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Prejects and Research Topics

»

v' Computerised Decision Support Systems for Oral Anticoagulant
Treatment (OAT) Dose Management (2005-2007)

v Development of Fault Tolerant NGC (Navigation, Guidance & Control)
Algorithms for CUAV (Civil Unmanned Aerial Vehicle) Patrolling & Rescue
Missions in Harsh Environment (2004-2008, 2009-2011)

v’ Just started (2009 - 2011):
= Mobile robots & SLAM - Simultanous Localization And Mapping

= |mage based visual servoing of robot manipulators - application to robotic
surgery.
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Introduction

vaconreli scheme calibraenrand thnimag o),
commercialrdiesel engines: (lneaus, ships, fiarim
[racters, ...)

» Diesel engine modelling and identification
= grey-box: analytical approach and identification
= plack-box: fuzzy modelling and identification

» BOSCH Electronic Control Unit (ECU)

= Controller parameter calibration and tuning
= Automated software tool for ‘diesel calibration engineers’
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Preject Logic Scheme
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CyCIe da.t (fuzzy) q
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“Panther” RA428 Parameter Estimation Toolbox™ ECU Wrangler
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Preject Achievements

> Contrel-ornented simulation medel
O Grey-box model from real data (test-rig engine system)
v’ Black-box engine model from real data (driving cycles)
> BOSCH controller implementation in Matlab/Simulink

environments

> Automatic software (GUI) for controller calibration and

parameter tuning
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Piesel Usage

v Nearly all trucks, buses, trains, small ships
= Good fuel efficiency
= | ower greenhouse gas emissions
= Reliability
v Enormous size range:
= 30 to 30,000 kW (40 to 40,000 hp)

v Usage has increased significantly in last 30 years.
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Diesel Combustion

v Combustion: only two exhaust by-products?
= CO, and H,0
v Unfortunately...

= Diesel Is not pure carbon and hydrogen:
o sulphur, nitrogen

= AIr Is not pure oxygen
* nitrogen
v Engine combustion at high temperature and high
pressure: environment to form many chemical
compounds
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Diesel Emissions

v Particulate Matter (PM)
= A product of incomplete combustion
v Oxides of Nitrogen (NO + NO, = NO,)

= NO, IS a product of high temperature
combustion
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v And other minor compounds...
= Carbon monoxide, sulphur dioxide (SO,)
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Emission Reduction Strategies

v  Reducing PM

= |mprove combustion efficiency.
= |ncrease peak combustion temperature

v Reducing NO,
= Reduce peak combustion temperature

» Alr-to-Fuel (Mass) Ratio (AFR) Control
= Computer-controlled fuel and air injection rates

» Exhaust Gas Recirculation (EGR)
= Combustion temperature reduction
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Adjust AFR or AMF

» AFR adjustment
= Depends on
torque
= Engine speed
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» AMEF control
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this project!
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NGO anad PVl Control

o "ilu,

STva el 1) AMEF (Air Mass

:ntake throttle

‘ _ Flow) control

> Reference,
set point

2) Reduce Flame
Temperature
> EGR
> TVA
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Conitrol Objectives

» Ihe control oljective s te eperate the TVA anad
EGR valves in a way suchi that:
= the engine meets the driver’s torgue demand
= NO, and PM emissions are optimised
= visible smoke generation Is avoided

> This can be achieved by regulating the Air
Mass Flow (AMF) and the fraction of exhaust
gases in the intake manifold to the
corresponding set-points
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Set Point Generation

Set-point
Generatio

Iy (R, AVF]

P

c? man]

»> Air Mass Flow (AMF) set-point Is given as function of engine fuelling
and speed

» Itis computed to give minimum NO, and PM emissions without any
visible smoke

> In steady-state, AMF (and exhaust gas fraction) can be correlated to
the engine outputs (e.g. compressor mass flow and exhaust manifold
pressure) through thermodynamic relationships (maps)
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Piesel Engine Modelling

