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Key Take-Away’s

- Engine model parameterization is a very non-
trivial task

= Engine controller calibration is a very non-trivial
task

« MathWorks has tools to help make these two
tasks more manageable
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Problem Statement

- How do | use the Powertrain Blockset engine and controller models for my
application so | can:

— Design engine controls?
— Perform fuel economy and emissions studies?

— Create and validate dynamometer test plans?
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What we’ll Cover Today

- Parameterizing a Powertrain Blockset engine model
— Workflow
— Example: parameterizing a mapped engine model

- Calibrating a Powertrain Blockset engine controller
— Workflow
— Example: calibrating an engine controller



What are we Parameterizinm Calibrating?

4\ MathWorks

'bi SiCiPtReferencefpplication - Simulink J
File Edit View Display Diagram  Simulation
R R <= LGl 7Y ~ (2474 Accelerato ~
= i sl '
SiCiPtReferenceApplication  » Controllers
(@]
® |[PalsiciPtReferenceApplication b ‘L
J
—+
D Drive Cycle Source
FTPTS (2474 seconds)
=0
[E_El Copyright 2015-2016 The MathWarks, Inc.
g
Ready 93% ode23tb




&\ MathWorks'

What we’ll Cover Today

- Parameterizing a Powertrain Blockset engine model
— Workflow
— Example: parameterizing a mapped engine model



= Contains 2D LUT's for
each model output

- Easy to parameterize

- Great for system level
design and
development
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Parameterizing an Engine Model

« n
= Model-Based Calibration Toolbox
provides tools for the process: |

) ) CAE Engine Model ) C Engine Dynamometer }
— Creating the Design of [

Experiments s _ LY
5 Data Modeling j«

) £
[ Parameter Generation )

s v h
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
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Parameterizing an Engine Model

K
= Model-Based Calibration Toolbox
provides tools for the process: [Des'gn i Expe“me”ts)
. . . CAE Engine Model Engine D t
— Creating the Design of Experiments C PSR ) —
C Data Modeling j«
— Gather the data v
[ Parameter Generation )
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€ Results b
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Parameterizing an Engine Model i

Fuel Flow
Exhaust Temp
Emissions
BSFC

Speed Cmd
Dynamometer
Control v
Measurements
(Steady State)
Y
Torque Cmd. > Speed
Speed Measured > Measured
Crankshaft
Torque
Measured
Engine System
(Change operating points,
fixed calibration) Dynamometer
10




Parameterizing an Engine Model

Model-Based Calibration Toolbox
provides tools for the process:

— Creating the Design of Experiments
— Gather the data

— Fitting response surface models
(RSM, statistical) to the data

[ Design of Experiments)

[ CAE Engine Model ) [ Engine Dynamometer )

Data Modeling
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[ Parameter Generation }

v Y
Results

Optimal Engine
Calibration
Parameters

Fast, Accurate Engine
Model for HIL and
System Simulation
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Parameterizing an Engine Model

- Model-Based Calibration Toolbox
provides tools for the process:

— Creating the Design of Experiments
— Gather the data
— Fitting response surface models

— Developing engine performance
maps from RSM’s
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Parameterizing an Engine Model

- Model-Based Calibration Toolbox
provides tools for the process:

— Creating the Design of Experiments

— Gather the data

— Fitting response surface models

— Developing engine performance maps

— Validate the result

[Design of Experiments)
[ CAE Engine Model ) [ Engine Dynamometer )
£ . D
Data Modelin
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\
[ Parameter Generation ]
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Results
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Parameters
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Launch MBC Toolbox

= From Apps tab

= From command line
>> mbcmodel
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Launch MBC Toolbox

File Data View Window Help
Qhed e _X&E|?
Projects

] New Project

i Open Project

Recent projects:

C:\_\SiMappedEngineCalibrationMBCProject mat

Ready

4 Model Browser - C:\Demo_HEVMM\Demo\Work\Untitled

Open Recent Project
Case Studies
Examples
Multi-injection diesel tested with pilot
Dual CAM gasoline engine with spark
Help Open Example
Project Summary
Type | Num...|
£ Test Plans | 0
122 Data sets | 0
'@ Models 0

&880

15,

~
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3 MBC Model Fitting

Create experimental designs and statistical models for model-based calibration.

Your project is empty. Design an experiment or import data for modeling.

-
>

Design Experiment Import Data Fit Models Generate Calibration

Browse Project
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Parameterizing a Mapped Engine Model

« Mapped engine model workflow:

— Importing existing data
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Design Experiment

Import Data

Fit Models

Generate Calibration

Design of Experiments
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CAE Engine Model ] ( Engine Dynamometer

Data Modeling

4
Parameter Generation ]

Optimal Engine
Calibration
Parameters

Results
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Import Data

= Look for
anomalies or gaps

= Filter data to
remove anomalies

= Add derived
guantities and unit
conversions

= Graphical views
speed inspection

4\ MathWorks

4 Data Editor - 1.5L_TDI_DWVVT_SI_BaseCalbration_Data
File View Tools Window Help
& & E!E\r K PdodsEll av | P

Summary Statistics Variables Filters Test Filters Test Notes

I
225 | 225 records
40 + 0 variables
2251 225 lesls

0 50
[l Dataremaining ] Dataremoved [ Variables ad..

