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1 - UNDERSTANDING THE PROBLEM

Vehicle NOx Emission

NOx Control Technologies:

. EGR - Exhaust Gas Recirculation system

. Retard injection/ Change Compression Ratio

. SCR - Selective Catalytic Reduction of NOx:

- Ammonia (NH3-SCR)
- Hydrocarbons (HC-SCR)

Benefits from having virtual sensor model:

. Redundancy and Reliability

. Optimization of the number of physical sensors

. Diagnoses
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Vehicle NOx Sensor Modeling

NOx Sensor
Model Design

Physics modeling issue/concerns

\J

Challenges: Complex Physical Modeling

Low Level of experimental modeling High * Thermodynamics (Electrochemistry and Semiconductors)
- entropy . Normally cannot run in real time (high

1
1
1
1
- ideal gas law !
1
1
1

computation effort)
. Hard to obtain physical parameters
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Getting Al help Artificial Intelligence (Al) modeling ’ NOx sensor — Machine Learning ‘.‘
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Machine Learning technique

Machine Learning is a subset of Artificial Intelligence (Al), in which the machine learns how to complete a certain task without being

explicitly programmed to predict.

1 Regression
Supervised
Learning
Classification
Develop predictive

Machine model based on both

- input and output data
Learning

Unsupervised
Learning

Clustering

Discover an internal
representation from
input data only

Figure 1 - Machine Learning methods. (MathWorks, 2021)
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ﬂ:pervised Learning \

Find the relationship between the
NOx (output) and the variables which
have influence on the output.

Regression models

The NOx sensing is a typical time
series problem.

Common techniques include:

* Decision trees

* Support vector machines
e Step-wise Linear
* Lasso

* and others...
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v
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Decision Tree - Non-Parametric Regression

* One of the most used supervised learning
* Easyto implement and interpret

* Goes from observations to conclusions about the target value

What does the tree look like?

FuelRate <6 .86%

Node 2 (branch)
Rule: FuelRate <3.88232

FuelRate <3.86232

Node 3 (branch)
Rule: EngineSpeed <2043.19

ngineSpeed>=204319

uelRate »= 388232 EngineSpeed < 2043

78564 FuelRate =5.43845 2:\FuelRate »= 5 Ra@#fiPosition < 72.0942

[o] ©

31.00812

Node 10 {leaf)
Prediction: 31.0981

48.00685 3230319 63.25021

116.0907

148265

Node 18 (leaf)
Prediction: 116091
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3 - NOx SENSOR MODEL DESIGN E:

1 - Data source

Detailed GT-Suite vehicle model

Standardized Driving Cycles:
FTP75 — HWFET — US06
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GT-Suite vehicle model

ECU

Efrigepdfce

he]
Fuel’rate

Driver

R[BerkPas

N e i m t Em s s s Em b Em G Em  Em e Em s Em s Em s Em s e s Em s Em s Em s Em s Em s Em s Em s Em s Em s m et

1
IBirFlow_rate - En ine - - VEhIC|E
= % J
cc. PEsiti ? chz sdot  HCMaks_Flow TireChAmachnn-2 TireChAm&Chnn-4
: s H
SirmulIME Mt : " Road
Zeme - Aftertreatment
% krhh
Vehicle: Front-wheel drive passenger car with 5-speed transmission.
Engine: 2.0L turbo-charged Map-Based Engine.
Gearing shift: set as a function of vehicle speed (driving cycle)
Driver controls: Accelerator and brake position transient input for the drive cycle.
,
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Model Design )

Virtual Data
Exported from GT-Suite
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https://docs.google.com/spreadsheets/d/1MXeD8RvS8nR57aTBKMlAIVJILGRNDGMqGRE6QHOErCU/edit#gid=1876869780
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3 - NOx SENSOR MODEL DESIGN

1 - Data source

Detailed GT-Suite vehicle model

Standardized Driving Cycles:
FTP75 — HWFET — US06
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Map of NOx

Map of NOx Emissions Rate (g/h)
(FTP75)
15.76 1 Nox (gh)
1.0
149
i
10.00 569
= 708
2 134.8
= 98.8
w 137
& 500 1407
1547
168.7
- 1t
0.00 21086

