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Abstract: Sustainability issues are becoming increasingly prominent in applications requiring the
use of heavy-duty engines. Therefore, it is important to cut the emissions and costs of such engines
to reduce the carbon footprint and keep the operating expenses under control. Even if for some
applications a battery electric equipment is introduced, the diesel-equipped machinery is still popular
thanks to the longer operating range. In this field, the open pit mines are a good example. In fact, the
Total Cost of Ownership (TCO) of the mining equipment is highly impacted by fuel consumption
(engine efficiency) and reliability (service interval and engine life). The present work is focused on
efficiency enhancements achievable through the application of a combustion control strategy based
on the in-cylinder pressure information. The benefits are mainly due to two factors. First, the negative
effects of injectors aging can be compensated. Second, cylindrical online calibration of the control
parameters enables the combustion system optimization. The article is divided into two parts. The
first part describes the toolchain that is designed for the real-time application of the combustion
control system, while the second part concerns the algorithm that would be implemented on the
Engine Control Unit (ECU) to leverage the in-cylinder pressure information. The assessment of the
potential benefits and feasibility of the combustion control algorithm is carried out in a Software
in the Loop (SiL) environment, simulating both the developed control strategy and the engine
behavior (Liebherr D98). Our goal is to validate the control algorithm through SiL. simulations.
The results of the validation process demonstrate the effectiveness of the control strategy: firstly,
cylinder disparity on IMEP (+/—2.5% in reference conditions) is virtually canceled. Secondly, MFB50
is individually optimized, equalizing Pmax among the cylinders (+/—4% for the standard calibration)
without exceeding the reliability threshold. In addition to this, BSFC is reduced by 1% thanks to the
accurate cylinder-by-cylinder calibration. Finally, aging effects or fuel variations can be implicitly
compensated, keeping optimal performance thorough the engine life.

Keywords: combustion control; cylinder pressure; injector ageing compensation; fuel type compen-
sation; engine reliability

1. Introduction

In many areas, such as the automotive industry, regulations lowered CO, emission
limits to push manufacturers and OEMs toward more efficient technologies with a reduced
environmental impact [1,2]. At the same time, the market of heavy-duty vehicles in Europe
is being addressed by the introduction of the 2019/1242 regulation [3].

So far, this trend had a limited impact on the research of heavy-duty, off-road engines.
In the mining industry, the amount of CO; emissions due to engine inefficiency is relatively
low if compared to the effect of the fugitive methane [4]. However, even in the mining field,
the efforts are directed to increasing the equipment/operation efficiency, resulting in a lower
energy consumption (electricity/fuel) to address both the environmental and economic
sustainability of mining operations, reducing the Greenhouse Gas (GHG) emissions and
the extraction costs. The same considerations apply to other industrial fields (railway,
maritime, genset) where heavy-duty diesel engines are still largely used.
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In the literature, one of the most common approaches proposed to increase the mining
operation efficiency is the automation of the entire process [5-7]. Furthermore, it could be
convenient to switch from diesel engine to completely electric mining equipment [8-11]
to ease the automation of mining operations, especially in applications where the use of
completely electric machinery is considered feasible (underground mining). The major
advantages of such approach to the mining industry are the following [5,8]:

e  Reduction in costs, energy consumption and emissions;
e Increase in workplace safety; and
e Increase in workplace air quality, especially in underground mining.

However, in several applications, the use of internal combustion engines cannot be
efficiently replaced. For example, in the open pit mines, the complete electrification of the
vehicles is difficult, because the layout of the mine is always changing. In fact, for this
application, the use of hybrid systems, that could improve the performance of traditional
diesel machinery, looks easier to be implemented [8-13]. Diesel engines provide [8] longer
operating range, higher specific energy (~12 kWh/kg), lower capital cost [14] and faster
refueling compared to full electric powertrains [15]. For this reason, diesel engines remain
an important part of the vehicle. Therefore, it is crucial to continue the development of
ICEs to increase their efficiency and reduce fuel consumption, GHG emissions and the cost
of the mining machinery.

The mine production strongly depends on the proper operation of the mining equip-
ment and its reliability [16]. This aspect is even more crucial in automated mines; thus, the
maintenance of the equipment is crucial to avoid expensive downtime or critical failures.

Monitoring the state of health of heavy-duty machinery also reduces fuel consumption;
some examples can be found in [17].

The most common maintenance approaches are reported below [16]:

e  Breakdown maintenance [18-20];
e Planned preventive maintenance [21];
e  Predictive maintenance [22-24] based on condition monitoring.

While breakdown maintenance is often unacceptable, due to unpredictable plant
shutdown, scheduled maintenance of heavy-duty engines is the most common solution.
It may involve the replacement of fluids and spare parts (oil, coolant, filters) but also the
mechanical and electro-mechanical components. During scheduled maintenance, some
parts may be unnecessarily replaced, increasing the TCO.

