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The paper presents an analysis of indicators of a high-performance W12 twin-turbo engine used in drifting

applications, supplemented with time-series data on engine parameters. The tests were conducted on a chassis
dynamometer using indicating and data logging equipment. The engine external characteristics were deter-
mined, yielding 898 kW and 1488 Nm. To enable safe in-cylinder pressure measurements, the turbocharger
boost control duty cycle was limited to 30%, resulting in reduced thermodynamic loading without compromising
the representativeness of the combustion process. The 450 consecutive operating cycles were recorded under
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transient conditions. Under full-load conditions, the average MBF50 = 13.8°CA and COV(MBF50) = 17.3%,
indicating conservative phasing relative to MBT and significant cycle-to-cycle variability. It was demonstrated
that indexing enables precise correlation of transient parameters with combustion evolution and is an effective
tool for optimizing the calibration of high-performance engines.
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1. Introductions

Currently, combustion engines remain the dominant
power source in most machines, vehicles, and other means
of transport. The development of the engine sparked the
automotive industry's dynamic growth, and the widespread
use of cars led to the emergence of a new competitive dis-
cipline: motorsport. Consequently, the internal combustion
engine became one of the key areas of technological devel-
opment and the main object of design competition.

Originally, motorsport was based mainly on commercial
vehicles that were only slightly modified, and competition
took the form of races between designated destinations or
on closed-circuit tracks. Along with the development of
automotive technology, numerous motorsport disciplines
began to separate (Fig. 1), and vehicle designs became
increasingly specialized and designed for specific competi-
tion conditions.
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The construction of internal combustion engines used in
motorsports differs significantly from that of commercial
engines. These differences arise from distinct operating
conditions and regulatory constraints. The design and oper-
ating characteristics of such engines are closely tailored to
the specific discipline, and the main design differences
include, among others, forced induction systems, lubrica-
tion systems, construction materials, and combustion con-
trol strategies. In the highest categories of circuit racing and
single-seater, such as Formula 1, Formula 2, Formula 3,
Hypercar in the FIA World Endurance Championship, and
IndyCar, prototype engines are used that are designed from
scratch for a specific vehicle and technical regulations [8,
24, 26, 36, 39].

The development of a prototype motorsport engine in-
volves concept definition in accordance with technical regu-
lations, followed by computer-aided design (CAD) as well
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Fig. 1. Representative engine configurations used in competitive motorsport applications [5, 6, 19, 25, 29, 30, 33-35, 38]
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as finite element method (FEM) and computational fluid
dynamics (CFD) analyses of the engine and its components.
The next step is to build a prototype and conduct tests on an
engine dynamometer, including data acquisition during
operation. After integration with the vehicle, development
is iterative and data-driven, based on experimental data and
subsequent design modifications [1]. Factory engine devel-
opment programs incur extremely high costs, reaching $1.4
billion [37] in F1 and $200 million [12] in LMP1.

These costs often contribute to the decline of a racing
series. An example of this is the final phase of the Class 1
regulations of the Deutsche Tourenwagen Masters series,
which saw a marked escalation in the technical sophistica-
tion of the vehicles, directly translating into increased par-
ticipation costs [15].

The cars were equipped with carbon monocoques and
highly powerful, prototype 2.0 L R4 turbo engines (BMW
P48, Audi 2.0 L R4 TFSI DTM), designed from scratch as
structural elements of the vehicle (Audi RS5 DTM - Fig. 2)
[10, 27].

The use of such advanced designs significantly in-
creased development and operating costs to a level compa-
rable to other top series based on prototypes. For compari-
son, the estimated budgets for the Audi and BMW factory
programs for car construction in the final phase of the Class
1 regulations were around €30-50 million per year [14].

DTM [3]

Fig. 3. Production-based Audi R8 LMS GT3 with a series-derived V10
and race-modified suspension [4]

In contrast, in the first season of the new regulations,
they could reach as much as €80 million. The DTM pro-

gram for private teams was estimated at €5-6 million per
year [14]. Following the rule changes from the 2021 season,
which allowed only FIA GT3 cars with production-derived
powertrains (including the BMW S58 inline six-cylinder,
the naturally aspirated Audi R8 LMS V10 (Fig. 3), and
Mercedes-AMG V8 units) and the simultaneous application
of the Balance of Performance system, budget requirements
have decreased to around €3 million. The number of com-
petitors has increased to around 24 [20].