21 Z%e 1000 1500 2000 2500

Engine Speed [RPM]
Map of NOx Emissions Rate (g/h)
(HWFET)
1580
‘ NOx [gh]
10
149
it
1000 569
o= 708
g 1848
sl 988
2 11
& S0 1407
154.7
168.7
%
0.00 21086

212751000 1500
Engine Speed [RPM]

Map of NOx Emissions Rate (g/h)

15,92 (US08)
10
149
283
323
10.00 563
= 708
g 848
= 988
g 137
& S00f 1407
154.7
1887
1884
0.00 2106
220,72 1000 1500 2000 2501
Engine Speed [RPM]

Engine operation points

()
o

Percentage (%) Percentage (%)

Percentage (%)

[\%]
o

—
o

30

20

o

(=]

(a)

FTP75

50 100
Speed (km/h)

(b)

150

HWFET

50 100
Speed (km/h)

50 100
Speed (km/h)

150

STELENANTIS

. o
cleeestl -
AL

NOx Sensor 3
Model Design ) =

NOx [gh]

195 +— Lowest NOx
53 emission
569
708
848
1128
126.7
1407
1887

-}EEE Highest NOx
2106 <—  emission

= [

Virtual Data
Exported from GT-Suite

- Engine speed
- Fuel rate
- Air flow

- Pedal position
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2 - Data Preprocessing

- Data correlation

- Model input and outputs

X3

25

MathWorks tools were used at all steps: from data processing to the model

NOx Sensor 3
Model Design )

training and validation.

B e e

1t step - data correlation

Data analysis (correlation)

Select the most relevant predictors

300
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o 2" step — Defining Model Input and Outputs S
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i ! . |
! ! * Predictors (Input) - Engine speed l
: : * NOx concentration (output) - Brake Specific Fuel Consumption (BSFC) :
! : - Brake Horsepower (BHP) |
1 | — 1

25001 7 - Fuel rate
I
, 2000 .
, I - Air flow ,
i 1500
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3 - Model training

(Decision Tree - Non-Parametric Regression)

NOx Sensor
Model Design )
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4th step - Model Training 3
(Non-Parametric Regression)

3 step - Training and test
data distribution

5th step - NOx Sensor Model
embedded
with Simulink

Candles graph

® It was generated a tree model with 621 nodes

® Figure shown an overview of 19 nodes

NOx g/s
g
WM+ 4

sol . 85% 115%

EngineSpeed

elRate >= 6.86984 BMEP

Node 3 (branch) 1
Rule: EngineSpeed <2043.19 BHP
EngineSpeed <2043 ngineSpeed >=204319 BSFC ‘ y

I
i FuelRate
|
1
1

FuelRate < 6.869:

i I .
! ol Q E ] . Node 2 (branch)
. . Rule: FuelRate <3.88232
Training (2748 observations) Test (484 observations) FuelRale < 3 88232 £ \FlUelRate >= 3 88232
1 .
1 .
1
1
1
1
1
1
1
1
\
\
N
~

NOx Sensor

7838564 FuelRate = 5.43845 2\ FuelRate == 5 Pa#Position <72 0942 edalPosition ==T72EI0RP <5 27763 22BMEP == 527763 Airflow

500 £ PedalPosition

o] o] BSFC «378.282 24BSFC »=378.282

|
|
|
I
|
| .
| : :
1000 . i 3100812 4800665 3230319 6325021 - -
1 . Node 10 (leaf) Node 19 ea)] | Non-Parametric Model - Regression Tree
1500 i ! Prediction’ 31 0981 o Prediction. 148.265 | . o
: 1 116.0007 148265 | . -9
- | . @
I Prediction: 116.091 : ‘ . LY 4
2500 F : . o o ! SIMULINK
1
= | . .
3000 ! 8 Loading... ;
L . : l . :
Training (2748 observations) Test (484 observations) ; . I.......... l K
. \ ’
. _ . , . .
Randomly sampling distribution e S 7
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3 - NOx SENSOR MODEL DESIGN E:

4 - Models Results

NOx sensor model embedded with Simulink

SIMULATION DEBUG MODELING FORMAT APPS e I 2 ) (v)
E\,_]F' 1 Open ~ Stop Time | 1179 <l£1. KE) “D
>
Nam & sae ~ LIBRARY Log M Step R Step REVIEW RESULTS
v = Print « STEIElE 0@ Fast Restart Back v - Forward
v v
FILE PREPARE SIMULATE
] NOX_Sensor_Model_GTdata /{
é @® NOX_Sensor_Model_GTdata 3
3 =
B[ w5 3
= | & E
@ LA92 Engine speed | g g
BMEP BMEP
= BHP BHP
=] BSFC P BSFC
Fuel rate FuelRate NOx_Sensor
(=] i -
Airflow Airflow
D Pedal position
NOx Non-Parametric Regression Model
Vehicle speed (Cycle) DrivingCycle
7] Data set for each driving cycle A
FTP75 - US06 - HWFET
B LA92 - BHT4
« A .
Ready 135% FixedStepDiscrete

X3

Workspace

Name Value

ClltreeModel |

1x1 RegressionTree

Virtual vehicle data

imported
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3.5

Y

0.5

STELENANTIS

NOx Sensor

- The NOx sensor model can quite represent both the steady and transient behavior.

- The NOx sensor model is capable of running in real-time applications.

%107 NOx emission - Non Parametric Approach (Tree) Model Design )

| T | | T |
- mamemum: NOx - Predicted ! ! -

NOx - Actual
B P (i —
2 g 1 t 1 —
The predicted NOx is the sensor model output.
L ; | ; j ; i
52 54 56 58 60 62
Time (s)
Takeaway:
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NOx sensor model

NOx Sensor
Model Design )

Engine speed
BVEP P EngineSpeed
BHP > BvEP iﬁ;:?:;’*')
> A
GT-SUITEV2016 BSFC »] BHP .
Fuel rate
50 f———P p| BSFC ‘ y NOx
[ | Airflow
out_theta_valve (°) Pedal position P FuelRate NOx_Sensor
GT-SUITE Model NOx : Alrflow
EngineState_Vehicle_Aftertreatment_LA92 Vehicle speed (Cycle) | PedalPosition

Mon-Parametric Regression Model

NOx Sensor model is ready for integration
\ * Method has been validated
** Test data is required to model / train the NOx sensors.
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4 - NOx SENSOR MODEL APPLICATION E:
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NOx sensor model application (Co-Simulation)

Case 1 - Standardized driving cycle

e LA92 — Los Angeles

Case 2 — Brazilian driving cycle
e BH74 — Presidente Antdnio Carlos Avenue

Belo Horizonte, BR.
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4 - NOx SENSOR MODEL APPLICATION ¢ STEL L/\N TIS

NOx
Sensor Model \*
Application )

4H 7

NOx sensor model results

Case 1 - Standardized driving cycle 100 The predicted NOx is the sensor model output. 250
* LA92 - Los Angeles = 5oL Driving Cycle 4200 —
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120 50 § ° 5
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4 - NOx SENSOR MODEL APPLICATION . STEL L/\N TIS

NOx
Sensor Model \*
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NOx sensor model results
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4 - NOx SENSOR MODEL APPLICATION E:

NOx sensor model results

Performance of both cases:
* Loss metric RMSE (Rooted Mean Squared Error)

* Coefficient of determination (R?)

Case 1 - LA92 - Los Angeles cycle

LA92

NOXx - Actual

0 50 100 150 200
NOx - Predicted
Figure 1 - Actual and Sensed NOx correlation (LA92)
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Takeaway:

- R? higher than 92% in both case.

- It shows how well the data sensed fit the actual NOx.

LA92
RMSE 5.53
(Ppm)
R2 0.961

Case 2 - Brazilian driving cycle — BH74

BH74

120

NOx - Actual

0 20 40 60 80 100 120
NOx - Predicted

Figure 2 - Actual and Sensed NOx correlation (BH74)
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BH74

RMSE
(Ppm)

RZ

1.76

0.921
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Conclusions

» The Al technology on NOx sensor modeling proves to be successful and it will have wide range applications in automotive industries.

* The Regression Tree can be applied quite well with NOx sensor application.

e The Al modeling method for the NOx sensor has been developed.

« Virtual modeling prove to be great tools for the model development, such as MATLAB/Simulink.

» Training processes is very important for modeling. It requires the data used to be representative of the engine running conditions.

Further developments

* Considering other regression methods and compare results.

» Test data with prototypes can be used to refine the virtual sensor model.

¢ Embed the NOx sensor algorithm into propulsion systems controller (Redundancy / Reliability / Prognostics).
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