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Abstract. Partially premixed combustion (PPC) is a low temperature, direct-injection
combustion concept that has shown to give promising emission levels and efficiencies over a
wide operating range. In this concept, high EGR ratios, high octane-number fuels and early
injection timings are used to slow down the auto-ignition reactions and to enhance the fuel and
are mixing before the start of combustion. A drawback with this concept is the combustion
stability in the low-load region where a high octane-number fuel might cause misfire and low
combustion efficiency. This paper investigates the problem of low-load PPC controller design
for increased engine efficiency. First, low-load PPC data, obtained from a multi-cylinder heavy-
duty engine is presented. The data shows that combustion efficiency could be increased by
using a pilot injection and that there is a non-linearity in the relation between injection and
combustion timing. Furthermore, intake conditions should be set in order to avoid operating
points with unfavourable global equivalence ratio and in-cylinder temperature combinations.
Model predictive control simulations were used together with a calibrated engine model to find
a gas-system controller that fulfilled this task. The findings are then summarized in a suggested
engine controller design. Finally, an experimental performance evaluation of the suggested
controller is presented.

1. Introduction

Partially premixed combustion (PPC) is a low temperature combustion concept with the direct
controllability of the combustion timing through fuel injection. Low temperature combustion
is an often used name for combustion concepts where the ignition delay is prolonged in direct-
injection engines in order to enhance fuel-air premixing. An increased ignition delay gives the
fuel more time to penetrate the gas mixture before the combustion starts. This yields locally
leaner mixtures during combustion which both reduces the formation of particulate matter and
NO, due to lower combustion temperatures [1].

In PPC, a combination of early injection timings, high exhaust-gas recirculation (EGR) ratios
and the usage of gasoline-like fuels is applied to achieve a sufficiently long ignition delay while
maintaining low fuel consumption [2].

One of the problems with gasoline PPC is the combustion stability and efficiency at low
load. The advantage with higher octane-number fuels have mainly been observed at high-load
operating conditions. At low load, the high octane-number fuels are difficult to ignite and the
emissions levels of HC and CO are high.

It was showed in [2] that the low-load limit for PPC, defined as the load for which the
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combustion was not stable at atmospheric intake conditions, increased from 3 to 15 bar as the
fuel RON increases from 70 to 100, in a single-cylinder, heavy-duty engine.

Homogeneous reactor simulations at constant temperature and pressure for various
equivalence ratios and temperatures show that high HC emission levels is a result of lean mixtures
at too low temperature, [3]. Results in [4] and [5] showed that a sufficiently stratified charge
can be essential for efficient combustion. A remedy to the low-load problem of PPC could thus
be to increase in-cylinder temperature and stratification levels.

Previous light-duty engine studies, presented in [6] and [7] aimed to improve the PPC low-
load combustion stability and efficiency using variable-valve actuation while running on a 87
RON fuel. The results showed that strategies using negative valve overlap, rebreathing and split
main-fuel injection were able to increase the low-load performance.

In [8], the low-load limit of a single cylinder light duty engine at 1500 rpm engine speed was
extended down to 2 bar gross indicated mean effective pressure, ppvrpg, using boosted inlet
air. The absolute inlet pressure at 2 bar pryrpg Was approximately 2 bar for the fuels with the
highest RON (88.6 and 87.1) with 53 % EGR level. HC and CO emissions were higher with the
higher RON value gasoline fuels.

This paper studies low-load gasoline PPC operation from a controller design perspective,
where fuel-injection timing, pilot-injection amount, EGR and thermal-management actuation
are used to improve combustion efficiency in a 13 liter, heavy-duty engine. Experimental data
from the load range 1-5 bar net-indicated mean-effective pressure, pivgpn, with different fuel-
injection and gas-exchange system configurations is presented in the first section. A suggested
controller design that aims to maximize the net indicated efficiency is then presented in the
following sections. The suggested engine controller consists of combustion-timing PI controllers
that aim to phase the combustion timing shortly after top-dead-center (TDC), while operating
in a region where the combustion timing is controllable. A pilot injection is also introduced
close to the main-fuel injection in order to improve combustion efficiency. A static gas-system
feedback controller was found from offline model predictive control simulations using a calibrated
gas-system model. The found gas-system controller varies the gas-exchange valve positions in
order to keep the combustion away from conditions where the global equivalence-ratio, ¢, and in-
cylinder temperature, T', are less favourable. The simulation and model-calibration procedures
are also presented in the paper.