2D Data Plot
Y-aas selection
l T00
ICF -~
ECP
TAP 650 [ r
WAP
\Torque £00
TorqueOvwrd
ConstraintsMat
|BMEP 550 -
RF1 .
KIT1 — B0
KP1 Z .
BSFOmmmmn | 2 ‘.
TEXH %45,:. L .
TSPEED
he b .
TP B 400 | * " ag
|< D > | = * .
X-axis selection . s »
<nong> w 30 g ‘- . o & .
A e * L . * e
0 - .
300 [* -.. oo - .
50 — ."':-:. el
2 . -y
200 L .
i} 50 100

Data has 225/225 Records, 40 + 0 Vanables, and 225 Tests

250

Source files |
C:\Demo HEVMM\Dama\EnginaData\1.5L TDI DWVT S| BaseCalbration Data PN

L4
>

Eltl)(|

BSFC [g/Kwh]

X-axs factor
EngSpd... ~

2000
EngSpd [RPM]

Y-axis factor
TQ_CM... ~

BSFC [g/kwh]

Z-aas factor
BSFC[.. ~

667 .28
584 .57
521.86
44915
TG 44

303.73
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Parameterizing a Mapped Engine Model

« Mapped engine model workflow:

— Importing existing data

— Fitting response surface models
(RSM, statistical) to the data

Design Experiment Import Data Fit Models Generate Calibration

-

[Design of Experiments)

¥

[ CAE Engine Model J [ Engine Dyna

mometer }

Data Modeling

WV
[ Parameter Generation )

s v 0
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
A\ 4
V.

\
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Fitting Models to the Data

Default models
automatically
fitted to all
responses

Inspect quality
of fit

Try out
alternatives

4\ MathWorks

4 Model Browser - C:\Demo_HEVMM\Demo\Work\Untitled
File Model View Outliers

Qhcdd e RBX®m ?

All Models

PO One-Stage
/o
/@ BSFC
/@ EOCO
/@ EOCO2

/@ EOHC
/@ EONOx

/@ FuelFlow
/@ TexhConv

/@ Torque

Ready

Window Help

&' QEFEA0HE

fa
odel type: Gaussian Process Model (ARDSquaredExponential,Constant)

Common Tasks

Edit Model. ..
Response Surface /@
Plot Surface AiFlowConv @& Add Model...
X-axis: EngSpd & Create Alternatives. ..
Y-ax TQ_CMD =
| Name | Value | Tolerance g
EngSpd 700965000 [ Linked to Xivis) @ Summary table
TQ_C. [1531:170 .| Linkedto Y-Axis| & Obsenvations | 18|
£ Parameters | 10649
Box-Cox | 1
PRESS RMSE | 2.222¢-3|
RMSE | 20de3]

Validation RM...| 2.059%-3|
3000

Select Data Point.. TQ_CMD [Nm] EngSpd [RPM]

AirFlowConv
T T

Removed data

Studentized residuals

* Data not restorable

Predicted AirFlowConv Model comments

X-axis factor: |Predicted AiFlowConv Y-axis factor: Studentized residuals
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Parameterizing a Mapped Engine Model

« Mapped engine model workflow:

— Importing existing data
— Fitting response surface models

— Developing engine performance
maps from RSM’s

Design Experiment Import Data Fit Models Generate Calibration

-

[Design of Experiments)

[ CAE Engine Model ) C Engine Dyna

v
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p

Data Modelin
< g

-

Parameter Generation

Py )\ 4
Results

Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
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Calibration Generation Tool

= Fill tables

= Export cal tables

4\ MathWorks

4| CAGE Browser - BaseCalibrationCage_Modellmport.cag - O *
File Edit View Model Tools Window Help
Dhcd X WEFR k2P ||[BR®7 |
Processes | Models |
Name Type Inputs Lower Output Limit| Upper Output Limit | Description
~
o\ KIT1 MBC model ECP, EngSpd, ICP, LOAD _Inf] Inf| Created by hhu on 05-Jul-2016.
Feature <\ Lam MBC model ECP, EngSpd, ICP, LOAD _Inf] Inf| Created by hhu on 05-Jul-2016.
- <\ RF1 MBC model ECP, EngSpd, ICP, LOAD _nfl Inf| Created by hhu on 05-Jul-2016.
LA <\ Spkady MBC model ECP, EngSpd, ICP, LOAD _Inf] Inf| Created by hhu on 05-Jul-2016.
LA A\ TAP MBC model ECP, EngSpd, ICP, LOAD _inf Inf| Created by hhu on 05-Jul2016.
Tradeoff <\ TEXH MBC model ECP, EngSpd, ICP, LOAD _Inf] Inf| Created by hhu on 05-Jul-2016.
<\ TSPEED MBC model ECP, EngSpd, ICP, LOAD _Inf] Inf| Created by hhu on 05-Jul-2016.
{l Torgue MBC model ECP, EngSpd, ICP, LOAD -Inf]| Inf| Created by hhu on 05-Jul-2016.
o\ wap MBC model ECP, EngSpd, ICP, LOAD _nf] Inf| Created by hhu on 05-Jul-2016. w
tems that use BSFC
Create an optimization for a model and use results to fill tables.
ftem Type

Data Objects

Use models to generate calibration

Tables and Tradeoff

L

Export Tables

ol el

Pl
i

L

-axis:

ECP

EngSpd ~ |
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Calibration Generation Tool

- Generating look up tables

‘ MathWorks:

