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Commercial Vehicle Powertrains of the Future

* The IC Engine will continue to play a key role:

* Lower/low/no-carbon fuels:
* Very high efficiency diesel — lean-burn engines
* Natural gas — stoichiometric engines
* Hydrogen — stoichiometric and lean-burn engines
* Bio-derived fuels

* Use in hybrids electric drivetrains — coordinated control is critical

* Electrification of some engine functions — EGR pumping, eBoosting, etc.

* Model-based controls is critical
* Very high demand for this talent in commercial vehicle industry
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Ongoing Projects

Heavy-duty Diesel Hybrid Electric Drivetrain

» Collaboration with U. of
Wisconsin and Deere

* Engine testing at UW

* Vehicle testing at Deere

* Purdue is leading
control algorithm
development for
engine & powertrain

Battery

Engine downsized by 34%
Close coupled electric machine
Electrified turbo-machinery
Energy storage

Torque
Transmission

High Efficiency Off-Road Engines

Torque (Nm)

Customer
Usage

Goals: Reduce Fuel Consumption & CO,
Incumbent Technology Proposed Technology

High Pressure EGR
Delayed Combustion Phasing

ﬂ Power | 8 Mode NRTC
(kw)

EGR Pumping

Harvesting: 25% 25% 25%
High Injection Pressure Combines  >450 5% H-Load 4% H-Load 4% H-Load
Dual Stage Turbocharging <1% L-Load 1% L-Load 1% L-Load
Goals: Reduce Energy Penalty of Emission Controls & Reduce NO, Tillage: 25% 25% 25%
Incumbent Technology Emerging Tech. Proposed Technology Tractors <450 5% H-Load 4% H-load 4% H-Load
Intake/Exht. Throttling VGT Throttling Cylinder Deactivation <1% L-Load 1% L-Load 1% L-Load
Late Injection Timing Heaters EGR Pumping Articulated Load-dump-load 23% 25%
High Pressure EGR High Idle Speed Engine Stop/Start Dump <360 > 6% 1% H-Load 1% H-Load
AIT Architecture Engine eLoading/eAssist Truck >20% L-Load 2% L-Load 4% L-Load

Changes

Speed (rpm) Expected Fuel Savings

Funders: Deere & Eaton
Cylinder deactivation, EGR pumping & electrification
13.6L engine experiments at Purdue

Improving Transmission Resilience to Driveline

Resonance Through Detection & Control (w/ J. Evans)

 Allison is funding

* Analyze Allison data

« Simulate resonant
conditions

« Develop mitigation
techniques

Cummins is funding
Knock and throttling
reduce performance &
efficiency

Study merits of
VVA/CDA for mitigation
In-cyl mass &
composition estimation
Engine testing at Purdue




Examples of Recently Finished Projects

Improving Diesel Engine Efficiency & Thermal

Management via Variable Valve |Actuatlon (WA)

 Prior effort funded by ¢ '
Cummins, Eaton &
DOE

« 7 papers cited by
California Air
Resources Board

« 3 papers citied by
United States EPA

 New emissions regs.

Robust Control of Nat. Gas Engine Aftertreatment
* DOE funded

» Collaboration with Cummins

* 2 journal papers with Cummins

Inner loop

N UEGO €O, CH,, NOy, NH;
| AController —> Engine > TWC1 > TWC2 —>
! r i HEGO |V
i 2
_____________________________ S HEGO

Outerloop | mapping
}Ldn,m eeeeeeee d
RC/
Pl controller EKF /
I T FOS Boost model
e.
FOS,f W,

Robust Natural Gas Marine & Genset Engine Controls

* New process for robust
MIMO controls design

« 2 journal & conference
papers with Caterpillar

Engine

= <
P Comp Intake Wastegate
Adir || manifold  /\Ttercooler manifold ~ SPark valve (uy)
- 1 e plug
'yl — e \&E].j/
—= \)—' Throttle Exhaust |1
Fuel valve > manifold | |
valve Compressor
—~ 6 Turboc'h'arger
Bypass

valve

Biodiesel Impact: Hvy-Duty Engine/Aftertreatment

« Demonstrated some issues w/ NOx and torque

« Can likely be mitigated via Purdue developed controls
« Sponsor: National Biodiesel Board

VGT Nozzle

=

Urea

Fresh Air
‘ Tailpipe
I DOC ' oi_r, I SCR | mmp




Examples of Recently Finished Projects

Auto-Unload of Grain while Harvesting is Occurring

« Sponsor/Collaborator: Deere

« Co-Pls: Evans (ABE), Vyn (Agronomy)

* 4 journal papers with Deere

« 1 joint patent app.
filed

« Experiments done
at Purdue

Enabling Truck Platooning on Hilly Terrain

12.3% fuel savings + improved truck gap control
collaborators: Peloton (start-up), Cummins, DOE & DOT
COMVEC/etc. seminars + journal publications

Co-Pls: Jain (ME), DelLaurentis (ABE), Bullock (CE)

Hybrid Electric Class 8 Truck Testing

« Sponsor/Collaborator: ePower (start-up)

* Report on fuel savings of their technology to VCs
« On-road testing

Generator Data Logger
Current Current

Voltage Voltage

Motor Data Logger

Power Power I

Diesel I.C. Variable

Transmission

Engine Sanemoy Frequency Drive J Motos & Differential

Mechanical Linkage
=== DC Electrical Linkage Battery Current
s 3 Phase AC Electrical Linkage Voltage

| I




Farming & construction machine electrification & advanced engines

* Save fuel at high loads via electrically-driven
exhaust gas recirculation (EGR) pumping
) Goals: Reduce Fuel Consumption & CO, . i
£ Incumbent Technology Proposed Technology e Save fuel & improve aftertreatment function
Z High Pressure EGR EGR Pumping ) . - .
Delayed Combustion Phasing at low loads via powertrain electrification,
g High Injection Pressure . . . .
i Dual Stage Turbocharging cylinder deactivation and EGR pumping
i Goals: Reduce Energy Penalty of Emission Controls & Reduce NO,
|2 Incumbent Technology Emerging Tech. Proposed Technology
Intake/Exht. Throttlin VGT Throttli Cylinder Deactivation
e e, e * Deere/Eaton are funders & collaborators
High Pressure EGR High Idle Speed Engine Stop/Start . .
A/T Architecture Engine eLoading/eAssist  Purdueis dOIﬂg controls development &
Changes

experiments

Speed (rpm)
Tractor Combine Harvester Articulated Dump Truck




Construction machine electrification, controls & advanced engines
* John Deere 644K Hybrid Diesel Series Electric Three Speed Front End Loader

* Converted from conventional to a series electric drivetrain in 2011 without energy storage - engine
downsized from 9.0L to 6.8L providing a 30% gain in fuel efficiency

e Current effort will further downsize to 4.5L by incorporating energy storage

* US DOE funded — Collaboration between U. Wisconsin (lead), Deere & Purdue
* Purdue is leading model-based control systems for down-sized e-boosted engine & supporting

powertrain controls

Baseline Powertrain
(6.8 L diesel engine without energy storage)