> Plrecess description and medelling

1. Grey-box approach
= Engine maps and look-up tables
= Engine subsystems and components

2. Black-box approach
= Fuzzy modelling and identification

> Model VValidation
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INPULS . oo
= Engine speed (N) N o
= Fuel flow rate (W)

= |ntake Temperature
= Engine Temperature

Input Control VVariables

= EGR command
= TVA command

Exhaust
manifold

Intake
manifold

Main Output
= Air Mass Flow AMF (w,,)
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PDiesel Engine

Grey-Box Vioadelllng
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MATILAB © /SIMULINK® Library

» Control-oriented engine simulation model
> MATLAB © / SIMULINK® environments

» Easy to use

» Reduced simulation time

» Control design, test, performance
assessment

» Controller calibration and final tuning
» Real-time applications




Silvio Simani

26/0472009

System Modelling

v’ State parameters
= P, T,p,c, W, ...
= N (speed)
= X (chemical
composition)

v Variables

v Equations

Mass conservation
Energy conservation
Momentum conservation

Motion quantity
conservation

State equations

Transformation
eguations




Silvio Simani 28/04/2009

Compoenents and Fluid-Dynamics

v Fluid machines (work exchange, I1# 0 & @ = 0)

v
v

Restrictions (no energy exchange, Il =0 & @ = 0)

Heat exchangers & combustion chambers

(thermal exchange, [1=0 & ® # 0)

v In-Cylinder Processes (thermal & work exchange,

[I+0 & © # 0)
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Exhiaust Gas Recirculation (EGR)

> Valves & Restrictions
Inputs Outputs

\ p() ),'-z_
(T,). Valve/

P ow — Restriction

A =

v Compressible Isentropic flow + flow coefficient C



Silvio Simani 28/04/20009

EGR — Algebraic Eqguations

Output Input

Note: grey-box approach
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Throettlie Valve Actuator (TVA)

N—1
GNwmb ¢ Pen Ny, | 27 (1 _ (PN
Pamb ) v—1 ( 1 (Pf_e mb ) )

p l; > 73

Pam Algebric Model

Pih < ﬁ
Pamb —

wy, IS the flow through throttle

From experimental data, the parameters « and
have to be identified (also as function of N)

It Is assumed that the downstream pressure py,

(UNKNOWN) Py=Pan
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VValve SIMULINK® Blocks

= VValves and restrictions: examples

m_EGR

—

T out

Pneumatic Valve EGR Throttle Valve TVA

Control of the vacuum generator PWM and not the valve lift!
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Manifold SIMULINK® Blocks

Manifold

Mg [kg/s]

Mt [ka/s]

Megr [kg/s] TIK]

Inlet Exhaust
Manifold Manifold
+ EGR
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Turboecharger (Turbine - Compressor)

> lritzii<a arliold

>

> |~ | | Exhaust
Intake \ |- |+ / manifold
manifold 1
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Engine Modelling Issues

» Engine subsystems contain unknown terms:

= Effective area (valves & restrictions, I.e. EGR/TVA):
Accr(Xecr)) ArvalXtya)

= VVolumetric efficiency (cylinder): n,(Ng,Pi)

= Compressor/turbine isentropic efficiencies:
nc(Ntc’ Tamb’ I:)im/Pamb) J nt(XVGT’ Ntc’ Tem’ I:)out/I:)em)

= Engine temperature: f(N., W)

» Modelled by:
= Maps (1-D & 2-D) or polynomials

... about 1 year
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Engine Complete Description

> Engine Sub-moadels
v EGR
v TVA
v IM/EM
v Cylinders: Volumetric efficiency
U Turbine + Compressor: flow & efficiency maps
v Coolers: efficiency parameters

LI Model Validation
] To be completed
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Engine Cemplete Description conta)

A_thi [%] Ty M_exh [kg's]

o7 [Pa)

Duty_VGT %)