ZI CAGE Browser - BaseCalibrationCage_Modellmport.cag

- O *
File Edit View Model Tools Window Help
Dhcd X WEFR k2P ||[BR®7 |
Processes | Models |
Name Type Inputs Lower Output Limit| Upper Output Limit | Description
Ll
o\ KIT1 MBC model ECP, EnaSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Jul-2016.
Feature <\ Lam MBC model ECP, EnaSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Jul-2016.
Py -\ RF1 MBC model ECP, EnaSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Jul-2016.
LA <\ Spkady MBC model ECP, EnaSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Juk-2016.
LA A\ TAP MBC model ECP, EngSpd, ICP, LOAD _inf Inf| Created by hhu on 05-Jul2016.
Tradeoff <\ TEXH MBC model ECP, EnaSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Jul-2016.
<\ TSPEED MBC model ECP, EnaSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Jul-2016.
ﬂl {l Torgue MBC model ECP, EngSpd, ICP, LOAD -Inf]| Inf| Created by hhu on 05-Jul-2016.
J o\ wap MBC model ECP, EnaSpd, ICP, LOAD -Inf] Inf| Created by hhu on 05-Jul-2016. v
Optimization o ltems that use BSFC
Create an optimization for a model and use results to fill tables.
ftem Type

Data Objects

Import Models

Optimization Tables and Tradeoff

Feature

Data set Export Tables

L

ol el

Pl

EngSpd ECP

~ -axis: |EngSpd ~ |

22



Calibration Generation Tool

4\ MathWorks

4 CAGE Browser - SiMappedEngineCalibrationMBCProject2.cag

File Edit View Table Tools Window Help
QLDEd X WHFH &k~ ?

Processes Tables

G Untitled
{/ EngSpd_norm
|/ TQ_CMD_norm

= Inspect surfaces

. i @ AirFlowConv_Table
- Adjust table §;§g§gg-;:; 8| (szi=dss
i @ EOCO2_Table 1 @YD 012

i @ EOHC_Table
i @ EONOx_Table
i @ FuelFlow_Table
i 4@ TexhConv_Table
i @ Torque_Table
i/ EngSpd_norm_1
¥ TQ CMD norm_ 1

values In
extrapolation
areas

L. 3 BSFC Table ‘I

[ @& EOCO_Table_1
1@ EOCO2_Table_1
i 4@ EOHC_Table_1

[ 4@ EONOx_Table_1
[ @ FuelFlow_Table_1
i1 4@ TexhConv_Table_1
(@ Torque_Table_1

= EXxport to
MATLAB, Excel
or Cal tool

Filled table AiFlowConv_Table_1

L rBans g

'. &

0013
L0016

I-l L0018

=

140.7135

ot o005 1178565
492855 12145
26.4285

TO_CMD

= O X
Table Details
Table |AirFlowConv_Table_1 |
Size |16 x 16
Bounds [-nf.Inf]

Y Normalize . |EngSpd_norm_1(En.. |
X Normalize.. TQ_CMD_norm_1(T... |
Last Modfied 01May -2017 17-18

Last Cha Manual edit

View History. ..

Used in
tem | Type
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Parameterizing a Mapped Engine Model

« Mapped engine model workflow:
— Importing existing data
— Fitting response surface models

— Developing engine performance maps

— Export and validate the result

Use models to generate calibration

[e——— = e = e
v T == W=
e B _m - B

Optimization Tables and Tradeoff Feature Data set Export Tables

-

/ D
Data Modelin
3 )
W
[ Parameter Generation )
s v 0
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
A\
< '

[Design of Experiments)

v

[ CAE Engine Model ) C Engine Dyna

mometer )

\

4\ MathWorks
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Export Tables to MATLAB

4 Export Calibration Data — et |

Calibration items in the CAGE project SiMappedEngineCalibrationMBCProject2

Item Type
- [ AirF lowConv_Table 20 table
[ BSFC_Table 20 table
- EOCO2 Table 20 table
[ EOCO Tabla 20 table
(&% EOHC_Table 20 table
i EONOx_Table 20 table
L/ EngSpd_norm Mormalizer
% FuelFlow_Table 20) table
L' TQ CMD_norm Mormalizer
[ TawhConv_Table 20 table
[ Torgue Table 20 table
Salect all by type

2D tables

Normalizers

Export to

OK Cancel

E: Editor - C\Demo_HEVMM\Demo\EngineData'\SiMappedEngineCalibrations2.m

=11 | t2_openfndConfigurePlantModel.m

t1_openReferenceApplication.m

oo | runGFXDoE.m

Xl runGFXPoint.m =

4\ MathWorks

Dynamd

LY T == B I A B O T

T R
T R R Y S =

™
]
s

|%S IMAPPEDENGINECALIBRATIONSZ

% (Generated by MATLAE 9.2.0.538062

EngSpd norm 1.X =
EngSpd norm 1.¥ =

Tg CMD norm 1.X =
TQ CMD norm 1.¥ =

ZirFlowConv Table 1.
AirFlowConv_Table 1.
AZirFlowConv_Table 1.
AirFlowConv_Table 1.
ZirFlowConv Table 1.
ZirFlowConv Table 1.
ZirFlowConv Table 1.
ZirFlowConv Table 1.
AZirFlowConv_Table 1.
AZirFlowConv_Table 1.
AirFlowConv_Table 1.