Several examples of condition monitoring methods applied to diesel engines can be
found in the literature. For light and medium-duty engines, the need for cost reduction
pushes toward solutions based on low-cost or virtual sensors [25,26], which also allow
the estimation of the engine-out emissions [27] and the combustion indexes [28-30] or
predicting failures [29]. All these approaches are becoming increasingly common thanks
to the increase in digitalization [5,29] and the advanced data analysis made available by
the cloud technologies [16]. Better results, however, can be obtained by monitoring the
combustion process using the in-cylinder pressure information. Both indirect [30] and
direct [31,32] sensing is achievable, and the latter guarantees better accuracy. The efficiency
increase for a production heavy-duty engine by means of a proper combustion control
system needs an accurate evaluation of the combustion indexes, which is also useful for
the implementation of predictive maintenance strategies [33]. The increased purchasing
costs can be easily over-compensated by savings in fuel consumption and reducing the
maintenance cost.

In the context of condition monitoring, a new system is being developed at Liebherr
Components Colmar to enhance the performance and reliability of diesel engines. This
system is based on the direct measurement of in-cylinder pressure. The objective of such a
system is twofold:

e  To evaluate significant combustion metrics (MFB50, IMEP, Pmax, etc.) starting from
the pressure measurement and to compensate aging effects and disparities in the
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components behavior by using such metrics as inputs for a feedback control system,
thus enhancing engine performance;

o To evaluate the engine health, thus determining the best time for the component
substitution. Usually, the engine parts (pistons, injectors, cylinder heads, etc.) are
replaced after a priori fixed time, often resulting in unnecessary costs due to the
substitution of healthy components [34].

In this way; it is possible to increase efficiency and reliability, extending the equip-
ment’s operating life. Furthermore, by providing combustion indexes to the ECU, it is
possible to make the engine unsensitive to the type of fuel used. Using such an approach,
the ECU can adapt the fuel delivery to the current condition, ensuring that specific targets
based on the combustion metrics are met, regardless of the quality of the fuel used. This is
another great advantage of such a system, since the use of alternative fuels (biofuels [35,36],
hydrogen [37,38], fuel blends [39,40]) is expected to increase.

The authors have experimentally demonstrated in [41] the potential advantages of a
combustion analysis system based on cylinder pressure sensors and a dedicated combustion
control unit.

The present work describes in detail the toolchain that is being developed, showing
how it can be used to control the combustion process, mitigating the cylindrical disparity,
aging and other undesired effects. The mentioned controller is coupled to the model of the
Liebherr D98 engine, and some simulations are executed in an SiL environment. The result
of such simulations highlights the accuracy and the robustness of the developed controller,
showing its impact on the main combustion metrics (IMEP, MFB50 and Pmax) and specific
fuel consumption. The paper is focused on the control structure, and it does not investigate
the definition of the targets and thresholds.

2. Experimental Setup

The Combustion Control Monitoring toolchain developed at Liebherr Components
Colmar is composed by three parts, as shown in Figure 1:

Cylinder Pressure Sensors (CPS);
Combustion Control Unit (CCU);
Engine Control Unit (ECU, Liebherr H-2D Unit [42]).

Engine Standard Sensors and Actuators

Harness
' 1
Eillil’;;rzro Liebherr Engine
=) @
@) @m=Er
® 0=
CAN Bus
SAE —cps ] ‘ ‘ [EesE]—
11939 I —
res 1@ Qo=
Alma
(Output 4 — 20 mA)

Automotive
ccu

Cylinder Pressure Sensor
Harness

Figure 1. Schematics of the Liebherr Combustion Control Monitoring toolchain (LCCM).
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The combustion control system developed in this work is based on the signal obtained
by in-cylinder pressure sensors.

The engine considered for the experimental campaign is equipped with cylinder
heads with direct access to the combustion chamber by means of threaded connections,
and no further modifications have been implemented. Thus, the use of such a toolchain
for standard production engines is straightforward. Several types of sensors have been
tested (both piezoelectric and piezoresistive), and the CCU can be easily adapted to the
voltage-based (+/—10V) or current-based (4-20 mA) sensor output.

The main characteristics of the Liebherr engine considered for this activity are available
in [43]. The Combustion Control Unit (developed by Alma Automotive) is based on the
Miracle 2 platform [44], and it acquires and processes the signals coming from all the
cylinders, complying with the specific standard of robustness and reliability needed for
mining applications. Its compact and rugged design makes it suitable for on-board heavy-
duty applications.

The last part of the LCCM toolchain is the Liebherr Engine Control Unit ECU2-HD [42].
This device is completely designed and manufactured inside Liebherr to optimize the
control of diesel and stationary gas engines. The ECU2-HD is fully compatible with the
Liebherr Common Rail System, and it can control all the engine functions as well as the
Liebherr SCR system with the Ad-Blue dosing.

In the toolchain here described, the engine control unit (ECU2-HD) has the objective
of analyzing the combustion indexes communicated by the CCU via CAN, using this
information to achieve two main goals. First, the system should use combustion metrics to
maximize the engine performance through the pressure-based feedback control. Then, it
should help diagnosing potential mechanical issues that could happen during the engine
operation, easing and speeding up the maintenance operations.

