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Agenda

Combustion control
o Design of closed loop combustion control system for heavy duty engines
Piezoelectric washers for cylinder pressure sensing
Piston damage-based adaptive combustion control
Al-based adaptive combustion control
Setup of torque-based H2ICE control system
o GCI combustion control
- Engine Modeling
o Rail pressure waves compensation
o lIgnition delay estimation
o Maximum Pressure Estimation
- Hybrid Systems modeling and control
o Energy management optimization
- Coming soon...H2 facility
- CFD simulations
o Synfuel
o Machine learning
o |ICE CFD simulation: custom numerical tools for detailed analysis
o Hydrogen based propulsion sytems, ICE and Fuel Cells
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Design of closed loop combustion control system for heavy duty engines

Industrial Partners: Liebherr Colmar 5:3 I - [ ] | i LLLY ]
Objective: development of closed loop & 5% rl 1
combustion control system based on giz WW Fw—' ‘wﬂ TWWW |
cylinder pressure to enhance fuel :‘g:_; x000 |
consumption and reliability s | ==
o 500 hours test on the test bench o 1000 200 2000 Relaﬁv;ﬁme o 5000 6,000 7,000 §,000
o Significant BSFC decreasing, 1,2000 1 I z 1 1 [

probably due to injectors drift g"°°°° 7
o BSFC variation is well related to g :: |

variations in MFB50 1§ 4,000 E
o Fuel mass balancing is crucial for g 2‘°°§M ] |

reliability 2000 o o o B b L i @sm
o Torque control can be closed on Reletive time [3]

IMEP, guaranteing balancing, while
closing the loop on MFB50 BSFC can
be optimized (minimized, avoiding
excessive Pmax)
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Design of closed loop com

Industrial Partners: Liebherr Colmar

Objective: development of closed loop

combustion control system based on
cylinder pressure to enhance fuel
consumption and reliability

o 500 hours test on the test bench

o Significant BSFC decreasing,
probably due to injectors drift

o BSFC variation is well related to
variations in MFB50

o Fuel mass balancing is crucial for
reliability

o Torque control can be closed on
IMEP, guaranteing balancing, while

closing the loop on MFB50 BSFC can

be optimized (minimized, avoiding
excessive Pmax)

bustion control system for

heavy duty engines
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Design of closed loop combustion control system for heavy duty engines

Industrial Partners: Liebherr Colmar

Objective: development of closed loop
combustion control system based on
cylinder pressure to enhance fuel
consumption and reliability

o 500 hours test on the test bench

o Significant BSFC decreasing,
probably due to injectors drift

o BSFC variation is well related to
variations in MFB50

o Fuel mass balancing is crucial for
reliability

o Torque control can be closed on
IMEP, guaranteing balancing, while
closing the loop on MFB50 BSFC can
be optimized (minimized, avoiding
excessive Pmax)

110

Corrcoef: 0.89

BSFC [Ad.]

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

MFBS50 [Ad.]

© SAE International

Adimensionalized IMEP at 626 h
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Design of closed loop combustion control system for heavy duty engines

Industrial Partners: Liebherr Colmar

Objective: development of closed loop

combustion control system based on
cylinder pressure to enhance fuel
consumption and reliability

o 500 hours test on the test bench

o Significant BSFC decreasing,
probably due to injectors drift

o BSFC variation is well related to
variations in MFB50

o Fuel mass balancing is crucial for
reliability

o Torque control can be closed on
IMEP, guaranteing balancing, while

closing the loop on MFB50 BSFC can

be optimized (minimized, avoiding
excessive Pmax)

Cyl # TOC

Correction

[ 1

Base
Injector

Ei-]——<Feed Forward TOC Cyl # [us]

Calibration
MAP
| 1
. TF Auto Update Cyl _#
Enable Auto Adaptive V4 » Adaptive —— TOC Correction
Block MAP
PID A
1 | Controller ~CATOC Cyl # [ps]
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Objective: development of closed loop

Design of closed loop combustion control system for heavy duty engines

!