Engines prepared for drifting and lower-level touring
car series, such as TCR, GT, and NASCAR, as well as for
selected national single-seater applications, use production-
based engines due to limited budgets [20]. Using ready-
made engines allows skipping many R&D stages, limiting
engine preparation to modifications to the equipment and
control system.

Drifting is a relatively new discipline, in which mainly
private competitors participate, or factory support is only
available in the highest class of formula drift (Papadakis
Racing supported by Toyota Gazoo Racing [32], Ford Rac-
ing support for Vaughn Gittin Jr, Chelsea DeNofa, and
most recently, James Dean [16]), which significantly affects
much smaller budgets and access to factory programs.

In drift racing, the engine is exposed to frequent dynam-
ic loads, where quick throttle response, high torque across a
wide range of engine speeds, and the ability to maintain
stable operation under non-steady flow and cooling condi-
tions are crucial. Unlike factory motorsport programs,
where engine dynamometers and indicator measurements
are the primary tools for engine development, in drifting
projects based on modified production engines, the process
of validation, tuning, and performance control is usually
limited to a chassis dynamometer, less often to an engine
dynamometer, and advanced indicator testing is rare.

Drifting designs most often use engines derived from
high-performance production models, such as the Toyota
2JZ-GTE and Nissan RB26DETT inline six-cylinder en-
gines, modern BMW R6 engines (e.g., S55/S58), or natural-
ly aspirated and supercharged V8s from the GM LS family,
which, thanks to their rigid block architecture and high
availability of parts, provide a convenient base for competi-
tive applications [13]. In adapting production engine blocks
for motorsport applications, it is crucial to increase struc-
tural rigidity and resistance to high thermal and mechanical
loads. Among other things, open-deck blocks are pinned to
stabilize the cylinder liners, and additional reinforcements
are added to the lower part of the engine in the form of
girders or stiffening plates for the crankshaft supports [22].
These design changes are often complemented by advanced
functional coatings, such as ceramic thermal barrier coat-
ings (TBCs) applied to piston crowns and low-friction coat-
ings (LFCs) used on piston skirts or bearing surfaces, which
reduce friction losses and improve durability under high-
load operating conditions [17, 40].

An integral part of the powertrains used in drifting is
forced induction, which allows for very high specific power
while maintaining a wide torque range. In practice, single-
turbocharger systems or high-performance twin-turbo con-
figurations offering high mass flow rate and high pressure
ratio (Garrett G40/G42, BorgWarner EFR 9280) dominate.
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The construction of the high-performance ERF series tur-
bocharger equipped with advanced regulation and control
systems is shown in Fig. 4. The performance map of the
9280 model (Fig. 5) demonstrates the capability to achieve
pressure ratios exceeding 4.0 and airflow rates above 100
Ib/min, significantly higher than those typical of standard
passenger-car turbochargers.

Fig. 4. Construction of twin scroll BorgWarner EFR series turbocharger,

equipped with a boost pressure control solenoid valve (BCSV) (1), inte-

grated compressor bypass valve (CRV) (2), rotor speed sensor (3), and
ceramic ball bearings (4) [18]
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Fig. 5. BorgWarner EFR 9280 turbocharger compressor performance map [9]

At the same time, mechanical compressors are used
much less frequently and are mainly found in selected pro-
jects based on V8 engines. The most commonly used turbo-
chargers are those with ball bearings and twin-scroll hous-
ings, working with equal-length exhaust manifolds and
external wastegates [28]. Blow-off valves are used on the
compressor side to limit surge during rapid throttle closure.

In addition to a reinforced engine housing and a high-
capacity turbocharging system, a control system based on
programmable standalone ECUs with individual electrical
harnesses is required. The official controller used in the
Formula Drift series is Link ECU [23], but in practice,
teams also use other programmable standalone units such
as MoTeC, ECUMaster, Haltech, and AEM [11]. These
solutions are essential in drifting — they provide full con-
trol over engine operation and the implementation of mo-
torsport strategies such as flex-fuel using an ethanol con-
tent sensor, anti-lag and launch control systems for better
use of forced induction, advanced engine thermal man-

agement and lubrication control strategies, as well as ex-
tensive data recording and integration with additional
vehicle systems [2].

In addition to the three fundamentals of a drifting en-
gine described above, independent cooling and lubrication
systems play an important role in maintaining stable engine
operating conditions under prolonged loads and during
high-lateral-force driving.