The following sections describe the feedback controller. The combustion metrics
evaluated by the CCU (MFB50, IMEP and Pmax) are compared with the setpoints calibrated
in the ECU, which sets the injectors actuations (Start Of Current, SOC and Time Of Current,
TOC) to meet the target. The achievable performance enhancement related to the use of the
combustion controller are due to:

e A more efficient calibration of the injection actuations (no need for safety margins at
the expense of engine efficiency);
The sensitivity of the performance to the fuel is minimized;
The ECU can compensate the performance loss originated by components aging or
production disparities.

3. Development and Validation of the Controller

This section focuses on the description of the combustion controller structure, the
engine model, and the results achievable by using the suggested combustion control
approach.

3.1. Control Algorithm
The algorithm proposed hereafter complies with two main objectives:

1. Balancing the cylindrical variation of the indicated torque (so to achieve even cylinders
wear, thus maximizing the service period);

2. Compensating undesired effects such as the components aging, production disparities
and variations in fuel quality.

Furthermore, the proposed combustion controller must be compatible with the speed-
control function already implemented in the Liebherr ECU2-HD. For this reason, the
developed algorithm is characterized by a simple structure (shown in Figure 2) and relies
on the definition of the load index (fuel mass to be injected) used for other ECU functions.
The function inside the Pre-Control block is already implemented in the ECU2-HD, and it
defines the injected fuel mass as a function of the engine speed and pedal request.
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Figure 2. Connection between the pre-existing control (Pre-Control block) implemented inside the
Liebherr ECU2-HD and the new control strategy (Combustion Control Block) based on the use of the
combustion metrics.

The combustion metrics considered as the most important for the development of the
control strategy are listed below:

1. IMEP (Indicating Mean Effective Pressure), which is related to engine torque;

2. MFB50 (50% of Mass Fraction Burnt), which is strictly related to engine efficiency
(BSFC);

3. Pmax (peak cylinder pressure), which should not exceed a tolerable threshold, to
guarantee the engine reliability.

IMEP is used to determine the injection duration (TOC). The TOC of the injectors will
be individually controlled to reach a specific value of IMEP for all the cylinders.

MFB50 and Pmax are used for the definition of the injection start angle (SOC): the SOC
of the injectors is used as a control lever to individually reach the target value of MFB50.
Pmayx, instead, is used to set a lower bound for MFB50, preventing the use of SOC settings
that would lead to exceeding the maximum tolerable pressure peak.

3.1.1. Definition of TOC
The time of current is calculated by the ECU as:

TOC [ps] = TOCrr [pus] + ATOCcy4 [ps] 1)

The TOC is evaluated as the sum of the feed-forward portion and the correction
component, and the latter is evaluated by means of a PID controller. Figure 3 shows the
block diagram referring to the definition of the feed-forward contribution.

Cyl #TOC

Correction

[ — 1
D — | e
Injector

Calibration
D — [we

Figure 3. Schematic of the feed-forward model used for the definition of TOC.

I:+]—»<Feed Forward TOC Cyl # [us]

The feed-forward TOC (TOCpr [us]) is defined using two lookup tables (LUTs). The
first one is the Calibration Map of the Injectors, which is representative of the average
injector behavior. The ECU gathers rail pressure via direct measurements, while the
quantity of fuel to be injected is determined through a dedicated lookup table, depending
on the operating conditions. In this way, the ECU estimates the base injector opening time
to inject the correct amount of fuel inside the combustion chamber.

The TOC value determined using the base injector calibration map is then corrected
using the individual-cylinder LUTs. The correction depends on two inputs: the engine
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speed and load indexes. These correction maps are used to compensate for disparities
between the injectors due to production differences and the effect of pressure waves within
the high-pressure rail [45].

The feed-forward model does not require the signal of the in-cylinder pressure sensors
(correction maps could be set up once for all at the test bench). The combustion process
insight is crucial for the introduction of a self-adaptive strategy, which allows compensating
unwanted effects due to the components aging and fuel quality variations.

As described in Equation (1), the feed-forward value of the TOC is adjusted for each
cylinder (ATOC,14 [ps]). The TOC correction is made by a PID controller. The PID uses
feedback signals from the CCU to correct the feed-forward TOC, so that a specific IMEP
target value is reached. The value of the target IMEP is defined by the ECU using a LUT,
which is accessed through indexes representing the operating condition (engine speed and
load).

Since the target IMEP is the same for all the cylinders, a PID controller can be used to
balance the fuel introduction, so that IMEP (i.e., torque) production is evenly distributed
across the engine, despite variations in the injector performance that could occur due
to aging, production disparities or pressure waves effect. The injectors’ performance
variations are usually compensated using the correction map described in the feed-forward
block. These maps can be filled with a proper calibration, requiring time-consuming tests,
since for each cylinder, a correction factor must be determined for the entire operating
range. Using the LCCM system, instead, the ECU can rely on the combustion feedback, so
that the PID controllers continuously determine the proper factor forcing all the injectors
to introduce the amount of fuel producing the target IMEP. To exploit this feature, an
auto-adaptive block (see Figure 4) is implemented.