Optimum

!!

Industrial Partners: Liebherr Colmar BAERS0 rak
combustion control system based on MFB50 limit }

(> — | ™M
cylinder pressure to enhance fuel

consumption and reliability

O

O

500 hours test on the test bench ] | i
Significant BSFC decreasing, _J_T,:l:,: Block rrpi
probably due to injectors drift _‘|_“"j" -

BSFC variation is well related to e feeee e | e

variations in MFB50

Fuel mass balancing is crucial for
reliability

Torque control can be closed on
IMEP, guaranteing balancing, while
closing the loop on MFB50 BSFC can
be optimized (minimized, avoiding
excessive Pmax)

Correction

Calibration
TIF Auto Update Cyl #
Adaptive —— SOC Correction
Block MAP

- {asoc cyl# 1]
Controller
| MFB 50 feedback [°CA]




Design of closed loop combustion control system for heavy duty engines

Industrial Partners: Liebherr Colmar

Objective: development of closed loop
combustion control system based on
cylinder pressure to enhance fuel
consumption and reliability

o 500 hours test on the test bench

o Significant BSFC decreasing,
probably due to injectors drift

o BSFC variation is well related to
variations in MFB50

o Fuel mass balancing is crucial for
reliability

o Torque control can be closed on
IMEP, guaranteing balancing, while
closing the loop on MFB50 BSFC can
be optimized (minimized, avoiding
excessive Pmax)
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Combustion Control: piezoelectric washers for cylinder pressure sensing

-

* Industrial Partners: Alma Automotive,

Ferrari, Ducati :
* Objective: development of a low-cost
sensor for cylinder-pressure o
estimation, able to deliver el PR B
o Combustion phase; MFB50 (]_ deg Piezo-electic Piezo-electric Piezo-electric
RMSE) prototype geometry prototype placement prototype signal

o Knock intensity: MAPO (statistics)

o Maximum pressure: Pmax (3%

RMSE)

Angle (MFB50) Pressure
o Load: IMEP (+/-5%) .
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) MFB50 Results ) ze . 1
; - T 3 £ 5 °
# Engine .'nstrumer“rted Cylinder| RMSE [°CA]| R?[-] £ . Q : o | Pmax Washer Model Result Engine 2
i Cylinder 4 0.86 0.9987 3 3 .® Qe % ° ° /| Instrumented Cylinder | RMSE [bar] | R’[-]
| Cylinder 6 0.96 | 0.9983 | § 2 °] ﬁ.‘% . s g Engine 2 Cylinder 6 | 3.80 | 0.9947
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Piston damage-based adaptive combustion control

Industrial PartnersFerrari

Objective: development of a piston
damage-based combustion control
system

Knock intensity setting based on
actual potential damage

Ability to act rapidly, even in fast
tranisents, without the need to wai
for the statistics to set

Piston-damage model to catch
erosion (depending on temperature
and MAPO)

Piston damage speed (converted to
MAPO percentile) is used a a knock
intensity threshold

MAPO percentile is related to Pmax

o Pmax is modeled as a function of

10

MFB50 and other ECU available
parameters
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Al-based adaptive combustion control

e |ndustrial Partners: Ducati

* Objective: design an automatic combustion optimizer Stemadl o uner ~ erre [ }s,_
for test bench applications, able to L - ,
Maximize IMEP -
Keep Knock intensity under control ] st s irmione e

combustione | Segnale di Ruota fonica
Tgas |

J

O

O

o Keep Pmax under control
o Keep Texh under control
o Avoid misfire

The combustion controller is fed with pre-processed cycle- Steady Sfcfel C;_omt;tgsﬁon metrics
reiarionsnips

by-cycle and cylinder-by-cylinder indicated data, and acts

in real-time requesting Spark Advance (and/or AFR) 125 e 120
Srind b SA=40°BTDC
. © SA=12' . 5 .
adjustments = 220 e _
T115 3 b3
; 5’ 80 2 50 .
z n s q4 T
o ° & 60 . e
1% 5 10 15 20 25 30 35 400 10 20 30 7000 10 20
MFBS0[] MFB50 ["CA] MFBS50 [°CA]
RMAFASD i
| J
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Activity carried out within the PRIN 2020 H2ICE project.