In practice, complex oil-cooling systems, electric cool-
ing pumps, additional oil and coolant radiators, and larger
oil pans or dry-sump systems are used to prevent temporary
drops in lubrication pressure. These are complemented by
reinforced ignition systems, high-performance fuel injec-
tors, temperature and pressure sensors at key points in the
engine, and ECU-protected strategies that limit torque when
the permissible operating parameters are exceeded.

Drifting engine calibration is typically performed on
a chassis dynamometer using a standalone ECU [7,21].
Calibration begins by setting the base Fuel Table (VE or
Injector Pulse Width) and the Ignition Timing Map, then
adjusting the Boost Control Table based on gear or throttle
position. Under these conditions, the operating limits are
determined based on parameters such as lambda target
(usually A = 0.78-0.85 at high load), exhaust gas tempera-
ture (EGT), knock level, intake air temperature (IAT), and
torque values, with ignition and fuel dose adjustments made
iteratively based on ECU logs. After dyno calibration, mo-
torsport strategies are implemented, including Anti-Lag
Control, Launch Control, Gear-based Boost, and Ignition
Cut during gear changes, with final tuning taking place
under track conditions through analysis of telemetry data
and correction maps.

Typically, drifting engines are tuned without indicator
measurements, which is why the unit's operating limits are
determined based on indirect indicators available in the
ECU and on a chassis dynamometer [31]. Ignition calibra-
tion is performed using the "torque plateau™ method, which
involves gradually increasing the ignition advance angle
until the torque increase disappears, while observing the
knock level, exhaust gas temperature and lambda stability.
In the absence of parameters such as MBF50, APmax, or
MAPO, tuners rely on analyzing logs covering knock re-
tard, speed increase, intake air temperature, and ignition
corrections to determine a safe operating margin for the
engine. However, this does not guarantee maximum ther-
modynamic efficiency.

Considering the limited scope of thermodynamic re-
search on this type of design (motorsport drifting ICE
+1000 HP), the authors decided to conduct experimental
verification and identification tests involving indicator
measurements, enabling direct analysis of the combustion
process in the cylinder and engine operating parameters.
Comparing the indicator results with the ECU operating
data enables an assessment of the impact of the adopted
tuning strategies on combustion-chamber processes and
indicates potential directions for further modification of the
drive unit.

2. Engine and test object description
The research subject was a high-performance race en-
gine built by Gregor Performance for drifting-type competi-
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tion. The engine was based on a W12 spark ignition engine
with twin turbochargers. The tested engine was installed in
a Nissan 350Z (Z33) body, fully prepared for motorsport
(Fig. 6). The aim of the modification was to achieve a high
engine power output under specific racing operating condi-
tions.

The engine technical data are presented in Table 1. The
main features include a 48-valve DOHC system, PFI (port
fuel injection), and a dry-sump lubrication system. Forced
induction was achieved via a twin-turbo system with Gar-
rett GT35 units. The engine was controlled by two inde-
pendent Ecumaster EMU Black controllers. This standalone
solution allowed for the operation of 12 cylinders.

Table 1. High-performance drift car Engine specifications

high-octane gasoline, alcohol fuels, and mixtures (E85).
The engine temperature was regulated by an independent
cooling system. System output was regulated by EWP elec-
tric pumps, which were controlled directly by the ECU. The
drive train is based on a modified ZF 8HP eight-speed
transmission, controlled by an external standalone control-
ler. This control method enabled independent management
of the gear shift strategy. The tests were conducted with
E85 racing fuel, and the fuel composition sensor indicated
an ethanol content of 69%.

3. Experimental setup and research methodology

3.1. Engine dynamometer test bench
The engine tests were carried out on a hub dynamome-
ter test bench (Fig. 7).

Fig. 6. Drift-spec Nissan 350z (a) with W12 high-performance engine (b)

A security algorithm based on knock detection, exhaust
gas temperature control, mixture composition, and oil pres-
sure was used. The fuel system was adapted to operate in
Flex Fuel mode based on alcohol concentration measure-
ments in the fuel. The engine control system is adapted to

Engine indicating m
system ——— /

Dynamometer hubs
p—

—whe —ce

Parameter Value

Engine type W12 | DOHC | PFI Dynamometer
Displacement 5998 cm? Cochionion
Number of valves per cylinder 4