TIF Auto Update Cyl #
| Enable Auto Adaptive Adaptive —— TOC Correction
Block MAP
ey ATOC Cyl # [us]
Controller

| IMEP Cyl # Feed Back [bar]

Figure 4. Block scheme of the closed loop part of the controller defining the correction component of
the feed-forward TOC.

The block is activated only under appropriate conditions:

Constant driver requests (pedal);
Engine is warmed up;
Steady-state conditions;
Absence of faults.

When the activating conditions are met, the block updates the correction values of the
feed-forward component with the current PID outputs [46]. The PID controllers are then
reset and restarted.

Thanks to the adaptability of this algorithm, it is possible to continuously update the
engine calibration and correct undesired effects originated by the components aging or
changes in the fuel quality.

3.1.2. Definition of SOC

The definition of SOC follows the same approach described above for the computation
of TOC. Indeed, as sketched out in Figure 5, this parameter is determined as the sum of a
feed-forward contribution and a closed-loop correction:

SOC [ps] = SOCkrr [us] + ASOC,y4 [ps] )
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Figure 5. Schematic of the feed-forward model defining the base value of SOC.

As for the TOC, the feed-forward part of the SOC (SOCgg|[ps]), too, is the sum of two
contributions. Both depend on the engine working point. The ECU uses the engine speed
and load index information to estimate the base value of the SOC, which is then modified
via individual cylinder corrections depending on the same inputs. The SOC base map is
determined once, and it is the same for all the cylinders.

Similarly, the feed-forward value of the SOC is corrected with the same approach
used for the TOC: a cylinder-individual PID controller feeds an auto adaptive block that,
when enabled, uses the integral part to fill the individual correction maps present in the
feed-forward block. The PID modifies the SOC to achieve a specific MFB50 target value.
Figure 6 shows the structure of the SOC controller.

TIE Auto Update Cyl #
Adaptive —— SOC Correction
Block MAP

e Casoc cyi# sl
Controller

MFB 50 feedback [°CA]

Figure 6. Schematic of the closed loop part of the controller defining the correction component of the
feed-forward SOC.

3.1.3. Definition of MFB50 Target

The MFB50 target value is defined by the ECU cylinder by cylinder using the algorithm
reported in Figure 7. Two lookup tables are queried using the engine operating point
(defined by a particular couple of the engine speed and load values). For each cylinder, the
target MFB50 is determined as the higher value between the outputs of the two LUTs.

!

Optimum
MFB50 tgt
MAP

[ F—<resommeonrea |

;

MFB50 limit

Cyl # MAP

Figure 7. Block diagram for the determination of MFB50 target in the default state. During the
learning state, the MFB50 target value for each cylinder is evaluated using the schematic in Figure 10.

The first matrix (Optimum Map) collects the MFB50 values that make the engine run
with the minimum specific fuel consumption, while the second map (Limit Map) collects
the MFB50 limit (minimum) values that a specific cylinder can tolerate. Figures 8 and 9
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allow understanding the different meanings of the LUTs. For confidentiality reasons, all
the figures reported hereinafter show normalized combustion indexes. IMEP, Pmax and
MEFB50 have been plotted subtracting an arbitrary offset value, while BSFC is represented
as a percentage of the first measured value during the test.

120 - il ' 'O Sweep E;ata Cyl1 '
® ;:ffeep o '5'155 ® Sweep DataCyl 6
82 115 [ |—BsFc=f(MFB50) 8, . B
o E s \ Pmax . , o =f(MFB50)
R 110 a \
2 8 Reliability Limit
N N 135k ceen- !,, eliability Limi
= 105 = :
© ©
£ £
S S
3 100 S 125
115 . |
95 L~ . A . s
0 5 10 15 20 0 & W 15 20
Normalized MFB50 [°CA] Normalized MFBS50 [°CA]

(a) (b)

Figure 8. Trend of BSFC (a) and pressure peak (b) as a function of MFB50 for the working point
1800 rpm and 22 bar BMEP.
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Figure 9. Example of compression ability loss expected from engine aging.

Data displayed in Figure 8a,b are collected with a SOC sweep test described in [41].
During this test, the engine is operated under steady-state conditions, while TOC and
SOC are manually modified to achieve a constant IMEP with different settings of the
combustion phase for all twelve cylinders. Figure 8a shows that BSFC, i.e., engine efficiency,
is influenced by the MFB50 average value. The optimal setting may change according to the
running condition [47], but it is unlikely to change from cylinder to cylinder; thus. the first
LUT collects MFB50 optimal values of the given engine over the engine operating range.
Figure 8b shows that Pmax is related to MFB50, too. Within the engine maximum efficiency
range, the lower the MFB50, the higher the Pmax. When the MFB50 is widely higher
than the optimal value, the trend is flipped due to the increased exhaust gas temperature,
which causes higher boost pressure and finally higher in-cylinder pressure at the end of
the compression phase (wWhen the combustion process is over-delayed, the pressure peak is
reached at the end of the compression stroke).
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Figure 8a shows that the value of the normalized MFB50 minimizing BSFC is lower
than 3 °CA (this evaluation, however, is not accurate, being derived from the extrapolation
of the experimental results). Each cylinder should be ideally operated with the optimal
value of the combustion phase. Figure 8b shows why this is not possible. As already
mentioned, when MFB50 decreases, the pressure peak rapidly rises. Interestingly, it is
possible to see that the two cylinders reach the maximum tolerable pressure peak (i.e.,
reliability limit) for different values of MFB50 (4.4 °CA for cylinder 1 and 5.4 °CA for
cylinder 6), so it makes sense to consider this trend individually, with dedicated cylinder
LUTs. Other limiting factors, such as NOx emissions, could be considered.