Power
Electronic
Inverter

/ Intake
Engine

e ——

\ Exhaust

| " PMAC

L\I l. J ]j Generator
Comp Turb
T

Proposed Powertrain

(4.5 L diesel engine with energy storage)
eBooster

Energy Storage System

5

L

|

[ Intake

Power
Electronic

Inverter

Engine

[T | Exhaust

| PMAC PMAC

Generator Motor
[‘Enlp Turb



Construction machine electrification, controls & advanced engines

— — — — — —— — — — — — — — — — — — — — — — — — — — — — — — p— — — — — — — — — — — —— — — — — — — — —

| | |
| [ l |
: Fueling command : : :
! | | . !
: eBooster speed command i : Engine Model |

|

|
: Valve commands : | :
: : : : Energy Storage :
: Engine Controls : } Model & Controls |
| [ | :
| [ : |
| . : | Generator Rectifier :
| Requested engine power | | Model & Controls |
| [ | |
| | | |
| [ | |
: Requested battery current : : Milonlmeeries :
| | | Model & Controls |
: Requested traction motor torque : : :
| [ l |
: Power Management System : : Vehicle Dynamic Model :
] e ———————— |
Simulink Platform GT-SUITE Platform

* Not all inputs/outputs/models are shown for simplicity



Construction machine electrification, controls & advanced engines

Simulation Results - Stockpile
Hydraulic Power

150 T 1 I I I
— Original vehicle - experimental
—Proposed vehicle - simulated
2100 |
=5
: ‘1
Y 50 |
o
0 i P 1 [\ L__AA | 1 | I\m |
0 50 100 150 200 250 300 350
Time [sec] Overlap of the red/blue curve indicates that the
Traction Motor Power requested hydraulic/traction power is satisfied
200 T T l I I |
100 |- | ]

Power [kW]
o
|

100 —Original vehicle - experimental
—Proposed vehicle - simulated

_200 | | | | | |
0 50 100 150 200 250 300 350
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Construction machine electrification, controls & advanced engines
Simulation Results - Stockpile

Battery Power |— Battery power
200 ' ' ' —+—Max battery discharge power - 10 secs max|__,
Max battery discharge power - continuously
. -~ -Max battery charge power
i 100 - .
: ‘H[ | f
O 0 '/ _
o in

-100 | | | l | |
0

50 100 150 200 250 300 350
Time [sec]
SOC/DC Bus Voltage
0.72 I I I I 720
&N e =1 T 15
Q 0.7 bt it -1 700
O
(j) \/\/\\/\/‘
0.69 - —=S0C -1690
—DC bus voltage
0.68 : | | : : | 680
0 50 100 150 200 250 300 350

Time [sec]
Battery SOC is recovered back to initial value as regulated by the power management system, indicating the
sustainability of the vehicle to continue working on this drive cycle (e.g., this is not a “plug-in hybrid”)

Voltage [V]

11



Construction machine electrification, controls & advanced engines
Simulation Results - Stockpile

200

150

RN
o
o

Power [kW]
(@)]
o

o

o
o

RN
(&)

Fuel Consumed [kg]
o
o -

Engine Power

——Original vehicle - 6.8L engine

| | ! —Proposed vehicle - 4.5L engine
} ﬂ@ ] il
{ { Q | in | 18 fh | |
J I R | | | B
| | | | | |
0 50 100 150 200 250 300 350
Time [sec]
Fuel consumption
| | | | |
_
Fuel saving of 12% [ -
//7-/"'// —Original vehicle - 6.8L engine
T -—-Proposed vehicle - 4.5L engine
= | | | | |
0 50 100 150 200 250 300 350

Time [sec]



Construction machine electrification, controls & advanced engines
Simulation Results — Stockpile, Transport & Hopper Cycles

Fuel Consumption Regen Energy Captured by Battery

2.5 2.5

B Regen Energy

—_ B 6.8L Engine - Experiment
g 2L B4 .5L Engine - Simulation i, 2 - Captured Energy
o )

@

€15 : E 15"

o 1 1 Qo 1r
(;) L

So05+¢ - 0.5
i
O 1 1 1 O 1 1 1
Transport Stockpile Hopper Transport Stockpile Hopper
Drive Cycle Profile Drive Cycle Profile
5 % of Fuel Saving 100 % of Regen Energy Captured by Battery
Over 10% fuel saving can be observed for _ | | |

_ all production drive cycles X 80 -

R e

o 10+ D

g 2 60r

© o

S Q 40

S >

L 8 20 F

L

o
o

Transport Stockpile Hopper Transport Stockpile Hopper
Drive Cycle Profile Drive Cycle Profile



Controls for Lean Burn Engines
Incorporating Valvetrain Flexibility



Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

w— EXHAUST GAS

— FRESHAIR FESRVaeT

=== EGR FLOW £_Posiion /

CYLINDER_ EGR VALVE

IMT TEMP PRESSURE B <4
* Complex “gas ke Manifolc /;;::1.':‘;“,"
exchange” process

OO0O( :
O

* Opportunity with aust Manifolc 7 Viodaan 7

/ NCto [

valve train ﬂElelIlty EXH_PORT_TEMPS L DinEy
* More flexible 9 i ¥ e
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Effective Compression Ratio [ECR] versus IVC timing
1.00 : : . . 17.5 : ,
f BIX V| BaselineIvc
’ 5 o 17.0 b : :
: é v — Speed: 2300 rpm
0.00 ko ............ R S, .8 'go. B :5 ' Torque: 385 ft-Ib
z ¢ ¥ = 16.5 !
0.85 é" * o |
2 R e w | .
& 0.80 e = 16.0 | 4 Simulation
2 -
E . . 7 ' “-Engine Data
0 0.75 i,*,.;’ $ 155 |
= 5 A = |
g - & |
E 0.70- P, § 150 :
> . v [
Y | 12 145 :
=y g :
: 140
055 : "
: é 5 ; |
0.50 i i i . 13.5 L
10 12 14 16 18 20
ECR [none] 220 200 180 160 140 120 100 80

IVC [CAD BTDC]
VVA provides additional control authority
...but complicates gas exchange dynamics

Effect of Intake Valve Closure Modulation on Effective Compression Ratio and Gas Exchange in Modern,
Multi-Cylinder Diesel Engines. Intl. J. of Eng, Res., vol. 12 (6), 2011.

Controls for Lean Burn Engines Incorporating Valvetrain Flexibility
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Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

Combustion & Gas Exchange Process “Handshaking”

EGR vlv. Pos.

VGT Act. Pos.

>

VVA (IVC,
EVO, EVC...)