Cylinder bore 84.0 mm

Piston stroke 90.2 mm

Compression ratio 10:1

Engine aspiration twin-turbo aspirated engine &/

Fig. 7. Vehicle mounted on a chassis dynamometer during experimental
testing under real load conditions

The specific characteristics of the test bench enabled the
elimination of undesirable wheel slip. It is particularly
important when testing engines that generate high torque.
The Dyno Revolt HR-2 dynamometer was employed, ena-
bling torque measurements in the 0-4000 Nm +0.1% FS
and wheel rotational speed 0-3500 rpm. The dynamometer
measuring range enabled stable testing across the entire
engine operating range. The combustion engine was tested
on a chassis dynamometer during the car's operation. That
enabled simultaneous acquisition of indicator parameters
and powertrain operating values under real load conditions.

Signal conditioner

Fig. 8. View of AVL data acquisition system for thermodynamic combus-
tion process analysis
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3.2. Data acquisition system and measurements
apparatus

The AVL IndiMicro 602, a four-channel system dedi-
cated to the analysis of in-cylinder processes (Fig. 8), and
an EcuMaster EDL-1 data logger were used to record data.
The indicator measurement system for the crankshaft angu-
lar position included a piezoelectric pressure transducer
integrated with an AVL ZI45 spark plug, a Pico TA398
high-voltage probe, and Pico TAO018 current clamps. The
cylinder pressure, high voltage in the secondary circuit of
the ignition coil, and the injection control current were
recorded. All measurements were performed within a single
engine cylinder. Engine operating parameters were acquired
from time traces using a dedicated data logger connected to
the ECU. A total of 32 parameters were selected for record-
ing, with a sampling frequency of 25 Hz. The specifications
of the measuring equipment used are presented in Table 2.

Table 2. Measurement equipment and technical specifications

Parameter Description Specification
;::ar;‘ybs‘;:“o” AVL IndiMicro 602 Ai ihgg”f'cs "
Data logger EDL-1 2??:22“3?5
Cylinder pressure AVL Z133 0-250 bar £0.3% FS
\I/%r;ti;i;: high Pico TA398 Attegg’elotg%r:llratio
Injector signal Pico TA018 2.0&7635AmA

3.3. Experimental plan and data processing

The tests were divided into two stages. The first stage
involved determining the engine's external characteristics at
full boost. The second stage involved determining the ex-
ternal characteristics, supplemented by a thermodynamic
analysis of the combustion process under limited boost
(30%) to mitigate the risk of damage to the spark plug inte-
grated with the pressure transducer. During the second
stage, the engine was diagnosed at idle speed.

The processing of measurement data recorded in the
crankshaft angle function began with low-pass filtering at
a cutoff frequency of 4 kHz. Next, the heat dissipation
characteristics were determined in accordance with a sim-
plified model based on the first law of thermodynamics
[18]:

dQ_ y pdv 1 ydp

@
where: v, the polytropy exponent, was set at 1.32 for com-
pression and 1.27 for expansion stroke; P is the measured
pressure in the cylinder, and V is the current cylinder vol-
ume relative to the angular position of the crankshaft.

Based on the current volume and pressure in the cylin-
der, the average indicated mean effective pressure was
determined according to the formula:

da_y—l da y-1 da

1
IMEP = .~ [ PdV )

where: Vq is the displacement volume, P is the instantane-
ous pressure value for the instantaneous cylinder volume V.

Maximum values and their angular positions were de-
termined for selected parameters. The ignition timing

SOlgn was determined from the high-voltage waveform in
the secondary circuit of the ignition coil.

4. Results

4.1. Full-load engine performance characteristics

Figure 9 illustrates the full-load characteristics of the
engine operating at 100% boost (solid line) and at a turbo-
charger boost control duty cycle limited to 30% (dashed
line). Under full boost conditions, the engine produced 889
kW at 6222 rpm and 1488 Nm of torque at 4393 rpm. These
results were used to limit the boost during indicator meas-
urements. Under limited boost conditions, the engine pro-
duced 508 kW and 889 Nm of torque.
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Fig. 9. Engine torque and power characteristics measured on a chassis
dynamometer under full and partial boost conditions

The obtained results reflect the high-performance con-
figuration of the tested engine, including turbocharging,
a modified intake system, standalone ECU control, and
operation on ethanol-blended fuel. High engine torque is
required in drifting to maintain controlled rear-wheel slip
during sustained oversteer conditions.