Finally, experimental controller-evaluation tests during load-step changes are presented in
the last section.

2. Experimental Setup

2.1. Engine Specifications

The experimental engine was a Scania D13 heavy-duty diesel engine with engine specifications
displayed in table 2.1. The engine speed was controlled with a 355 kW AC motor that worked
both as an engine motor and brake. The engine was boosted with a fixed-geometry turbocharger.
The intake temperature was controlled by a cooled air-path valve prior to the intake-manifold
and a EGR valve is used to control the EGR flow, see Fig. 1.

2.2. Engine control and measurement system

The entire engine control system was programmed with LabVIEW which is a graphical
programming environment developed by National Instruments. The real-time system consisted
of a NI PXIe-8135 embedded controller (2.3 GHz quad-core processor), NI PXI-7854/7854 R
(Multifunction reconfigurable I/O (RIO) with Virtex 5-LX110/LX30 FPGA). The FPGA was
considered as a configurable hardware that worked as a flexible AO / DIO and was also used
for AD acquisition.
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Figure 1. The gas-exchange system. The engine was boosted by a fixed-geometry turbocharger.
The gas-system actuators consisted of the cooled air-path valve position, ¢y, located prior to
the intake manifold and the cooled-EGR valve position, OgcR.

The in-cylinder pressure was measured with water-cooled Kistler 7061B pressure sensors and
was sampled with the Leine-Linde crank angle encoder pulse every 0.2 crank angle degree. Inlet
manifold and exhaust pressures were measured with Keller PAA-23S absolute pressure sensors.
Inlet manifold and exhaust temperatures were measured with K-type thermocouples.

The fuel injection system was a production Xtra high Pressure Injection (XPI) common-
rail injection system for the Scania D13 engines. The common-rail pressure, injection timings,
durations and valve positions were controlled from the real-time system using Drivven drivers.
The fuel used in the experiments was a mixture of 80 volume % gasoline and 20 volume %
N-heptane.

The heat-release analysis and controller computations were run in MathScript RT Module
nodes inside a timed-loop block on the real-time target. The timed loop was triggered by the
FPGA once the in-cylinder pressures were sampled. All computations were done using floating
point arithmetic.

Table 1. Engine Specifications
Total Displaced volume 12.74 dm?

Stroke 160 mm
Bore 130 mm
Connecting Rod 255 mm
Compression ratio 18:1

Number of Valves 4
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Figure 2. Combustion timing, 059, as a function of fuel-injection timing, #5071, for three different
fuel-injection durations, @por. For injections closer to TDC the gain between fso1 and 05 is
positive. As fs0o7 is advanced, the gain decreases and for very advanced 0507, it becomes slightly
negative. This negative gain is more significant for the shorter injection durations.

3. Low-Load Experiments

This section presents experimental data that describes the combustion sensitivity to injection-
timing, pilot-injection amount and intake conditions. The results present the difficulties with
PPC low-load control and provides a foundation for the controller design.

3.1. Injection Timing
In order to achieve high thermodynamic efficiency and acceptable combustion stability, the
combustion timing has to be phased shortly after TDC, the combustion timing is here defined
as the crank-angle degree of 50 % burnt, 659, here computed from the measured in-cylinder
pressure p using the equation for the gross apparent rate of heat release dQy/df, [9],

dQq v dV 1 dp

0 o —1Pag T5=1" a0 (1)
where V' is the in-cylinder volume, 6 is the crank angle and + is the ratio of specific heats.

Experimentally obtained 5g is presented in Fig. 2 as a function of injection timing, fgor, for

three different fuel-injection durations, fpor, with a common-rail pressure at 800 bar. For Ogo1
closer to TDC, the gain from fgo1 to 5 is positive. As fgor is advanced, the gain decreases
and for very advanced 0gp1, the gain becomes negative. Similar trends for different fuels were
presented in [4]. The data gives a lower bound for which 0501 can be used to control 659
effectively. From these results it was decided to control 053 with 5o using a PI controller with
manually tuned gains, where 0501 was kept above -20 CAD after TDC in order to stay in the
non-negative gain region, #59 was then controlled to stay at 5 CAD after TDC.

