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Abstract: Flex-fuel engines can operate on different fuels, from fossil fuel to renewable fuel
and their mixture. With the assumption that fuel species is unknown in advance, the mutative
fuel properties give rise to an interesting control problem. Since the combustion phasing and
ignition delay in the combustion process are intimately coupled, the fuel injection system and air
system need to be combined for performance. In this work, an adaptive Model Predictive Control
(MPC) approach is proposed to control the combustion process in a multi-cylinder heavy duty
compression-ignition (CI) engine. MPC is a suitable design for this multiple inputs/outputs
system with actuator constraints, and adaptivity is the solvent for the unknown mutative fuel
properties. The combustion timing and ignition delay are extracted from cooled in-cylinder
pressure sensors and simultaneously controlled by manipulating injection timings, the intake
oxygen concentration, and intake pressure using an exhaust-gas recirculation (EGR) system and
a variable-geometry turbocharger (VGT). Diesel, gasoline/n-heptane mixture, and ethanol/n-
heptane mixture are used in the experiments. The method is validated in fuel transitions from

diesel to gasoline mixture and from gasoline mixture to ethanol mixture.
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1. INTRODUCTION

The flex-fuel engine can operate on different fuels and
their mixture. Nowadays, flex-fuel engine mainly refer to
spark-ignition (SI) engine operating on a blend of ethanol
and gasoline in any volumetric concentration of up to 85%
ethanol (93% in Brazil) (Ahn et al., 2010). However, this
definition of the flex-fuel engine is narrow. Compression-
ignition (CI) engine, operating normally on diesel and
biodiesel, can also serve as the flex-fuel engine.

Extensive studies have been carried on the combustion
mode of CI engine with gasoline. Well-known modes in-
clude homogeneous charge compression ignition (HCCI)
(Thring, 1989), partially premixed combustion (PPC)
(Manente et al., 2009), and reactivity controlled com-
pression ignition (RCCI) (Reitz and Duraisamy, 2015).
Ethanol also has been proven to be a possible fuel for the
CI engine. Mack et al. (2009) showed the use of wet ethanol
in HCCI mode. Not limited to the blend of gasoline and
ethanol, the CI engine can operate on diesel, biodiesel,
gasoline, and ethanol, and provide a more flexible range of
fuel choice.
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engine. The Chinese Scholarship Council is also thanked for the
sponsorship of living expenses during the authors research. Rolf
Johansson is a member of the eLLIIT Excellence Center at Lund
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The flex-fuel CI engine brings up new control challenges.
When operating only on gasoline and ethanol, flex-fuel SI
engine primitive task is the detection of ethanol concentra-
tion in fuel. This can be done by using ethanol sensor, or by
exploiting the difference in stoichiometric air-to-fuel ratio
or the latent heat of vaporization between ethanol and
gasoline (Ahn et al., 2010). Once the volumetric ethanol
concentration is determined, the fuel properties can be
assumed all known and further control algorithms are
applied. However, the flex-fuel CI engine is expected to
operate on more than two specific fuels. Unlike the flex-
fuel SI engine, the flex-fuel CI engine doesn’t know the
fuel species in advance. Consequently, the control method
based on detecting specific fuel concentration and thus
getting the exact fuel properties information will not work.

This article proposed an adaptive model predictive control
approach to control the flex-fuel CI engine combustion
process with mutative, unknown fuel contents. The adap-
tivity is necessary to track the varying fuel properties and
its influence on the engine. The high variations of renew-
able fuel characteristics also put demands on controller
adaptivity. The desired fuel features were estimated and
updated in real-time by Kalman filter. The control targets
are the combustion phasing 6¢ 450 and the ignition delay
7. The combustion phasing and ignition delay influence
engine efficiency, emission, noise, etc (Heywood, 2018).
Since combustion phasing and ignition delay are intimately
coupled, the fuel injection system and air system need
to be combined. The actuators are injection timings, the

14060



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

exhaust-gas recirculation (EGR) system, and the variable-
geometry turbocharger (VGT), EGR and VGT being used
to manipulate the intake oxygen concentration and intake
pressure. Model predictive control (MPC) is a suitable
design for the multiple input/output system with actuator
constraints (Maciejowski, 2002).

MPC has been applied in many areas of engine control.
Bengtsson et al. (2006) showed that MPC is a promising
control method for an HCCI engine. Ingesson et al. (2015)
and Yin et al. (2019) applied MPC to PPC combustion
control. Li et al. (2019) combined MPC with the learning
method to handle PPC combustion variations.

