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ABSTRACT

The publication presents an analysis of the operating conditions of the propulsion system of an ultralight autogyro
during flights of various lengths and dynamics. This analysis is aimed at demonstrating the limits of variability of
engine operation to determine the boundary conditions of aircraft engine operating conditions in actual operation.
This parameter, in turn, will enable the effective use of the advantages of aircraft hybridization depending on the
type of mission. The research data was collected from 10 different flights of the TERCEL autogyro. MAP, RPM,
flight altitude, horizontal and vertical speed, etc. were extracted from the on-board FDR (Flight Data Recorder)
and then analyzed. The flights were classified as short SF (< 30 min) and long LF (> 30 min). The defined engine
operating states include steady-state and transient engine operation, IDLE, low load (LL), high load (HL), and
wide-open throttle (WOT), as well as acceleration and deceleration. The analysis of the data shows that for the
short flights, the share of steady state is about 80% and increases to more than 90% for the long flights. For the
short flights, the share of acceleration accounts for about 60% of transient states and also increases to more than
65% for the long flights. For the short flights, IDLE, LL and WOT have a fairly significant share and amount to
32%, 36.1% and 7.5%, respectively, while they are increasingly marginalized by the increasing share of HL as the
flight lengthens. For the long flights, The share of HL was almost 70%.

Keywords: rotorcraft, gyroplane, IDLE, WOT, steady state, acceleration, deceleration, engine load, operating
states, hybrid propulsion.

INTRODUCTION power and latitude with no significantly increased
aircraft weight [9, 11]. The accelerating electrifica-
tion of land transportation is the fact so it is clear
that in the future it will also apply to aviation [12,
13]. Electric propulsion systems are already in
use in, for example, motorized gliders [15] motor-

paragliders or drones, but they have a relatively

Reciprocating internal combustion engines are
still widely used in light aviation. Current trends
indicate that they will continue to be used to power
manned and unmanned aircraft for a long time to
come and will continue to be researched and de-

veloped [1-3]. When analyzing the development
of the automotive industry and aviation, it can be
concluded that the solutions used in automotive
vehicle propulsions are also being adapted to light
aviation over time [4, 6]. This fact means both im-
proving the functionality of propulsion systems
and reducing emissions of harmful exhaust com-
ponents [5, 7]. Carbureted power systems are be-
ing replaced by electronic fuel injection [7, 8], and
turbocharging is being used to increase maximum

low flight duration [10]. This is due to the low
energy density of the batteries currently in use the
large weight of which is the greatest limitation in
the electrification of aviation [13, 14]. Therefore,
it can be expected that an intermediate solution
will be hybrid systems [9, 19] in which the electric
motor will support the internal combustion engine
in higher power demand or in states of temporary
changes in operating conditions will be capable of
maintaining a stable operating point of the internal
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combustion engine [15, 16]. There are also consid-
ered solutions of series systems where the internal
combustion engine drives only the electric gen-
erator [17, 18], but such systems show the great-
est efficiency in aircraft like motor gliders. Hybrid
solutions do not require a large energy storage and
simultaneously show a considerably increased to-
tal power and better flexibility of the propulsion
system and better dynamic operation. Research
is already underway to apply hybrid propulsion
systems to light aviation [19]. Building a func-
tional hybrid propulsion system requires designing
a control system that will, according to demand,
provide smooth control of power distribution from
electric and internal combustion engines. Such a
system must analyze the operating conditions of
the propulsion system and flight parameters in real
time to select the most favorable power distribu-
tion strategy similar to automotive FHEV (full
hybrid electric vehicles) systems [21], which is of
particular importance for unmanned vessels where
human control of individual systems is reduced to
a minimum [23-25].

In order to determine the prerequisites for the
construction of a power distribution system, it is
necessary to define the operating conditions of an
aircraft propulsion system. The previous studies
have defined the main differences in powertrain
operation between reciprocating aircraft and auto-
motive propulsion systems [16]. It was shown that
the aircraft engine operates with a much higher av-
erage load, and transient operating conditions oc-
cur rarely. The questions then arise: Will the differ-
ent operating profile of the aircraft engine signifi-
cantly reduce the advantages observed in hybrid
vehicles, and if so, will the conditions of the flight
being conducted, i.e. the type of mission, affect the
benefits obtained, and how large will this effect be?