Setup of Torque-based H2ICE control system

GT power Engine model
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Neural Network fast running cycle-

Sensitivity to control parameters

based engine model

Development of
combustion controller in
SiL environment
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® Output
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= NOx

« TiT
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Industrial Partner: Marelli

Objective: assess benefits and control
characteristics of GCI combustions

o Tests have been carried out using

feedback combustion control based on
cylinder pressure

o Three operating points tested

(medium/high load and medium
speed)

o Test of rail pressure effect
o Test of EGR rate effect

13

o In two out of the three conditions it is

possible to improve BSFC, NOx and
smoke emissions

GCI combustion control
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GCI combustion control
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Rail Pressure Waves Compensation

Testbench ——— RCP system —_—
control PC 760
e MPROP control
—|
Low pressure pipe 740
RPM pump control
High pressure pipe I 720
H Rail pressure signal — =
= i - . e p— =
I Injector pipe signals @
E]
7 680
4
Electrical -
driver 660
640

15 20 25

Time [ms)

30 35 40 45

' R — INCA PC 620 T 0 s
Spark ECU e
* |ndustrial Partner: Marelli

* Objective: Compsensation of wave
pressures on gasoline PPC engines

o High-frequency pressure acquisition
on a dedicated test-bench

o Modeling of pressure oscillations
phenomena with simple mass-

4 -

-
3.5
et Frequency
T3
= = a
<
~2.5
E
-
=
x 2
-8
2
g
°

1.5 2 2.5
Frequency [kHz]

--------

spring-damper models
o multiple injections covered by

1st injection

replicating the same model

2nd injection

16
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Injector map
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Ignition Delay Model

Industrial Partner: Marelli

I I

b

Objective: modeling the ignition delay in - L

GCl engine, for combustion control i v e e § E i

purposes 3o “alal

o Sensitivity analysis of rail pressure, L
boost pressure/temperature, humidity, . ______ N __ __ H|

egr rate, residual gas temperature S EET- T2 L B

Mass and Temperature of Residuals effect

o Definition of parameters impacting the -

Air humidity effect “I ‘ It |
ignition delay: T@SOlpilot, available | A\ =
Oxida nt §’j [\ EGR rate effect §

o Experimental identification of IDasa . [

function of the two inputs

o Validation of the model in different
conditions

ALMA MATER STUDIORUM
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Industrial Partner: Marelli

Objective: modeling the ignition delay in
GCl engine, for combustion control
purposes

o Sensitivity analysis of rail pressure,

boost pressure/temperature, humidity,
egr rate, residual gas temperature

o Definition of parameters impacting the

18

ignition delay: T@SOlpilot, available
oxidant

o Experimental identification of ID as a

function of the two inputs

o Validation of the model in different

conditions

Ignition Delay Model

Ycomp—1
VIVC )

TSOIPIL =Twc <V501
PIL

Meyiiane ¥ Tman + Mg * Tre

Tiye =
MCYLintake + MRG

Meq = Mo2 - MH20 — Kirc Mg — kgcrMEgr

.