>

X

Gas Exchange
Process

“Effective”

compression
ratio (ECR)

—>
In-cyl. O,

3
Trapped mass

>

Intake man. T

S|

Intake man. P

Engine

Y

Amt. and
timing of
Injection

speed Exhausted gas
enthalpy, T & <€

Combustion
Process
Torque
>
=Conventional Exhaust
Combustion Emissions
>
=Advanced Fuel Efficiency
Combustion
Strategies >
Exhausted gas
enthalpy, P& T
>

P



Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

<~ Control/estimator design-oriented models

o Gas exchange modeling
= Exhaust gas enthalpy
= Volumetric efficiency
= Analytical functions describing turbo

o PCCI combustion timing model

< Estimator designs for gas exchange process

o Effective comp. ratio estimator
o Oxygen fraction estimator

< Controller designs for advanced-mode
combustion



Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

Outputs

Inputs
£ ine Speed
cnginespeed —3 Model States [ Weoms
\‘\’A\"/' —_— Pi'” jr— WA
oo Tim
EGR position —> 5 —> Wb
em
VGT position —> Tem > Weng
i Nmrl) >
|V\_. % T‘:‘,‘
P..
T"‘ \ 4 I
Mim Intake Manifold W

4000000

o, CAC

exh

A 4

m'm ™. Exhaust Manifold

Wil Tex

v

Exhaust =

Niurb

v

EGR Cooler.t
-

egr

e [resh Air

-

W....
b e ModelStates

cac

» “Algorithm design amenable”, dynamic
models

e Efforts include capturing impact of
flexible IVC on:
 ECR
* Vol. efficiency
* Exht.gasT& P

* Validated w. 286 steady state & 62
transient engine op. pts.
* Worst case 15% error for charge/air flow, EGR

fraction, turbo speed, & manifold
temperatures

* Worst case 10% error for manifold pressures

Control-Oriented Gas Exchange Model for Diesel Engine
Utilizing Variable Intake Valve Actuation, ASME J. Dyn. Sys.,
Meas., and Control
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Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

* Traditional empirical/regression- 100,
based models cumbersome for o095
flexible valve trains

2 0.90|
* Model-based approach € 0.8,
developed £ 080/
* Based on energy balance during 2|
intake process %
: % 0.70}
* Includes residual gas & exht. back 3
flow models 5 065/
z
e 286 points, within 5% for all, £ 080y
2.5% mean square error 0.55/

-~

050 : ! i | | | | |
050 055 060 065 070 075 080 085 080 095 1.00
Engine Calculated Volumetric Efficiency

Vive,rp \ ¥
Pim (#) Vive€y = PemVivoCy — Pem(Veve — Vivo)cp + Pim (Vivc(,ff — Vivo )R — (hivo—ive(Tvatt — Tim)SAivo—ive )R
PimVacp

Nyol =

Physically Based Volumetric Efficiency Model for Diesel Engines Utilizing Variable

Intake Valve Actuation, 13, 2012, Intl. J. of Engine Res. -



Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

* ECR calculable from cyl. pressure, 500> :
but can be estimated using model- ;45 ; | _—
based approach w/o cyl. pressure Cylinder Pressure > IVC Volume, V. —|

- . ‘® 300} : ' o

* Convergence within 4 engine cycles & ,

& steady-state error < 0.5 ECR, in ©  Polytropic Compression Line
3 :
error. £
* Analytical Lyapunov guarantees for: §
(1) robustness to uncertainty, and 5; -
(2) transient upper bound on , :
- 80} .
estimator error Effective IVC Volume, V. —»° A
i : i |
N : 500 700 900 1100
],\’ Bre > Cylinder Volume [cm”3]
Inputs
ECR. | = o . o
Estimator Y Estimation of Eff. Comp. Ratio for Engines Ut/!/Zlng Flexible Intake
E Valve Actuation, 226(8), 2012, J. of Automobile Engr.
Wmmps Toser Wegra & Input observer convergence and robustness: application to
Tcgr’ Pims> Tins Pem compression ratio estimation, IFAC Control Engr. Prac, 21, 2013
measurements 21




Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

20 T T T T
\
* ECR calculable from cyl. pressure, :
: . 183 .
but can be estimated using model- \
based approach w/o cyl. pressure 16, -
* Convergence within 4 engine cycles 14 | Vimim - mim i ———————— -
& steady-state error < 0.5 ECR, in 12 e g e R e R
the presence of 10% measurement 7T
error. = 10 )
. L
* Analytical Lyapunov guarantees for: 8 ]
(1) robustness to uncertainty, and 6 i
(2) transient upper bound on
2t — Estimator .
''''' Guaranteed convergence
O 1 1 1
N, IVC 1 1.1 12 1:3 1.4 (%
inputs » Time [s]
EGR: | & - . R
Estimator Y Estimation of Eff. Comp. Ratio for Engines Ut/!/Zlng Flexible Intake
E Valve Actuation, 226(8), 2012, J. of Automobile Engr.
Wmmps Toser Wegra & Input observer convergence and robustness: application to
Tcgr’ Pizs Lis Pem compression ratio estimation, IFAC Control Engr. Prac, 21, 2013
measurements 27




Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

* ECR calculable from cyl. pressure,
but can be estimated using model-
based approach w/o cyl. pressure

* Convergence within 4 engine cycles
& steady-state error < 0.5 ECR, in
the presence of 10% measurement
error.

* Analytical Lyapunov guarantees for:

(1) robustness to uncertainty, and
(2) transient upper bound on
estimator error

N, IVC
. >
Inputs
ECR =
. ECR
Estimator | —5
“Zcomp’ Tv(u" “/egr’ G
Tcgr’ pil" ’ ]‘I'IH ) em
measurements

20 . . r .
18 |

ECR[-]

21 — Engine data ||
Estimator

O | | ! |
0 2 4 6 8 10

Time [s]

Estimation of Eff. Comp. Ratio for Engines Utilizing Flexible Intake
Valve Actuation, 226(8), 2012, J. of Automobile Engr.