3.2. Pilot Injection
It has previously been shown that a pilot injection can be used to improve combustion stability
[10], [11] and to decrease the ignition delay of the main injection, [12] which increases the
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Figure 3. Level curves of ppvepg (blue, dashed) and namg (red, solid) as a function of 675 and
GpDOI. By following pivepn level curve, namr can be increased by having a higher OpDOI relative
to 0fo;- This trend is stronger for the low-load level curves.

stratification levels during combustion. Experiments with different pilot and main fuel injection
durations 6 ,, 01 were conducted in order to investigate the 67, effect on the gross indicated
efficiency, ngig, which is the product of the thermodynamic efficiency 7, and the combustion
efficiency 7.. Here ngip was computed according to

PIMEPgVa
Qruavmy’

NGIE = Mthe = (2)
where Vj is the displacement volume, Qrpyv is the lower heating value of the fuel and m;y
is the injected fuel amount, computed from steady-state fuel-flow measurements. During the
experiments 59 was kept as close to TDC as possible while the pilot injection was positioned 20
CAD prior to the main injection. Level curves of pryepn (blue, dashed) and ngig (red, solid) as
a function of 0fy; and 9’601 are presented in Fig. 3. When traveling along a lower value, prvgepg
level curve, ngig can be increased by having a higher 0’601 in relation to 0fJy;. As prvepg is
increased, this effect becomes less significant.

From these results it was concluded that the controller should keep a constant pilot duration,
0061 = 0.4, positioned 20 CAD before the main injection in order to increase ngrg.

3.8. Intake Conditions
In order to investigate the effect of intake conditions, the gas-system valve positions, Ogpgr and
fcool, were varied in every different combination from closed to open for the different 07,

0501 = (0.65 0.7 0.75 0.85 1.05). (3)

The combustion phasing, 059, was kept in the region 5-10 CAD and no pilot injection was used.
A part of the obtained data is presented as the black lines in Fig. 6. In Fig. 4, ngig is presented
as a function of equivalence ratio ¢ and temperature at 6501, Tpg,,, computed using the adiabatic
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Figure 4. Experimental ngg as a function of equivalence ratio ¢ and temperature at 6sor.
For low ¢, the efficiency can be increased by increasing the temperature. This data was used to
model nN1g in the model predictive control simulations presented in a following section.

compression relation during the compression stroke

V(91vc)>7_1

Toso, = To(brve) (V(QSOI)

(4)

where T5(6rve) is the measured intake manifold temperature at inlet-valve closing (IVC). For low
@, nh is more sensitive to Ty, and could be increased significantly by heating the in-cylinder
gas mixture.

Varying Ogar and 0o also affects the pumping losses, ppygp, which is the indicated mean-
effective pressure during the gas-exchange strokes. The measured relation between ppyep and
the intake and exhaust manifold pressures, pin, Pex, is presented in Fig. 5. The net-indicated
efficiency nnig is computed according to

piMEPg + ppmEP) Vi

TIGIE = TthTlc =
Qruvmy

The data in Figs. 4 and 5 was used for simulation and offline efficiency-optimization, this will
be covered in the following sections.

4. Gas-System Modeling

Model-based optimal control was used in simulation to find efficient actuation of the gas-system
valve positions, fggr and Oceo. However, in order to do this, a mathematical description of
the gas-exchange system (illustrated in Fig. 1) was needed. It was decided to use a system of
ordinary differential equations to model the pressures and temperatures in the different gas-
system volumes and the flow between them, an approach that has previously been found to be
successful for controller-design purposes, for instance in [13] and [14].
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Figure 5. Experimental ppygp as a function of intake and exhaust-manifold pressures, pin, Pex-
This data was used to model nnig in the model predictive control simulations presented in a
following section.

4.1. System Equations
The pressure, p;, and temperature, T;, of the gas-system volumes (see Fig. 1) were modelled
using the adiabatic volume equations, [15].

dpi _ RT:
at 'V
dT;  RT; ,

= ) .inTin_ .inTz‘ .inTin_ ouTli .
o Ve, (o (W WinT;) + R(W; WousT3))

pi dT;

(mn - Wout) +

Where I/Vin and Wout is the total in- and outgoing mass flow respectively. The mass flow from
volume 4 to volume j, Wj_,; was modeled as a compressible flow through a restriction, [15],

Aisjpi
VRT;

where A;_,; is the flow area R the ideal gas constant, ¥ and II are given by

Wiy = U(IL; 5), (7)

\I/(%) = \/72—71 (I1;,3)*/7 = (I )1 +1/7) (®)

and

Hi,j —\ P if 2 711 < Pi <1 (9)
Di y+1 —pi —
. p
1 ifl< —p:.