® EGRsweeplests at EGR

350

SOI PIL el

Switching cycles

a0

ALMA MATER

UNIVERSITA
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Industrial Partner: Marelli

Objective: modeling the ignition delay in
GCl engine, for combustion control
purposes

©)

Sensitivity analysis of rail pressure,
boost pressure/temperature, humidity
egr rate, residual gas temperature

Definition of parameters impacting the
ignition delay: T@SOlpilot, available
oxidant

Experimental identification of ID as a
function of the two inputs

Validation of the model in different
conditions

50

48

46

44

ID [deg]
S
o

Ignition Delay Model

j= o= eme e

Measured
+  Estimated

- . R
R I S Y
e
ey,
| | | |
0 0.5 1 15 25
Engine cycles [-] <10*
Engine IMEP CA50[deg  Boost Intake Exhaust SOIPil SOIPre Relative
Speed [bar] aTDC] Pressure Temperat Pressure [deg [deg  Humidity
[rpm] [barA] ure [°C] [mbarA] bTDC] bTDC] [%]
2000 8 9 1.8 75 3.1 34 20 46
2000 9 12 1.7-1.6 70 25 43 29 38
2000 9 12 [1.9:0.1:1.6] 70 27 43 29 38
2000 12 12 21 72 3 35 21 40
2000 12 12 21 72 28 35 21 38
2000 12 12 [2.2:0.1:1.8] 74 3 35 21 25
2000 9 12 [1.9:0.1:1.6] 60 27 43 35 35
2000 9 12 1.8-1.7 60 2.5 43 35 35
2000 12 12 21 50 3 35 37 37
2000 12 12 21 50 2.8 35 37 37
2000 12 12 [2.2:0.1:1.9] 50 3 35 21 21
2000 12 12 [2.1:0.1:1.7] 50 28 35 21 21
2000 14 12 [2.2:0.1:2] 52 3 35 20 20
2000 14 12 [2.1:0.1:1.8] 52 2.8 35 20 20
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Maximum Pressure Estimation

Industrial Partner: Marelli
Objective: cycle-by-cycle (or average)

Pmax estimation

o Inputs: load and combustion phase

o Combustion phase could be estimated
(instantaneous speed, piezoelectric |
washers) -

o Tested on 4 different gasoline engines:
naturally aspirated, turbocharged, GCl

o Validated with/without EGR — water
injection - lean lambda

o Quadratic dependance on MFB50,
linear on load. Other dependencies 10
(lambda, rail pressure, boost pressure)
are required for GCl combustions

w

o Accuracy: better than 5%

SA [CA bTDC]

Pmax = [Poo + P1oMFB50 + pgyNL + p,oMFB50? + p;MFB50NL]
pmax
= [poo + ploMFBSO + p01NL + pzoMFBSOZ
+ p11MFB50NL] - [a; + ayPrail] - [a; + azA] o
* [a1 + azMAP]

0

26
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1e
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Maximum Pressure Estimation

Industrial Partner: Marelli

Objective: cycle-by-cycle (or average)
Pmax estimation

o Inputs: load and combustion phase

o Combustion phase could be estimated
(instantaneous speed, piezoelectric
washers)

Tested on 4 different gasoline engines:
naturally aspirated, turbocharged, GCl

Validated with/without EGR — water
injection - lean lambda

Quadratic dependance on MFB50,
linear on load. Other dependencies
(lambda, rail pressure, boost pressure)
are required for GCl combustions

Accuracy: better than 5%

= [poo + P1oMFB50 + pyNL + pZOMFBSOZ + p1MFB50NL]
pmax

= [poo + P1oMFB50 + pyy NL + pyo MFB50?

+ psMFB50NL] - [a; + a,Prail] - [a; + ayA]

-la; + a,MAP]

Pmax

SA [CA bTDC]
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I r ‘
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Hybrid Systems modeling