Input observer convergence and robustness: application to
compression ratio estimation, IFAC Control Engr. Prac, 21, 2013

23



Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

e In-cylinder O, mass fraction impacts combustion,

) Robust O2 Fraction
but is not measureable

Estimation for Conv. and
e Robust, model-based estimator developed (via PCCI Engines with VVA,

- IFAC Cont. Engr. Practi
Lyapunov-based strategies) ont. Engr. Practice
— Errors <0.5% O,

— Exponential estimator error convergence w/

time constant < 0.05 seconds
Inputs Output

Model States

Fi"’)
EGR Flow

Veae: —) Estimator F — Fo
Tim —> £ W; —> e
T... —
- S W, —

Mg —

m —_—

24




Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

e In-cylinder O, mass fraction impacts combustion,
but is not measureable

e Robust, model-based estimator developed (via

Lyapunov-based strategies)

— Errors<0.5% O,
— Exponential estimator error convergence w/

time constant < 0.05 seconds

100 [ ; . :
------------- IVC/10 | :

80 Lol .................
60 .'.':'.'.'.'.'.'.'.'.'.'.'.'.'.'.‘.‘f.‘.'.'.'.'.'.'.'.‘.'.'.','.'.' ............................... (.....
40 ................ VGTCIOSeand ................
: . EGR open step f

B bsovaniflses oY o response....... s
0 i | i i j
0 2 4 6 8 10

time [seconds]

Robust O2 Fraction
Estimation for Conv. and
PCCl Engines with VVA,
IFAC Cont. Engr. Practice

25 ! . 20
N | @ 2 - .- . estF llllllllllll F
im i cyl
c -
220 1%
& y
- S
(%)
A S R '€
S D D@D z
3 | OO O Ry
([0 ]| E——— .J[ ............. AREE—— @Hr@‘_5
fo 1 ; :
‘W@" ' :
; ; o Lim
5 i 1 1 i 0
0 2 4 6 8 10

time [seconds]
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Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

e In-cylinder O, mass fraction impacts combustion,

but is not measureable

e Robust, model-based estimator developed (via

Lyapunov-based strategies)
— Errors<0.5% O,

Robust O2 Fraction
Estimation for Conv. and
PCCl Engines with VVA,
IFAC Cont. Engr. Practice

— Exponential estimator error convergence w/

time constant < 0.05 seconds

200 : SR o o S T———
: : TSI i It
5 g ;
sl #¢7 . Estimatorerror _
2 . response after
x| being turned “on
A B s B s i ol T e : ............... i
f ; : : :
F '
1m
1 [—— estE | -
E | i
& i Guaranteed Convergence |
0 1 1 1 i
1 1.05 1.1 1.15 1.2 1.25

time [seconds]

200

(4}
o

Lyapunov function, V
S =

V
mmmmr Guaranteed Convergence

error of
_ manifold 02 .
...... v TRACH O NL@ENQIS s sovms s s s

1 1.05

1.25

1.2
time [seconds] 26

1.1 1.15



Controls for Lean Burn Engines Incorporating Valvetrain Flexibility

* Model-based (w/ stability and tracking error convergence

rates guaranteed via Lyapunov method)

e Builds on all prior efforts

SOlt M
SOI ——.
Nyol Desired F, | Desired SOC Determination
Model
v
VGT VGT
A 4
Determination <
EGR flow 0,
Estimator |— Estimator > Fim
Controller
EGR
Vvt . Nonlinear Model-Based
Model Control of Comb. Timing in
PCCl, J. of Automobile

Engr.

27



Piezoelectric Fuel Injection Control



Piezoelectric Fuel Injection Control
posss |

Piezo Stack Driver

TEL

(Input)

Dynamic Modeling of a Piezoelectric Actuated Fuel
Injector, ASME J. of Dyn. Sys., Meas., and Control,
’ J\ 133(5), 2011.

£ S
i 4 Piezoelectric Fuel Injection: Pulse-to-Pulse Coupling
and Flow Rate Estimation. |EEE/ASME Trans. on

Mech., 16(4), 2011.

Piezo-electric Fuel Injection — Cycle-to-Cycle Control of
Tightly Space Injections, IFAC Control Engr. Practice,
vol. 20 (11), 2012

1 M [ 1 i
[—{HHW—IHHF]

Dynamic Modeling of a Piezoelectric Fuel Injector
During Rate Shaping, to appear in the Int. J. of Eng.
Res.

e
A

Model-Based Within-a-Cycle Estimation of Rate
s d Shaping..., submitted to IFAC Control Engr. Practice
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Piezoelectric Fuel Injection Control

1. Developed physically-based 13 state dynamic simulation

2. Model reduction to obtain control amenable models

3. Implementation of closed loop control & estimation strategies
Fuel Injection
Profile

Desired Flow
Rate Profile

Physical Hardware

Implemented in NI

Compensator

Injector
Driver

Piezoelectric
Injector
System

Actual

—>Flow

Estimated Flow
Rate Profile

Within-a-cycle estimation & control of

Flow Rate
Estimation

Piezo Stack Voltage

injected fuel rate shape

Injector Body Pressure

Rate

30



Piezoelectric Fuel Injection Control

1. Developed physically-based 13 state dynamic simulation
2. Model reduction to obtain control amenable models

3. Implementation of closed loop control & estimation strategies
Control Input Vix Control Signals and Data

Piezostack Driver
Host

PCs . ‘—
e J

NI cRIO - 9024

Stack
Voltage .

Stack Voltage Measurement Rail
Injector Line Pressure Measurement Pressure

Control
Mean Flow
Rate Tube Flow Measurement High Pressure

Injection Rate Shape

Pump Stand




Piezoelectric Fuel Injection Control

1. Developed physically-based 13 state dynamic simulation
2. Model reduction to obtain control amenable models
3. Implementation of closed loop control & estimation strategies

~ Rail pressure

! DAQ
and
control
system

7

Fuel tank Flow meter Rate tube



Piezoelectric Fuel Injection Control

Full-Order Estimation

Pbv,meas - LINE PRESSURE

Wiof
REAL INJECTOR >
SYSTEM Flow
(Output)
Vin Actual

° TN TS T S TEIE I IS SIS GEEW SIS IS GEhD GEEN SIS I G G S S S G S S e S s .
1

TL— ESTIMATOR :
(Input)

Vs, meas - STACK
VOLTAGE I

- N v =
| of EE I
ER =& !
|l oo oL "
| o3 52 :
[72]
‘ (Q'% 08 !
f \ = N U
| D  -NEEDLE UPPER VOLUME PRESSURE W :
‘ I)UV 1 lOf
j { -NEEDLE DISPLACEMENT
| " Flow
5 -BODY PRESSURE I
M P " (Output)
— e e e e e = = = = e e e e = = = = e e e e e = == == = & Eotimatad]

EatinatooriMMddd kb Stuotanee

“Piezoelectric Fuel Injection: Pulse-to-Pulse Coupling and Flow Rate
Estimation.” Accepted to: IEEE/ASME Transactions on Mechatronics. 2010. 33



Stack Voltage (norm.) Injection Rate (norm.)

Body Pressure (norm.)
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Double Pulse - Simulation vs. Experiment
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Injection Rate (norm.)

Stack Voltage (norm.)

Body Pressure (norm.)
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Piezoelectric Fuel Injection Control

Experimental Effect

Results

Pulse-to-Pulse Interactions

Commanded Dwell Time Effect on Pulse Shape

1.4
Nominal | Dwell
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Injector Flow Rate (N
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o
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o
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o
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o
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o

Injection Rate Comparison Nomi
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Piezoelectric Fuel Injection Control

Results

Experimental Effect Pulse-to-Pulse Interactions
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Piezoelectric Fuel Injection Control

Experimental Effect

Results

Pulse-to-Pulse Interactions

Estimator Performanllé:e

Injection Rate (Norm.)

