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Abstract: This article discusses current testing methods for motor vehicle engines. Traction engines
have so far been tested, for example, according to WLTP (Worldwide Harmonized Light Vehicle Test
Procedure) driving tests, but due to the “VW—gate” incident, these are now to be supplemented
by RDE (Real Driving Emissions) tests, conducted under real road conditions. The analyses of the
state of knowledge and the directions of research to date unequivocally indicate the need for the
construction of a stand that allows: testing of a complete vehicle admitted to traffic; testing of a
motor vehicle with the possibility of simulating real operating conditions; load setting with the
possibility of its regulation; feeding the engine with various fuels; modification of the software of
controllers having a direct impact on the control strategies of the engine; transmission and traction
control system; reading, recording and analysis of the parameters of the operation of control systems
in real time; detailed recording and analysis of the combustion process occurring directly in the
combustion chamber; and the measurement of emitted toxic substances. On a bench with the above
features, tests were carried out on a diesel motor vehicle, which were based on recording changes in
the parameters of the combustion and injection process. The tests were conducted under static and
dynamic conditions. Tests under static conditions were conducted on a chassis dynamometer. They
consisted of indicating the engine for different fuel dose control maps. The vehicle equipped with the
test engine was driven at a constant speed on the chassis dynamometer and loaded with a drag force
of 130 Nm. Tests under dynamic conditions were conducted under real traffic conditions. They were
limited to the presentation of results under static conditions. The main results of the tests are given in
the conclusion and include a general summary. In particular, the presented results of the diesel tests
demonstrate an attempt to adapt the engine to co-power with hydrogen.

Keywords: combustion; diesel engine; diesel oil; engine control unit; indication

1. Introduction

Due to increasing public pressure to reduce harmful substances emitted by internal
combustion engines, real-world traffic tests have started to be conducted. During the
conducted research, vehicle engines were fueled with alternative fuels (non-renewable
as well as renewable fuels, e.g., based on vegetable oils). This study, due to significant
limitations (the need for mobile specialized testing equipment, the lack of control of the
injection process), as a rule, was limited to the measurement and analysis of toxicity and
opacity of exhaust gases.

A significant part of the research was carried out on chassis dynamometers, where, in
addition to analyzing exhaust gas toxicity and fuel consumption, the power and torque
waveforms of the test vehicles” engines were determined. Previous research has not
taken into account the impact of other systems installed in vehicles (ABS—Anti-lock
Braking System, ESP—Electronic Stability Program, automatic transmission) that have
a direct or indirect effect on the control of the combustion process in real conditions.
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Studies of the operation of engines fueled by conventional and alternative fuels have
been conducted over the years at many research centers around the world [1-8]. The
oldest tests used simple diesel engines with a prechamber and an in-line fuel pump [9,10].
With the passage of years and the obvious development of automotive technology, diesel
engines with direct fuel injection and rotary fuel pumps were used as test subjects [11,12].
Towards the end of the last century, diesel engines with direct injection and common
rail (CR) or pump fuel system began to be used [13-17]. Mostly in the work carried out,
stationary engine dynamometers were used, where different types of brakes were applied,
viz: water brake, electro-vortex brake or friction brake. The use of stationary engine
dynamometers for research had many advantages, including, first of all, the repeatability
of the conducted experiment, as well as, importantly, the possibility of controlling injection
parameters (in diesel engines) and injection and ignition parameters (in spark-ignition
engines). The aforementioned engines (test subjects) were mounted on a dynamometer
stand and connected to specialized test equipment. In this type of research, the engine
parameters were mainly determined under conditions of external operating characteristics,
less often under conditions of load characteristics, and the thermodynamic parameters
of the combustion process were analyzed on the basis of an indicator chart, where the
measurement was usually performed using a piezo-quartz pressure sensor mounted in the
combustion chamber [18]. Stationary braking stands also allowed tests to be performed
that would experimentally explain the specifics of the operation of an internal combustion
engine in dynamic (transient) conditions and the reasons for the observed differences in
the course of working processes compared to comparable static conditions [19-21].

Due to the stationary nature of the test stands, it was quite easy to determine the
ecological parameters of the exhaust gases (CO, CO2, HC, NOx, smoke) and it was possible
to measure (in a volumetric or mass way) fuel consumption (unit and hourly fuel consump-
tion were determined) [22,23]. However, despite the significant advantages of using such
test stands, they did not reflect the actual operating conditions of an internal combustion
engine under which a vehicle powered by conventional or alternative fuels is operated.