(R2017a) on 01-May-2017 19:19:54
0, 750, 1053.5714, 1357.14Z28, 1lee0.7142, 15%64.287
o, 1, 2, 3, 4, 5, ©, 7, &, &, 10, 11, 1Z, 13, 14
0, 15, 26.4285, 37.857, 49.2855, e0.714, 72.1425
O, 1, 2, 3, 4, 5, &, T, 8, &, 10, 11, 12, 13, 14
Xx=1[40, 15, Z¢.4285, 37.8537, 45.2855, €0.714, 7]
¥ = [ 0, 750, 1053.5714, 1357.1428, 1ee0.714Z2, 1
z(i,: = [ O, O, O, O, O, O, O, O, O, O, 0O, 0, 0OF
A(2,1:) [ 0, 0.00225%&7, 0.0035882, 0.00452e%, 0
Z(3,:) [ 0, 0.0034533, 0.0044455, 0.005505, 0.
Z(4,:) [ 0, D0.0043571, 0.0054403, 0.00ee774, O
Z(5,1) [ 0, O0.0053006, 0.00e3457, 0.0080411, O
Z(o,1) [ 0, 0.00e3c5%4, 0.0078051, 0.0055%547, O
Z(T,1) [ 0, 0.007745%7, 0.005%34¢, 0.011301, 0.0
Z(8,1:) [ O, 0.005%1615, 0.010518, 0.01303¢, 0.0
Z(9,:y = [ 0, 0.0105318, 0.01241%, 0.014712, 0.01

Calibration MATLAR file.
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Validate the Result

&

File Tools Wiew Simulation Help &
- OP® | -AQ-EH-Fid-

ace Velocity, Targel. Aclu
T

SiCiPiReferencedpplication X | Controllers

® | |*a SiOPReferenceApplication b

N

U E @&

Sample based T=10.520

=TP HC Mace (odmils
iC Mas ¥IT
f

|
_ |

Sample based T=10.520
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Validate the Result

= Accuracy for 1200 sec
of FTP75 sim:

— 9% diff in FE was 0.31%

Run time for 1200 sec
of FTP75 sim:

— PTBS Mapped engine
model 28.4 sec

— GT Power FRM engine
model 1449 sec

— Mapped engine model
sim ~51x faster

‘ L] FuelEmnnmy GTFRM m FuelEmnumy PTBES Mapped ’

4\ MathWorks
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Parameterizing a Mapped Engine Model

« Mapped engine model workflow:
— Importing existing data

— Fitting response surface models
(RSM, statistical) to the data

— Developing engine performance
maps from RSM'’s

— Validate the result

-

[Design of Experiments)

v

C CAE Engine Model ) C Engine Dynamometer

.

Data Modeling
Parameter Generation

s v h
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
\
'

N

4\ MathWorks

28



What we’ll Cover Today

- Parameterizing a Powertrain Blockset engine model
— Workflow
— Example: parameterizing a mapped engine model

- Calibrating a Powertrain Blockset engine controller
— Workflow
— Example: calibrating an engine controller

&\ MathWorks’
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What are we Parameterizinm Calibrating?

4\ MathWorks

'bi SiCiPtReferencefpplication - Simulink J
File Edit View Display Diagram  Simulation
R R <= LGl 7Y ~ (2474 Accelerato ~
= i sl '
SiCiPtReferenceApplication  » Controllers
(@]
® |[PalsiciPtReferenceApplication b ‘L
J
—+
D Drive Cycle Source
FTPTS (2474 seconds)
=0
[E_El Copyright 2015-2016 The MathWarks, Inc.
g
Ready 93% ode23tb
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What are we Calibrating?

TrgCmdn TrgGme

TrgCmdin

TrqCavad

—1_%

Il Spessd Corirol
@
EngSpd
2
EstHrmizciirChrg

InkCamPhaseCmd

(D

InjPa

FusiFlaCend

AlrCavd

ExnCamPhaselmd

o

FussiFiwCmd

Fuel

Spark
Advance

EstHmizdincheg

AfrCmed

Spkity

Spark

TrqCmd

EngSpd
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Calibrating Optimal Base Engine Control Tables

- Model-Based Calibration Toolbox
provides tools for the process:

— Creating the Design of Experiments
— Gather the data

— Fitting response surface models (RSM,
statistical) to the data

— Developing optimal base calibration
tables

— Export calibration to controller

-

Design of Experiments

CAE Engine Model Engine Dynamometer
Data Modeling

Calibration Generation

\

s v 0
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
4
*

4\ MathWorks
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Calibrating Optimal Base Engine Control Tables

-  Optimal base engine control
calibration workflow:

— Creating the Design of
Experiments

= “ e |
! _— . ,\ —_—
= | aaw p
! g N |
Design Experiment Import Data Fit Models Generate Calibration

-

4 N
Data Modelin
5 )
) £
[Calibration Generation)
@ v Y
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
“ v
9 Y.

Design of Experiments

v

[ CAE Engine Model J [ Engine Dyna

mometer }

4\ MathWorks
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Calibrating Optimal Base Engine Control Tables

I/O of Turbocharged Direct-Injection 1.5L DOHC Engine Model with
Dual-Independent Continuously Variable Cam Phasing

V TR —p Minimum BSFC Objective
Table RPM —> o+ ,* Model-Based Galil;;;ﬂm Toolbox —> Exhaust Temperature

Breakpoints | gad —p | 4! " Version 5.1 — Turbocharger Speed

: — Knock limit

—p Residual Fraction

—> AFR ] Optimal Tables

—> Spark Advance

—p \Waste-gate area

—> TAP _

-—p |Nntake Manifold Pressure
Auxiliary Table

Constraints

—

. ICP =
Optimal |
Tables
ECP —>
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Calibrating Optimal Base Engine Control Tables

w  BaseCa.. ScottFurry [l
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Calibrating Optimal Base Engine Control Tables

