four input factors and four
output factors, as shown.
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File  Edit
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Comparing the ltems in a Data Set

“Viewing the Data Set as a Table” on page 14-8
“Viewing the Data Set as a Plot” on page 14-9

“Displaying the Error” on page 14-10
“Coloring the Display” on page 14-12
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Viewing the Data Set as a Table

By viewing the data set, you can compare experimental data with calibrations or models
in your project.

Click M in the toolbar to view the data set as a table of values.

o n S load B at S =pk HiMEss tgmeas | Ib Torgue: Model| I Torque: Stratey

1 2235 0.549 95 01 2247 EE.Y 71 .EEE
2 3591 0.454 132 01 3613 541 4T 163
3 4945 0.651 12 01 4974 737 47 573
4 ftay| 0648 1149 57 ftay| 754

5 2234 0.441 133 01 2247 5549 51.256
i1 3591 0.747 1049 01 3612 a0 92537
T 4947 0.541 a7 01 4973 E2.5

& ftay| 0622 94 01 fatat:! 7241 TE198
a 1219 0.333 14 01 1224 415 33.226
10 1558 0.352 12 01 1867 434 40 487
11 1896 0.209 107 3.3 1906 285

12 2234 0.284 98 32 2245 36 23063
13 2574 0.407 134 3 2588 439 49 629
14 2914 0.595 115 341 2929 705

15 3251 0.7&81 12.3 oA | 32638 905 117 424
16 3589 0663 135 a3 3603 77 87987
17 3930 0452 1149 oA | 3952 527 46511
18 4268 0.235 1049 a3 4293 2T

19 4606 0194 12 3.2 4633 213 -2.088

14-8

In the table, the input cells are white and the output cells are grey. Select the Torque:
Strategy column header to see the view shown. The selected column turns blue and
the column headers of the strategy's inputs (n, load, afr and spk) turn cream. Column
headers are always highlighted in this way when they are associated with the currently
selected column (such as model inputs, strategy inputs or linked columns).

In addition to viewing the columns, you can use data sets to create a column that shows
the difference between two columns:

1 Select the tgmeas and Torque: Strategy columns by using Ctrl+click.

2 Select Create Error from the right-click menu on either column header.

This creates another column that is the difference between tgmeas and Torque:

Strategy. Note that all the columns that are inputs to this new column have
highlighted headers.
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@n- n @n- load @n- afr @n- spk nmess | tgmess |TP Torgue: Model| T8 Torque: Strategy | I tgmeas_minus_Torgue

1 2235 0.549 95 01 2247 BG.7 71 BEG 66.079
2 359 0.454 13.2 0.1 3615 4.1 47 163 45591
3 4345 0.651 12 01 4974 737 47 573 79256
4 G851 0.645 11.9 2.7 G551 5.8 99.23 80.211
5 2234 0.441 133 01 2247 559 51 256 45152
13 359 0.747 10.9 0.1 3612 30 92 837 105 586
7 4347 0.541 a7 01 4973 628 5776 57 587
8 G851 0.622 9.9 0.1 G54 721 7E.195 G0.926
9 1219 0.333 14 01 1224 418 33226 21.318
10 1555 0.352 12 0.1 1567 49.4 40.457 31.957
11 1896 0.209 107 33 1906 285 3.492 4197
12 2234 0.254 9.5 3.2 2245 36 23063 19.591
13 2574 0.407 134 3 2555 499 49 629 44 734
14 2914 0.595 11.5 3.1 2929 0.5 G4 65 §2.229
15 3251 0.781 12.3 31 3268 0.5 117 424 117259
16 3589 0.665 13.5 3 FEO0G 77 87 957 96 405
17 3930 0.452 119 31 3952 527 46 511

18 4265 0.235 10.9 3 4293 2T 5.253

19 4606 0.134 12 32 4633 2.3 -2.085

The error column is simply the difference between tgmeas and Torque: Strategy.
This provides a simple way of comparing the feature and the measured data.

Viewing the Data Set as a Plot

1

Click H or select View > Plot to view the data set as a plot.

The lower pane lists all the output expressions in the data set and in the project.

2 Use Ctrl+click to select tgmeas and Torque: Strategy from the lower list.
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® Tomque: Stategy
& lgmeas

Torgue : Strategy, tgmeas v n
L

<Selection>
m
o

=
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 G000
n

x-andis factor: In j y-endis factor: I{Selec‘tinn} j

3 Change the x-axis factor to n from the drop-down menu.

This displays the calibrated values of torque from the feature, and the measured
values of torque from the experimental data, against the test cell settings for engine
speed.

Clearly there is some discrepancy between the two.

Displaying the Error

View the error between the calibrated and measured values of torque.
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). CAGE Browser - datatsettutl.cag e

=10Jx]