Current research trends are include the use of alternative power sources for internal
combustion engines and the use of hybrid or electric drives [24-30]. Many motor vehicle
companies are struggling to meet regulatory requirements related to the emission of toxic
components from vehicles equipped with internal combustion engines. The controversy
involving vehicles manufactured by VW is well known. As a result, it has led to a reduction
in the sale of diesel cars in Europe. Despite the above facts, there is currently no alternative
to diesel engines used on a large scale in the heavy transport sectors (trucks, locomotives,
agricultural tractors). An analysis of trends and conditions for the development of the fuel
structure of automobiles led to the conclusion that in the 2035 perspective, further growth
in the number of cars in operation will be based primarily on diesel-powered cars [31].

Modern vehicles have begun to use exhaust after-treatment systems, EGR—Exhaust
Gas Recirculation, DPF—Diesel Particulate Filter, SCR—Selective Catalytic Reduction,
which have a significant impact on the course of the combustion process as well as on the
toxicity of exhaust gases. In addition, modern fuel injection systems (Common Rail) are
used, which operate on the basis of appropriate precisely-selected control strategies stored
in the ECU (Engine Control Unit). The use of alternative fuels in diesel engines, based on
vegetable oils (rapeseed oil, soybean oil and others), due to significant differences in physic-
ochemical properties (in particular, viscosity) relative to ON, is difficult [32—43]. Therefore,
to counteract these problems, attempts have been made to modify the engine itself (Ellsbett
technology) as well as its accessories (fuel heating systems, dual-fuel systems) [44]. The
above solutions were applied by testing the engine in static conditions such as the engine
dynamometer and chassis or in real conditions. Previous studies have not attempted to
modify the control maps of the ECU—Engine Control Unit (maps affecting the control of
injection parameters and maps controlling the turbocharger, EGR—Exhaust Gas Recircula-
tion) of a serial (homologated) vehicle, taking into account its actual traffic conditions.
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The analysis of the state-of-the-art technology and the direction of research to date
clearly indicate the need to build a test bed for vehicle testing, which should allow:

Motor vehicle testing with simulated real-world traffic (WLTP—Worldwide Harmo-
nized Light Vehicle Test Procedure, RDE—Real Driving Emissions);

Load setting with the possibility of its smooth adjustment;

Powering the engine with different fuels;

Modifying software that directly affects the control strategies of the injection process,
transmission and traction control systems;

Real-time reading, recording and analysis of control system operating parameters;
Detailed recording and analysis of the combustion process occurring directly in the
combustion chamber;

Measurement of emitted toxic substances.

The position should integrate all the functionality listed above.

2. Materials and Methods

This paper presents a test stand for testing a diesel vehicle fueled by different fuels,
(Figure 1). The test stand was divided into three sections:

I—a test vehicle and a chassis dynamometer that reflects the actual movement of the
vehicle;

II—a system for recording parameters of the fast-changing injection and combustion
process and for recording parameters monitoring data acquired from the UCU controller
through the OBD connector;

[II—apparatus for reading/writing and programming ECUs and TCUs.

The first section presents the test object, which was an engine with a ZS built in the
vehicle, a Fiat Qubo, which met the EURO 5 standard. The data and technical parameters
of the test engine are given in Table 1. The test vehicle was coupled to a DF4FS-HLS chassis
dynamometer with DynoRace control software.

Figure 1. Test stand for testing a vehicle powered by different fuels. 1. Fiat Qubo vehicle under test. 2.
DF4FS-HLS chassis dynamometer. 3. Computer with DynoRace software installed along with control

cabinet and sensor accessories.
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Table 1. Main characteristics of Fiat Qubo vehicle used for the tests.

Parameter Characteristics
Name Fiat Qubo
Production year 2015
Engine capacity 1248 cm?®
Cylinder number and arrangement 4, in line
Cylinder diameter 69.6 mm
Piston stroke 82 mm
Compression ratio 16.8: 1
Max power 55 kW CEE/75 KM CEE
Max torque 190 Nm CEE/kgm CEE
Idle speed 850 &+ 20 RPM
Rotational speed at maximum torque 1500 RPM
Injection system/fuel supply Common Rail/diesel
Exhaust gas cleaning systems EGR, DPF

The chassis dynamometer reflecting the actual movement of the vehicle in addition to
the ability to determine the course of torque and power is equipped with the ability to read
additional parameters of engine operation such as:

Intake air temperature;

MAP (Mass Air Pressure) intake manifold pressure;
AFR (Air to Fuel Ratio);

Engine oil temperature;

Speed of rotation;

Exhaust gas temperature.