The remainder of this paper is organized as follows: section
2 introduces system modeling. In Sec. 3, an adaptive MPC
design is elucidated. Section 4 is the experimental set-up.
Section 5 presents the experimental results and analysis.
The conclusions are given in Section 6.

2. SYSTEM MODELLING
2.1 Heat-Release Analysis

The combustion information is extracted from in-cylinder
pressure per cycle for each cylinder. This process is model-
based signal processing, called heat-release analysis. The
control targets, combustion timing 0ca50 and ignition
delay 7, are derived from the calculated heat-release.
Due to the pressure sensor offset, the pressure signal is
pegged with respect to the inlet pressure at intake valve
closing (IVC). A zero-phase digital filter attenuated high
frequency noise in pressure signal.

The heat-release rate is the derivative of cumulative re-
leased heat ). with respect to the crank angle degree
(CAD) 6. The variable dQ./df was estimated by viewing
the combustion chamber content as a single-zone open
system. Applying the ideal gas law and the first law of
thermodynamics yields:

1
Q. v dv L

=T % : 1
0 ~—1Pae Ty -1 ae (1)

where p is in-cylinder pressure, and V is the cylinder
volume; v = ¢, /¢, is the ratio of specific heats, depending
on the cylinder gas composition and temperature.

The variables p and V' are assumed to satisfy the adiabatic
relation with a constant C":

PV =C (2)

Here v was estimated by a function of cylinder tempera-
ture (Li, 2018):

T — 300
TOO%O (3)

where 7' is the in-cylinder temperature in Kelvin, vy and
Yeo are constant parameters with a value of 1.3736 and
0.0813.

Y= —

When the accumulated heat-release Q. is computed from
(1), the combustion phasing 0cas0 and 6cai0 are calcu-
lated. The variables 8450 and 6c 410 are defined as the

crank angle degree after top dead center (CAD ATDC)
where 50% and 10% total heat are released; Ocasg is
the combustion timing and 6ca1¢ is called the start of
combustion.

The ignition delay 7 in milliseconds is the time between
the start of injection fso; and the start of combustion
0c a10- One pilot injection was adopted in this paper for
promoting combustion and noise reduction. The start of
injection Agps refers to the main injection timing. 7 being
calculated by:

_ Bcaro —Osor )
0.006 N, poea

where 055 is the crank angle degree at the start of the
injector current impulse and Ngpeeq is the engine speed,
with the unit of revolutions per minute, rpm.

2.2 Ignition Delay Model

Heat-release analysis is used to obtain the combustion
feedback signal. For control applications, it is necessary
to model the O¢c 450 and 7 where 0450 can be computed
using (4):

Ocas0 = 0sor 4 0.006 Ngpeea™ + 0c a10—50 (5)

where 08¢ a10—50 is the crank angle degree between 6419
and O¢ a50. Here assumes that the chosen actuators, injec-
tion timing, EGR, and VGT valve opening do not influence
0c a10—50- This assumption will not degrade the controller
performance much since the main contribution of 8¢ 450 is
from the injection timing #so; and ignition delay 7.

The ignition delay 7 was estimated using an Arrhenius-
type model:

7 = crexp(ca/T) 05 p* (6)

where c1, c3, and ¢4 are fuel dependent empirical param-
eters. ca = E,/R where E, is the apparent activation
energy and R is the universal gas constant. For simplicity,
the E, /R in general Arrhenius-type model was represented
by co. T, Os, p are the mean cylinder temperature, oxygen
concentration and pressure between 0sor and 8¢ 419. The
adiabatic relation (2) is assumed to hold during this pe-
riod.

For control purposes, the in-cylinder pressure p during
Oso1 to Oca10 was estimated as:

(7)

Vive)!
Vv

bp=Dprvc (
where p;y ¢ is the measured intake pressure at IVC, and
Vive is the cylinder volume at IVC.

The in-cylinder temperature T was computed using the
intake manifold temperature at IVC, which gives:

pV Vive ) vt
S A 8
prveVive fve ( Vv ®

T=Tvc

14061



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

[¥]
&

T
—— EGR valve
VGT valve

]
N
T

=
o
T

intake oxygen Oz e (%)
N
o
T

=
=
T

. | n n n " d
0 10 20 30 40 50 60 70 80 20
Valve position (%)

T T T T T T

VGT valve

=
o
T

g
ES
T

=
[S]
T

Intake pressure pc (bar)

0 10 20 30 40 50 60 70 80 90
Valve position (%)

Fig. 1. Intake oxygen Osjyc and pressure pyyc as a
function EGR and VGT valve positions

where Try ¢ is the measured intake manifold temperature
and at IVC.