File Edit View Data Tools Window Help ~

e
—
-

D@ X|#EeE

M e =i

Processes Data Sets J Absolute Relative Error (%) (tgmeas - Torgque) v n
~~~~~ ] meas_tq da ’ : : . * .
“-,‘ 120_.E............4.............:..........................,.............: .....
=] : .
g : : :
Feature e R R R S
AN il . . g
BB s ; ' |
Tradeoff 5 : : : f
= B0 Selaie sinis o e wiaie eman e n wiaie sinie aie 0B W winie o s winie oialM e viaie einie 0 s viule Tene
| g [ s = :
ﬁ’) 2 @ . N 4 i :
-ﬁ 40_: .....................................................
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R e e . . L I P y
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Data Objects < i i i ® 5 ;
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n
x-axis factor: I h i I y-axis factor:
Variable .
Dictionary
Output Expressions (Project and Data Set)
3 E wpression | Type [ | Information =
ST /13 1D Table
Tables $\TORQUE MBC model
¥ Torque: Model Feature In data set
n Torque: Strateqy Feature In data set
[ tqmeas Data Set
2 }:-) tgmeas_minus_Torque Data Set Sum - tqme_
Models I\ v
< | 24 | v

L

1. Select tgmeas_minus_Torque.

/

2. Select Absolute Relative Err

(tgmeas - Torque).
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1 Select tgmeas_minus_Torque from the lower list (Output Expressions).

2 For the y-axis factor, select Absolute Relative Error (tgmeas - Torque)
from the drop-down menu.

As you can see, there seems to be no particular correlation between engine speed and the
error in the calibration.

Coloring the Display

1 Select Color by Value from the right-click menu on the graph.

2 From the Color by drop-down menu, select load.

In this display, you can see that some of the low values of load display a high error.
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Limiting the Range of the Colors

load
0.85
0.74 , _

Adjust the maximum

|/ value of the range.

F-0.62

» - Adjust the mid

- 1051 value of the range.

Adjust the minimum
value of the range.

|7\L|mlt range Limit range

Colochir check box

I load 'l

To view the colors in more detail, you can limit the range of the colors:

1  Select the Limit range box (or you could right-click the graph and select Restrict
Color to Limits).

2 Set the minimum value of the color range to be as low as possible by dragging the
minimum value down.

3 Set the maximum value of the color range to be around 0.4.
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As the low values of load are causing large errors, it would be wise to reexamine the
calibration, particularly at small values of load.

Reassigning Variables
You can alter the data set by changing which variables are used for project expressions.

Instead of using the test cell settings for the engine speed (RPM), you might want to use
the measured values of engine speed (nmeas). So you have to reassign the variable n to
nmeas.

To reassign n,

1 Click E or select Data > Assign.

2 In the dialog that appears, select n from the Project Assignments pane and nmeas
from the Data Columns pane.

3  Click the assign button.
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J Data Set Assign 10l =l
— Match data columng in right list to project expressions in left list
Mote: Unazzigned columng will be treated az output data
Froject dezignments Drata Columng
Praject | [rata Calurin M arne | Colurnn
X afr afimeas X afrmeas 4
X load loadmeas X Iloadmeas 3
Xn nmeag o X nmeas 2
X spk spkrmeas &« RPr 1
X spkmeaz b
® tgmeas B
| | B | |
[ Show all expressions

}Assigning nmeas bo n; unazzigning data column R, g Cancel

You can now compare your calibration with your experimental data again, using the
techniques described.

For more information about the functionality of data sets, see “Data Sets in CAGE”.

You have now completed the data sets tutorial.
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This section includes the following topics:



15 Filling Tables from Data

Fill Tables from Data

15-2

In this section...

“Setting Up a Table and Experimental Data” on page 15-2

“Filling the Table from the Experimental Data” on page 15-8

“Selecting Regions of the Data” on page 15-11

“Exporting the Calibration” on page 15-13

Setting Up a Table and Experimental Data

“Tutorial Overview” on page 15-2
“Adding Variables” on page 15-3
“Adding a New Table” on page 15-4

“Importing Experimental Data” on page 15-6

Tutorial Overview

If you are considering a straightforward strategy, you might want to fill tables directly
from experimental data. For example, a simple torque strategy fills a lookup table with
values of torque over a range of speed and relative air charge, or load. You can use CAGE
to fill this strategy (which is a set of tables) by referring to a set of experimental data.
You can also fill tables with the output of optimizations.

This tutorial takes you through the steps of calibrating a lookup table for torque, based
on experimental data.

This section describes the steps required to set up CAGE in order to calibrate a table
by reference to a set of data.

“Filling the Table from the Experimental Data” on page 15-8 describes the
process of filling the lookup table.

“Selecting Regions of the Data” on page 15-11 describes how you can select some of
the data for inclusion when you fill the table.

“Exporting the Calibration” on page 15-13 describes how to export your completed
calibration.

Start CAGE by typing




Fill Tables from Data

cage
at the MATLAB prompt.
If you already have a CAGE session open, select File > New Project.

First you will set up a blank table ready for filling using experimental data or
optimization output.

The steps that you need to follow to set up the CAGE session are

1 Add the variables for speed and load by importing a variable dictionary.
2 Add a new table to your session.

3 Import your experimental data.
The next sections describe each of these processes in detail.
Adding Variables

Before you can add tables to your session, you must add variables to associate with the
normalizers or axes.

To add a variable dictionary,

1 Select File > Import > Variable Dictionary.
2 Select table_filling_tutorial .xml from the matlab\toolbox\mbc
\mbctraining directory.

This loads a variable dictionary into your session. The variable dictionary includes the
following:

* N, the engine speed
* L, the relative air charge
+ A, the air/fuel ratio (AFR)

+ stoich, the stoichiometric constant

You can now add a table to your session.

15-3



15 Filling Tables from Data

15-4

Adding a New Table
You must add a table to fill.

To add a new table,

1 Select File > New > 2D table.

This opens a dialog box that asks you to specify the variable names for the
normalizers. As you can see in the dialog controls, accepting the defaults will create
a table with ten rows and ten columns with an initial value of O in each cell.

2 Change the number of columns to 7.

Select L as the variable for normalizer Y and N as the variable for normalizer X, then
click OK.

Note In CAGE, a 2-D table is defined as a table with two inputs.

CAGE takes you to the Tables view, where you can see the following.
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J CAGE Browser - Untitled o ] |
File Edit ‘iews Table Tools Window Help b
D W X|#® ?|-oEF
Processes Tables LK 500 1000 150
Mew 20_Table 0.1 0 1]
4o/ WNomaliser 0.2 0 0 :
e LNomaliser 03 0 0 il
Feature 0.4 0 1]
0.5 ] u]
A 06 0 0
AU 07 0 o
Tradeoff 0.8 0 ] o
049 ] u]
1 0 il
<| 2] g4 ___ B

Inspecting the Values of the Normalizers

CAGE has automatically initialized the normalizers by spacing the breakpoints evenly
across the range of values for the engine speed (N) and load (L). The variable ranges
are found in the variable dictionary. Switch to the Normalizer view to inspect the
normalizers.

Expand the table branch by clicking =, and select NNormal izer as shown.
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Takles

Eiﬁ" Mew 20_Table
o I/ NMomaliser
o i/ LMormaliser
- {/ NMaomaliser

o i/ LMormaliser

This displays the two normalizers for the table.

You have an empty table with breakpoints over the ranges of the engine speed and load,
which you can fill with values based on experimental data.

Importing Experimental Data

To fill a table with values based on experimental data, you must add the data

to your session. If you want to fill a table with the output of an optimization,

the output appears automatically in the Data Sets view as a new data set called
Exported Optimization_Data when you select the Export to Data Set toolbar button.
For this tutorial you need to import some experimental data.

CAGE uses the Data Sets view to store grids of data. Thus, you need to add a data set to
your session as well.

Select File > New > Data Set to add a data set to your session. This changes the view to
the Data Set view.

You can now import experimental data into the data set:

1 Select File > Import > Data.
2 In the file browser, select meas_tqg_data.csv from the matlab\toolbox\mbc
\mbctraining directory and click Open.

This set of data includes six columns of data: the test cell settings for engine speed
(RPM), and the measured values of torque (tgmeas), engine speed (nmeas), air/fuel
ratio (afrmeas), spark angle (spkmeas), and load (loadmeas).

3 This opens the Data Set Import Wizard. The first screen asks which of the columns