-  Optimal base engine control
calibration workflow:

— Creating the Design of Experiments

— Gather the data

s

Design Experiment Import Data Fit Models Generate Calibration

[

[Demgn of Experlments)

GT

¥

CAE Englne Model

Engine Dynamometer }

Data Modelin
\ g

-

) £
[Calibration Generation

.

s v h
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
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< ’
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Calibrating Optimal Base Engine Control Tables

Measurements
e Air Flow o MAT e Turbine temp out
e Fuel Flow o A/F e Compressor temp out
e Exhaust Temp e Turbo Speed e EGRpct.
Speed Cmd e Emissions (EO/TP)| e Turbine press ratio e EGR cooler temp out
Dynamometer e MAP e Compressor press ratio e Intercooler temp out
Control :
Measurements
(Steady State) !
Actuator Cmds. ’
i N >
Torque ( Speed !
Measured
Speed
Crankshaft
Torque
Actuator Commands Measured .

* Throttle < Intake cam
* Wastegate * Exhaust cam Engine

* Injector * EGRvalve .

. Spark =+ Turbo (Ch.ange operating
points and sweep
Actuator Cmds)

.

Dynamometer
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Calibrating Optimal Base Engine Control Tables

-  Optimal base engine control
calibration workflow:

— Creating the Design of Experiments
— Gather the data

— Fitting response surface models
(RSM, statistical) to the data

B

| om
I =

"j\_l

THEE3
3387

Design Experiment Import Data Fit Models Generate Calibration

-

s v 0
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
A Y
\ .

[Design of Experiments)

[ CAE Engine Model ) C Engine Dyna

mometer )

Data Modeling

) 4
[ Calibration Generation )
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Calibrating Optimal Base Engine Control Tables

= Default models
automatically
fitted to all
responses

= Inspect quality
of fit

= Try out
alternatives

[4] Model Browser - C:\Usersivhut 01, Projects\MBC\1.5L TDI_DVVT_SI MBC Training'BaesCalibration\Model\S|_TDI_DVWT_BaseCalibration_Datalcaded Complete.mat™

File

Model  View Outliers

Window  Help

s

D& Bx@|?

Y B mlmlsl=r

All Models

@ S| TDI_DWWT_BaseCalibration_DatalLoadedComplete
" BasecalibrationDoE

/@ BSFe
e KT
/@ Lam
fa@ RF1

/@ Sokadv

-{@ TAP
- TEXH
/g TSPEED

/3 Torgue
@ WAP

/@ Response Madel: BSFC

Response Surface

odel type: Gaussian Process Model (ARDSquared Exponential Constant)

Common Tasks

/@ Edit Model

Plot:

Surface

M-axis: |ECP

Y-axiz: |(EngSpd

Name Value Tolerance

ECP

0:50 LJ||Linked to X-...

Eng...

BSFC [g/kwh]

700:38:50CL_|Linked to -

ICP

2505 1B

LOAD |0.7904892-5/0.0237733-%

Residuals [a/Kwh]

Select Data Point...

nostic Statistics

20 30

ECP [degCrkRet]

Summary table

Observations 198
Parameters 14327
Box-Cox 1
PRESS RMSE 63.479)
RMSE 58.922
Validation RMSE 45,687

o ol derbie 3a0ry. N e

X-axis factor: | Predicted BSFC [o/Kwh]

Predicted BSFC [g

osiduals [aKwh]

Ready

X-8xis factor:| BSFC [g/wh]

-axis factor: Residuals [g/Kwh]

*Data not restorable

Hodel comments
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Calibrating Optimal Base Engine Control Tables

-  Optimal base engine control
calibration workflow:

— Creating the Design of Experiments

— Gather the data
— Fitting response surface models

— Developing optimal base
calibration tables from RSMs

{5883
......

i |

- | ——= = |

Design Experiment Import Data Fit Models Generate Calibration

>

[Design of Experiments)

v

C CAE Engine Model ) C Engine Dynamometer

.

£ . D
5 Data Modeling j«

Calibration Generation

Va ) 4
Results

Optimal Engine
Calibration
Parameters

Fast, Accurate Engine
Model for HIL and
System Simulation

4\ MathWorks
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Calibrating Optimal Base Engine Control Tables

4\ MathWorks

- Import response surface

models

= Run optimizations

- Analyze tradeoffs and
sensitivity

= Fill tables

= Export cal tables

Use models to generate calibration

4| CAGE Browser - BaseCalibrationCage_Modellmport.cag O *
File Edit View Model Tools Window Help
Qood|xwFge6=? ||ak/®rE
Processes Wodels
Name Type Inputs Lower Output Limit| Upper Qutput Limit | Description
A
Il 1T MBC model ECP, EngSpd, ICP, LOAD Infl Inf| Created by hhu on 05-Jul-2016.
i Lam WMBC model ECP, EngSpd, ICP, LOAD -inf| Inf| Created by hhu on 05-Juk2016.
fi RF1 MBC model ECP, EngSpd, ICP, LOAD -inf] Inf| Created by hhu on 05-Juk2016.
i, Spkady MBC model ECP, EngSpd, ICP, LOAD inf] Inf| Created by hhu on 05-Jul-2016.
i TAP MEBC model ECP, EngSpd, ICP, LOAD -Inf] Inf| Created by hhu on 05-Jul-2016.
i TExH MBC model ECP, EngSpd, ICP, LOAD i Inf| Created by hhu on 05-Jul-2016.
i TsPEED MBC model ECP, EngSpd, ICP, LOAD Infl Inf| Created by hhu on 05-Jul-2016.
lTurque MBC model ECP, EngSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Jul-20186.
o\ VAP MBC model ECP, EngSpd, ICP, LOAD nfl Inf| Created by hhu on 05-Juk-2016. v
L tems that use BSFC
Create an optimization for a model and use results to fill tables.
Item Type

