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Background

Defense of dissertation planned for 2022-01-28

« The strive towards cleaner engines increses the number of configurations
* Low-Pressure EGR
- EGR
« Variable Cam Systems
« Turbocharger, single, double, ...

« As more configurations are introduced the cross-couplings within the automotive air path increases
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Paper I - Investigation of Performance Differences and Control Synthesis for Servo-Controlled and
Vacuum-Actuated Wastegates

Actuator focus

Paper II - Analysis and Development of Compact Models for Mass Flows through Butterfly Throttle
Valves

Modeling of mass flow (poppet valves, throttle, egr, wastegate, etc)

Paper III - Development of a Control-Oriented Cylinder Air-Charge Model for Gasoline Engines
with Dual Independent Cam Phasing

Modeling of mass flow

Paper IV - Throttle Control using NMPC with Soft Intake Temperature Constraint for Knock
Mitigation
MPC Control, simulation

Paper V - Real-Time Implementation of an Intake Manifold Pressure Controller with Dependence
on Intake Cam Phaser using Nonlinear Model Predictive Control

MPC Control, in real-time evaluated in engine test cell
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Paper | - Investigation of Performance Differences and
Control Synthesis for Servo-Controlled and Vacuum-

Actuated Wastegates

Robin Holmbom, Bohan Liang, Lars Eriksson
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Performance differences

Control Synthesis
« Vacuum-actuated
« Servo-controlled

T

membrane
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Vacuum-actuated
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Vacuum-actuated Electric-servo
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Conclusions

Electric-servo:

« Linear System

« Linear control theory works well

« Being a linear system, it behaves in the same way for both directions

Vacuum actuated:
« Nonlinear effects, hysteresis, different behaviors for opening and closing.
» Further modeling needed to improve results.

« Electric-servo is preferred
« Reference supervision perspective: Easier to model closed loop system of electric servo actuator.
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Paper Il - Analysis and Development of Compact
Models for Mass Flows through Butterfly Throttle
Valves

Robin Holmbom, Lars Eriksson
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Different Compact Models of Compressible Flow investigated

Measured choking

Modeled choking

— — W-Isentropic
a=7%
a=9%
a=10%
a=11%

Normalized ¥

=
o
o}
N
'®
E
o
Z

0.2

LINKOPING
huuee,



= —at A, Oy W (1)

Flow Bench

RT, |
e 0.8 -
[Original (Isentropic) \ E 06 Original
Pd if Pd > 2 'V_A_r_l § 2 - —gzar:::'\a Est.
H _ P’ Pu — v+1 Parallel Flow
— 5 T’*: . 02 Ellipse
( m ) , otherwise X Measurements
0 |
2 2 11 04
U, (1) = \/—'y (Hv . va_)
1 P E- S
[Ohata (Conservation of mass, energy, and momentum)\
e 0.8 -
+1 —1 3
\I;C’U (H) — ’}/— (1 — H) H + S — ﬁ 0.6 Original
2/')/ ,}, _|_ 1 ’E/'—Ohata
o 04 Gamma Est.
Dd f Dy 1 =z Parallel Flow
zd e > — L Elli
H — Pu 7 Pu — '}’+1 02 x M;I;:*.Zrements
1 otherwise ol —

\_ o Y,

LINKOPING
huuee,



Conclusions

» Ohata’s model based on conservation of energy, mass, and momentum, coincide with models using more parameters.
» Standard Isentropic Model does not seem to capture the correct pressure ratio of choking.

» Effective area estimation compensates for some of the differences in the yp-functions.
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Paper Il - Development of a Control-Oriented Cylinder
Air-Charge Model for Gasoline Engines with Dual
Independent Cam Phasing

Robin Holmbom, Lars Eriksson
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« Normalizing air mass flow with cylinder volume at IVC brings structure
* Ordered according to overlap, for fix exhaust cam.
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Conclusions

® ' SN o ' ‘ « Each cam’s valve events have an effect on the air flow of fresh air.
O Model 1, R*: 0.9939 O Model 1
40 Model 2, R?: 0.9803 4r Model 2| ] . e ey e . . .
Z " slope X%%@ —— « First phase behavior inhibit backflow during overlap period.
Z 357 . 351 i
5 a0l .l * Ve should be used instead of V; in the speed-density formulation
2 25/ 25| o |« Model proposed:
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where ¢1, c2, and c3 are parameters to be estimated.
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Paper IV - Throttle Control using NMPC with Soft Intake
Temperature Constraint for Knock Mitigation

Robin Holmbom, Lars Eriksson
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MPC as reference governor

Measurements
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Prediction Horizon

Optimal Control Problem Baseline setting \
2 = Pim — Pim,ref
Q1 =1x10"" Q2 = [O(')l 100} N =15
arg min Z K]Q1 2[k] + ulk]" Qaulk]) dt Timmaz = 330 K Tgopr = 50 K T, =10 ms
T T;. =308 K

S.U u[k] = [504ref[k], Uslack [k]]

0 < sz < CFzﬁn,Tna:U + uslackTsoft

0 S Uslack S 1 100 Hz

0< Qref < 1

Uslack [O] — uslack[l] = = Uslack [Np - 1]

Max Peak Temperature
EKF:

Temperature feedback:

. 1
Tim,s - - (sz — Tim,s)

TS@’I’LSO’T‘

Tsensor — 5s

« Transient Switching, trust model during transients
and measurement during stationary operation.