of data you want to import. Click Next to import them all.

The following screen asks you to associate variables in your project with data
columns in the data.
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4 Highlight N in the Project Assignments column and nmeas in the Data Column,
then click the assign button, shown.

<

5 Repeat this to associate L with loadmeas. The dialog box should be the same as the
following.

) Data Set Import Wizard : =]

— Match data columns in right list to project expressions in left list

Nate: Unassigned columns will be treated as output data

Project Assignments Data Columns
Project l Data Column Name I Column
X A X afrmeas 4
x L loadmeas X loadmeas 3
x N nmeas J X nmeas 2
<« RPM 1
X spkmeas 5
% tgmeas 6
=

™ Show all expressions

oK Cancel

Assign button
6 Click Finish to close the dialog box.
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You now have an empty table and some experimental data in your session. You are ready
to fill the table with values based on this data.

Filling the Table from the Experimental Data

You have an empty table and the experimental data in your session. You can now fill the
table with values based on your data.

The data that you have imported is a series of measured values of torque at a selection of
different operating points. These operating points do not correspond to the values of the
breakpoints that you have specified. The lookup table has a range of engine speed from
500 revolutions per minute (rpm) to 3500 rpm. The range of the experimental data is far
greater.

CAGE extrapolates the values of the experimental data over the range of your table.
Then it fills the table by selecting the torque values of the extrapolation at your
breakpoints.

To fill the table with values based on the experimental data,

1 To view the Table Filler display, click ﬁ (Fill Table From Data Set) in the toolbar

in the Data Sets view; or select View > Table Filler.

You can use this display to specify the table you want to fill and the factor you want
to use to fill it.

2 In the lower pane, select New_2D Table from the Table to fill list.

3 Select tgmeas from the Factor to fill table list. This is the data that you want to
use to fill the table.

4  Select N from the x-axis factor list and L from the y-axis factor list. Your session
should be similar to the following display.
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An operating point from the A breakpoint in your
experimental data (a blue dot) / lookuptable (a cross)
Filling table New_2D_Table, from factor tgmeas
1 UU ........ PSR R x ........ P )( ......... x ......... BE e
0904 - CRERY PR P < ... % > ...... S e By & W
080% - - . ....... e * é ...... 3 ........ . ............................ ' ........ . ..
& : * g’ * e .« ®
ﬁ 070%-------- SRR IR x ........ Bevooonens Xevooonnns LR P R R
% ' . . . : . * &
® 0603 ----- EREEY EEEES EEREEREE S SRR " SRR w ......... b R R R R R P R PR PR RRE R
L : : - : o &
L 050%-------- T X S CERREE Wooseennns Fersossnone Meoeooneadd S S I L R Y ®
) N R ®
! D403 -------: X . L. ;' ....... Heooosnond )(. ....... B y( .......................................................
030% - .- x®x ......... “RREPATRE JERTRRES Koevnonnnns S+ e e e e e e e e e e e e et aa et
0203%------ . x ......... x ...... . b x ......... N x .............. . ..... . ................................
010 & n & & & i
50000 1000.00 1500.00 2000.00 2500.00 3000.00 3500.00
H (table axis)
x-axis factor: [N 3 y-axis factor: ||_ 3

Filling table New_2D_Table with output factor tgmeas from meas_tq_data

Table to fil l Factor to fill table
Table I Inputs Factor | Information -
i@ New_2D_Table N. L. ETRPM
[ spkmeas
[ tgmeas I
v
< l 3 KT | il
Table filing rules (optional) |
Click and drag over Data Set plot to create rules

[V Show table history after fill Fill Table l
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The upper pane displays the breakpoints of your table as crosses and the operating
points where there is data as blue dots. Data sets display the points in the

experimental data, not the values at the breakpoints. You can inspect the spread of

the data compared to the breakpoints of your table before you fill the table.

5 To view the table after it is filled, ensure that the Show table history after fill
box, at the bottom left, is selected.

6 Tofill the table with values of tqmeas extrapolated over the range of the
normalizers, click Fill Table.

This opens the History dialog box, shown.

History for Mew_ZD_Table

x|
W Ergion | Caomment / Action | Date and Time |
2 Yalues filled from data zet meaz_tg data, factor tlgmeas 16-Mar-2004 12:32:.08
1 Initial corfiguration 16-Mar-2004 12:15:34 Rezet |
A
Rermoye |
Exit...
LM 500 1000 1500 2000 2500 F000 3500
01 12.245 13471 14 637 15.084 14 522 13.805 13.044
0.2 23.802 25336 26.94 27322 2549 24 344 23697
03 3514 368587 38912 38.876 36.598 33438 31511
0.4 46,028 4317 51.119 21517 449 .49 45317 40,169
05 56838 58411 B0.752 52257 62138 61.774 62 486
0.6 E5.694 59.357 £9.545 59.367 E9.7588 71.364 E5.274
07 7a018 78285 7865 7605 75705 524914 85571
0.5 55.4582 55.409 92.9581 95575 92016 91 .03 93.019
04 104 147 106 2558 110.804 114 302 112183 107 478 107 431
1 121 64 123967 126 963 129.007 125826 127 695 127 B43
Cloze Help

7 Click Close to close the History dialog box and return to the Table Filler display.
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8 To view the graph of your table, as shown, select Data > Plot > Surface.

Filling table Mew2DTahkle, from factor tomeas

120
100
80
B0
40
20

Tahle

This display shows the table filled with the experimental points overlaid as purple dots.

The table has been calibrated by extrapolating over the values of your data and filling
the values that the data predicts at your breakpoints.

Notice that the range of the table is smaller than the range of the data, as the table only
has a range from 500 rpm to 3500 rpm.

The data outside the range of the table affects the values that the table is filled with. You
can exclude the points outside the range of the table so that only points in the range that
you are interested in affect the values in the table.

Selecting Regions of the Data

You can ignore points in the data set when you fill your lookup table.

For example, in this tutorial the experimental data ranges over values that are not
included in the lookup table. You want to ignore the values of engine speed that are
greater than the range of the table.

To ignore points in the data set,

1 Select Data > Plot > Data Set. This returns you to the view of where the
breakpoints lie in relation to the experimental data.
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2 To define the region that you want to include, left-click and drag the plot. Highlight
all the points that are included in your table range, as shown.

Filling takle Meww 20 Table, from factor tgmeas

1003 - - - SRR Meeeeees R SRR B I T T I
040} : i :

0.50F -
0.70F -
060 |-
0508
040y
0.30:%- -
0205

010
500.00 1000.00 1500.00 2000.00 250000 3000.00 350000

H (table axis)

w-gxis factor: IN d y-axis factor: ||_ d

L (table axis)

3 Tofill the table based on an extrapolation over these data points only, click Fill
Table. This opens the History display again.

4 In the History display, select version 2 and 3, using Ctrl+click. The following display
shows a comparison between the table filled with two different extrapolations.
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History for Mew_ZD_Table x|
W Ergion | Caomment / Action | Date and Time |
3 Yalues filled from data zet meaz_tg data, factor tlgmeas 16-Mar-2004 12:41:26
2 Walues filled from data zet meas_tq data, factor tgmeas 16-k ar-2004 13:32:06 Rezet |
1 Imitial configuration 1B-Mar-2004 12:15:24
A
Rermoye |
Edit...
LM 500 1000 1500 2000 2500 F000 3500
01 -0.365 0203 0.454 -0ma 0622 -0.36 0268
0.2 -0.525 0.02 0.324 -0.202 -0.437 0626 1.227
03 -0.621 -016 0465 0312 0533 3236 5138
0.4 -0.451 -0.262 -0.016 0.1 -0.04 3.294 5275
05 -0.247 014 0762 0.41 -1.059 -1 354 2413
0.6 -0.746 0.292 1.5868 1.555 -0.743 -0192 2828
07 -0.706 0465 2808 4145 0.034 -2mT -3.687
0.5 -1.201 -1.266 -0.239 -0649 0.424 1.39 -0.459
04 6319 6772 -4 776 -2133 -0.703 -1.871 -344
1 -11.745 -11.124 -5.054 -4 B53 -4.504 -5.045 -10.813
Cloze Help

5 Click Close to close the History viewer.
6 Select Data > Plot > Surface to view the surface again.

The display of the surface now shows the table filled only by reference to the data points
that are included in the range of the table.

You have filled a lookup table with values taken from experimental data.

Exporting the Calibration
To export the calibration,

1 To highlight the table that you want to export, you must first click Tables, shown.
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2 Highlight the New_2D Table.
3 Select File > Export > Calibration > Selected Item.

4 Choose the type of file you want to save your calibrations as. For the purposes of this
tutorial, select Comma Separated Value (.csv).

5 Enter table_filling_tutorial.csv as the file name and click Save.
This exports the calibration.

You have now completed this tutorial.
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Optimization and Automated Tradeoff