In order to answer these questions, it is neces-
sary at first to determine the range of variation in
the operating conditions of the aircraft engine de-
pending on the mission, which is what this work
sought to establish.

Scope of research

The research has determined the boundaries
of aircraft engine operating states, i.e. the share
of individual aircraft engine operating states in
different flight durations, conditions and types of
missions. If these relationships are specified un-
der real operating conditions, the differences in
the operating conditions of the propulsion system
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of an ultralight aircraft and their causes can be
correctly defined. By indicating and defining the
recorded differences, the most efficient control of
the hybrid propulsion system can be defined and
consequently the advantages due to its applica-
tion in the aircraft can be taken.

Understanding values such as flight time, en-
gine load, as well as the steady and transient op-
erating states of the engine is crucial for assessing
the feasibility of hybrid propulsion systems and
estimating the associated benefits. Flight duration
affects engine operating states and, consequently,
fuel consumption and energy efficiency. For hybrid
propulsion systems, optimizing flight time can lead
to better energy resource management, which is
essential for achieving environmental, economic,
and operational benefits (performance, range).

The engine load influences its efficiency, fuel
consumption, as well as noise, heat emissions, vi-
brations, and the wear rate of components. In hy-
brid propulsion systems, managing engine loads
can help optimize the performance of both the
internal combustion engine and the electric mo-
tor, leading to more efficient resource utilization.
The steady and transient operating states in hy-
brid propulsion systems alter the ability to man-
age energy effectively. Understanding the range
of these values (as analyzed in this study) is key
to identifying the ways to maximize the benefits
related to fuel savings and emission reductions
while balancing the costs of hybridization, such
as weight, expenses, and other associated factors.

RESEARCH OBJECT AND METHODOLOGY

Research object

The object of the study was an ultralight Ter-
cel-type gyroplane, manufactured by the AVIA-
TION Artur Trendak company (Fig. 1). The tech-
nical data of the aircraft are shown in Table 1. The
aircraft was powered by an AAT 912 RSTi 4-cyl-
inder, gasoline piston engine. It is a commonly
used engine in ultralight aviation, the Rotax 912
UL, modified by the manufacturer of the analyzed
autogyro by adding turbocharging. The technical
data of the propulsion unit is shown in Table 2.
The aircraft was also equipped with an A&ATech
FDR (flight data recorder) on-board recorder of
flight parameters and propulsion system operat-
ing conditions to record measurement data at a
sampling rate of 10 Hz.
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Table 1. Technical data of the Tercel gyroplane

Table 2. Technical data of the AAT 912 RSTi engine

Main rotor diameter 8.60 m Cylinder system 4, boxer
Overall length (without rotor) 5.04 m Engine displacement 1211 cm?®
Overall height 2.35m Bore 79.5 mm
Hull width 235m Stroke 61 mm
Maximum takeoff weight 560 kg Compression ratio 9.0:1
Dead weight 295 kg Fuel supply system Multipoint indirect injection
Propeller Kaspar Aero 2/3 LT Max. power 140 HP (103 kW) / 5 800 RPM
Reducer ratio 2.43:1 Nominal power 125 HP (92 kW) / 5 500 RPM

Research methodology

In order to determine the correlations be-
tween the incidence of particular aircraft engine
conditions and the conditions of the flight con-
ducted, i.e. the type of mission, the measurement
data obtained during flights of different lengths
and dynamics were compared and analyzed.

The values of parameters, such as the aver-
age engine load, the range of rotational speeds
and loads used, and the correlations that occur
between them depending on the flight conditions
such as flight time, speed variation, altitude, etc.
were analyzed.

Selection and analysis of the measurement
results

The measurement data from the flights of dif-
ferent duration, altitude and cruise speed were se-
lected for analysis. Attention was paid to ensure
that each data sequence included a complete flight
with all its stages the propulsion system worked,

i.e. engine warm-up, taxiing, takeoff, cruise and
landing. The analysis was based on the data re-
corded during 10 diversified flights meeting the
above criteria.