The oxygen concentration in cylinder was calculated as
follows:

Vive
4 9

where Os1ye is the measured intake manifold oxygen
concentration in percentage at IVC.

O3 =021ve

This gives the expression for 7:

& C3 Cq
2) (O21vc0200)7 (Prvepeo)™ (10)

TT Ao (TIVCTCO

where

0 +7 (v y-1
poort T (Y ) an

Osor+t
Osor 9
f9501+7' VIVC do
Osor
9301+T
Osor da

bsor+7 (Vive 7d9
Osor V(0)

Osor+t
Osor df

TC ]

0200 -

DPco =

The 7 in the integration limit is set to last cycle value
when calculating.

2.3 Gas System Model

The relationships between the intake oxygen concentra-
tion, pressure at IVC and EGR, VGT valves opening were
determined by experiments, as shown in Fig. 1.

The EGR valve opening is assumed to have no effect on
intake pressure. In the intake manifold, there is one lambda
sensor before all cylinders and six pressure sensors for
each cylinder. The pressure variations between cylinders
are neglected here, i.e., all cylinders use the same intake
pressure to VGT valve opening relationship in Fig. 1.

3. ADAPTIVE MPC DESIGN
8.1 Real-Time Parameter Estimation

In our control application, the ignition delay is most prone
to be influenced by mutative fuel contents. 8- 459 is then
affected according to (5). To fulfill the control task, the
ignition delay model (10) parameters need to be estimated
and updated online with real-time data.

Taking natural logarithm of both sides in (10), we get:

C
=In(e1) +
TIVCTco
+ c3 111(02 1vcOs Co) +ca hl(pIVCpco)

In(7) (12)

which can be described by the state-space equation:

In(ch 1) In(ck)
k+ k
Co — Co +v
k+1 - k
. “
cy cy
13
o (13)
In(7") =
ln(c )
ck k
[11/T1chk ln(02 Ivco2 co) ln(vacPco)] Ci +e
s
C4

where the k in superscript represents the cycle number;
v* and eF are the process noise and the observation noise.
The classic Kalman filter is then used to estimate the state
vector [In(c1) ¢z ¢3 ¢4]” . For more details about Kalman
filter and its application in real-time identification, please
see (Kalman, 1960) and (Johansson, 1993).

Since the fuel contents are varying during this process, the
estimated parameters will not converge to certain constant
values. Whereas there are no theoretical proofs for the
stability of the interconnected MPC, state estimation,
and parameter estimation, no significant stability problem
appeared in our experiments.

3.2 State-Space Model

The cycle-to-cycle dynamics for each cylinder between
control targets 6cas0 and 7 and control inputs start of
injection 6505, EGR valve position 0pgr and VGT valve
position 6y g can be written as:

A6
08¢ as0; 99¢c as0, 00c As0, SOI;
k+1 k i i 4 ot
Ocso, = 0caso, + [ 90so1, pcr 0var ] lﬁzgcR] (a
ver
AbE
le_,'_l _ Tk i |: 873 aTi 872» ] AagOli (15)
¢ ! 00sor1, 00pcr O0var AGEGR
VGT

where the ¢ in subscript represents the cylinder number,
and the k in superscript represents the cycle number. It
should be noticed that the injection timing fso; can be

14062



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

adjusted per cylinder, while the 8 ggr and 6y g are same
for all cylinders.

The linearized, discrete-time, state-space model of each
cylinder used for control is written as:

"t = Ax® + Bu”

yk: _ ka} (16)
where the state vector ¥ at sample index k
Gé‘ASO
-k
a* = Osor (17)
ek
EGR
Ovar
with input
Abso;
Ay ar
and output
k_ [064
v = || (19)
-
and state-space matrices
A=1I;5.5 (20)
[00cas50 00caso O0caso ]
(998901 d0pcr  Obyar
T T T
B =1 00s0r 00gcr Obver (21)
1 0 0
0 1 0
| 0 0 I
10000
C—[Olooo} (22)

The actuators increments were selected as the system
inputs. Consequently, 9@01, HIfEGR, and 9"‘}GT are added
into the state vector to help set constraints on them.

According to (5), we get:

00caso 1
dMsor
00¢ a5 0
CAO _ 0.006Nspeed —— (23)
ggEGR d0s01
C A50 T
QICAN _ () 006N, 00—t —
v ar P daech

The partial derivatives of 7 with respect to 0sor, O21ve,
and pry ¢ are obtained from (10). Although the 0g¢; is in
the integration limit, its influence on the ignition delay 7
is insignificant and neglected for simplicity. We have:

or B
00
7 o 90ave o)
dpcr  0031ve 09rcr
T T 0021vC or  Oprve

var  00a1ve 00var | Oprve 09ver

As stated in Sec. 2.3, EGR has no influence on intake
pressure, which means 9p;yc/900pcr = 0. The value of

002 1ve/09scr, 002 1ve/00var, and Oprve/00var are
estimated from the slopes in Fig. (1).