This section includes the following topics:

*  “Optimization and Automated Tradeoff” on page 16-2
+  “Single-Objective Optimization” on page 16-5

+  “Multiobjective Optimization” on page 16-18

* “Sum Optimization” on page 16-30

+ “Automated Tradeoff” on page 16-35
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Optimization and Automated Tradeoff

16-2

In this section...

“Import Models to Optimize” on page 16-2

“Optimization Example Problems” on page 16-4

Import Models to Optimize

To open the CAGE browser and set up your optimization:

1 Start the CAGE Browser part of the Model-Based Calibration Toolbox product by
typing

cage

at the MATLAB prompt.

2 To reach the Optimization view, click the Optimization button in the Processes
pane.

You can use the Optimization view to set up, run, view, and export optimizations. You
must also set up optimizations here in order to use them for automated tradeoff.

When you first open the Optimization view both panes are blank until you create an
optimization. After you set up your optimizations, the left Optimization pane shows
a tree hierarchy of your optimizations, and the right hand panes display details of the
optimization selected in the tree, as with other CAGE processes.

For any optimization, you need one or more models. You can run an optimization at
a single point, or you can supply a set of points to optimize. The steps required are as
follows:

1 Import a model or models.

2 Set up a new optimization.
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The following tutorial guides you through this process to evaluate this optimization
problem:

MaxTQ (SPK, N, L)

That is, find the maximum of the torque model (TQ) as a function of spark (SPK), engine
speed (N), and load (L). You will use the NOXFLOW model to constrain these optimization
problems.

For any optimization, you need to load one or more models. You can use the CAGE
Import tool to import models from Model Browser projects (see “Import Models and
Calibration Items Using CAGE Import Tool” in the CAGE documentation). For this
tutorial you can load a CAGE project from the mbctraining directory that contains two
models for the optimization problems. Load the project containing models to optimize as
follows:

1 Select File > Open Project (or the toolbar button) to choose the
tradeoffiInit.cag file, found in the matlab\toolbox\mbc\mbctraining
directory, then click OK.

The tradeoffInit.cag project contains two models and all the variables necessary
for this tutorial. For more information about how to set up models and variables, see
“Calibration Setup” in the CAGE documentation.

2 CAGE displays the Models view. You can view your models at any time by clicking
the Models button in the Data Objects pane.

Models

Observe that the project you have opened contains two models: TQ_Model and
NOXFLOW_Model. In this tutorial you use these models to optimize torque values
subject to emissions constraints.

3 To view the items in the Variable Dictionary, click the Variable Dictionary button
in the Data Objects pane.
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The Variable Dictionary view appears, displaying the variables, constants, and
formulas in the current project. The project already has the relevant variables
defined, so you do not need to import a variable dictionary. Note that the variables
have ranges and set points defined.

Optimization Example Problems

In this tutorial you will use optimization to find solutions to the following problems:

A single-objective optimization to find maximum values of torque, subject to a
constraint to keep NOX emissions below a specified level. You will export the output
and use it to fill a table.

A multiobjective optimization to maximize torque and minimize NOX emissions.

A sum optimization to maximize torque while minimizing NOX, weighted to give more
importance to idle speed.

Using any of your optimizations to run an automated tradeoff. Once you have set up
an optimization you can apply it to a tradeoff.

To work through these examples, follow the steps in the these sections in order:

1
2
3
4

“Single-Objective Optimization” on page 16-5
“Multiobjective Optimization” on page 16-18
“Sum Optimization” on page 16-30
“Automated Tradeoff” on page 16-35

Note: Start with “Single-Objective Optimization” on page 16-5.
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Single-Objective Optimization

In this section...

“Process Overview” on page 16-5

“Using the Create Optimization from Model Wizard” on page 16-6
“Setting Constraints and Operating Points” on page 16-9
“Running the Optimization” on page 16-12

“Using Optimization Results to Fill Tables” on page 16-14

“Using a Custom Fill Routine to Fill Tables” on page 16-16

Process Overview

The following sections describe these stages:
1 Using the Create Optimization from Model wizard to choose

* A model for your objective

* The optimization settings:

*  Which algorithm to use

* Maximize or minimize

+ Point or sum objective

*  Operating points for your optimization
*  What free variables to use

2 Using the Optimization view to choose

A model, type, and value for your constraint

3 Running the optimization, examining the output, exporting to a data set, and using
the output to fill a table

Note: To follow these steps, you must first load models. See “Import Models to Optimize”
on page 16-2.
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Using the Create Optimization from Model Wizard

To create your optimization,

1

Select Tools > Create Optimization From Model (or use the toolbar button).

The Create Optimization From Model Wizard appears. If you are viewing a
model, then the wizard automatically selects the current model.

Select TQ_Model as the model you want to optimize.

) Create Optimization from Model =10 x|

Model
Select & model to minimize or maximize.

Model Type Yariahle Inputs

TQ_Model MBC model SPELMAE
‘ MOXFLOW Model MBC model SPK,.L M AE

[T Create opersting poirt data set

Cancel = Back Mext = Finizh

Click Next.

3 On this page of the wizard you select the optimization settings.

16-6

a Select Maximize for the Objective type.
b Clear the check boxes for all the Free variables except SPK.
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) Create Optimization from Model

Optimization

=101 x|

Chooze aptimization type and select free variables to optimize TG _Madel.

Algorithim: If::uptcc-n j

Cibjective type: Ihﬂaximize le‘nint j
Data source: ISet paint jl j
Free variables: ‘Variakle

1 zelected i

=
m > |z |

[T Add a model boundary, constraint

Cancel = Back

Finish

Leave the other settings at the defaults, and click Finish to create the optimization.

You see the CAGE Browser Optimization view. A new branch named TQ_Optimization
appears in the Optimization tree. View the new optimization. Your CAGE browser should

look like the following example.
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) CAGE Browser - tradeoffInit.cag

File Edit Optimization Tools Window Help

=10l x|

3 Py B =
R R Y L =T
Processes Optimization | Ohbjectives Optimization Infarmstion
------ TO_Model_Optimizati | Name |Descriptior1 |TYpe Algarit... mbcOSfmincan
A TQ_Model TQ_Model{SPK, L, M, A, E) Maximize Algorit... |Single objectiv...
Free v... [SPK
Feature ttem s... |off
L
1| | » [{|Distrib... |off
N L
- = Conztraints |
AL - b
s = MName | Description | B
Tradeoff
4 | ]|
Data Ohjects [Input variakle Yalues |
Mumber of runs: I 1 il “ector dizplay format: IExpanded vertically = l
Variable Free Variahles | Fixed “ariahles |
Dictionary “ariable: SPK Wariahle: L M
Mumber of - Mumber of - =
values: 1 values: 1= 1 I_
1 1] 1 0.6 2300
e | | e 2

| Ready |

In the Objectives pane you can see the Description TQ_Model (SPK,L,N,A,E) and
the Type is Maximize.

In the Optimization Information pane you can see listed the default algorithm name

mbcOSfmincon, free variable SPK, and if you hover the mouse you can read the full
description Single objective optimization subject to constraints.

The Constraints pane is empty as you have not yet added any constraints.

Note that the toolbar button Run Optimization ( ) 1s enabled, because your
optimization setup has provided enough information to start an optimization.

Your optimization is ready to run, but would run at a single point (the set points of the

variables is the default). To finish setting up your optimization you need to specify a
constraint and edit the points where you want the optimization to run.
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Setting Constraints and Operating Points
1 Right-click the Constraints pane and select Add Constraint.

The Edit Constraint dialog appears.

) Edit Constraint E o =]

Constraint type: IModeI - l Mol constraints keep only points where the autput value - L.
of an expression is above o belovy the specified limit. v
Constraint names: FJO}(

Input model; Conzstraint bound;
Mol Type & Constent: | 250 2
-l To_hiodel MEC model ' CAGE tem:
J\ MNOXFLCWY odel MEC model IShow pr—— j
Constraint type: hacel Type
< 1_niodel WBC madel

== -

ol 1 OKF LY Mol WEC model

Evaluate quantity: IEvaIuation vallie - I Evaliate quantits: IEvaIuation value - I

Constraint description: ‘NO}(FLOW_ModeI(SPK, L, M, & Er==280

O I Cancel | Help |