1.0F

0.8 F

0.6

0.4t

0.2

0

Commanded Dwell Time Effect on Pulse Shape Rail Pressure Effect on Pulse Shape and Dwell Initial Pulse Size Effect on Pulse Shape and Dwell
14 | Shortened Commanded Dwell Between Pulses '» 14 1.4
Norninal Dwell
18 1.2 i
e o I g AN
Z sl i \,\IL %us < os fo \’
&gv 06 | % os | VM % 08
= = =
3 04 2 04 ! 5 o4
) A2 = 02 d | - |
ol= Mf A 0 - yod AR ’,‘Wf:"\
5 05 1 15 W2y 05 T 1 T2 14 16 18
time (ms) time (ms) time (ms)
.
Commanding ] ) . .
Dropping Rail Pressure xtending the First Pulse
Pulses Too Closely
Qo
Injection Rate Comparison Nominal Case Injection Rate Comparison - Exte @ s

e EXPERIMENT

a

1 1 1 1 L L 1 L L L 1 1 1 1 L
02 04 06 08 1 12 0. 02 04 06 08 1 12 1.4 16 18 2

time {msl time (ms)

ESTIMATOR
EXPERIMENT

39



Piezoelectric Fuel Injection Control

1. Developed physically-based 13 state dynamic simulation
2. Model reduction to obtain control amenable models
3. Implementation of closed loop control & estimation strategies

Desired / Control Voltage \Acm A
Yl N

Injection Nin( s . _ o
Controller Simulation Model / Injector ||Injection

Rate w,

: ; Piezostack | | [|niector |[X2% W
—|| Trajectory DSC |l Driver : njec
Generator @ K ~ Hysteresis [ Dynamics :

AN I

X - P,

State l
_ Estimator

wosed Loop System

>

Within-a-cycle estimation & control of
injected fuel rate shape
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Piezoelectric Fuel Injection Control

1. Developed physically-based 13 state dynamic simulation
2. Model reduction to obtain control amenable models
3. Implementation of closed loop control & estimation strategies

Desired / Control Voltage \Acm A
V. )

[njection) Controller \'[ Simulation Model / Injector ||Injection
Rate w :
ae w, Trajectory [ Dsc | Driver by Plezostac_:k " Injector Rate W,
Generator ] Hysteresis [| Dynamics

4+ | DSC = Dynamic Surface Control (Hedrick et al,

< 1998)
=|+ aform of back stepping for non-linear system

control
&Iosed LOOF e uses analytical filters to approximate derivatives to
simplify computations
Effort also includes stability & robustness

Wi{ 8uarantees
injected fuel rate shape




Piezoelectric Fuel Injection Control

1. Developed physically-based 13 state dynamic simulation
2. Model reduction to obtain control amenable models
3. Implementation of closed loop control & estimation strategies

Normalized Injection Rate

[ : P g

— Desired Injection Réte

T .......................................... ...................................... _" ................

ETTTT vy Plia RNV 7 ¢ e N
H -

D
PPN INAT DN ’

—Desiréd Injection Rate
--—Experimental Injection Rate|

| | |
2 3 4
Time [ms]

Within-a-cycle estimation & control of
injected fuel rate shape
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Fuel Adaptive Cl Engine Control



Fuel Adaptive Cl Engine Control

 Alternative fuels can provide significant benefits:
* Increased domestic energy security
* Reduced emissions
* Lower costs (more choices, better price)

* Requirement: estimate & accommodate different combustion
behavior for variable:

* Blend ratios
* Types
* Feedstocks

Inputs

“Fuel-Flexible” Engine
Control decision making

Speed

Desired

> desired injection timing,
pulses, duration

Torque

desired charge flow

desired EGR fraction

Actuators
Common rail Internal
» fuel injection » ntcrnd
combustion
EGR valve process
variable -
geometry turbo

Outputs

Torque

” Efficiency

Exhaust gas

[

‘composition

Fuel blend ratio, type, [€
& feedstock estimation I(
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Fuel Adaptive Cl Engine Control

Soy-Biodiesel Impact on NOx Emissions and

Proposed Appro aCh Fuel Economy for Diffusion-Dominated

. Combustion..., Energy and Fuels, 23, 2009.
~Three control variable should be replaced:

———m-| Total Injected Fuel Energy

—— Pjlot Fueling

Engine Speed ——— = Post Fueling

———m{ End of Main Injection

p ilot-to-Main Injection
ECM Separation
g Main-to-Post Injection
Separation

———m- Fuel Rail Pressure

Accelerator
Pedal Position —————— =
(Desired Torque)

— - Charge Flow

— | COMF




Fuel Adaptive Cl Engine Control

Also works well for biodiesel made from other
feedstocks! Since energy and oxygen content does
not change very much

Biodiesel feedstock o
Canola 0.107
Sunflower 0.109
Corn 0.108
Peanut 0.111
Palm 0.115
Lard 0.111
Beef tallow 0.112
Soybean 0.109
Cold-flow soybean based 0.1086
Hot-flow soybean based 0.1101

?Values taken from available literature.

Control Variable Based Accommodation of Biodiesel
Blends, Intl. J. of Engine Res., 12(6) 2011.

A Robust Fuel Flexible Combustion Control Strategy for
Biodiesel with Variable Fatty Acid Composition..., Intl. J. of
Engine Res.

SET Cycle Weighted Averages : Biodiesel

Change (with respect to B0)

Torque

BSNOx

BSPM

38.1%

-1.3%

-49.5%

B Nominal

0O Same Energy and COMF

-89.6%

l

l

46



Fuel Adaptive Cl Engine Control

|§ T 1 ~—Original Profile |

'EGR

}’()2‘4117'772“”‘ + yO‘?..crhausl o

GOA[Earget =

771&11‘ + 772‘1‘.‘(}'1( + rnfu el

Y, m_.+Y

O2 O2 EGR

Mpep + Y, m
: 2.air EGR (). uwel
COMF = !