4.2. Engine control variables under test conditions

The control method is important for engine performance
under the specific operating conditions dictated by motor-
sport. The engine calibration strategy was based on external
operating parameters available from the ECU, without
direct feedback from in-cylinder combustion analysis. Fig-
ure 10 illustrates the time-based selection of engine control
variables and operating parameters under partial boost con-
ditions.

Figure 10a presents the time history of absolute mani-
fold pressure in the intake manifold (MAP) after the turbo-
charger (green line) and the boost control duty cycle of the
solenoid valve regulating the turbocharger output flow
(blue line). During the initial phase of engine acceleration
and gradual throttle opening, at engine speeds from 1650 to
2400 rpm, the increase in boost pressure is regulated by the
rising exhaust gas flow driving the turbine. Above 2400
rpm, the engine enters wide-open throttle (WOT), and the
intake manifold pressure rises above atmospheric pressure.
At the same time, the boost is limited to approximately
30%, corresponding to a partial exhaust gas bypass before
the turbine blades. Despite the use of exhaust gas bypass,
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further increases in engine speed result in boost pressure
rising to 160 kPa, with the valve control ratio simultaneous-
ly corrected to 23%. Once the maximum engine speed of
6335 rpm is reached, the throttle closes, and the boost air
relief valve takes over the boost pressure control function.
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Fig. 10. Transient engine control variables and operating parameters
recorded under partial boost conditions

Figure 10b shows changes in the air excess ratio A dur-
ing acceleration. The dotted line represents the actual value
of A measured by the oxygen sensor at the exhaust, while
the solid line represents the value set by the engine control
unit. The set value at idle speed was determined to achieve
stoichiometric combustion, aiming for a rich combustion A
~ 0.83 during engine acceleration. The transient boost con-
trol during the initial phase of acceleration produced a tem-
porary lean mixture with A = 1.15, followed by enrichment
to A = 0.95 due to fuel metering. During further accelera-
tion, the setpoint and actual values were the same. Howev-
er, this trend changed towards running on a leaner mixture
than the setpoint due to insufficient turbocharger boost
control duty cycle despite the current correction from 30 to
24%, but without exceeding A = 1.00. In the range from
1600 rpm to 3000 rpm, the ignition advance angle increased
classically with rotational speed (Fig. 10c). Subsequently,
up to 3900 rpm, there was a correction related to the boost
limitation and a linear increase correlating with the engine
speed.

4.3. Transient thermodynamic indicator analysis

The test was conducted for 0 to 15 seconds, and, in par-
allel with the time signal recording, a total of 450 consecu-
tive engine cycles were recorded and presented as cylinder
pressure curves (Fig. 11).

The first 70 cycles corresponded to transitional states
associated with throttle opening. In this range, a gradual
increase in maximum combustion pressure was observed,
reaching approximately 33 bar. Cycles 70 to 197 represent-
ed the engine-load increase phase, during which maximum
pressure increased to approximately 85 bar. The subsequent
cycles corresponded to the engine operating at full load,

characterized by relatively stable maximum pressure val-
ues.

The observed changes in cylinder pressure represent the
transition from low-load operation through a phase of in-
creasing load to stable high-load conditions.

P_cyl [bar]

200

CA [deg]

Fig. 11. In-cylinder pressure evolution versus crank angle and subsequent
cycles under transient partial boost conditions

4.4. Combustion process characteristics under transient

operating conditions

Based on the cylinder pressure curves, the time-
dependent changes in the combustion process's characteris-
tic parameters were determined (Fig. 12), including IMEP,
Pmax, maximum heat release rate, MBF10, MBF50, and
MBF90, which enabled the evaluation of combustion phas-
ing evolution under transient engine operating conditions.

Over a period of up to 4 seconds, the engine idled at
a load range of 1.2 to 1.9 bar IMEP, with a constant maxi-
mum combustion pressure of approximately 6.5 bar and
a maximum heat release rate of 20 kJ/m* °CA. Operation at
the load necessary to maintain idling, despite the small
variability of Pmax and dQmax, was characterized by high
variability in the angle of maximum pressure APmax. The
irregularity of the APmax position determined the variabil-
ity in the start of combustion (MBF10), but did not signifi-
cantly affect the duration of the first phase of combustion
(MBF10-MBF50) or the second phase (MBF50-MBF90).
It was observed that during idling, both combustion phases
had a similar duration.