a Leave the Constraint type drop-down menu at the default, Model.

b Edit the Constraint name to NOX.

¢ Select NOXFLOW_Model from the Input model list.

d Make sure the inequality is <=, and enter 250 in the Constant edit box as the

maximum value for the constraint, as shown above.

e Press Enter.
You return to the CAGE Browser Optimization view. Make sure the

Description NOXFLOW_Model (SPK, L, N, A, E) <= 250 appears in the
Constraints pane.

2 You can use the Optimization Point Set panes to define a set of operating points
for the optimization. Note that you do not have to have an operating point set; if you
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16-10

do not, the optimization will run at a single point of your choosing (the set points of
variables is the default).

You can use the Create Optimization from Model wizard to choose the points where
you want to run the optimization, or you can set up points later in the Optimization
view. In both cases you can choose to use points from a suitable data set or table grid
if they exist in your project.

Running the optimization requires the selected models to be evaluated (many
times over) and hence values are required for all the model input factors (L, N,

A, E, and SPK). The defaults of the fixed variables (L, N, A, E) are their set points,
as shown in the Fixed Variables pane. You have chosen SPK as a free variable,
so the optimization will choose different values for SPK in trying to find the best.
The default initial value for a free variable is the set point, as shown in the Free
Variables pane.

To define the set of operating points for the optimization,

a Inthe Optimization Point Set pane, increase the Number of runs to 6.
Notice 6 rows appear in both fixed and free variables panes, all containing the
default set point values of each variable.

b Enter, or copy and paste, these values into the N column of the Fixed Variables
pane. (Select all N rows before pasting):

N

1000
1000
3000
3000
6000
6000

¢ Enter, or copy and paste, these values into the L column of the Fixed Variables

pane:

0.1
0.8
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L

0.1
0.8
0.1
0.8

The Fixed Variables pane should look as shown.

Fixed Yariahles

Y arighle: L Kl A E

Nauee 1= =T EIT =
1 0.1 1000 12 g
2 04 1000 12 5
8 0.1 3000 12 g
4 04 3000 12 5
5 0.1 G000 12 g
5} 04 G000 12 5

Leave the other fixed variables and the free variable values at the defaults.

If you wished to restrict the range of the free variables, you could select
Optimization > Edit Free Variable Ranges. The default is the range of
the variable as defined in the Variable Dictionary. For this example, leave the
default.

3  Your CAGE Browser should now look like the following example, with an objective,
constraint, and set of operating points. The optimization is ready to run.
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) CAGE Browser - tradeoffInit.cag

=10l x|

File Edit Optimization Tools MWindow Help
lpea|x[F2)? [|j~amRanEsE
Processes Optimization | Ohbjectives Optimization Infarmstion
------ Optimization | Mame |Descripﬁ0n |Type Algotithm name |mchSfminc:0n
A Chjective  TG_Model(SPK, L, M, &, E) Maximize Algorithm des.. |Single objective optimiz...
Free variables  |[SPK
ltem scaling off
Distributed runz |off
! oy
|C0nstraints |
}&me | Descrigtion Status i
g ro MOKFLOWY_Model(SPHK, L, M, &, ..
4 I i

Data Ohjects

| Input Yariahble Yalues

Mumber of runs: I B il

“ector display format: IExpanded wertically - l ‘

Free Variahles

Fixed “ariahles |

Wariakle:

SPK

Mumber of
values:

1

@ || | R

olojo|lo|olo

Wariakle: L i} A

Mumber of - - -
values: i 1 !

1 0.1 1000 12

2 0.5 1000 12

3 0.1 3000 12

4 0.5 3000 12

5 0.1 G000 12

6 0.5 G000 12

| E—— 5

Running the Optimization

1 Click Run Optimization ( [l ) in the toolbar.

The optimization runs, showing progress messages as each point is evaluated until
the optimization is complete. On completion of the optimization, a new node appears

in the Optimization tree.

2 The view switches to the new node TQ_Model Optimization_Output where you
can view the optimization results.

3 The optimization output view retains a memory of previous layout. If you have not
used these views before, try the buttons and right-click context menus in the view

title bars to add Constraint Graphs to examine your results.
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4 This single-objective optimization produces one best solution for each point in the
operating point set. To view solutions at particular operating points, either:

+  Click the cells of the table, or
+  Click the points in the Results Surface or Results Contour plot.

5 Select Run 6 and examine the results.

) CAGE Browser - tradeoffInit.cag i ] 5]
File Edit Yiew Solution Tools Window Help

Do x|#z " [v+30COLUHRRER o |
Hiocesses E @ Solution: j—1j ‘ Curren.. b6 Current ... 1 ‘DFAC...

Output

Optimization Results

Festure Wector display format: IExpanded h.. = l

TN ] Run  |@|Accent| sek |
;% =i 1 ml~ 35497
e 2 |l 9146
! 3 b~ 35.06
4 H ™ 18.3
5 J ~ 39638
6 [

_<l_| _DI H-gmis ZI N -Emist ZI Z-gwis: ZI

Chbjective Graphs Constraint Graphs
Data Objects
a0 g 5 o0
sofl | :
70 GO0
£ &0 &
E < 400
& 50 =
(o)
A
H 200
30
20 i i 0
- 4
u] 20 40 u] 20 40
4 I v I SPR SPK

| Ready |

For more information, see “Analyzing Point Optimization Output” in the CAGE User's
Guide documentation.
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Using Optimization Resulis to Fill Tables

As an example, to use these optimization results to fill a table, first create a new table as
follows:

Build a SPK table in N and L. Select File > New > 2-D Table.

Leave 10 in the Rows and Columns edit boxes and O in the Initial Value edit box.
Use the drop-down menus to select L and N for the Y and X inputs.

Rename the table to SPK_Table.

Click OK. Your CAGE browser switches to the Tables view. CAGE has
automatically initialized the normalizers to space breakpoints evenly over the ranges
of Nand L.

O b ON -

There are two methods for filling tables with optimization results.

1 Click the Optimization button in the Processes pane to return to the Optimization
view

2  Click the plus to expand the TQ_Model Optimization node, and select the
TQ_Model Optimization_Output node.

3 Select Solution > Fill Tables (or the toolbar button Fill tables using optimal
settings).
The Table Filling wizard appears.

4  Select the SPK_Table table and click the button to add it to the list of tables to be
filled. Click Next.

5 Select the SPK_Table table, and SPK in the list of optimization results, and click the
button to select it to fill the table, as shown.
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B Table Filling from Optimization Results Wizard =] = (===
Optimal Result Selection
Choose the optimization results that you want to fill each table with.

Tables values to be filled:
[caceTabe  Jruwth  [Tadeott ] Optimization Results
L sPK_Table(LNormalizer... ' SPK :

[x N

|x L
|x A
|x E

| Select optimization result to fill with
‘E NOXFLOW_Wodel

MNormalizer inputs:

Eaa e ,
1/ Liormalizer e |
L.-f_ NMNormalizer X N E

’ Cancel ]’ = Back ]’ Mext = ] Finish

Click Next, then Finish.

You see a dialog reporting successful table filling.

Leave the View selected item check box selected to switch to the Tables view, then
click Close. Examine the new spark table.

The other method of filling tables with optimization output uses Data Sets.

1

From the Optimization_Output optimization output node, click Export to Data

,
Set ( i ) in the toolbar (or select Solution > Export to Data Set). Click OK in the
Export to Data Set dialog box to accept the defaults.

CAGE displays the Data Sets view. Click View Data in the toolbar to see the table of
optimization results contained in the new data set New_Dataset.

You can now use this data set (or any optimization results) to fill tables, as you can
with any data set.

Click M (Fill Table From Data Set) in the toolbar.
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4  Choose to fill the spark table with the SPK optimization output by selecting them in

the two lists:

a Select SPK_Table in the Table to fill list.
b Select the SPK optimization output in the Factor to fill table list.
¢ Click the button Fill Table at the bottom right.

5 The Table History dialog box appears to show you that CAGE filled the table from
the data set. Click Close to dismiss the dialog box.

6 To see the filled table surface and the optimization output spark values on the same
plot, right-click the display and select Surface. Recall you already filled the spark
table from the optimization results with the table filling wizard, so the table should
look unchanged.

See also “Fill Tables from Data” on page 15-2 for more details on using data sets to fill
tables.

In the next section you will use a custom fill routine to fill the table.

Using a Custom Fill Routine to Fill Tables

It can be useful to create your own custom fill function to fill tables from the results of an
optimization. Some example situations are:

* You have your own smoothing strategy for certain regions of your look-up tables

* Implementation of an alternative method to the two fill methods supplied

* You want to produce some customized output

You can use a custom fill routine to fill the SPK_Table table from the optimization