3.8 MPC' Design

At each time step, the parameters In(c1), co, c3, and ¢4
are estimated first with Kalman filter. Then, based on the
state-space model (16), a Quadratic Programming (QP)
problem will be solved to obtain optimal control inputs:

2
(25)
s

Hy—1

Hp
i (Znyk—rn’;+ S [+
k=1 k=0

1
GVGT

91EGR:|

subject to:

"t = AzF + BuF
yk _ ka
up < uP <y

26
xyp <z <@y (26)
Cﬂozwmit
k=0,1,...,H,

where H, and H, are prediction and control horizon
length; 7 is the control reference; Q, R and S are weight
tuning parameters for reference tracking, control inputs
and vavle positions; w;p, Uy, 1y, and x,, are the lower
bounds and upper bounds of inputs u and states x; x;,;+
is the latest measured value, the state feedback.

MPC will only apply the first solved control inputs u® to
the system. Then it will estimate parameters In(c1), ca,
c3, and ¢4 again, and reformulate the QP problem and
get a new solution. This process is also known as receding
horizon control.

For each cylinder, this MPC problem was formulated and
solved independently. The solved 0so; was applied per
cylinder, and the average of solved 6pgr and Oy o were
applied to the EGR and VGT valves.

4. EXPERIMENTAL SET-UP

The control plant is a six-cylinder heavy duty Scania D13
engine with specifications shown in Table 1. However, due
to the sixth cylinder was malfunction during this paper
work, only cylinder one to five were used in experiments.
One 355 kW AC motor that worked as an engine motor
and brake is used to control engine speed. The engine
utilizes the cylinder pressure signal as feedback.

The control system is mainly based on National Instru-
ments hardware. The hardware consists of a PXI chassis,
Drivven-driver cards, and 1O board. The PXI chassis has
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Table 1. Engine specifications

Name Value
Displaced volume  12.74 dm?
Stroke 160 mm
Bore 130 mm
Connecting Rod 235 mm
Compression ratio 18:1
Number of Valves 4

an embedded controller that executed real-time software,
and the FPGA board which is connected to the Drivven
hardware and the embedded controller. The Drivven cards
have power-drive modules to drive the throttles and injec-
tors. The IO board receives the analog position signals and
temperature signals. The control algorithm and user inter-
face are running on a separate host PC with Windows 7
operating system. The control algorithm was programmed
with Julia. The user interface was programmed by Lab-
VIEW. The QP problem was solved by Interior Point
Optimizer (IPOPT) (Wéchter and Biegler, 2006). The PC
communicates with the real-time system by TCP/IP and
UDP network protocol. The in-cylinder pressure is mea-
sured by water-cooled Kistler 7061B pressure sensors and
is sampled with the Leine-Linde crank angle encoder pulse
every 0.2 crank angle degree. Inlet manifold and exhaust
pressures are measured with Keller PAA-23S absolute
pressure sensors. Intake and exhaust oxygen concentration
are measured by Bosch LSU-4.9 oxygen sensors.

The fuel for the experiments was diesel, the mixture of
80 volume % Swedish 95 octane pump gasoline and 20
volume % n-heptane, and the mixture of 80 volume %
pure ethanol and 20 volume % n-heptane. The n-heptane
was added to avoid misfire since the cetane numbers of
gasoline and ethanol are significantly smaller than diesel
fuel. Another potential solution is the use of an intake air
heater (Li et al., 2016).

5. EXPERIMENTAL RESULTS

Two fuel transition scenarios were conducted: the tran-
sition from diesel to gasoline/n-heptane mixture and the
transition from gasoline/n-heptane mixture to ethanol/n-
heptane mixture. Each transition takes approximately 30
to 40 minutes. The transition was done by turning off one
fuel pipe and turning on the other fuel pipe. This is to
simulate the situation that after running for some distance
with one fuel, the user stops the car and fills the tank with
another kind of fuel. The focus is on the gradual transition
in the engine from one fuel to the newly added fuel, since
many works had been done on the fuel steady situation.

5.1 Diesel to Gasoline/N-heptane Mizture

During this transition, the gross indicated mean effective
pressure (IMEPg) was kept at 5 bar controlled by a
proportional-integral (PI) controller. The engine speed was
1200 rpm.