P{M_EGR [kp's]

P_t kW]

¥ i T_EGR [K]
MN_eng

[gir/min]

= O i pme [bar]

. i
M_fiiol Tmgle]

P_c [kW]
M _te [giimin] | T E:
Pt (kW)

Turbine+Compressor
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Euzzy Moedelling - FMID™

> Brief review

= Nonlinear regression and black-box modelling
can be based on the partitioning data into
clusters

= A cluster Is a set of objects that are more
similar to each other than to objects from
other clusters
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FMID — Problem

»> Glven Is a set of data

28/04/2009

Formulation

» Find the partitioning of the data into subsets
(clusters), such that samples within a
subset are more ‘similar’ to each other than

to samples from other su
»> Similarity Is mathematica

DSels

ly formulated by

using a distance measure



Silvio Simani 28/04/2009

Euzzy: Clustering and Rules

Takagi-Sugeno system o
(one model for each
cluster 1)

projection

y =a X +Db,

Rule-based description

9
o
N

I xIs A theny =a, x + b,
Ifix IS A, theny =a, x + b,
Ifix IS Astheny = a; x + b
IfxIs A, theny =a, x + b,

C
Global fuzzy model: >’ u(x)(aj x+b;)

=1
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Piesel Engine Application

C
> Input-output data ) [RRUEEETOERWZHG) CRIGELY
=1

= Engine fuelling

= Engine temperature
= |ntake temperature >
= Engine speed

. J

= AMF output signal }

» FMID™ for MATLAB® by Prof. Robert Babuska (Delft,
The Netherlands). URL: http://www.dcsc.tudelft_nl/~babuska/
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ldentified Euzzy Model FMID™

> Local models’ order: n =2
= > Cluster number: c =9

Workspace1
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Lecall Submodels (9 ARX models)

9
Fuzzy model: y(t) = u(x(t) (aj x(t) +b;)
i=1

il: _
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500 1000 1500 2000 2500 3000
Time (s.)
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Control Model Simulation

~  ~T
Set-point Controller | U= [z..t] uz]
Generation

v’ Specific set-point assigned depending on fuel demand (W;) and
speed (N).

v The controller actuates the EGR and TVA valves to correct the
deviation between actual (AMF) and demanded variable
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Calibration in SIMULINK®
=

Inistgele] gf tnle <
fezll grgeess.

BOSCH

.&' Controller

r‘kp1

e3 AirCtl_mDes

From Workepae & [DESIGNEGNGN;

i ,- hENEalREnoIne

“

BOSCH From Workspace6

AirCti PI
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DOSCTrrCorrre =

e

ﬁ - — FF: depends of fuel &

E: Fimee® RPM. Based on AMF

Adaptive | lde-——"° static map inversion

RPM
T

1 p{ Err  parAdapt
gal ns .[ Gain Adapt

e0 000 ° [ ] H (] °
L
PY Constant1
[
o | Kiut) °
Ll
Scheduled Kp ﬁ >
Lall

Lookup
I Table EGR Lookup

From Workspace Table EGR1

®
-
Gal n . KTs | ® @ i 70
g i ﬁ Constant2

SChed U Ie r Dils:tr:;;‘tr;:n Scheduled Ki .

Lookup
Table TVA

or [€1 boolean [
Bt Fype-Cormrersiom

Logical
Operator

[ ]

° o0 0009

(]

... Scopell ..........