results.

1  Create a custom fill function. For this example, you can use the supplied example,
griddataTableFill.m, which can be found in the mbctraining directory. Copy
griddataTableFill._.mto a directory away from the MATLAB root directory, and
make sure this directory is on the MATLAB path (or change the current directory to
the location where you copied the file).

2 At the optimization output node, select Solution > Fill Tables.

3 The wizard retains a memory so the SPK_Table table is already selected to be filled.
Click Next.
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4 Similarly, SPK is already selected from the list of optimization results to fill the
table. Click Next.

5 Select Custom from the Fill Method drop down menu. Use the file selector, or enter
the name of the fill function you wish to use to fill your tables. In this case, select or
enter griddataTableFill, and press Enter. Note that this function must be on
the MATLAB path.

6  Click Finish to fill the SPK_Table table.
7 You see a dialog reporting successful table filling. Click Close.

In the next section you will add a multiobjective optimization to this project. For next
steps, see “Multiobjective Optimization” on page 16-18.
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Multiobjective Optimization

16-18

In this section...

“Setting Up and Running the Multiobjective Optimization” on page 16-18
“Optimization Output View” on page 16-23
“Selecting Best Solutions” on page 16-28

Note: To follow these steps, you must first complete the previous steps in the tutorial to
load models and create an optimization. See “Optimization and Automated Tradeoff” on
page 16-2.

Setting Up and Running the Multiobjective Optimization

In this optimization you will construct a search for values of spark that maximize values
of torque while minimizing values of NOX at a series of (L, N, A, E) points.

To create your optimization,

1 Select Tools > Create Optimization From Model (or use the toolbar button).

The Create Optimization From Model Wizard appears.

2 Select TQ_Model as the first model you want to optimize.
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) Create Optimization from Model : =10] x|

Model
Select & model to minimize or maximize.

Model Type Yariahle Inputs

TQ_Maodel MBC model SPELMAE
.‘ MOXFLOW Model MBZ model SPK,LMNAE

[T Creste opersting point data set

Cancel = Back Mend = Finizh

Click Next.
3  On this page of the wizard you select the optimization settings.
a Select NBI for the Algorithm. You must use the NB1 algorithm to solve
multiobjective optimizations.
b Select Maximize for the Objective type.
¢ Clear the check boxes for all the Free variables except SPK.

d Click Finish to create the optimization.
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) Create Optimization from Model : =10] x|

Optimization
Chooze aptimization type and select free variables to optimize TG _Madel.

Algarithi: i |
Cibjective type: Ihﬂaximize le‘nint j
Data source: ISet paint jl j
Free variahles: arigkle
1 zelected F x spk

M xL

™ xn

M xa

X E

[T Add a model boundary constraint

Cancel = Back [ Mext= Finish

You see the CAGE Browser Optimization view. A new branch named
TQ_Model _Optimization_1 appears in the Optimization tree.

You need to set up your second objective. In the Objectives pane you see a status message
informing you that you need to specify a model for the second objective.
1 Double-click Objective?2 to edit the objective.

2 Edit the Objective name to NOX, and specify NOXFLOW_Model and Minimize. Click
OK.
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) Edit Objective . O] x|

Ohijective type: IPoint Ohbjective = I A point objective function iz a CAGE model that provides -
an objective to be optimized for each =&t of input values. ,Q

Ohjective narme: EOI{

Available models: Objective type:

Madz! Type i Minimize

-l TQ_Model MBC madl  Maximize
% NOXFLOW _Model MBC mode! & Helper

Selected model, MOXFLOWY Mode|

OK I Cancel Help

Import the NOX constraint from your previous optimization.

1 Right-click in the Constraints pane and select Import Constraints.
2 In the Import Constraints dialog box, select the NOX constraint from your previous
optimization and click OK.

Your CAGE browser should look like the following example.

Objectives | Optimmization Information
Name Description Type Algorthm... [mbcOSNBI
~ TQ_Model TQ_Model(SPK, L, N, A, E) Maximize Algorithm... |Nermal Boundary |...
A NOX NOXFLOW_Model(SPK, L, N, A, ... Minimize Free vari.. |3PK
Hitem scaling|off
4 *
I I J Distribute. .. |off
| Conztraints il
Name Description Application Point St |
i noxt NOXFLOW_Model(SPK, L, N, A,
< | B

| optimization paint S=t |

MNurmber of runs: I 1 él Wector display format: IExpanded wertically il l ‘

Free Vatiahles | [ Ficed variales |
Wariable: SPK Wariable: L N A
Number of S Number of - P -
values: U= values: L = 1= I-
1 o 1 0.1 1000 12|
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Your optimization has objectives and a constraint set up and is ready to run. However
unless you edit the fixed variable values it will run at a single point, the set point of the
variables.

1

In the Optimization Point Set pane, increase the Number of runs to 6. Notice 6
rows appear in both fixed and free variable values panes, all containing the default
set point values of each variable.

Select Optimization > Import From Output. The Import From Output dialog box
appears.

a Select the previous single objective optimization node,
TQ_Model Optimization_Output, in the top list to import values from this
optimization.

b Clear the check boxes for SPK, A, and E, to leave only N and L selected for import,
and click OK.

View these values in the N and L columns in the Fixed Variables pane.

Murmber of Funs: I 5] i‘ “ector display format: IExpanded vertically d

Free ‘ariables | Fixed Yariables |

“arighle: SPK “ariakle: L H A E

el B S S| |
1 1] 1 0.1 1000 12 5
2 1] 2 0.5 1000 12 5
3 1] 3 0.1 3000 12 5
4 1] 4 0.5 3000 12 5
5 1] 5 0.1 G000 12 5
5 1] [ 0.5 EO00 12 5

Click Run Optimization ( ) in the toolbar.

The optimization runs, showing progress messages as each point is evaluated until
the optimization is complete. A new node, TQ_Model Optimization_1 Output,
appears under TQ_Model_Optimization_1 in the Optimization tree.
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Optimization Output View

The view switches to the TQ_Model Optimization_1 Output node in the
Optimization tree where you can examine the optimization output.

The toolbar buttons determine which view is displayed. The default is the Solution

Slice ( ’: ). The Solution Slice shows one solution at all operating points. That is, you
can see a table (and surface plot) of all operating points at once, and you can scroll
through the solutions using the Current solution controls at the top. At the start all 6
operating points show solution 1. Change solution to 2, and you see the second solution
for all 6 operating points, and so on. As this is a multiobjective optimization, there are
several solutions for each operating point.

. CAGE Browser - optimtut.cag
File Edit View Solution Tools Window Help
D@ x®WFa »|[v+3H ML UPLEGER @ |
HCCe=t M E | Currentrun: | 1 : Current ion; 1‘ 5 .1 = | H ¥ Acc...
e'—owmizag' Optimization Results ]
atil
Feature imi | ector display format: Expanded vertically v
F"a‘ E! Run IilAccept
" 1 | ] -
2 @ ™ L
3 H ™ 38.06 3000 |~
4 H & 18.3) 3000
5 M @ 39.638 s000l ~ Gorct ) muldaie s wRha ]
é ‘X | | Constraint Graphs 8o X
14 : — : 00
T : : " : :
T 0 sadpessasd T R I facacas 250
= : : : : : : : g ; :
o S G R 200 . ...... ....... T ..... Boases ]
1501 | Fois Boccssomosssad fo0d [poBooooos
2 = TN I A
. 100 .. ....... ...... ...... ...... ......
2 1 A 50 . ....... ...... ...... ..... ......
i) : T i 0l
b v
o 10 20 30 40 a0 1] 10 20 30 40 50
S s SPK SPK
Eem——
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The graphs show the objective functions at the currently selected operating point

(highlighted in the table and Results Surface view), with the solution value shown in red.

Note that before you run an optimization you can specify how many solutions you want

the optimization to find, using the Set Up and Run Optimization toolbar button.

1

For an example point, click in the table to select operating point 6, and enter

10 in the Current solution edit box. Observe the constraint you applied in the
objective function graphs, as shown in the example. Areas in yellow are excluded

by constraints. Similarly, if you use a boundary constraint model exported from the
Model Browser as a constraint, areas outside the boundary appear in optimization

graphs as yellow areas. Note that for some problems the optimization might fail

to find a value within the constraints (depending on the constraints and starting
values) in which case you might need to run the optimization again to find valid

solutions. Choosing more suitable starting values and changing your settings to

make constraints less stringent can help in these cases. See “Analyzing Point

Optimization Output” in the CAGE

User's Guide documentation.

T&_hodel

MW CFLOWY W odel

2 Right-click the Objective Graphs view and select Split View > Pareto Graphs.