80 80 80
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Fig. 12. Transient in cylinder thermodynamics indicators of the combus-
tion process under partial boost conditions
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The increase in engine load from 4 to approximately 8.2 s,
corresponding to an increase in IMEP from 1.9 to less than
18 bar, significantly affected the stabilization of the APmax
angle and the change in the share of individual combustion
phases. As the load increased, the values of Pmax (up to
approx. 72 bar) and dQmax (up to approx. 180 kJ/m? °CA)
increased, while the angles APmax and MBF10 accelerated
systematically from 31 to 25°CA aTDC and from 16 to
7°CA aTDC, respectively. The acceleration of combustion
initiation was accompanied by a corresponding shift in the
MBF50 center of combustion. At the same time, an elonga-
tion of the second combustion phase from approximately 15
to 30°CA was observed, while the MBF90 angle showed an
upward trend (from approx. 42°CA to 45°CA), opposite to
the changes in the start and center of combustion. With
increasing load, there was a clear reduction in the MBF90
spread, but not in MBF10 or MBF50.

The combustion process at full load, up to approximate-
ly 14 seconds of the test and at IMEP ~ 18.5 bar, was char-
acterized by roughly constant values of Pmax and dQmax,
amounting to about 92 bar and 182 kJ/m* °CA, respective-
ly. The APmax angle accelerated further from 22 to
18.5°CA aTDC, accompanied by a shift in MBF10 from 7
to around 0°CA and an acceleration in MBF50 from 18 to
11°CA aTDC. At full load, a renewed rise in MBF90 dis-
persion was observed despite earlier stabilization. Full-load
operation extended the second combustion phase from
around 23 to 36°CA, while the first phase remained almost
constant at around 11°CA.

The observed redistribution of the duration of individual
combustion phases is confirmed by the analysis of pressure
and heat release rate curves presented in the next subsec-
tion. Figure 13 shows the changes in the angular duration of
individual combustion phases, determined from MBF
curves. Blue triangles mark the MBF10-50 range, red
squares mark MBF50-90, and black diamonds mark the
total combustion period MBF10-90.
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Fig. 13. Relationship between combustion duration intervals and MBF50
phasing under transient partial boost conditions

In the initial phase of engine operation, a wide spread of
MBF10-90 values was observed, due to combustion insta-
bility under transient conditions. As the load increased, the

total combustion time shortened gradually, and the propor-
tion of the second combustion phase (MBF50-90) de-
creased markedly. At the same time, the first combustion
phase (MBF10-50) showed a slight prolongation and stabi-
lization of the course.

The observed changes indicate a transition from angu-
larly extended combustion at low load to a more concen-
trated combustion at higher IMEP values.

Figure 14 shows the relationship between the selected
parameter describing the combustion process and the en-
gine operating conditions during transient states. In the
initial phase, a large spread of values was observed, charac-
teristic of unstable combustion at low load. As the load
increased, the curve gradually became more orderly and
shifted to a region of lower variability, corresponding to
stable combustion at higher IMEP values.
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Fig. 14. Relationship between combustion duration intervals and MBF50
phasing under transient partial boost conditions

4.5. In-cylinder pressure phenomena in different states
of engine operation

When the throttle was opened and the fuel dose was in-
creased to maintain the set A value, a gradual increase in
cylinder pressure and heat release rate was observed (Fig.
15). Despite the acceleration of the ignition advance angle,
the combustion process clearly proceeded after TDC, and
the position of the maximum pressure angle APmax did not
show a clear tendency to occur earlier. At the same time,
the maximum heat release rate, dQ/da, occurred earlier in
each subsequent cycle. The visible irregularity of the dQ/da
curve indicated instability in the combustion process, char-
acteristic of transitional states of engine operation.
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Fig. 15. In-cylinder pressure and heat release rate for selected initial
acceleration cycles under partial boost conditions
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A detailed thermodynamic analysis of the selected en-
gine operating cycle at idle (Fig. 16) showed an extended
discharge phase lasting approximately 11.5°CA. As a re-
sult, the combustion process was prolonged, leading to
delayed combustion. This was caused by a significant pro-
portion of combustion occurring after TDC and by an ex-
tended period of increased heat release rate. This pattern
indicates the dominance of combustion initiated by ignition
under conditions of heterogeneous charge preparation.
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Fig. 16. Thermodynamic analysis of a representative engine cycle during
idle operation