Import Models

Optimization

Tables and Tradeoff

Feature

Connections

B

ECP

Y-axis: (EngSpd
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Calibrating Optimal Base Engine Control Tables

= Import response surface
models

« Run optimizations

- Analyze tradeoffs and
sensitivity

= Fill tables

= Export cal tables

4\ MathWorks

Import Models

ate calibration

4| CAGE Browser - BaseCalibrationCage_Modellmport.cag O *
File Edit View Model Tools Window Help
Qood|xwFge6=? ||ak/®rE
Processes Wodels
Name Type Inputs Lower Output Limit| Upper Qutput Limit | Description
A
Il 1T MBC model ECP, EngSpd, ICP, LOAD Infl Inf| Created by hhu on 05-Jul-2016.
i Lam WMBC model ECP, EngSpd, ICP, LOAD -inf| Inf| Created by hhu on 05-Juk2016.
fi RF1 MBC model ECP, EngSpd, ICP, LOAD -inf] Inf| Created by hhu on 05-Juk2016.
i, Spkady MBC model ECP, EngSpd, ICP, LOAD inf] Inf| Created by hhu on 05-Jul-2016.
i TAP MEBC model ECP, EngSpd, ICP, LOAD -Inf] Inf| Created by hhu on 05-Jul-2016.
i TExH MBC model ECP, EngSpd, ICP, LOAD i Inf| Created by hhu on 05-Jul-2016.
i TsPEED MBC model ECP, EngSpd, ICP, LOAD Infl Inf| Created by hhu on 05-Jul-2016.
lTurque MBC model ECP, EngSpd, ICP, LOAD -Inf| Inf| Created by hhu on 05-Jul-20186.
o\ VAP MBC model ECP, EngSpd, ICP, LOAD nfl Inf| Created by hhu on 05-Juk-2016. v
L tems that use BSFC
Create an optimization for a model and use results to fill tables.
Item Type

Optimization

ables and Tradeoff

Feature

Connections

Fl
i

2

@
]
g

ECP

Y-axis: (EngSpd
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Calibrating Optimal Base Engine Control Tables

4| CAGE Browser - BaseCalibrationCage_Final.cag - O *

File Edit Optimization Tools Window Help

= Define objective DDcd[x%FRe6er [[vu@00%EsE

Processes Optimization Il @ Tasks
BaseCalibrationCage_Final Description Application Point S¢
E-[#] BSFC_Optimization Add Constraint.
Feature Set Up
. . Run...
=  Define constraints A
'5.‘ l!l View Results
Tradeoff
Optimization Information
3 yAlgorithm name mbcOSfmincon
= | Algorithm descripti ingle objective optimization ...
. . Constraints - - - | Free variables ECP, ICP
- Determine operating
. BSFC_Boundary Boundary constraint of BSFC(E... ttem scaling off
. . KIT1{ECP, ICP, LOAD, Speed) <...
pOI nt We I g hts LAM(ECP, ICP, LOAD, Speed) =...
RF1(ECP, ICP, LOAD, Speed) ==...
TEXH(ECF, ICP, LOAD, Speed) <...
TSPEED(ECP, ICP, LOAD, Speed...
Gradient constraint of ECP over ...
Data Objects Gradient constraint of ICP over (...
-
£ >
ariab
S Optimization Point Set |
ik o Humber of runs: Vector display format: |Expanded vertically v~
I
CEIEIn
= 1l
“HEH Free Variables Fixed Variables |
able Variable: ECP ICP Variable: | BSFC_w... LOAD Speed
Number of - - Number of - - -
values: 1557~ 1557~ values: | 155H | 155H | 155H
1| 1) 2.343) 0.139] 1 1) 35.7] 0.275) 750, ~
2) 10.095 0.609] 2) 3.4 0.275|  1053.571
odels (3) 19.03 1.228 (3) 3.2 0.35)  1053.571
(4) 19.322 1.239 (4) 53 0.425|  1053.571
(5) 18.574 1.248) (5) 0.3 0.5 1053.571
(6} 19.303 1.852| (6} 0.2 0.575 1053.571
DOata Se @ 15673 4692 @ 0.1 085 1053571
= (8) 1.495] 0.125) (8) 1.1 02| 1357.143
] »[O| < > (9) 13.403)] 0.747| (9) 1.8 0.275|  1357.143] v
Ready
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How to calculate the weights for a sum optimization
Use MATLAB to calculate weights for a drive cycle

AralyzeDriveCyclem | <+ |

Po% BAT— REEIROH
% MathWorks Japan, Florin Nae, 20160626

%% DriveCycle®4¥7—5%50A (FEAEOFTP75041)
- [num,txt,raw] = xlIsread('DriveCycleData.x|sx");

= time = num(:,1);
- ENGSPEED = num(:,2);
= TORQUE = num(:,3);