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Objective Graphs Pareto Graphs
z g"
=] =1
= = B0
i i
=40 Ly
20 40
8O0 A —a
o o . 5 .
3 500 Eomil [...i..8
= = R :
z g B
2 400 g e
| =150 L Bapadt
k2 4 k2 i
& 200 = .
= = o0 TP
0 :
. . .
a 10 20 30 40 50 40 B0 80 1001 50200
SPH TG_Moadel MOHFLOWVY Model

The view splits to show both objective and pareto graphs. You can right-click and
select Graph Size to adjust how many plots can be displayed. In the Pareto Graphs
view you can see all solutions found by the optimization at the selected operating
point (the selected solution is highlighted in red). Try clicking different points in the
pareto graph to see the different solutions in the objective graphs.

Click Pareto Slice ( ’; ) in the toolbar. This changes the table to display all solutions
at a single operating point. You can scroll through the operating points using the
Run buttons at the top. The pareto graphs always show the currently selected
solution in red. Click in the table or the graph to select different solutions.

Recall that the first example, a single-objective optimization, produced a single
solution at each point, so you could not view the Pareto Slice. The Pareto Slice is
useful to show you the set of optimal tradeoff solutions when using multiobjective
optimizations, as in this case. You can use these plots to help you select the best
solution for each operating point. As you can see, this example trades off NOX
emissions for torque, so it is a judgment call to choose the best depending on your
priorities. You will select best solutions in a later section, “Selecting Best Solutions”
on page 16-28.
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Click Weighted Pareto Slice ( |37F ) in the toolbar.

R0 il 1ﬂ ‘ Current run:  <none: Current solution: 4

Optimization Results

“ector display format: IExpanded vertically d

Solution | [@| Accept| TQ_Model | NOXFLO...
1 - 119626 124037
2 | 143645  135.766
3 o r 166,544 149986
4 | i 187.918|  167.587
5 - r 18977
[ | 223797  217.909
7 o r 737154 253132
] | 247031 295 965
g a r 253204 346526
10 | 255 571 40493

This table view displays a weighted sum objective output across all operating points
for each solution.

The value in the NOXFLOW_Model column in the first row shows the weighted sum

of the solution 1 values of NOX across all 6 operating points. The second row shows
the weighted sum of solution 2 NOX values across all 6 operating points, and so on.
This can be useful, for example, for evaluating total emissions across a drive cycle.

The default weights are unity (1) for each operating point.

You can alter these weights by clicking Edit Pareto Weights ( M ) in the toolbar.
The Pareto Weights Editor appears.
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) Pareto Weights Editor =10l x|

Ohbjectives: Weights for T3_Maodel:

JENCI - | - Table ertry:

RICCFLOWY_Model

Weights
10

-

[= R I ST
-

-

= MATLAE vector:

" Output column:
I I
j Select data from salution: I 1 %I

Ok | Cancel | Helg |

Here you can select models, and select weights for any operating point, by clicking
and editing, as shown in the example above. The same weights are applied to each
solution to calculate the weighted sums. Click OK to apply new weights, and the
weighted sums are recalculated.

You can also specify weights with a MATLAB vector or any column in your
optimization output by selecting the other radio buttons. If you select Output
column you can also specify which solution; for example you could choose to use
the values of spark from solution 5 at each operating point as weights. Click Table
Entry again, and you can then view and edit these new values.

Note Weights applied in the Weighted Pareto Slice do not alter the results of your
optimization as seen in other views. You can use the weighted sums to investigate
your results only. You need to perform a sum optimization if you want to optimize
using weighted operating points.
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Selecting Best Solutions

In a multiobjective optimization, there is more than one possible optimal solution at each
operating point. You can export all solutions, or you can select a solution for each point.
You can use the Selected Solution Slice to collect and export those solutions you have
decided are optimal at each operating point.

Once you have enabled the Selected Solution Slice, you can use the plots in the Pareto
Slice and Solution Slice to help you select best solutions for each operating point. These
solutions are saved in the Selected Solution Slice. You can then export your chosen
optimization output for each point from the Selected Solution Slice, or use your chosen
optimization output to fill tables.

1 In order to choose a single solution at each operating point, you need to enable the
Selected Solution Slice. Select Solution > Selected Solution > Initialize.

A dialog called Initialize Selected Solution appears. Click OK.

«) Initialize Selected So -10] =l
Default salution numker: I 1 i‘

The default initializes the first solution for each operating point as the selected
solution.

Click the Selected Solution Slice button ( ’E ) which is now enabled in the toolbar.
Observe that the Current solution number at the top is not editable, and is
initially solution 1 for each operating point you click in the table. You must decide
which solution is best for each point. You can select solutions in the Selected
solution edit box, either here in the Selected Solution Slice or in the Pareto Slice or
Solution Slice views.

3 In the Selected Solution Slice view, choose a solution for run 6. Enter 6 in the
Current run edit box, and use the Selected solution controls to click through the
available solutions and view each solution in the objective and pareto graphs. For
example, to select solution 7 as best for the current run, enter 7 in the Selected
solution edit box.
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Leave your chosen solution selected and the table remembers your selection for each
run.

If you want to select best solutions from the Pareto Slice or Solution Slice views,
either:

Click Select Solution ( ﬂ ) in the toolbar.

Select the menu item Solution > Selected Solution > Select Current
Solution.

4 The Selected Solution Slice view collects all your selected solutions together in one
place. For example, you might want to select solution 7 for the first operating point,
and solution 6 best for the second, and so on.

5 In order to use one solution per point from your optimization output to fill tables, you
should repeat this process to select a suitable solution for all operating points. Then
use the Table Filling From Optimization Results Wizard (Solution > Fill Tables) as
before — the table is filled with your selected solution for each run.

Alternatively you could fill from a data set containing the selected solutions. To

&,
do this, click Export to Data Set ( it ) and click OK in the dialog box. Go to the
Data Sets view (click Data Sets in the Data Objects pane) to see that the table of
optimization results is contained in a new data set. You could use these optimization
results to fill tables. Both these table-filling methods are described in “Using
Optimization Results to Fill Tables” on page 16-14.

Note that the table in the current view is exported to the data set. If you want

to export your selected best solutions for each operating point, make sure you
display the Selected Solution Slice before exporting the data. If you export from
the Pareto Slice, the new data set contains all solutions at the single currently
selected operating point set. If you export from the Solution Slice the new data set
will contain the current solution at all operating points.

Recall that the previous example was a single-objective optimization and therefore
only had one solution per operating point. In that case the optimization results could
be exported directly from the Solution Slice, as there was no choice of solutions to be
selected. See “Single-Objective Optimization” on page 16-5.

In the next tutorial section you will duplicate this NBI optimization example and alter it
to create a sum optimization. For next steps, see “Sum Optimization” on page 16-30.
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What Is a Sum Optimization?

In this exercise you will use a copy of the NBI optimization from the last example to
create a sum optimization.

Up to this point, you have found the optimal values of each objective function at each
point of an operating point set individually. A sum optimization finds the optimal value
of a weighted sum of each objective function over all free variables simultaneously. The
welghted sum is taken over each operating point in the run, and the weights can be
edited.

A sum optimization problem without constraints, for M operating points, is the same
as M individual optimizations; the minimum of the sum is the same as the sum of the
minima.

To illustrate this, consider the following example:

Say the objective function is f(a,b). Consider a to be the free variable and b to be the fixed
variable. To set up a sum optimization, at different values of b, we want to find [a;, as, a3
.. ay] which minimizes:

w*fla;,by) + we*flasbs) + ws*flasbs) + ... + wiflay,bu), [1]
where w;, ws etc. are the weights.