Testing of an approved motor vehicle with simulated traffic under actual operating
conditions is made possible by available tests:

Measurement of acceleration versus speed;

Measurement of acceleration versus vehicle speed;
Measurement at constant engine speed versus time;
Programmable driving cycles;

Manual speed control using a manually controlled load;

Taking into account the force of rolling resistance and elevation.

The technical parameters of the chassis dynamometer [45] are included in Table 2.

Table 2. Technical data of the roller dynamometer DF4FS-HLS.

Parameter Characteristics
Maximum axle load 2500 kg
Maximum speed 300 km/h
Maximum power on accelerated axle 400 kW
Maximum power on continuously loaded axle 300 kW
Tractive force 7500 N
Measurement accuracy +/—2%

In the second section of the test stand for a vehicle fueled by different fuels, the control,
measuring and recording apparatus is presented, the various components of which are
shown in Figure 2. In addition, an independent fuel system is used, which allows the rapid
replacement of the tested fuels and the measurement of fuel consumption.
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Figure 2. Control, measuring and recording apparatus: 1. mobile computer with IndiCom software
from AVL, V.07 flow meter, FIAT Multiecuscan, 2. Multiecuscan diagnostic interface, 3. Auxiliary fuel
system tank with meter from Rotameter company with Multicon CMC-99 Simex module, 4. Engine
indexing system and components: (a) AVL IndiMicro 602 measuring module, (b) AVL Universal
Pulse Conditioner 389Z01 transducer, (c) AVLGH13P piezoelectric sensor in I cylinder glow plug
socket, (d) Current clamps connected to I cylinder injector, (e) Induction engine speed sensor, 5.
Diesel engine meeting EURO 5 exhaust gas standards.

AVL’s INDIMICRO 602 engine indicating system with an integrated signal amplifier
has been built into the vehicle, working with four analog input channels and two digital
inputs, allowing real-time recording of high-speed variable parameters [46,47]. Signals
recorded by the AVL Indimicro system are: the course of pressure inside the cylinder, which
was recorded with a piezoelectric sensor AVL GH13P mounted in the glow plug socket
of the first cylinder with the help of an adapter, the signal of which was processed in the
amplifier: measurement module AVL; and the engine crankshaft position signal, which
informs about the position of the crankshaft, obtained from an inductive sensor cooperating
with the gear flywheel via an analog-to-digital converter: AVL Universal Pulse Conditioner
389Z701; the injection parameters were analyzed on the basis of the analog control signal of
the electromagnetic injector after processing into a digital signal.

A diagnostic interface designed to work with the FIAT MULTIECUSCAN program
was used for registration. The system used makes it possible to:

Record and export diagnostic data to CSV file;

Read ECU identification data;

Read error codes;

Erase error codes;

Read parameters during engine Live Data;

View parameter graphs;

Carry out actuator tests;

Provide a detailed description of fault codes, parameters and actuators;
Reset and function programming.

The self-contained fuel system (Figure 2 item 3), which allows a quick exchange
of test fuels and the measurement of fuel consumption, consists of an additional fuel
tank, an additional fuel pump, additional fuel filter, a fuel unit ZPR 1B/S by Rotametr,
i.e., flow meter PMZP-1A, designed for the accurate measurement of fuel consumption
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and a counter module: data logger MultiCon CMC-99, used for to visualize and record
measurement results.

The station was also expanded to include an installation for the precise metering of
fuels in the gaseous state. Thanks to the appropriate location of the dosing points of the
gas used, the possibility of burning liquid fuels (diesel, rapeseed oil) in the presence of
gaseous fuels (LPG, CNG, hydrogen) was obtained. The dosing installation installed gives
the possibility to control the proportion between the fuels used.

The third section of the test bed for a vehicle running on different fuels shows the
apparatus used to read /write and program the ECU and TCU [48]. Figure 3 shows the
various components of the system.

Figure 3. Read-write-programming apparatus consisting of 1. FLEX MASTER from Magic Motorsport,
2. Fronius Acctiva Professional Flash 70A power supply, 3. WinOLS Version 4.51 software, 4. Mobile
computer with Flex and WinOLS software installed. 5. a copy of the ECU controller from the
Fiat Qubo.

The FLEX device from Magicmotosport allows reading the contents of the memory of
controllers through the OBD connector in vehicles using diagnostic protocols: ISO 15765:2
x CAN, ISO 99141-2 and ISO 14230: 2 x K-LINE, 1 x L-LINE, Ethernet, SAE J1850 PWM,
VPW and SAE J1708.