Qerxr = diag([25 - 10%,100,0.01])
Rerr = diag([25 - 105 Ry} 0.01])
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Paper V - Real-Time Implementation of an Intake Manifold
Pressure Controller with Dependence on Intake Cam Phaser
using Nonlinear Model Predictive Control

Robin Holmbom, Lars Eriksson
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Robin Holmbom 2021-11-15 23

“Since the dynamic behavior of the inlet pressure control and the cam phasing control are not the same, a
mismatch between actual inlet pressure and cam phasing can occur, leading to unwanted effects in air fill

and in extreme cases misfire.”
Source: The New Volvo Mild Hybrid Miller Engine, MTZ 2021
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« Coordination using MPC as reference governor.
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MPC as Reference Generator

\
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System Model
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MPC Formulation

N,

are min Z (Z" Q1 ZIK] + AUT[K10:AU[K])

k=1

21 = Pimref — Pim
2 = 0 — h(pr'm)

0, otherwise

h(pim) = {Cl\/pim + ¢, Pim > 20 kPa

h(105 kPa) = 50

qpOASES

AU =

iy — UQk—1
lr — U]
Uy — Ul

Uy — UN-]

Integral Action:

Blkl = 1o+ T

- Euler Forward

- 100 Hz

- Linearized around nominal trajectory*
- Prediction horizon, N = 15 (150 ms)

*Nominal trajectory is given by having last
control signal solution as input.

Z11k]

Iy is the integral of the error of z,,and an input
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Hardware

 Inline 4 Cylinder 2 Liter SI-Engine

» dSpace MicroAutoBox II (DS1401)
 PowerPC 750 GL (released: 2004)
900 MHz, 1 MB (L2-cache)

Automated sequence:
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Execution Time
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Longest computation times for negative pressure transients
- Same preparations -> More QP iterations

a 6

R Tim
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Negative transient, close throttle and wait for outflow.
8 = h(p;;,) = not able to freely control the outflow term.
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Different strategies through changing weights
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Poster

Modeling and Model-based Control of
Automotive Air Paths

Robin Holmbom

The strive towards cleaner and more ef-
ficient combustion engines, driven by leg-
islation and cost, introduces new configu-
rations, as exhaust gas recirculation, tur-
bocharging, and variable valve timing, to
name a few. Beside all the positive ef-
fects on the emissions and fuel consump-
tion. They all affect the air-charge sys-
tem, which increases the cross-couplings
within the air-path control, making it an
even more complex system to control. As
the SI engine uses a three-way catalytic
converter, which enforces a condition of
stoichiometric combustion, the amount of
air flow and fuel flow are connected. This
means that the air flow has a direct impact
on the driveability of the engine, through
the torque.
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The previous figure is from Paper V* and
displays the effects on the air mass flow,
from the intake manifold pressure and in-
take cam phasing. The increase in air mass
flow corresponds to an unwanted torque
increase during the negative transient.

A component and model-based method-
ology were chosen in the thesis, as it would
bring flexibility and the possibility to reuse
previous development.

To be precise in the control of the air mass
flow, the actuators are also constantly de-
veloped and becoming both faster and
more precise. One example of this is the
wastegate investigation in Paper Il'l.

The air-charge system’s task is to supply
the combustion chamber with the correct
air mass flow, in the most energy efficient
way. Airmass flowmodels are investigated
in Paper II” and III", where Paper II fo-
cuses on compact compressible flow mod-
els, used to model throttles, EGR valves,
wastegates, poppet valves, etc.

Paper III focuses on modeling the volu-
metric efficiency with a dependency on ac-
tuation of the cam phasing. In the last part
of the thesis, Paper IViY and V*/, model
predictive controllers (MPC) are used as
reference governors to control the system
with different constraints active. In Pa-
per IV the throttle is controlled to fulfill

an intake manifold pressure demand while

keeping down the intake manifold peak

temperature.
50/ i ]

e et RO
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Time [s)
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Paper V demonstrates a real-time imple-
mentation of MPC, that controls both the
intake cam phasing (#) and the throttle (a),
to fulfill an intake manifold pressure (pi)
demand, while having a constraint for the
intake cam phasing that depends on the
intake manifold pressure. Above figure
demonstrates different weights on error in
Pim, in the MPC formulation, resulting in
different behaviors.
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