Sue

l

Illuir + I”I.'.‘(_-'li’ + ,,1fucl

E;p == [\’p (C’Y)A[Fest = COi‘[Ftarget) +I\"i' [g (C"OA[Fest B C'Oi‘jiptarget) dt

\ f‘.“ / \

| —

|Q I—‘ I2
=
o -~ Tl

jas

AEXisting look-
up maps, low-
level

controllers, etc. [

remain

Maifi-to-Post Inj. Sep. (D) = Main-to-Pos u n C "1 ang e C
L &R Fract. (D) Fuel H B )
Combustible Oxygen Mass ICharge Flow (DJ] VGT Pos. (M) m
Fraction (COMF)-Based Control | Lo

T e - oo oy
{

Oxyden | Oyygen Fract. (D) —

Fraction = i ©
-l F::r
Oxygen Fract. (E) (Clos|

)
|

1

| b—— Fraction

Estimator Biodiesel Biodiesel|
__Blend Fract. (E) Blend
taal Fraction

Estimator]

BUT: Has the additional functionality
affected the stability of the system?
.... research effort includes stability

analysis using:
1) Input to state stability (ISS)
2) Small gain theorem

m -
EOg =
=
s B |5
N EE
@Q o
=
D 12 e
® @® 3
I S R

() "Joeld a0l ZO 'Yx3
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Fuel Adaptive Cl Engine Control
System Stability Analysis

C = charge flow

Cop "Upper System”
E,, — ¢ E = EGR fraction
E ' 2= X1l _[C E Z = integrated COMF error
B © Xl |E X, = estimated exhaust O, mole
' Xig |Z fraction
B, = estimated biodiesel blend
__ fraction
C .
X, "Lower System” E5p= charge flc?w set pou-wt
B, | —sp= EGR fraction set point
=[x, _[x. «——F  —= total fueling set point
2% |B. +«—B = actual biodiesel blend
fraction




Fuel Adaptive Cl Engine Control

Small Gain Theorem

For the interconnected system
X, = fl(xlaxz)
X, = fz(x29x1)

If gains of “input to state stable” (ISS)

subsystems are y; and y, with

ny, <l

vl fmall mmlmnl

T T

]

"Upper System"

- _ x11
X1 =

X1z

13|

X

C
E
Z

"Lower System"

1]

v=] Byl

Then the interconnected system is globally asymptotically
stable. (versions for both linear and non-linear systems)




Fuel Adaptive Cl Engine Control

Experimental Validation

The closed loop
control
technique was
tested on the
Cummins ISB
test cell in both
steady state
and transient
tests.

Diesel Biodiesel
Supply Supply
Tank Tank
3-way valve
Fuel Supply>
Line

Fuel Return Line

Fuel
Return
Tank

Fuel System

Cummins ISB
6-cylinder Engine

OCOOO0O0OO
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Fuel Adaptive Cl Engine Control

Real-Time Soy Biodiesel Estimation & Accommodation

Without Accommodation

o
oo -

Est. %
Biodiesel

3 %
o
o=
R E

400
350
300

(g/hp-hr)

hr)

ECM EGR BSPM (g/hp- gsnOx

Fraction

COMF

Total Fueling
(mg/stroke)

O—-=NWw
Y

soMI
(dBTDC)

200 300 400 500 600 700

o
=

Fuel Flexible Combustion Control of Biodiesel Blends, ASME J. of Dyn. Sys., Meas., and Control.




More Valvetrain Flexibility for Lean Burn Engines



Experimental Setup
Cummins Power Lab — Test Cell 1

Cummins 6-cylinder

camless diesel engine

Fully flexible VVA system
Cylinder-to-cylinder,
cycle-by-cycle control

Aftertreatment system
DOC-DPF-SCR

Measurements
Emissions, temperatures,
pressures, flow rates etc.
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Experimental Setup
Cummins Power Lab — Test Cell 1

Cummins 6-cylinder
camless diesel engine

Fully flexible VVA system
Cylinder-to-cylinder,
cycle-by-cycle control

Aftertreatment system
DOC-DPF-SCR

Measurements
Emissions, temperatures,
pressures, flow rates etc.
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Experimental Setup
Cummins Power Lab — Test Cell 1

Cummins 6-cylinder
camless diesel engine

Fully flexible VVA system
Cylinder-to-cylinder,
cycle-by-cycle control

Aftertreatment system
DOC-DPF-SCR

Measurements
Emissions, temperatures,
pressures, flow rates etc.
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Experimental Setup
Cummins Power Lab — Test Cell 1

Cummins 6-cylinder
camless diesel engine

Fully flexible VVA system
Cylinder-to-cylinder,
cycle-by-cycle control

Aftertreatment system
DOC-DPF-SCR

Measurements
Emissions, temperatures,
pressures, flow rates etc.
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Vehicular NOx and PM emissions are constrained by increasing stringent
regulations (U.S. example here)

NOx limits (g/hp-hr) PM limits (g/hp-hr)
5 — 0.6 -
4 0.5
0.4
3 96% reduction .
(current) 0.3 96% |
reduction
, I
99.6% reduction 0.2
(2024 projected)
1 0.1
?
0 [ 0
1990 2000 2010 2020 1990 2000 2010 2020

57
‘Heavy-Duty Highway Compression-Ignition Engines and Urban Buses: Exhaust Emission Standards’, United States Environmental Protection Agency



Modern Diesel engine systems incorporate

complex engine/aftertreatment coupling

Cylinders

Intake Manifold l | 1

Exhaust Manifold

Exhaust
stream

VGT Nozzle

_ Fresh Air

“Get-hot” goal
Get the aftertreatment system up to
optimum temperatures as fast as possible

“Stay-hot” goal
Keep the aftertreatment system at optimum

S\arge temperatures in fuel-efficient way.
Ir
Cooler 100

80

NOXx
conversion
eff. (%)

60
40
20

0
0 100 200 300 400 500

SCR temperature (°C)

Tailpipe
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Modern Diesel engine systems incorporate

complex engine/aftertreatment coupling

Cylinders

Intake Manifold l | 1

Exhaust Manifold

Exhaust
stream

VGT Nozzle

_ Fresh Air

-

“Get-hot” goal

Get the aftertreatment system up to

optimum temperatures as fast as possible

Desired:

* Elevated engine-out temperatures

Charge °* Elevated exhaust flow

Air
Cooler 100

80
NOXx

conversion
eff. (%)

60

20

0 100 200 300 400 500
SCR temperature (°C)

Tailpipe
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Modern Diesel engine systems incorporate
complex engine/aftertreatment coupling  Desired:

* Elevated engine-out temperatures
* Higher engine efficiency

- l . I “Stay-hot” goal
Intake Manifold Keep the aftertreatment system at optimum

S\arge temperatures in fuel-efficient way.
Ir

Cylinders Cooler 100
80
Exhaust Manifold NOX_ 60
X conversion
40
eff. (%)
VGT Nozzle 20
0
Ehaust 0 100 200 300 400 500
xhaus .
_ Fresh Air SCR temperature (°C)
stream U
rea

Tailpipe

-
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Gas exchange & combustion - conventional

Intake Manifold l 1

Cylinders
Exhaust Manifold
VGT Nozzle
Exhaust .
_ Fresh Air
stream

Charge
Air
Cooler

Turbine  Compressor

Tailpipe
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Gas exchange & combustion — exhaust reinduction

Reduce airflow

ﬁ * Lower pumping work -> higher efficiency
( Intake Manifold ] e Higher exht. temp. -> A/T thermal control

Charge
Air
Cylinders Cooler
Exhaust dilution
Exhaust Manifold * Reduce/eliminate external EGR
\.
VGT Nozzle
Exhaust :
— Fresh Air
stream