In addition, reading in Bench and Boot mode is possible. The main function of the
device is reading and writing FLASH and EEPROM memory, as well as full cloning of
ECUs and TCUs. The Flex device in Master mode allows you to open the read memory
areas and thus modify them independently.

To modify the controller’s read memory contents, we used WinOLS software, which
has the functions:

e  Representation of raw data is in the form of 2D graphics or a hexadecimal/decimal
snapshot. Automatic processor detection to distinguish between program and calibra-
tion data area;

Automatically search for map areas and place them in the map list;

Display maps in 3D/2D or as a table;

Automatic search for ECU and software numbers;

Choice of language;

Ability to calculate checksums;

Import and export of binary files;



Appl. Sci. 2022,12, 10683

7 of 14

3. Results

In order to test the test stand, a test course was established based on recording changes
in the parameters of the combustion process and engine operation. Changes were made to
the start correction of the first pilot injection ((+)4 deg PREinj), the main injection angle ((+)2
deg MAINinj), and the amount of injected fuel of the first pilot injection ((+)1 mm3 PREinyj).
Reference was made to the results of measurements of engine operating parameters at serial
settings, and a reading of the contents of the engine controller’s memory was performed,

after which maps affecting the operating parameters that were planned to be changed were
found in the controller.

Modifying the Control Map

Changing the start angle of the first pre-injection by 4°. In the WinOls environment,
we proceeded to modify the serial SOI [degCA] (Start of injection) control map shown in
Figure 4 as a function of rotational speed [RPM] (Eng. Speed) and fuel injection quantity
[mm?/str] (Injection quantity). Figure 5 shows the SOI map after modification.

RIS

Figure 4. Series map SOIL.

& WHRQOROS

Figure 5. Modified map SOL
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After implementing the modified memory code into the ECU (Engine Control Unit),
tests were carried out to check the effect of the modification on combustion parameters,
using IndiCom software. Measurements were made of the injector’s steering as a function
of the crankshaft rotation angle at the factory settings, as shown in Figure 6. Modification
of a selected section of the relevant control map had a direct effect on shifting the first
pre-injection by the planned value, as shown in Figure 7.

1,2
1 — —
0,8
by
QO
@
O 0,6
&
0,4
0,2 | SOIPilot1 |
34degCA |
0 T \BamaEaRSES; - - — T T 1
-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 O 5 10 15 20
degCA

Figure 6. Injection control series.

1,2
1 — ey
0,8
O
%
O 06
&
04
0,2 - [ sotpiot1’]
38 degCA
\\\\.
0 - - - - - - - - - v v . - d
50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20
degCA

Figure 7. Injection control after modifications.

Similarly, modifications were made to the main injection angle and the amount of
injected fuel of the first pilot injection. The modifications carried out were performed with
diesel fuel. The coolant temperature was a minimum of 90 °C. Road driving simulations
on a chassis dynamometer were carried out with 3rd gear engaged, at a constant speed of
2000 RPM, and with braking force increased in steps up to 130 Nm. After the established test
conditions were achieved with a constant vehicle braking force of 130Nm, measurement
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and recording of engine operating parameters, measurement of indexed pressure and
monitoring of injection phases continued.

4. Discussion

The test results of the two modifications made to the vehicle’s ECU software are
presented below. Table 3 assigns the numbers of the modifications carried out.

Table 3. Numbering of the changes carried out.

Modification Number Change Parameters

ORI Original maps
MOD1 (+)4 deg PREinj (+)2 deg MAINinj
MOD2 (+)4 deg PREinj (+)2 deg MAINinj (+)1 mm3 PREinj

As a result of the engine indirection, the main parameters of the combustion process
were determined, such as the combustion pressure PCYL1 [MPa], the maximum rate of
build-up of combustion pressure PCYL1_der [MPa/deg], the average indirection pressure
IMEP [MPa], as well as the waveforms of the rate of derivation of combustion heat Q1
[K]/m3 deg] and the amount of derivation of combustion heat L1 [k]/ m3]. Figure 8 shows
the recorded engine indexing waveforms and the injector control signal of the serial engine
control map. Figures 9 and 10 show the waveforms after modifications. Table 4 shows the
results of the measurements.