The mass flow from the intake manifold to the cylinders were modeled using a volumetric
efficiency 7,
Nspeedplvd

Went =m0 = 90 R,

(10)
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where
ro— (ﬂ)l/v

D2
= P2 11
Tl o —1 ( )

and Ngpeeq is the engine speed in rpm. The compressor power was modeled assuming first
assuming the relation for the turbine-power, P,

P = nlpeaTo(1 — %)1—1/7Wt, (12)

where nﬁh is the turbine thermodynamic efficiency, and W; is the flow over the turbine. The
compressor power, P, was then computed with a mechanical efficiency 7. and the static relation

P. = n.P;. (13)
The flow over the compressor, WC, was then given by the equation
neke

Tatmcv( Pc 1)1—1/7'

Patm

W, -

(14)

a similar model was presented in [14]. The relations between valve positions Ocool, Orgr and
the flow areas Agpgr, Acool was modeled using the following empirical equations

Apgr = A1 (1 — e~ Mfeer), (15)
ACool = A2(1 - 6_k200001)7

where A1, Ay and k1, ko are calibration parameters.
Engine-out temperature Tgo and the cooler flow temperatures Trar, Tcool Was modelled
using second-order polynomials ¢; in two variables

Teo(my,T1) = c1(my, Th), (16)
Trgr (T, Wiar) = ca(Ts, WiGR),
Tool (T2, Wiar) = ¢3(Te, Weool)-

4.2. Model Calibration
In order to calibrate the model w.r.t. the unknown parameters, the polynomial coefficients in
c1_3, k1 and ko were first calibrated w.r.t. flow and temperature data. The unknown variables,

9= (A1 Ay A qipe)" (17)
¥, were then computed by minimizing the model-output error cost function V' (¢),
V() = llp7" = pill3 + 195" = a3 + 12" — pell3 (18)
+ AT = T3 + 113" — T213),

where pi*, T7" are measured pressure and temperature data and p;, 7; are simulated model
output. The minimization was done subject to n'n¢ < 1 and measured boundary conditions
Patm, Latm, Pt- In V', || - || is the Euclidian norm and the parameter 3 determines the relative
importance between fitting temperature and pressure. Model output and measured data are
shown in Fig. 6 for a local minimizer ¥* of (18), found using Matlab’s nonlinear optimization
toolbox.
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Figure 6. Model output (black) and measured data (green) for a local minimizer ¥*.

5. Gas-System Controller Design

The obtained calibrated gas-system model was then used to find optimal control action for Ocee
and fpgr during prveEpn set-point changes. For this purpose, the principle of model predictive
control (MPC) was used.

MPC is a finite-horizon optimal-control principle where the input sequence U =
[u(k),...,u(k + Hp, — 1)]” from sample k to H, is computed iteratively at every new sample k
by solving an optimization problem, the first input u*(k) of the optimal sequence U* is actuated
to the system each sample, [16]. MPC, also known as receding-horizon control and dynamic
programming, has previously been applied to a wide range of problems including chemical-
process control [16], supply-chain management [17], finance [18] and internal-combustion engines
[19], [20].
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The MPC optimization problem to be solved every sample k, in this case cycle k was
formulated accordingly

minimize J(QCoola 0EGR7 ¢7 T95017p17p27 mf) (19)
Ocool,OBEGR

HP
=" wilmy ()] + wal[90 — Ocoel (k)3 + ws||pcr (K)[[3
k=1

OEGR
90001

OEGR
A90001

subject to I < < up,

& = f(x,0c001, OEGR):

T
z=(p1 p2 pe v To)",
TIGIE = g1 (¢7 T9501)7

ppMEP = 92(P1,D2),

where g7 and go are obtained by interpolating the data in Figs. 4 and 5. The two second
terms in the cost function were introduced so that the controller would only heat the intake air
at low-load operating points. The cost-function weights wi_3 then determine the valve control
action for a lowered fuel consumption.

MPC simulation experiments were studied where pyvepn was set to follow a predetermined
set-point trajectory, controlled using a PI controller, the effects of variations in 657 were not
considered as it was assumed to be held constant. The MPC optimization problem (19)
was solved each cycle using Matlab’s nonlinear optimization toolbox and the ode23s solver
to compute the gas-system model output.