Tailpipe
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Gas exchange & combustion — “non-fired reverse breathing”

Reduce airflow

ﬁ * Lower pumping work -> higher efficiency
( Intake Manifold ] e Higher exht. temp. -> A/T thermal control

Charge
Air
Cylinders Cooler
EGRNalve Exhaust dilution
Exhaust Manifold * Reduce/eliminate external EGR
G
VGT Nozzle
Exhaust :
— Fresh Air
stream

Tailpipe
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Gas exchange & combustion — early exht vlv opening (EEVO)

[ Intake Manifold l | 1

Intake

Charge
Air

Cooler L) Crank Angle

Early Exhaust Valve Opening

Valve Lift

Cylinders

Exhaust Manifold

Early blowdown

VGT Nozzle * Higher exht. temp. -> A/T thermal control

Exhaust
stream

— Fresh Air

Tailpipe
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Gas exchange & combustion — EEVO + exhaust gas trapping

Exhaust

Cylinders

Intake Manifold l | 1

Valve Lift

Charge

Air J /
Cooler L) Crank Angle

Early Exhaust Valve Opening
with Internal EGR

Exhaust Manifold

VGT Nozzle

Exhaust
stream

Early blowdown & no EGR cooling
* Higher exht. temp. -> A/T thermal control

— Fresh Air

Tailpipe
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Gas exchange & combustion — cylinder deactivation

Cylinders

Intake Manifold l | 1

EG lve

Exhaust Manifold

Exhaust
stream

VGT Nozzle

— Fresh Air

Charge
Air
Cooler

Reduce airflow

Lower pumping work -> higher efficiency
Higher exht. temp. -> A/T thermal control

Tailpipe
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Gas exchange & combustion — cylinder deactivation

Cylinders

Exhaust
stream

QOO

Exhaust Manifold

[ Intake Manifold l | 1

VGT Nozzle

— Fresh Air

Charge
Air
Cooler

Reduce airflow

Lower pumping work -> higher efficiency
Higher exht. temp. -> A/T thermal control

Tailpipe
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Gas exchange & combustion — cylinder deactivation

Reduce airflow

ﬁ * Lower pumping work -> higher efficiency
( Intake Manifold ] e Higher exht. temp. -> A/T thermal control

Charge

Air
Cylinders O O O O Cooler

EG lve

Exhaust Manifold

VGT Nozzle

Exhaust
stream

— Fresh Air

Tailpipe




Challenges (& opportunities) for combustion (& gas exchange) control w/ VVA

* Not every cylinder has to be doing the same thing

 Combustion modes & gas exchange strategies could (should) change
depending on thermal state of the aftertreatment system.

* Higher EGR dilution possible

* External EGR might not be necessary

* Variable geometry turbocharging may not be necessary

* Effective compression ratios and volumetric efficiency modulation

* Higher engine-out NOx possible w/ improved aftertreatment thermal control

* More gas exchange levers -> more flexibility -> model-based
controls/estimation/OBD even more important

* More options for in-cylinder charge motion control

* More difficult to know the in-cylinder dilution for non-external EGR strategies

* And more....



Cylinder Deactivation

Conventional six-cylinder operation Fixed CDA — 3 cylinders firing (3 CF)

000000 SIS\®
20 A A I 307

Fixed CDA — 4 cylinders firing (4 CF) Fixed CDA - 2 cylinders firing (2 CF)

SO
T3 00

* Both valve actuation and fuel injection are disabled
* Fuel injected in the active cylinders is increased to meet torque/power
* Fixed set of cylinders are deactivated every engine cycle
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3CF CDA implemented up to 1.3 bar BMEP over engine and vehicle drive cycles

Engine drive cycles — Experimentally demonstrated

4.2% *CDA implemented after A/T is warmed-up
Heavy-Duty FTP*= during cold start
Extended Idle 40%
Creep Cycle 25%

Vehicle drive cycles — Predicted

Orange County Bus Cycle 9%

NREL Port Drayage Cycle 4-35%

Fixed CDA (3 CF) shows 4.2% — 40% fuel savings, while maintaining elevated A/T temperatures,
when implemented below 3 bar BMEP



Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

260 — e _TMB6CF g

o) T_ 60% more fuel e

o 240 I

2 I

©

S 220 |

3 |

2 200 I120°C higher

5]

= | 7.

8 180 /// o\o

3 160 | e 6 cvlind

2 P cylinder

E |/ 0 00000
140 FE6CF@ operation I

0.8 1 1.2 1.4 16 (6CF)

TM - conventional thermal

Normalized Fuel Consumption management mode

FE — conventional fuel efficient mode

(Experimental results)



Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

260 T™ 6CF o

g 240 /,

2 7

220 - — -

o 3CF 41% fuel savipgs

£ Av+—————— —_————— :

2 200 A // FIXEd CDA

) /

© | 7 (3CF)

3 180 |~60°C higher 7

2 |

5 160 I / 6 °

o cylinder

= T el © 00000
140 FE 6CF./ operatlon ‘ l l l l

0.8 1 1.2 1.4 16 (6CF)

Normalized Fuel Consumption

CDA achieves elevated engine-out temperatures
at lower fuel consumption

(Experimental results)



Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

260 ICF At— — — o — lM_6C£.
— A 39% fuel savings /
@) ’

o I /
o 240 I A
S ~120°C higher il
5 | /
5 220 . 7
a 3cp | 41% fuel savings
& AT I_ ————— o ———
& 200 A £
g ||
3 180 |~60PC higher
/
2 || /
‘2 160 | | i
= | “
a0 | FElCFle
0.8 1 1.2 14 1.6

Normalized Fuel Consumption

CDA achieves elevated engine-out temperatures
at lower fuel consumption

(Experimental results)

Fixed CDA
(2CF)

Fixed CDA
(3CF)

6 cylinder
operation
(6CF)
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Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

260 >CF A— — — — — — — IMBCF o 1.2
—~ 0 39% fuel savings e ~3 times lower oot
& I / € —————— —
o 240 | e o 1 FE 6CF @ |
S ~120°C higher e © 2CF TM CF
5 | % 2 o T A ——— L
© 220 L o8 |
o | 41% fuel savings &= |

3CF S |
£ A* I_ ————— e — o) |
S 200 . ,/ 206 |
ko - / i 3CF 5.5 times | -
= S ~5.5 times lower soo
3 180 |~60bC higher .~ < 0.4 € - —— —mmm—mm - —— - -
d =

qc" | I 7 o) :
5 160 I 3CF Z 0.2 |
>
= d |

a0 FEbCF . |

0.8 1 12 1.4 16 0 . 5 3 A

Normalized Fuel Consumption Normalized soot flow rate

CDA achieves elevated engine-out temperatures at lower

CDA shows lower engine-out NOx and soot emissions than
fuel consumption

conventional 6-cylinder thermal management operation
1.4
Normalized

exhaust ! B
flow rates ¢ I I
0.2

TM6CF FE6CF 3CF 2CF



Cylinder Deactivation — CDA+LIVC and CDA+iEGR at 800 rpm, 1.3 bar (curb idle)

3CF+IiEGR
260 IEF Ao e LM BCE L2
S T 39% fuel savings 7 < :3_tiings_loxvgr_s:oot
2 10 e o 1 FE 6CF @ |
£ let20°C hi /! © 2CF TM 6CF
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 CDA+LIVC : Higher TOT, lower fuel consumption than 3CF  CDA+LIVC Within desired
* CDA+iIEGR : Enables improved TOT vs FC tradeoff e CDA+IEGR emission constraints

(Experimental results)



Load Response Challenges for CDA?