% F—A08EAL
- figure
- subplot(2,1,1)
- plot(time,ENGSPEED,'-r'),grid on
- ylabel("ENGSPEED [rpm]")
- subplot(2,1,2)
- plot(time, TORQUE),grid on
— ylabel("TORQUE [Nm]")
- xlabel('Time [s]")

MATLAB program reads
measurements from
Excel measurement file
and calculate weights
automatically

4000 .
~ Drive cycle data —
£ 3000 |
5 2000
cg,-J, 000 |
10) L
& o
( 200 400 800 800 1000 1200 1 0
400
300
§ L
o 20 |
% 100 | M |
S oL AR R A L
Time [s]
FTP75 Speed-Torque
10000 -
) Histogram
% 5000 7
&)

Torque [Nm]

4\ MathWorks

0 FTP75 Speed-Torque Points weights (%), with weight >=0.2%

— 05 X
i 0
Weights as % from ,
250 I .
;Otal tlme X 02 X X X X X
200 X X X X 02 X X X X pd
X X X 05 06 X X X X X
190 o« 03 14 13 X X X X x|
X X 48 08 19 03 X X X X
100 - .
X 63 Q33 27 17 06 05 03 X X
0 14 @32 418 09 10 09 09 07 04 OB
@.2 34 1.0 03 X X X X X X
0 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500

Engine Speed [rpm]
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Calibrating Optimal Base Engine Control Tables

= Evaluate
optimization results

= Diagnose
optimization
convergence issues

File  Edit

View Sclution  Tools Window  Help

4 CAGE Browser - BaseCalibrationCage_Final.cag

BDESE X WF D ada|| ?

IFEIEEPEE EEE

Processes

Optimization
BaseCalibrationCage_Final

£ BSFC_Optimization
B8 BsFc_optimization_Output

O

Current run: I:E

Common Tasks

Fill Tables..

X | Create Sum Optimization

EIEIES

Feature Sum_BSFC_Optimization [ (] Accept
B® wil<um_BSFC_Optimization_Outpul
':5‘ E.. Optimization Results
BB e
Vector dizplay format: |Expanded vertically ~
Tradeoff
ICP LOAD Spe
[=] [=]
Run @ Accept ﬂ ﬂ 1%
1 ) |[E
2) 0.731 0275 108
3) 1,584 035 108
(4) 1.845] 0,425/ 108
(5) 1,346 05 10
(6) 2.375 0.575] 10¢
@ 5254, 085 108
. (8) 0.201 0.2 13
LEn®izEs @ 1038 0278 13
= (10) 2.043 035 13 Lo.n.D
(11) 1524 0425 13 v
(i z 1 e ne 4)’-" K-axis: LOAD ~ -axis: Z-axis: | ICP ~
iab
Dictiona
i
R
IR
:n s
ahla
odels
T
Alilzl
-
[] [ jK:
|Reaﬂy
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Calibrating Optimal Base Engine Control Tables

=10l ]

E I t I I [<] Browser - BSFC_ Step?_SPEEDandINJFUELM
= Va. ua e Oca Fie Edit View Tables Inputs Took Window Halp
itivit SEFRILT LT ICECEA A EX ST
SenSI IVI y EEC R Table: MAINSOI new... Selected cell
%81 BSFC_ModalCalStep?_SPEEDandINJFUELMASS — TS SR = () PRI =
5 BSFCeal_wPilat -
55 BSFCeal_noPilot 800 1913636 2136364 | 2359.091 2581.818
Feature 25 BSFC_Tradeoff = 241

=% TOTALFUELMASS _Tradeoff
i 1
1% PILOTDELTASO|_newAxis
- 1% PILOTFMF_newAxis
4 1% FUELPRESSDELTA_newAsis
=14 EGRPOS_newhais
51 1% VGTPOS _newdxis
4 1% TQCMO_newAuxis
% PilotMode_newfuxis
51 1% BSFC_newlxis
4] 18 EXHTEMP_newAois
14 NOXFLOW _newhxis
1% PEAKPRESS_newhxis
+ 18 VGTSPEED_newfuxis

I

=  Determine if
tradeoffs are
needed

1000 1500
SPEED

+ Inputs have been saved Extrapolation mask
4 Locked table cell [ Region mask

Optimization

g B 8 8 & &

Value:
181.025

]

EXHTEMP

g

Value: 0.0z

0.0107485
0.015
: —1 N el | |
-

0.0 4

0.005

¥ k4 4 ¥
5 o 2 4 8B101214 0.02 0.06 01 0.14 20 0 20 02 04 06 0B l
MAINSOI PILOTDELTASOI PILOTFMF FUELPRESSDELTA EGRFOS VGTPOS TQcMmo Pilothvode

faseg080622] 24746080752 D07a7265628] oo5ese0758 [ 7324218758 105496582055 g

L 4

-10

|Ready

fast|| |G 6|@|Fs [ €

|AS e B a® 50 m
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Calibration Generation Tool

4. CAGE Browser - BaseCalibrationCage_Final.cag — ] *

File Edit View Table Tocls Window Help

= Inspect surfaces |eocdx@gaee-7  eer

Processes Tables £ . 3178.571 3785.714 Table Details
BaseCalibrationCage_F . 0 0 0.441 0 0.17 iE 14 i Table ICP_Table
2111,