Simulation results for three different controllers with wy; =0, 1, 5, we = w3 = 10 and H, = 10
are presented in Fig. 7. As the cost for fuel consumption is increased, Ocoo closes and Orgr
opens in order to avoid the low-efficiency region in the ¢ — T map, it is seen that this lowers the
needed fuel amount in low-load operation. For the third controller in Fig. 7, it was found that
fcool and Oggr almost fulfilled a static feedback law in ¢, see Fig 8 where simulation data and
an approximate static feedback law K,

(o) = 5, (20)

frcr

is presented. It was decided to use the full range of 6co Which gives a deviation for high ¢.

6. Engine-Controller Design
The previously presented gave the following suggested engine controller:

e Combustion timing, 05, is controlled by fsor using PI controllers where fgoy is limited to
the positive-gain region in Fig.2. This is done in order to ensure 659 controllability.

e A pilot injection with a duration of 0.4 ms is introduced in order to increase combustion
efficiency, motivated by the result presented in Fig. 3.

e The gas-exchange valves are set according to the feedback law K(¢), derived from data-
based engine simulation and optimal control. In this work, ¢ was computed using the
previously presented cylinder flow model and pre-calibrated injected fuel mass flow from
the injection durations.
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decided to use the full range of 6¢,o Which gives a deviation for high ¢.
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7. Controller Evaluation

Finally, the suggested controller was evaluated experimentally during a test cycle where prvepn
was set to follow set-point changes at constant engine speed. In order to compare performance,
four different controller cases were evaluated.

(i) Cylinder-individual 659 PI controllers.
(ii) Cylinder-individual 659 PI controllers, where 0501 was limited to the positive-gain region.
(iii) Case (ii) with a pilot-fuel injection.

(iv) Case (iii) with the the gas-system feedback law K (¢).

For all cases, pnvepg Wwas controlled by keeping the rail-pressure constant and varying the main-
injection duration, this was accomplished using a separate controller.

Experimental test-cycle results from one of the cylinders for the four different cases are
presented in Fig. 9. In case (i), the injection timing is not limited to the positive-gain region
which leads to very early injection timings, and as a result, an retarded f59. When introducing
a pilot injection, the ignition delay is decreased, see the fg01, 59 subfigures. This makes 0501
more easily controlled and more advanced combustion timings can be achieved. Finally, in case
(iv), the ignition delay is further decreased as the intake temperature is increased when Oggr
increases and 6coo decreases for the low-load operating points. The accumulated injected fuel
mass, computed from fuel-injection durations is presented in Fig. 10, the fuel-consumption rates
differ more clearly at low-load operating point, both introducing a pilot injection and heating
the intake temperature lower the fuel consumption.

8. Conclusions

This paper presents an engine-control strategy for improved PPC low-load performance. The
combustion timing 5 is only controllable w.r.t. fgo1 in a specific region, see Fig.2, therefore it
is important to avoid this region so that a feedback controller does not go for extremely early
injection timings when controllability is lost, see Fig. 9. Adding a pilot injection showed to
increase the combustion efficiency at low load both in steady state and transient operation, see
Figs. 3 and 10. This is believed to be caused by the fact that the pilot injection decreases the
ignition delay of the main injection which leads to more stratified combustion mixtures which
is more favorable at low global ¢. The combustion efficiency could also be increased by heating
the inducted air charge, see Fig. 4 and this was done by operating Oggr and 0ceo according to
a feedback-law, K (¢), obtained from offline model predictive control simulations.
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Figure 9. Experimental results for the three different cases. In case 1, the injection timing
is not limited to the positive-gain region which leads to very early injection timings, and as a
result, a retarder combustion phasing. When introducing a pilot injection, the ignition delay is
decreased which can be seen in the 0501, 059 subfigures. This makes #sor more easily controlled.
Finally, in case 4, the ignition delay is increased further as the intake temperature is increased
as Oggr increases and 6o decreases for the low-load operating points.
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Figure 10. Accumulated injected fuel mass for the four cases in Fig. 9. The slopes of the curves
differ more the lowest loads, both introducing a pilot fuel injection and heating the intake lower
the fuel consumption. The injected fuel mass was computed from fuel injection timings a relation
which was calibrated from previous state state measurements, the reason for not using the mass-
flow meter was that it was mounted far from the engine and thus not so reliable in transient
operation.
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