There are two ways of viewing this problem. It can be viewed as a big optimization
problem in an M-dimensional space for the vector [a;, as, as, ..ay] as shown in [1].
Alternatively, as each element of the sum depends on its own subset of the free variables,
the problem can be written as M separate optimization problems, as in [2]:

min w;*f(a;,b;) for i=1:M, [2]

Once the M individual problems are solved, the weighted sum can be constructed to get
the answer.

When there are sum constraints present, it is not true that a M-point sum optimization
problem is equivalent to solving M individual optimizations. In this case, all points must
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be evaluated together to find the optimal solution that meets the sum constraints across
all of the points.

In a sum optimization, the objectives are typically sum objectives. You can use a mixture

of point and model sum constraints in a sum optimization. The following instructions
describe these settings.

Procedure

Note: To follow these steps, you must first complete the previous steps in the tutorial to
load models and create optimizations. See “Optimization and Automated Tradeoff” on
page 16-2.

1 Right-click the TQ_Model_Optimization_1 node in the Optimization tree and
select Duplicate TQ_Model _Optimization_1.

A copy of the TQ_Model_Optimization_1 node called

TQ_Model _Optimization_2 appears in the tree. You do not need an existing NBI
optimization to create a sum optimization. This example is used for convenience
and also to illustrate copying optimizations. This feature can be useful when you
are trying different settings to improve your optimizations while keeping previous
attempts for comparison.

You use this copy to create a sum optimization. This means that instead of
performing the optimization at each point individually, the optimization takes the
sum of solutions at all points into consideration. You can apply different weights to
operating points, allowing more flexibility for some parts of the optimization.

2 Select the node TQ_Model Optimization_2 and select Edit > Rename (or press
F2). Edit the name to read SUM_NBI.

You will edit all the objectives in your existing optimization to be sum objectives.

3 Double-click TQ Model (or right-click and select Edit Objective). The Edit
Objective dialog appears.

To set up your new objective,

a Select Sum Objective from the Objective Type drop-down menu.
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). Edit Dbjective i ] |

Objective type: ISum Ohjective - I A sum ohjective function calculates the weighted sum of the £
output of a CAGE model as its objective value. e ¥

Ohjective name: I 1_Model T

Available models: Ohjective type:

Macel Type " Minimize

TG_hiodel MEC model {* Maximize
'4\ MOXFLOW_Model MEC model

= Helper

Selected model: TG Model

Ok I Cancel | Help

b Select TQ_Model and make sure Maximize is selected. Torque has a strong
correlation with fuel consumption so this sort of problem could be useful for a
fuel consumption study.

¢ Click OK to finish editing the objective.
Repeat to edit NOXFLOW_Model. Set up a sum objective to minimize NOXFLOW.

You can also edit your constraint to be a sum constraint. You can use a mixture of
point and sum constraints.

To set up your sum constraint,

a Double-click the constraint NOX1 and the Constraint Editor appears.

b Select Sum Constraint from the Constraint Type drop-down menu, then
select NOXFLOW_Model under Input Model.

¢ Edit the Constraint name to NOXFLOW_Constraint to help you later
distinguish it from the NOXFLOW_Model in the Optimization view fixed variables
pane.
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d Make sure the inequality is <=, and enter 450 in the constraint bound edit box

as shown.

/) Edit Constraint o [m] 9]

Constraint type: ISum Constraint - l A zum constraint provides a constraint distance value P E
for a weighted sum of a model with reference to & bound !" ;

Constraint name: FO)(FLOW_CDHS‘traiI'ﬂ

Impaut ol el: Constraint type:

Constrairt Type |<= d

<k T_Model MEC modsl :

<\ MOXFLCVW Moadel MEC madel Gl U

[ 450 =]

Conztraint description: rNeigHted sum of NOXFLOW_Madel(SPIC, L, N, &, E) == 450

Ok I Cancel | Help |

e Press Enter to dismiss the dialog box and return to the Optimization view.

You want to perform a sum optimization across a series of operating points. Select
Optimization > Convert to Single Run. Look at the change in the Variable
Values panes. Instead of 6 separate runs you now have one run containing 6
operating points. Number of runs is now 1, and Number of Values is 6 for all
variables (you use these controls to set the number of operating points within each
run). Each solution will be a sum across all the points in the run.

Look in the Fixed Variables pane for the weights columns, last columns on

the right. Enter 5 in the first row (run 1, point 1) for TQ_Model_weights,
NOX_weights, and NOXFLOW_Constraint_weights, to weight the first operating
point by five, as shown.
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Fixgd Yatiables
“ariable: | TG _Model_weights | L i) A E [WOXFLCWY Model_wweights | NOXFLOW Constraint_wei...
vty s=]| F=1F=1 = P s 54
il 1 01| 1000 12
@ 0.5 1000 12
(3 01| 3000 12
(4 0.8 3000 12
(5 04| BO0D 12
(&) 0.5 5000 12

JEPN R DU B e T
w fth e o | (o

JEPN R DU e e T
JEPR RS PRV VR R P

You have modified your objectives and constraint for a sum optimization, which is

ready to run. Click Run Optimization ( ) in the toolbar.

There is a wait notice as the optimization runs. There are no progress messages as
points are evaluated because sum optimizations do not evaluate points individually.

When the optimization is complete, examine the results at the output node. Select
the Pareto Slice table. Look at the objective and constraint results for the ten
solutions (number of solutions is specified in the Optimization Parameters dialog).
In the Pareto Slice table, negative constraint values are within the constraint. Look
at the constraint summary view, where the left and right information corresponds to
the constraint inequality; the left value is the distance from the constraint.

For more information see “Interpreting Sum Optimization Output” in the CAGE
User's Guide documentation.

For next steps, see “Automated Tradeoff” on page 16-35.
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Automated Tradeoff

Once you have set up an optimization you can fill tables in a tradeoff using automated
tradeoff. You can select cells and fill them from the results of an optimization. The cells
you select in the tradeoff table define the operating point set for the optimization.

Set up a tradeoff as follows (also described in “Setting Up a Tradeoff Calibration” on page
13-2).

Note: To follow these steps, you must first complete the previous steps in the tutorial to
load models and create an optimization. See “Optimization and Automated Tradeoff” on
page 16-2.

O b W BN

Select File > New > Tradeoff.

This takes you to the Tradeoff view. You need to add tables to the tradeoff.

Click E (Add New Table). This opens the Table Setup dialog.
Enter Spark as the table Name.

Select L as the Y input and N as the X input.

Click Select to open the Select Filling Item dialog.

a Select the radio button to Display variables.
b Click to select SPK.
¢ Click OK to return to the Table Setup dialog.

Leave 10 as the size of the rows and columns (the speed and load axes), and 0 as the
initial value, and click OK.

A new Spark table appears in the Tradeoff tree. CAGE has automatically spaced
the normalizers evenly over the ranges of N and L.

Click to expand the New_Tradeoff tree and select the Spark table node to view the
new table.

You need to select the cells where you want to apply automated tradeoff. Create a region
within the table:

1

Highlight a rectangle of cells in the SPK table by clicking and dragging. Note that a
large region can take a very long time to evaluate. Try four cells to start with.
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2

Click ™ (or right-click and select Extrapolation Regions > Add Selection) to

define the region. The cells become light blue.

To use automated tradeoff on the cells in the defined region,

1

Select Inputs > Automated Tradeoff or click the toolbar button <1

The Automated Tradeoff dialog appears, showing a list of available optimizations in
your session that are set up and ready to run.

2 Select your TQ_Model Optimization_1 multiobjective optimization (of Type:
Normal Boundary Intersection Algorithm) to apply to the tradeoff and click

OK.

3 Click OK in the following dialog to optimize only the table cells that are in the
region, rather than all cells.

The automated tradeoff optimization runs. The results appear in the selected cells in the
table, as shown in the example. You could optimize several regions and then use these
results to extrapolate across the whole table.

Table: Spark Selected cell:
Filled bry: SPHK L=041,M=500
500 1166.667 | 1333.333 R

0.1 0 0 0a ‘ T

0.2 o* 10413 0 207

03 Y o0484[Y  7o0m|Y  g9ss7

04 Y 44m¥ 4306 720 L

03 oY 3145 0 o

05 i a O | e

1] | » -10 0.5
v Inputs have been =aved Extrapolation mask 2000 4000 gogg~ 1 L
& Locked table cell Region mask N
Extrapolation and r