1
i{_ LOAD_norm Size 15x15
-4/ Speed_norm 19.835) 21.798) Bounds [0,50]
4% ECP_Table _30.052 32164 31.165|  Normalizer (. |LOAD_norm(LOAD)
EJ--Q ﬂEBJ X Mormalizer (... |Speed_norm(Speed)
(-4 BSFC_Table | 24.562] Last Modified  |22-Jun-2016 14:04:13
. EX p O rt to B4 KT _Table 2.495 16.187 21.039] . 26.54]
EJ"‘Q LAM_Table 3.704 5.715 11.627 19,645 Last Values filled from
[]..JQ RF1_Table 8.081 10.851 14525 Change: optimization nut|:l|utl )
MATLAB. Excel @ 54 Tabe Sum_BSFC_Opfirézaon O
] G- TAP_Table 1118 ol tput using CAGE
G- TEXH_Table 18.564 20 25221
C I t I 5514 TSPEED_Table (201530 22162
O r a O O EJ"iQ Torgue_Table Used in
E]--Q WAP_Table ltem Type
D - BB BSFC_Tradeoff Tradeoff
Sum_ESFC_Optimizatiun Optimizati...

Data Objects

T i
o} -FEH

- : 3785.7143

25714286 3178.5714
1864 2857
1357. 1428

Speed

e
-

[
N
W
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Optimal Base Calibrations Completed

TrgCmdn TrgGme
TrgCmdin
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Calibrating Optimal Base Engine Control Tables

-  Optimal base engine control
calibration workflow:

— Creating the Design of Experiments
— Gather the data

— Fitting response surface models

— Developing optimal base calibrations

— Export calibration to controller

Use models to generate calibration

—— = |

| -

Optimization Tables and Tradeoff Feature Data set Export Tables

P

[Design of Experiments)

[ CAE Engine Model ) C Engine Dynamometer }

« . )
Data Modelin
5 g ¢
) £
CCaIibration Generation)
/ v A

Results

Optimal Engine
Calibration
Parameters

Fast, Accurate Engine
Model for HIL and
System Simulation

4\ MathWorks
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Export Tables to Calibration Tool

- Export Calibration Data

Caliration tems in the CAGE project BaseCalibrationCage_Final:

Select all by type:
20 tables

Mormalizers

ldid

ftem Type
BSFC_Table 2D table -
ECP Table 2D table
T® ICP_Table 2D table
[Fe® KIT1_Table 2D table
% LAM_Table 20 table
A LOAD_norm Mormalizer
: 20 table
20 table
Normalizer
20 table
TEXH_Table 2D table
[T% TSPEED_Table 20 table
m Trnrane Tahle N tahla e

Cancel

(@ Scenans w o o @ = ]
Gpenment 44 View Vansbles Messuremert Hardwwe Ostaset Components Window 1
T sest devicelDemets <] %] @ wo ¢ ap | WP Demet 1 R [Outa from test bench 201008 <)
- kg 3 SIors
W-®-9-8-@ Name
L e = T R T 3o
e | Vetable 20100820 20100819 20090212 1875 [ degr..
o|| @ T  oewoconsa % » % C] p 3
< . 9160 {revs ]
@ || @ T oewoconsTa [ses0 L) 041 2902 k2
@ 0 oemocween|n U] (] U] ius Tmsirey
B9 8| oewocueon o 0 o ]
B [@ = oewcuwooz o (] 0 0
=
23 | | ] [oemo_cusoin 2 <Cuberd(5T0_Aas > TS (e y: = MEASURE_T06 [*C)
= 7\x (100000 300000 350000 1190090 1500000 1600000 1900
» 53750 10000 1953 2109 234 242 4R 146 )
=Y 12500 2812 296 3203 3m M M 2
1790| 2812430043833 3m 303 2B 4567 8 910
20| 2812430043214 339 3m 323 2 ts)
<|| = 20| M2adonaima 3w m M 2
|| 2 niw| 22 299 3203 M 3m 299 2 s @®
all &= G| 198 199 % 2Mv 25Me 24 3
2 500| 195 195 26%w 25w 25M 234 3
= H S1250| 1406 1406 2109w 200w 2001w 234 3
- S6250| 1406 1406 1406 1406 1406 234 3
2000 61250 1406 1406 1406 1406 1406 179 2
7500 | 1406 1406 1406 1406 1a6 LMY 2 3« MEASURE_T06
92500 | 1406 1406 1406 1406 1406 1815 (C)
10
122 Messure Window (1] S (@3] || [@Mesuewindow. [ (8 E
TeLTh BT
MEASURE_T04 151.250 [mm2/st] - )
TC1L TS -lira
MEASURE_T05 725.000 [rpm] ‘ TeLTh —Tira ]
2| Messurement stopped

3DCalibrationTable [egr_dmd1]

4\ MathWorks
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Calibrating Optimal Base Engine Control Tables

-  Optimal base engine control
calibration workflow:

— Creating the Design of Experiments
— Gather the data

— Fitting response surface models

— Developing optimal base calibrations

— Export calibration to controller

-

Design of Experiments

v

CAE Engine Model [ Engine Dynamometer

.

Data Modeling

Calibration Generation

<l|“|i |‘II\

« M
Results
Optimal Engine Fast, Accurate Engine
Calibration Model for HIL and
Parameters System Simulation
4
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Key Take-Away’s

- Engine model parameterization is a very non-
trivial task

= Engine controller calibration is a very non-trivial
task

« MathWorks has tools to help make these two
tasks more manageable

4\ MathWorks
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Contact us to Learn More
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Results
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