To sum up, in the tested operating point (1800 rpm and 22 bar of BMEP), the two
cylinders share the same MFB50 optimum value:

MEFB50,,¢ cyr 1 = MFB50,yt cy1 6 = 2.5 °CA 3)
On the contrary, the two cylinders have different threshold values:
MFB50,, cyr1 = 44 °CA 4)

MFB50 4, cyl6 = 5.4 °CA 5)

As already remarked for the figures, also, the optimal and threshold values reported
in Equations (3)-(5) have been scaled for confidentiality reasons.

The previous example explains why it would be of interest to make all the cylinders
work with the optimal combustion phasing to achieve the best engine efficiency (i.e., the
minimum fuel consumption) and why it is not always possible due to reliability issues.
Furthermore, from Figure 8a,b, one can appreciate that while the optimal MFB50 value is
the same for all the cylinders, the MFB50 threshold value can be different for each cylinder.

The MFB50 optimal value depends on the trade-off between the excessive heat and
pumping losses (over-advanced combustion) and energy conversion inefficiencies (over-
delayed combustion) [47]; thus, it is essentially constant throughout the engine’s life, while
the MFB50 limit for a given cylinder is expected to change with the passing of time. In fact,
due to aging, the cylinders tend to decrease their performance, as shown in Figure 9. In
particular, the piston rings” wear produces an increase in the cylinder blow-by that has the
same effect of a compression ratio reduction.

This means that the same MFB50 setting would lead to lower peak pressures. Therefore,
advancing the MFB50 Limit Map values, it would be possible to partially recover the
performance loss due to aging. For this reason, in the proposed control approach, the
MEFB50 target for all the cylinders is determined as the higher between optimal and limit
values, the latter being continuously adapted cylinder by cylinder to the actual state of
health of the engine.

When appropriate conditions are met, the adaptation strategy for the MFB50 does
not follow the logic presented in the default state (Figure 7) but rather that illustrated in
Figure 10.

| Enable MFB50 limit Auto Adaptive >

TIE Auto Update Cyl #

Adaptive —— MFB50 limit
rrema i [ aE e
Pmax

Limit
MAP PID
Controller

Pmax Feedback [bar] >

Figure 10. Adaptation strategy used to update the MFB50 Limit Map.
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The adaptation strategy for the MFB50 Limit Map is activated when the engine is
warmed up and it is running under steady-state conditions, and finally, the engine is either
in an “aging correction state” or “reliability correction state”.

The “aging correction state” is defined by the following additional conditions:

The value of the cylinder MFB50 currently measured is greater than optimum;
The feedback value of the Pmax is lower than the acceptable limit.

The “reliability correction state” is defined by the following additional conditions:
The feedback Pmax value is greater than the acceptable limit;

The MFB50 measured for a given cylinder is greater than the optimum.

Once the conditions for activating the adaptation strategy of MFB50 have been reached,
cylinder individual PID controllers lead to specific MFB50 target setpoints, keeping the
Pmax at the limit value for all the cylinders. The MFB50 value that allows to reach the
Pmax limit is then stored in the MFB50 Limit Map of the corresponding cylinder.

The Pmax limit value is determined by the ECU using an LUT, according to the engine
operating point. This map is defined during the calibration process, and it is the same for
all the cylinders.

3.2. Model in the Loop Simulations Approach

The model in the Loop (MiL) simulations have been used to test the proposed combus-
tion control algorithm. An engine model has been used to generate the combustion metrics
data flow feeding the combustion control algorithm. The model simulates the engine’s
behavior in a test bench environment; thus, the current engine speed is determined by the
engine and brake torque equilibrium, considering respective inertias. Figure 11 sketches
the main blocks of the Simulink model used for MiL simulations.

Closed Loop

and

Base Adapted

Pedal Request - Actuations Am;atians Indicating
| EcuBase Bus Combustion G AT Bus Torque
Actuation Controller Z Equilibrium
Engine Speed Target - Braking
Test Bench Torque
Electric Brake
Engine Speed
Feedback

Figure 11. Schematic of Simulink control algorithm and the virtual model of the D98 engine.

The Simulink model consists of five main blocks:

1.  ECU Base Actuations: Base actuations and setpoints are calculated according to the
engine speed and pedal request, using lookup tables.