1.00 16
0.75 4 L 14
0.50 Wl ks -12
§ 0254 ‘_-___w,‘,,,\,a\‘u'/ﬂ’((llﬁ',‘?\"#”{ﬁu'v' Jif 10 g
S _ggz : t\‘ax\‘ﬁ“"‘“""“'”r”'”"'"“"““"““"‘"‘"“:Z g
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Figure 8. The waveform of the main injection and combustion parameters (Original maps), i.e., the
rate of heat of combustion (Q1), the amount of heat of combustion (L1), the combustion pressure
(PCYL1), the rate of combustion pressure buildup (PCYL1_der) and the injector control signal
(INJ_SIG1)—under established engine operating conditions, engine speed 2000 [rpm] and load
130 [Nm].

Table 4. Parameters for 2000RPM and 130Nm.

Modification Number Parameters for 2000 [rpm] and 130 [Nm]

SOI SOC T IMEP  PCYLlyax PCYL1 der

[deg] [deg] [deg] [MPa] [MPa] MPa/deg
Original —34 —7.85 26.18 1.88 13.05 0.447
MOD1 —38 —9.55 28.42 2.0 13.74 0.619

MOD2 —38 —9.60 28.38 1.99 14.61 0.766
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Figure 9. The waveform of the main injection and combustion parameters (MOD1), i.e., the rate of
heat of combustion (Q1), the amount of heat of combustion (L1), the combustion pressure (PCYL1), the
rate of combustion pressure build-up (PCYL1_der) and the injector control signal (INJ_SIG1)—under
the established engine operating conditions, engine speed 2000 [rpm] and load 130 [Nm)].
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Figure 10. The waveform of the main injection and combustion parameters (MOD?2), i.e., the rate of
heat of combustion (Q1), the amount of heat of combustion (L1), the combustion pressure (PCYL1), the
rate of combustion pressure build-up (PCYL1_der) and the injector control signal (IN]J_SIG1)—under
the established engine operating conditions, engine speed 2000 [rpm] and load 130 [Nm)].

As a result of the modifications, changes in the amount of total fuel injected per engine
cycle were noted, as shown in Figure 11. The lowest value of 42.9 mm? /cycle was observed
after MOD2. The recorded increase in the pilot injection amount value to 2.4 mm?3/cycle af-
ter MOD2 is shown in Figure 12, which represented differences of 0.8 mm? /cycle compared
to the serial maps. MOD1 did not affect the amount of pilot injection.
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Figure 11. Total fuel quantity on 2000 RPM and 130 Nm.

3.0
2.5
)
Q
e
E 2.0
2 15
[« W
@]
1.0
0.5
0.0
Original Maps MOD 1 MOD 2
m Pilot injection fuel quantity
[mm?3/cycle] on 2000 1.6 1.7 24
[obr/min]

Figure 12. Pilot injection fuel quantity on 2000 RPM and 130 Nm.

The modifications introduced affected the increase in combustion pressure after both
pilot injections. A significant change was observed in the parameters of the auto-ignition
delay angle (1) and the rate of combustion pressure build-up (Table 4). The above research
confirms the wide range of possibilities for testing a vehicle fueled by different fuels,
including the possibility of adapting the control software to the tested fuel.
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5. Conclusions

Diesel engines are primarily built to run on diesel fuel. The ECU is tuned for this
power source. Using a fuel other than diesel causes changes in the combustion process,
which the controller often interprets as an error. Hence, there is a need to interfere with the
ECU maps, adjusting the different areas to the fuel under test.

Accelerating the angle of onset of the first pre-injection (MOD2) by 4° from the fac-
tory setting increased the pilot injection rate to 2.4 mm3/cycle, an increase of 0.8 mm?/cycle.
MOD1 did not significantly affect the pilot injection dose, the difference being 0.1 mm?/cycle.
The introduced change of MOD1 and MOD?2 affected the increase in combustion pressure af-
ter both pilot injections and amounted to 13.61 MPa and 14.74 MPa, respectively, which was
an increase of 0.56 MPa and 0.69 MPa compared to the measurement at the factory settings.
The auto-ignition delay angle (t) increased for MOD1 28.38 deg and for MOD2 28.42 deg
compared to 26.18 deg at the factory settings. Combustion pressure build-up rates for
MOD1 and MOD2 were 0.619 MPa/deg and 0.766 MPa/deg, compared to 0.447 MPa/deg
at nominal settings.

The presented stand allows testing a diesel engine fueled by various liquid and gaseous
fuels. In addition, there is the possibility of extensive interference with the ECU, as shown
in the example of injector control. Control tests of the vehicle can be performed in the
conditions of a chassis dynamometer as well as in road conditions.
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