Figure 2 shows the controller behavior at the beginning of
diesel to gasoline/n-heptane transition. When the combus-
tion timing fcas50 target increased, the injection timing
f0sor was retarded to track the reference. The ignition
delay 7 was mainly manipulated by valve position Oggr
and Oy gr. When the 7 target increased, the VGT valve
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Fig. 2. Controller behavior at the start of diesel to
gasoline/n-heptane transition. 050 is the combus-
tion timing, the CAD where 50% total heat are re-
leased; 7 is the ignition delay; 0sor is the CAD of
start of main injection; fgcr and 0y gr are EGR and
VGT valves opening. The same applies to Figs. 3-7

position Oy gr was increased to raise the intake oxygen
concentration and pressure, and the EGR valve position
0rpcr was decreased since the lower the EGR, the higher
the intake oxygen concentration. The gas system dynamics
was slower comparing with the injection system, and the
tracking speed of ignition delay 7 was slower than that of
combustion timing 6c a50-

When considering ignition delay 7, the control inputs
(0rcR, Over) number were less than the control outputs
(5 cylinder 7) number. This resulted in higher variance
in 7 than Oc a50. In Fig. 2, the high cylinder to cylinder
7 variation of cylinder 5 further degraded the 7 control
performance.

At cycle 100 to 300 in Fig. 2, the 7 didn’t achieve the set
point. Noted that the 0gcr was already 0 and 60y g1 was
in a high position, which means current 7 is the highest 7
the controller could reach. The punishment term in cost
function (25) stopped the 6ggr from increasing further.
This is because at this moment the engine fuel system was
still the easy-ignited diesel.

The 7 range calculated from estimated ¢, ¢, c3, ¢4 and
(10) can reflect the change of fuel characteristics. The 7
range is composed of the possible 7 minimum, the (10)
value in OQIVC = 24.00 % and PIivce = 1.73 bar which
corresponds to Oggr = 0 % and Oyer = 80 %, and the
possible 7 maximum, the (10) value in O3 v = 16.12 %
and pryc = 1.06 bar which corresponds to gpgr = 90 %
and Oygr = 0 %. As we can see next, during the fuel
transition, the possible 7 range also varied in the same
trend which served as an indicator for fuel properties.

Figure 3 shows the controller behavior in the middle of the
transition, approximately 15 minutes after the fuel pipe
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Fig. 4. Controller behavior in the end of diesel to

gasoline/n-heptane transition

switch. Here the possible 7 maximum is around 2.6 ms,
bigger than that in Fig. 2, which is around 1.9 ms.

Figure 4 shows the controller behavior in the end of the
transition, approximately 40 minutes after the fuel pipe
switch. At this moment the possible 7 maximum is around
5 ms. There is a clear difference in the 7 range, especially
the possible 7 maximum. The more gasoline in the engine
fuel system, the higher the possible 7 maximum.

Figures 3 and 4 also show the adaptive MPC performance
at different fuel transition stages. The performance is
comparable with that in Fig. 2. But to keep the similar 7
value, such as at the cycle 100 in Fig. 3 and the cycle 100
in Fig. 4, the actuators value fggr and Oy gt are totally
different due to the fuel properties change.
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Fig. 6. 0cas0 transient, 16 minutes after the fuel pipe
switch

5.2 Gasoline/N-heptane Mizture to FEthanol/N-heptane
Mizture

During this transition, the IMEPg was still kept at 5
bar. Figures 5 and 6 show the 7 reference transient
and O¢ 450 reference transient performance respectively at
engine speed 1200 rpm. Figure 7 shows the performance
in the engine speed Ngpeeq transient scenario.

In the transition from gasoline/n-heptane mixture to
ethanol/n-heptane mixture, The 7 didn’t change much.
This is because gasoline and ethanol have similar cetane
number and ignition properties. In this case, the 7 range
fails to be an indicator of the fuel transition process.

Observing from Fig. 2 to Fig. 7, the cylinder to cylinder
ignition delay 7 variations vary for different scenarios. This
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Fig. 7. Ngpeea transient, 25 minutes after the fuel pipe
switch

might be another problem introduced by mutative fuel
contents.

6. CONCLUSION

An adaptive MPC approach was proposed to control
the flex-fuel multi-cylinder heavy duty CI engine. The
controller was validated in the diesel to gasoline mixture
transition and gasoline to ethanol mixture transition. The
innovations in this work include: 1. Control of flex-fuel
CI engine instead of the SI engine. 2. The fuel choice is
not limited to two specific fuel species. 3. Fuel species is
unknown in advance for the controller, which is not the
case for nowadays flex-fuel controller.
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