2. Combustion Controller: The control strategies described in Section 3 are implemented
in this block.

3. Engine Model: The engine is represented in terms of combustion metrics flow: the
accuracy in representing the main combustion metrics is reported in Table 1. For a
realistic data flow representation, cycle-to-cycle variations are statistically described,
considering the standard deviation of MFB50. In details, the model can be described
by the following equations:

MFB50 = f(Minj, SOC, RPM) 6)
IMEP = f(Minj, MFB50) @)
Pmax = f(Minj, MFB50) + Pmot 8)
Pmot = (Pboost) * (r.") ©)

where
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Minj represents the mass of fuel injected in the cylinder;

Pmot is the peak pressure inside the cylinder without combustion (motoring pressure);
Pboost indicates the air pressure after the compressor;

rc is the volumetric compression ratio; and

7 is the ratio of the specific heats (constant pressure and the constant volume).

-~

Torque Equilibrium: As already remarked, engine speed is determined solving the
torque equilibrium equation:

dw
T, - T = (1e+11)g (10)

where

e  Teis the engine torque, which is calculated thanks to the IMEP of the twelve cylinders
and the engine friction information, stored in an LUT;

Tl is the load torque produced by the electric brake;

Ie represents the engine inertia;

I represents the electric motor inertia; and

w is the engine speed expressed in rad/s.

Inverting the equation 10 it is possible to calculate the engine speed:

_ J(T, — Ty)dt

= 11
“ Ie + Il ( )

5. Test Bench Electric Brake: The braking torque produced by the electric brake is achieved
by means of a PID controller, which is fed with target speed and actual speed.

Equations (6)—(9) have been defined and validated for the whole engine operating
range covered during a truck cycle, i.e., 1300-1800 rpm and 20-100% engine load.

Table 1. Engine model performance on all cylinders for IMEP, Pmax and MFB50; refers to all truck
cycle data, with pedals higher than 20% and engine speed higher than 1300 rpm.

IMEP Pmax MFB50
RMSE (%) RMSE (%) RMSE (%)
14 3.1 0.8

4. Results and Discussion

All the results presented in this section refer to simulations carried out with the engine
working at a constant speed of 1800 rpm and a steady pedal request of 100%. The only
differences in the simulations are related to the control actions, which change according to
the type of control activated for the given simulation.

The conditions that will be described are:

e  Standard Engine Calibration: It is the reference condition, and the engine control unit
uses only the standard calibration, and all the feedback controls are deactivated.

e  Only PI Controller: The engine is working using only the PI controller following the
MFB50 and IMEP target values.

e PIController and Auto Adaptation: The engine is working with the PI and the full
auto adaptation strategy (SOC, TOC and MFB50 threshold) activated.

Figures 12-14 compare the combustion metrics achieved under the reference condition
with those obtained activating the PI controllers on SOC and TOC. Once again, it can be
useful to recall that the reported combustion metrics have been normalized.
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Figure 12. Comparison between the desired IMEP target and the actual value of IMEP produced
by all the 12 cylinders at 1800 rpm and 100% pedal: (a) when the ECU is using only the open loop
control, (b) when the PI control of SOC and TOC are active.
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Figure 14. Comparison between the Pmax threshold, the Pmax limit and the actual values of Pmax
produced by all 12 cylinders at 1800 rpm and 100% pedal: (a) when the ECU is using only the open
loop control, (b) when the PI control of the SOC and TOC are active.

As expected, Figure 12a,b show that when the PI controllers are active, it is possible to
properly correct the cylinder IMEP unbalance. In fact, when the controllers are active, the
IMEP produced by all cylinders lays within £0.3% of the desired target value. As a result,
thermal and mechanical stress is evenly distributed among the cylinders.

Figure 13a,b show the effect of the combustion controller activation on MFB50. Both fig-
ures report the values of the normalized MFB50 optimal (7.7 °CA) and threshold (11.7 °CA)
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values for all the cylinders. For this initial step of the simulation, all the twelve cylinders
share the same minimum MFB50 limit: as Figure 13a shows, the standard calibration setting
leads to lower MFB50 values, which means that once the control on MFB50 is activated,
SOC will be delayed for all the cylinders. As a result, MFB50 scatters are grouped around
the threshold, as seen in Figure 13b. Furthermore, the threshold value used was deliberately
more conservative than necessary to emphasize the restraining action of the controller: the
simulated scenario corresponds to an over-conservative setting (excessively high value) of
MEB50 threshold, which will lead to peak pressures lower than the acceptable boundary.

Leaving aside the minimum MFB50 threshold setting, when the PI controllers are
active, the cylinder MFB50 unbalance is properly corrected, and the MFB50 feedback value
is within £0.15 °CA of the target. Since the optimal MFB50 is lower than the minimum
allowable value, the target of the PID in this simulation matches the MFB50 threshold.

Figure 14a,b compare the values of normalized Pmax assumed by the twelve cylinders
with the two different control settings. Figure 14a reveals that the reference condition is
marked by a significant unevenness of Pmax within cylinders: the average normalized
Pmax over the cylinders within 200 cycles is 125.6 bar, while the minimum and maximum
values are 121 bar (cylinder 3) and 130 bar (cylinder 1), respectively. As the PI controllers
are activated (Figure 14b), normalized Pmax values of the twelve cylinders are grouped,
since all the cylinders are managed using the same MFB50. However, a certain degree of
dispersion remains due to the differences between cylinders. As shown in Figure 10, the
cylinder pressure at the end of the compression phase could be different, which would
deliver different peak pressures with the same MFB50. Furthermore, the fuel delivery may
be slightly different for each cylinder, leading to longer or shorter combustion durations,
impacting the Pmax. The average normalized Pmax over the cylinders within 200 cycles
produced by the twelve cylinders is 119 bar, and the extreme values are 122 bar (produced
by cylinder 10) and 116 bar (produced by cylinder 11).