CDA during idle
Transient response with CDA - load increase

HDFTP Profile

2800
2400
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51600
o
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Transient response evaluated with stock engine calibration, which is not optimized for CDA
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Transient response with CDA - load increase

BMEP (Bar)

CDA at unloaded idle

CDA at curb idle

CDA during idle

CDA during motoring

15 - 20 :
20 : - |
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operation :  operation 15
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10
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5A
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% 25 30 35 20 25 30 20 45 50 55
Time [sec] Time [sec] Time [sec]

6 cyl active; 4 cyl active — 6 cyl active; 3 cyl active = 6 cyl active; 2 cyl active — 6 cyl active

Transient response evaluated with stock engine calibration, which is not optimized for CDA
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Transient response with CDA - load increase

BMEP (Bar)

CDA at unloaded idle

CDA at curb idle

CDA during idle

CDA during motoring

15; ; :
CDA | 6-cylinder CDA;  6-cylinder CDA |

i operation i operation 15
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s 5l

5_ 1

Identical to baseline Identical to baseline | 0 Slightly worse than baseline
engine operation engine operation engine operation
. 0 i : : J
y 25 30 35 20 25 30 %0 45 50 55
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CDA at

elevated speeds

6 cyl active; 4 cyl active — 6 cyl active; 3 cyl active = 6 cyl active; 2 cyl active — 6 cyl active

Lower boost than
baseline
operation

Relatively slower
transient
response

Transient response evaluated with stock engine calibration, which is not optimized for CDA

CDA transient response at
elevated speeds can likely
be improved via model-
based controls and/or
look-ahead controls.

Experimental assessment of diesel engine cylinder deactivation performance during low-load transient operations, Int. J. of Eng. Res., June 2019




Surge avoidance when transiting into
CDA from high load.



Transient response with CDA - surge avoidance
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CDA during idle

Transient response with CDA - surge avoidance
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Model-based compressor surge avoidance algorithm for internal combustion engines utilizing
cylinder deactivation during motoring conditions, Intl. J. of Engine Research, Oct. 2019



Torsional vibration challenges (?) and
solutions (?) for CDA



Torsional vibrations

Too much acceleration can cause gear rattle, driveline noise
* Driveline manufacturers can design around this though

Torque = la

]

Want to assess variation in angular acceleration
(and velocity and displacement)

Original image taken from: www.gandoza.com
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Torsional vibrations

* Firing frequency is directly proportional to speed

* 6-cylinder operation stays above resonance

frequencies 140
. : 120
* CDA drops the firing frequency into the resonance ¥ 00
range at/around idle 9 eoylindet
* But at/around idle is where many CDA benefits happen “é 60
* Need to characterize not only frequency, but amplitude L 60
. . : He 3-cylinder CDA
of torsional vibrations for CDA modes compared to 6- 2 40 e
cylinder operation =
Typical driveline and body 20 /4-cviinder CDA
resonance frequencies* y

800 1200 1600 2000 2400
Engine Speed (RPM)

*Leone et al. Fuel Economy Benefit of Cylinder Deactivation Sensitivity to Vehicle Application and Operating
Constraints. SAE Technical Paper Series, 1645(724):10{11, 2001.

*Wellman et al. Aspects of Driveline Integration for Optimized Vehicle NVH Characteristics. SAE

Technical Paper, (724), 2007.

*Lee et al. Active tuned absorber for displacement-on-demand vehicles. In SAE 2005 Noise and Vibration
Conference and Exhibition. SAE International, may 2005.

*Serrano et al. Methods of Evaluating and Mitigating NVH when Operating an Engine in Dynamic Skip Fire.
SAE International Journal of Engines, 7(3), 2014. 36



Dynamic Cylinder Activation (DCA)
Form of CDA with a different set of active cylinders each engine cycle

Fixed Cylinder Deactivation Dynamic Cylinder Activation
Fixed CDA (3 CF) DCA (3 CF equivalent)

. 4 l‘
Y
¢ Y

.4

|G
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DCA is studied using different “recipes”

Fixed CDA

DCA
alternating pattern

DCA
aperiodic pattern
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Angular acceleration at the flywheel was simulated
using a rigid crankshaft kinematics model

_ lm rw* Lsin@—sin26’—3—rsin36’
21/ )

inertia,i 2 rec

r

T =P A rsin9(1+§cosﬁj

gas,i " cyl* " piston

6
]-;rankshaﬁ = Z (]—;’nertia,i +1 gas,i )

i=1

__ " crankshaft
crankshaft ~— J

l

FFT

(04
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Simulation
Results

Fixed CDA
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Simulation
Results
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Simulation
Results

Fixed CDA
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Experimental

Results

Fixed CDA
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DCA can modulate
the forcing frequencies...

... to different, distinct frequencies

Model-Based Design of
Dynamic Firing Patterns for
Supervisory Control of Diesel
Engine Vibration, IFAC Control
Engr. Practice, Feb. 2021

or

... to low amplitudes
across a range of low
frequencies

... in a deterministic,
controllable way

Flywheel acceleration deviation (rad/s?)
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DCA
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DCA - Similar fuel consumption, TOT as fixed CDA
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DCA - Similar fuel consumption, TOT and emissions as fixed CDA
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DCA can realize a continuous set of firing densities

Fixed CDA DCA
0 0
1 2 cylinders in two cycles +
1 cylinder in every third cycle
) 1.67 & 4
2.5 2 cylinders in one cycle
3 3 cylinders in the next cycle
4
4.5 4 cylinders in one cycle
5

- 5 cylinders in the next cycle
6 L ¢

Avg number of Avg number of

active cylinders active cylinders .



Commercial Vehicle Powertrains of the Future -- Conclusions

* The IC Engine will continue to play a key role:

* Lower/low/no-carbon fuels:
* Very high efficiency diesel — lean-burn engines
* Natural gas — stoichiometric engines
* Hydrogen — stoichiometric and lean-burn engines
* Bio-derived fuels

* Use in hybrids electric drivetrains — coordinated control is critical

* Electrification of some engine functions — EGR pumping, eBoosting, etc.

e Model-based controls is critical
* Very high demand for this talent in industry
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