200 T 2500 :
180 ~—LIiC current [%] 7:;::: gg:?g
Industrial Partners: Lamborghini A T -
Objective: modeling of hybrid vehicles w0~ Seesln '
. . g
equipped with non-standard storage / g 1500
systems e jmavpu-ussnr s isgnssssusussnsnansunnaniill -
- . 80 AT A £ 1000
o 48V, Li-ion capacitors, P3 o //ﬁ‘ ES8PLESEE. JERReC 02 2
o 228V, Li-ion capacitors, P2-P4 - 2% gl o0l L
o 228V, Li-ion capacitors+21700 based » /
| . i i . " . J
battery (226 V), P2-P4 % 01 02 03 04 05 06 07 08 09 1 % o1 02 03 04 05 06 07 08 09
Acceleration time
R 200"-.__‘ —LiC current [%]
| S —21700 current [%]
: t SoC LiC [%]
I 150 ——8S0C 21700 [%]
Gearing/decoupling system : - Speed [km/h]
P gear 1 _\V\
3° geas | 100 7""‘-,‘_
Front PTO _ [ B .__1 ; 4
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a 1 £
s V126,51 -
l 0 ey
[ JEENS_ o8
-100 L‘— PEST—_ i :
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Braking time
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Setup of two test cells for H2 powertrain testing

COMMON PLANT COMPONENT CHARACTERISTICS:

H2 Facility

TEST CELL #1: Fuel Cell Testing (Nuvera E-45-HD) + H2ICE->PNRR Project
TEST CELL #2: H2ICE and turbines/microturbines testing

FC Stack

Embedded Controller Hydrogen Supply

Air Compressor . ' (Radiator)

High pressure hydrogen storage (200 bar, volume TBD)

Coolant Pump

Hydrogen production (2.5 Nm3/h electrolyzer + compressor, nice to have) i .
HVAC for air conditioning (2500 m3/h) oienisoton ATSIER Foverast() - bt
Air flow measurement: 1000/2500 m3/h

H2 flow measurement: 8-20 kg/h

2x30000 m3/h ventilating system (allows restricting ATEX areas)
2xREI120 test cells (=4.7x4x2.7 m)

2xcontrol room (=4.7x2.7x2.7 m)

Programmable automation/measurement system (based on NI veristand)
Programmable control systems (NI)
HiL systems (NI)
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E-Propulsion and Powertrain Simulation

Research Topic: Synfuel and H2 ICE CFD simulation and custom numerical tools for detailed analysis

Fuel wallfilm simulation

Oil-fuel dilution

simulation
Extreme pressure

spray injection

GCl combustion

Intake/exhaust flow
simulation

H2 & biogas Corona ignition

Research group:

Reference e-mails: gianmarco.bianchi@unibo.it, stefania.falfari@unibo.it
24

Deep neural network methods
H2 & synfuel properties
oil-fuel diffusion rate

best observed value

® observed values
A ~ = true function

’ =—— GP mean
confidence interval

0.0 0.2 0.4 0.6 0.8 1.0
hyperparameter

Bayesian optimization methods
gasoline surrogates

RON booster analysis

oil surrogates

Prof. Gian Marco Bianchi, Prof.ssa Stefania Falfari, Ing. Giulio Cazzoli, Dr. Valerio Mariani
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Research Topic: Hydrogen Fuel Cell Propulsion and Powertrain Systems Simulation (PNRR)

E-Propulsion and Powertrain Simulation

Fuel cell system

Air Supply / Cathode

Air Compresso
ormpressor RO,
Alr s m 2
intake

sl Humidifier
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H2 supply / Anode

5 H2
. tank
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Fuel Cell system simulation
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Fuel Cell Stack

(1D approach)

Cooling system

Cooling circuit

Expansion
tank

i
i
i
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i
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Research group:

Fuel Cell system thermal

Cooling pump & motor

management modeling
(1D and 3D approach)

Electric Traction Moto!

DC/DC Converter

Thermal / Pl .

System : < *

(cooling) v
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Energy Analysis of Powertrains Powered
by Clean Alternative Propulsion
(Assuming Different Energy Scenarios)

Fuel Filler
v .{\
] j! -j

> - Fuel Tank
(hydrogen)

Battery
Pack

~ Transmission

Power Electronic Controller

Battery (auxiliary)
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