Figure 17 shows the pressure curves in the cylinder and
the heat release rates for selected cycles, illustrating the
changes during an increase in engine load. Increasing the
load causes a clear increase in the maximum value of dQ/da
and a shift in the combustion process towards TDC. At the
same time, the irregularity of the dQ/da curves disappeared,
indicating stabilization of the combustion process and
a more Kkinetic reaction.
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Fig. 17. In-cylinder pressure and heat release rate for selected cycles

representing increasing load over the entire test
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Fig. 18. Thermodynamic analysis of a representative engine cycle during
full-load operation

A detailed thermodynamic analysis (Fig. 18) indicated
an extension of the angular discharge period to approxi-
mately 18°CA. Combustion was kinetic, with a homogene-
ous mixture, and the increase in heat release rate was more
rapid, although the maximum Q values were reached slight-
ly later than in the initial acceleration phase.

5. Summary and conclusions
The performed thermodynamic indicator analysis

demonstrated that in-cylinder pressure measurements con-
stitute a significant extension of traditional motorsport
engine calibration procedures. Conventional tuning based
on external parameters such as torque, air—fuel ratio or
exhaust gas temperature enables safe engine operation;
however, it does not provide direct information about com-
bustion phasing or thermodynamic loading of engine com-
ponents. The results obtained in this study confirm that
indicator measurements allow a more precise evaluation of
combustion behaviour in a highly modified production-
based racing engine and create a link between empirical
dyno tuning and advanced experimental diagnostics. The
main findings of the study are summarized as follows:

1) In the tested setup, the engine achieved 889 kW at 6222
rpm and 1488 Nm at 4393 rpm, confirming the high-
performance characteristics required in drifting applica-
tions.

2) Limiting the boost control duty cycle to 30% reduced
the engine output to 508 kW and 889 Nm. Under these
conditions, the measured in-cylinder pressure and over-
all engine load were significantly lower, thereby mini-
mizing the risk of damage to the spark plug-integrated
pressure transducer during indication measurements.

3) The ability to directly link transient (temporal) parame-
ters with the analysis of successive operating cycles was
achieved, enabling the evaluation of combustion evolu-
tion during load ramp-up.

4) Under idle conditions, significant variability in the AP-
max angle and MBF phases was observed, with high re-
peatability in the heat release rate (HRR) curve.

5) Under transitional conditions, with increasing load,
stabilization of the APmax angle and a reduction in
MBF90 dispersion were observed, while MBF50 varia-
bility remained significant in the initial phase of load
increase.

6) At full load, increased variation in maximum heat re-
lease rate (HRR) and Pmax was observed, indicating
high sensitivity of the combustion process under WOT
conditions.

7) In the case of traditional tuning without engine indica-
tion, at full load, an average MBF50 value of 13.8°CA
was obtained, slightly delayed relative to MBT, but en-
suring a safe operating margin; at the same time,
COV(MBF50) = 17.3% indicated significant cycle-to-
cycle variability. The use of indicator-based tuning
could bring the combustion phasing closer to MBT and
reduce uniqueness at maximum IMEP and WOT.

8) Engine tuning is a significant extension of traditional
calibration methods, enabling improved tuning quality,
increased combustion process repeatability, and poten-
tial improvements in engine performance and stability.
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Nomenclature

APmax  angle of maximum in-cylinder pressure ICE internal combustion engine

aTDC  after top dead centre IMEP indicated mean effective pressure

BDC bottom dead centre IAT intake air temperature

CAD computer-aided design LMP1  Le Mans Prototype 1

Cl compression ignition MAP manifold absolute pressure

CNG compressed natural gas MAPO  maximum amplitude of pressure oscillation

cov coefficient of variation MBF mass burn fraction

DI direct injection MBT minimum advance for best torque

DOHC  double overhead camshaft PFI port fuel injection

DTM Deutsche Tourenwagen Masters Pmax maximum in-cylinder pressure

ECU engine control unit Sl spark ignition

EGT exhaust gas temperature SOC start of combustion

FIA Fédération Internationale de 1’ Automobile TCR Touring Car Racing

GT3 Grand Touring class 3 TDC top dead centre

HRR heat release rate WOT wide open throttle
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