=

du/dt rb >= 20000 Scopeb
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Derivative  Gain Compare
To Constant

Integrator

N < o] ’ o reset logic
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Parameter Adaptation (cain Adapt)

R AN > BOSCH controller’s main

4 . main Idea is to correct the
RPN

From Workspace5

Table Adapt Pl gains (Ki & Kp) on the
| F'rOduct Product1 Ki a
. . basis of the error value and

=
% Lo Tabe LA i precompiled static maps

Scope3
'S From V#@rkspace1

Yans » Depends on engine

) fuelling, RPM, asp. temp

and tracking error (actual
and desired MAF)

» Fixed thresholds (KiPOS &
KINEG)
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Gain Scheduler: ‘P/’ Params

» It multiplies P & |
gains and
parameters

»> Example:

( K (scheduled)

0 X e

if |e| < e

(scheduled)
Kp ><emax_i'Kp,maxx(e_emax)

otherwise

> ‘Bumpless’
strategy




Silvio Simani 28/04/2009




Silvio Simani 28/04/2009

Priving Cicle Prototype...

m ' J ;= i 1

CONFIDENTIAL: Prototype 2009 HD truck — field test unit
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Complete System (v priving cycle)

BT is 60 ssiveieansiinesnsssninuissasainiassionninsissaEinasese . Brake Gear

B ECU : pedal
Accelerator

e 5 :

Air supply | S | | Vehicle
system ‘«dynamics




Silvio Simani 28/04/2009

llechnolegy.

» Diesel engine driving cycle data

> MATLAB®/SIMULINK® interface

= Calibration, optimisation; model, controller analysis,
Simulation and design

» ATl VISION™

= Integrated calibration measurement solution for
accessing ECUs

= Table calibration

= Memory emulation (pi—controller)
= On target rapid prototyping
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Parameter Correction

\/| A
Fuzzy Model
(Diesel Engine)

» Matlab/Simulink

» Parameter Estimation
Toolbox

= Optimisation Toolbox

= Pattern Search and
Parameter . : ;
(et e Genetic Algorithm
Tuning - '~Track|ng . ctic Algo

RUCIR > PEM algorithm

Controlleg Mode! .
OO T 0o S > MAF tracking
Reference optimisation

(BOSCH Regulator)
o MAF

> Final validation

o nom+ optim
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GUI: The Final Interface

EE®

> The user can
select:

= Data

= Parameters

= Optimisation
agorithms

» The GUI tool
‘suggests’ the
controller
params & maps

Import File ASCII :

Select Strategy : select MODEL.

Select Parameters : Sslect PARAMETERS

Import File DCM :
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() o n a
ziFzlrere e g2iaa

AIrCtl_facNQPar_MAP

Portata [mm*3 / cyc]
Giri [rpm]
30

=R

alalala|als]als]s]=]=]=]e
alala|a]a]a]al=]=]=]=]=]w
alala|ala]=]a]l=]=]l=]=]=]e
alalalalal=s]al=s]s]l=]=s]a]e

(Correction Map, i.e.

the tuned parameter

Portata [mm*3 [ eyc]
Giri [rpm ]

. 5 1
T969 : T9E
721 . 372
2473 8473
5225 Y 5225
0877 I 0877
6729 | 6729 ET28 8729
102481 ¥ 10,2481 10,2481 10.2481

(Nominal Map, IC

AIrCH_facNQPar_MAP_Caorretta

Portata [mm*3 [ eyc]
Giri [rpm]

3 i 9 12 18 24 27 a0 35 45 50 55
49208 4,9200 4,6200 4.8208 X 4,9200 X 49208 4,8208 48208 4.5208 4,6208 4,8208 4,89200
54961 54861 54861 54861 ¥ 54861 ¥ 54861 54861 54861 54861 54861 54861 54861
6.0713 6.0713 6.0713 6.0713 X 6.0713 X 6.0713 6.0713 60713 60713 6.0713 6.0713 6.0713
56,6465 6,6465 65,6465 65,6465 X 6,6465 X 56,6465 56,6465 6,6465 6,6465 6,6465 6,6465 6,6465
2217 2217 2217 2217 2217 2217 72217 2217 72217 2217 72217 2217
L7968 L7969 L7968 L7968 . L7968 . 796 7.7868 L7968 7,7868 i 77968 L7968
EFFE] 372 372 EFFI] ¥ 3721 ¥ .37 B.3721 372 B.37 37 B.a7 372
9473 947 947 9473 X 9473 X 04 B9.4730 947 54 5.04 947
5225 522 522 5225 ¥ 5225 ¥ 52 85,2250 522 8,52 52 8,52 522
10,0877 10.0877 10,0877 10.0877 10,0877 10,0877 10,0877 10,0877 10,0877 10,0877 10,0877 10,0877
10,6728 10,6728 10,6728 10,6728 10,6720 10,6728 10,6720 10,6728 10,6728 10,6728 10,6728 10,6729 10,6729 10,6729 10,6729
11,2481 11,2481 11,2481 11,2481 11.2481 11,2481 11,24, [ 11,2481 11,2480 @ 11,2481 11,2481 11,761 12481 FEEFTTE 11,246 %