Pmax values appreciably decrease when PI controllers are active compared to the
reference condition, because, as already remarked, simulation has been run using a very
conservative MFB50 threshold value. In fact, from Figure 14b, it is also possible to appreciate
that the average Pmax produced by the twelve cylinders is considerably lower compared to
the cylinder maximum tolerable Pmax threshold. In this condition, where the combustion
is too retarded, engine efficiency can be increased by advancing the combustion phase
for all the cylinders, leading Pmax values to the threshold limit. This correction of the
MEFB50 threshold value is produced by the auto adaptation strategy of the combustion
phase described above.

Figure 15b shows that in this case, not only the IMEP but also the Pmax produced by
all the cylinders are phased around the targets. In fact, activating all the auto-adaptation
strategies, individual MFB50s are set to match the maximum pressure threshold. With the
adaptation of the MFB50 threshold, all the cylinders are producing peak pressures within
=£1 bar of the limit value. The controller automatically defines for each cylinder a new
MEFB50 threshold value. Figure 15¢,d represent the new cylinder MFB50 thresholds.

The following figure reports the behavior of the normalized combustion metrics (IMEP,
MFB50 and Pmax) produced by the twelve cylinders during a step-by-step activation of the
combustion controller strategies. In the three plots, the time of the controller activation is
highlighted. The yellow line indicates the moment when the PI controllers for the TOC and
SOC are triggered. The green line represents the time when the auto-adaptation strategies
for the ATOC and the ASOC corrections are activated. Finally, the blue line indicates when
the adaptation of the MFB50 threshold value is switched on.

Figure 15 shows the normalized combustion metrics behavior when the PI controllers
and all the auto adaptation strategies (SOC, TOC and MFB50 threshold) are activated.
Comparing Figure 12a,b, it is possible to appreciate that with the learning of the ATOC
corrections, all the cylinders produce an IMEP closer to the target (+0.15% of the target
value): the auto-adaptation strategies limit the PID action, improving overall accuracy.
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Figure 15. Comparison between desired and actual values of combustion metrics produced by all
the 12 cylinders when all the strategies are active at 1800 rpm and 100% pedal: (a) IMEP, (b) Pmax,
(c) MFB50 of cylinders 1-6, (d) MFB50 of cylinders 7-12.

The IMEP feedback and target values are superimposed in 16 (a): it is evident that
the only significant variation occurs at around 200 s, when the PI controllers are activated.
In fact, starting from this instant, the PI controller adjusts the injections time (TOC), pro-
ducing the desired IMEP after 9 s. From this moment onward, the IMEP produced by the
cylinders is always close to the desired target, regardless of which auto-adaptation strategy
is activated.

Figure 16b,c show the behavior of the normalized MFB50 and Pmax, respectively.
From the instant t = 200 s, when the SOC PI controllers are activated, the system can adjust
the SOC actuation, converging to the MFB50 threshold initially set. From this moment
onward, the cylinder produces the desired MFB50 until the auto-adaptation strategy for
the ATOC and ASOC are activated (t = 400 s). The correction is then gradually learnt by the
controller, and the feed-forward value of the SOC (see Figure 11) is progressively modified.
Until 600 s, the target combustion phase is sub-optimal, sticking to the initial threshold.
This setting, however, produces a value of Pmax significantly lower than the acceptable
limit (Figure 16¢). For this reason, when the adaptation strategy on the combustion phase is
activated at 600 s, the controller modifies the MFB50 threshold value on each cylinder until
Pmax reaches the threshold limit. This behavior is also confirmed by Figure 16¢c, where it is
evident how the controller, after 600 s, can bring the feedback closer to the desired Pmax
value in 75 s, decreasing the MFB50 lower threshold for each cylinder.

Figure 17 shows the impact of the control strategies on the BSFC. Once the SOC
and TOC PI controllers are activated (t = 200 s), the BSFC increases, because as shown
in Figure 16b, the MFB50 target is far from optimum. In fact, when the MFB50 target
adaptation strategy is activated (t = 600 s) the BSFC starts decreasing. Indeed, since at 600 s,
peak pressures of all cylinders are lower than the limit, the MFB50 target can be pushed
toward the optimal setting.
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Figure 16. Behavior of the indicating variables feedback when the combustion controller strategies
are activated in succession at 1800 rpm and 100% pedal: (a) IMEP, (b) MFB50, (c) Pmax.
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Figure 17. Behavior of BSFC when the combustion controller strategies are activated in succession at
1800 rpm and 100% pedal.