Due to the limited resolution of the mea-
surement of parameters, such as intake manifold
pressure (MAP) and speed (RPM), data filtering
was performed by averaging the 3 closest mea-
surement points (averaging range — 300 ms). This
made it possible to cancel out noise in the form
of spikes in the time derivative of the measured
parameters, which will be important for further
stages of analysis, especially for classification of
transient states. The collected results enabled a
comparative analysis of the contribution of differ-
ent states of propulsion system operation during
short and long flights.

For the purpose of analysis, flights were clas-
sified into two groups, i.e. short flights and long
flights. The recorded flights were classified as
short if the total duration of propulsion system op-
eration (including warm-up, taxiing, etc.) did not
exceed 30 minutes. Those lasting more than 30
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minutes were classified as long flights. The per-

centage of engine operating points such as steady

and transient states, IDLE, low-, medium- and

heavy-load operation, and full-load WOT were

determined by setting limits for each parameter:

e IDLE — speed below 2000 RPM,

e Jlow load — power utilization ratio (PCR) be-
low 0.5,

e kigh load — power utilization ratio reaches val-
ues in the range of 0.5 <PCR < 1.0

e WOT — power utilization ratio reaches values
above 1.0.

The various engine operating states were
classified based on parameters read by the engine
control unit (ECU), such as MAP intake manifold
pressure and RPM engine speed.

Analysis of the results

During the study, 10 flights were analyzed
and the total recording time of the collected data
(time of all flights) was 7 hrs and 29 min. The
shortest recorded flight was 12.6 min, whereas
the longest one was 108.2 min. The flights were
conducted up to an altitude of 1461.6 m and a
maximum speed of 189.4 km/h.

MAP intake manifold pressure and RPM
speed were taken as the main parameters de-
termining the operating conditions of the pow-
ertrain. The analysis of the variation of these pa-
rameters enabled to classify static and dynamic
operating states of the engine, using a method
consistent with the previous analyses [26]. Such

operating points were defined as steady states at
which the one-second change in the MAP and
RPM parameters did not exceed 1% of the useful
range. Figure 2 shows the method of steady-state
classification.

For speed, the useful range was determined
between the idle speed (1800 RPM) and the maxi-
mum speed (5500 RPM). The useful range of in-
take manifold pressure was taken as the range be-
tween 0.30 bar (pressure at no-load idling speed)
and 1.35 bar (intake system pressure at rated pow-
er). When classifying the engine operating points
according to this methodology, it was found that
transient conditions occurred for a total of 10.6%
of the total operating time in all flights.

Another parameter determining the operat-
ing conditions of the propulsion system was the
power utilization ratio PCR. It was determined in
a manner consistent with the previous analyses
[26] in line with the following formula:

_ RPM;=RPMpp,
RPMpom—RPMmin

MAP;—~MAP; 41,
MAPpom—MAPigr, (1)

Pcr

where: RPM, — rotational speed at the analyzed
operating point, RPM  — minimum idle
speed (1800 RPM), RPM, — rotational
speed at nominal power (5500 RPM),
MAP — intake air pressure at the analyzed
operating point, MAP, . — intake air
pressure at no-load idle speed (0.30 bar),
MAP,  — intake air pressure at nominal

power (1.35 bar).
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Figure 2. Proportion of the dynamic operating states for the assumed classification criteria
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According to formula (1), the mean value of
the power utilization ratio (MPCR) was deter-
mined for all flights. Figure 3 illustrates the rela-
tionship between the MPCR value and total flight
duration. An extrapolation of the average value
using a logarithmic function was performed up to
a limit of 300 min, which is the predicted maxi-
mum duration of horizontal flight, and a value of
about 0.7 was obtained.

There is a clear correlation between the av-
erage value of the power utilization factor and
flight duration. As the flight is longer, MP—CR
increases. This is due to the smaller percentage of
time in longer flights of stages such as warm-up,
descent and landing. The opposite tendency can
be seen for the standard deviation of the power
utilization ratio (cPCR). Figure 4 shows the val-
ue of the standard deviation of the power utiliza-
tion ratio cPCR for the entire flight. The graph
below clearly shows that the PCR value is char-
acterized by greater variability in shorter flights,
while the power system’s exertion is more stable
as the flight is longer. When extrapolated to the
300-minute limit, a value below 0.2 was obtained.