>ontroller Tuned Final Map)
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Map Correction (Example)

. I ACH facNOPar MAP Corrstts
12- : ST

(provided by
BOSCH)

(the map to
be tuned) Final controller map

Parameter Estimation Toolbox
and Genetic Algoritm
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Controller Structure & Params

vatae | &
Function

. v Pre-control:
Xcorr:Xnom-l_AXotim 1 map

tGWrAir
W AirCtl_faclATSPar _CUR

AirCtl_facPar_mp

: v  Galn adapt:
=

pDiff

et Rgesitcor
S £ 1 L TR eumu, S maps
“ Q9 an & 9 L 3 ‘ Rirct_tiDT1_C
* * L4
2 L 4

.

AirCtl_IKiPos _C

n
AirCtl_PKpPos_C AirCtl_DKdPos_C
AIrCtl_PKpPos_C AirCtl_DKdPos_C

|| AirCt_PKpNeg _C AIrCtl_IKiNeg _C AIrCtl_DKdNeg _C .
AIrCtl_IKiNeg _C AIrCtl_DKdNeg _C V a r I a e S
. AirCtl_miWinPos _C Y AirCtl _dqDWinPos _C
ArCtl_mPWinPos_C ] .

AirCtl_miWinPos _C

| ) AirCtl_dgDWinPos _C
@Ctl_mPWinNeg _C AifCtl_miWinNeg _C

AirCtl_dgDWinNeg _C
ARGt _mPWinNeg _C L 4 AirCtl _mIWinNeg _C

AICtl_dqDWinNeg _C [
‘ : v |: 5 real
L 4 .
”~ "’ ”# ® “
Qgpe agpe
o — varia b I es
AirCtl_rGwirMax _C

AIrCtl_GwrMin _C

AifCtl_IKiPos_C

& ArCi_PKp_C <. AIrCtl _IKi_C Y AirCtl_DKd_C
AirCtl_PKp_C N AIrCt_IKi_C ~N AIrCtl_DKd_C
N
<k -
v [ ]
" [

AIrCtl_rGwirMin _C
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Simulation Results (EU Driving Cycle)

Reference AMF (set point)

Initial AMF (w/o optimisation)

Tuned AMF (final, after the calibration)




Silvio Simani 28/04/2009

Alternative Procedures

» Related HD diesel engine control
literature:
L1 Model-based predictive controller
U Fuzzy controller
U Neural networks

v' Adaptive controllers
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Conclusion

v TVA/EGR control design

v Application of the existent control law (BOSCH) to the
Identified engine model
= Black-box modelling (fuzzy system)

v Identified system and controller integration
= EU Driving cycle data
= Controller parameter tuning/optimisation

»> Matlab/Simulink GUI interface

= Automated calibration software tool for ‘diesel calibration
engineers’

= ECU calibration and final tuning enhancement
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Eurther Investigations

OValidation of the complete model of a multi-
cylinder diesel engine

= Turbocharger and related maps (grey-box)
O Control law Implementation for the complete
dynamic model
= Control law with the real engine

= Comparison with different control strategies (e.g.
adaptive schemes)
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aanKk you. for your attention!

We are well behind and still have a long way to go...