Using auto-adaptive strategies of SOC and TOC improves steady-state control quality
and transient behavior as well. In the following figures, a different type of comparison
between the “Open Loop before SOC and TOC adaptation” and the “Open Loop after SOC
and TOC adaptation” sequences is carried out. In particular, the results achieved in terms
of distance of IMEP and MFB50 from the targets, before and after the adaptation of SOC
and TOC were analyzed, over a small portion of the truck cycle described in [41]. The test
conditions are shown in Figure 18.
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Figure 18. Test engine conditions with on left axis the pedal, and on the right axis the engine speed.

In Figures 19b—d and 20b—d, the error is calculated as the difference between the
target and the measured values. The graphs in Figures 19 and 20 show that the auto-
adaptation strategies on TOC and on SOC can compensate the undesired effects due to
aging or cylinder disparity not only under steady-state conditions but also under transient
conditions. In fact, while the IMEP error before the adaptation of TOC is between —0.63 bar
and +1.2 bar, after the adaptation, it is within +0.08 bar. The same can be said for the
MFB50, where the error variation range decreases from 2.6 °CA, before the SOC adaptation,
to 0.8 °CA after the SOC adaptation.
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Figure 19. IMEP comparison before and after the TOC adaptation: (a) IMEP target and feedback
before TOC adaptation, (b) error of IMEP before TOC adaptation, (c) IMEP target and feedback after
TOC adaptation, (d) error of IMEP after TOC adaptation.
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Figure 20. MFB50 comparison before and after the SOC adaptation: (a) MFB50 target and feedback
before SOC adaptation, (b) error of MFB50 before SOC adaptation, (c) MFB50 target and feedback
after SOC adaptation, (d) error of MFB50 after SOC adaptation.

5. Conclusions

This work assesses the potential benefits achievable with a closed-loop combustion
control system based on the measurement of the in-cylinder pressure. The main advantages,
in terms of engine efficiency, are related to the possibility to follow the components’ aging,
fuel quality variations, calibration inaccuracies, and production disparities. Other benefits
come from the balancing of the mechanical and thermal stresses on the engine components,
and this reduces the maintenance effort.

The paper shows that using a proper feedback combustion control algorithm, it
is possible to maximize the engine performance without affecting the reliability. The
SiL simulations demonstrate that the combustion controller can balance the cylinders
performance, controlling the combustion phase of each cylinder to keep it close to the
maximum efficiency value. On one hand, the PI controllers keep the IMEP and Pmax of
all the cylinders close to the same value, improving the uniformity of the components
wear. On the other hand, the auto-adaption strategies on TOC and SOC adjust the injectors
actuations to compensate the effects of the components” aging and production disparities
(each injector has a different calibration map).

Finally, the combustion controller shows the capability to enhance the engine efficiency
(i.e., reducing the specific fuel consumption) by modifying the standard engine calibration.
The combustion controller optimizes the minimum admissible value of MFB50 for each
cylinder, compensating the effects related to an over-conservative engine calibration, or
cylinders’ aging. The same strategy could be used for components’ protection.

The results achieved with the durability test presented in [41] and the simulation of
the combustion controller demonstrate the feasibility of the on-board application of the
presented Combustion Control Monitoring toolchain.
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The described activity is going on at Liebherr with the implementation of the cylinder
pressure-based combustion control system on standard ECUs and mounting instrumented
heads on the tested engines.
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Nomenclature

BMEP Brake Mean Effective Pressure

BSFC Brake Specific Fuel Consumption

CAN Controller Area Network

CcCu Combustion Control Unit

COC Components of Colmar

CO, Carbon Dioxide

CPS Cylinder Pressure Sensor

ECU Engine Control Unit

GHG Greenhouse Gases

Hil Hardware In the Loop

Ie Engine Inertia

I Electric Brake Inertia

ICE Internal Combustion Engines

IMEP Indicated Mean Effective Pressure

LCCM Liebherr Combustion Control Monitoring
LUT Lookup Table

MFB50 Crankshaft angle corresponding to 50% of the mass fraction burnt

MFB50gpt  Optimum value of 50% of the mass fraction burnt
MEFB50y,,  Threshold of 50% of the mass fraction burnt

Mil Model In the Loop

Minj Fuel Injected Mass

NOx Nitrogen Oxides

OEM Original Equipment Manufacturer

PI Proportional Integrative Controller

PID Proportional Integrative Derivative Controller
Pboost Air Pressure after the compressor

Pmax Maximum Peak Pressure reached inside the combustion chamber
Pmot Motoring Pressure

RMSE Root Mean Squared Error

Sil Software in the Loop

SCR Selective Catalyst Reduction
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SOC Start of Current
SOCgg Start of Current Feed Forward
TCO Total Cost of Ownership
TOC Time of Current
TOCgg Time of Current Feed Forward
Te Engine Torque
T) Load Torque
rc Compression Ratio
t Time
ASOC Variation of Start of Current
ASOC,yy  Variation of Start of Current different from cylinder to cylinder
ATOC Variation of Time of Current
ATOCys  Variation of Time of Current different from cylinder to cylinder
Y Ratio between the specific heat at constant pressure and the specific heat at constant volume
w Engine Speed in rad/s
°CA Crank Angle Degree
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