According to the analyses based on the previ-
ous studies, in this case, too, the aircraft engine
exhibits operation mainly in two ranges of load
and speed, which can be quite clearly divided into
the area of low and high loads (Fig. 5). The low
loads (RPM 1000-2000 1/min, MAP 0.35-0.50
bar) occur mainly during engine warm-up, taxi-
ing, or lowering flight, e.g. before landing. The
high engine loads (RPM 4500-5500 1/min, MAP
1.0—-1.2 bar) are typical for steady-state flights or
climb. In a small range, full engine load (MAP >
1.2 bar) is also used, but this occurs mainly dur-
ing takeoff and in the initial stages of climb.

In order to better illustrate the differences in
engine operating conditions from flight to flight,
the distributions of speeds and loads were ana-
lyzed. All flights were marked with consecutive
letters of the alphabet, ranking them from short-
est to longest. Table 3 contains the symbols used
and the most important values characterizing the
individual flights analyzed.

Figure 6 shows the ranges of rotational speeds
that occur during each flight. It is noticeable that
the average engine speed increases as flight is
longer. The median rotational speed in flights F—J
lies above the mean value, which means that the
most of the engine operating ranges is shifted to-
ward higher rotational speeds. The distribution
of the measured rotational speeds also decreases
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Figure 3. Average power consumption ratio MP ., for
flights of different durations
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Figure 5. Contour map of the engine operating points
density for the research gyroplane during all recorded
flights
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Table 3. Symbols and parameters of the recorded flights

Flights Flight symbol Flight time [mi] P avg. [-] Engine speed avg. [RPM] MAP avg. [bar]
A 12.6 0.278 3181 0.73
B 13,4 0.239 2858 0.69
C 14.4 0.272 2942 0.72
Short flights
D 204 0.308 3120 0.79
E 23.7 0.196 2904 0.65
F 23.7 0.513 3814 0.93
G 63.6 0.488 3943 0.87
H 68.4 0.410 4025 0.87
Long flights
| 100.2 0.595 4 552 1.05
J 108.2 0.534 4227 1.07

as flight is longer. For Flight I and Flight J, the
measurement points recorded during warm-up
and landing, due to their relatively small number,
were interpreted as “outliers”, i.e. statistically in-
significant in the analysis of flight conditions. The
average speed was lowest for Flight B (13.4 min)
at 2858 RPM, while the highest one for Flight I
(100.2 min) was 4552 RPM.

Figure 7 shows the range of the recorded air-
craft engine load (MAP) in individual flights. The
distribution of the recorded values is similar to the
one for speed. For the short flights (A+E), lasting
less than 15 minutes, the average load is higher
than the median, which means that more than half
of the total time is accounted for by points such
as warming up and taxiing. The smallest average
MAP value was recorded for flight E (0.65 bar),
while the largest one was recorded for the longest

flight J (1.07 bar). All operating points where the
speed was below 2000 RPM were classified as
idle. The largest share of IDLE in the entire flight
(24-44%) was registered for the short flights. For
the long flights, the share of idling was within
8.5%. It should be noted that the IDLE operating
time for all measurements was within the range of
3—-10 min per flight.

The percentage of engine operating time at
full load (WOT) was 3.22%. The total engine op-
erating time at full load for each of the recorded
flights was in the range of 0.4—4.0 min. Figure8
shows the percentage of the engine operating
time at idle and full load conditions for all re-
corded flights. It is noticeable that there is a clear
tendency for the proportion of these states to de-
crease as the flight lengthens. For 300 min, the
predicted operating times at IDLE and WOT are
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Figure 6. Range of the recorded speeds in all analyzed flights
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Figure 8. Share of IDLE and WOT in the total time
of individual flights

approx. 4% and 1%, respectively. The dynamic
operating states of the internal combustion engine
are potential conditions for the most effective use
of the advantages of hybrid propulsion, so deter-
mining their share and extent of occurrence is the
main issue of the analysis. Their share in the total
time of individual flights was determined in ac-
cordance with the method of classifying engine
operating states presented in the previous publi-
cation. The highest share of dynamic states was
registered during the shortest flight A (41.3%) —
the red point in Fig. 9. This value is a clear outlier
from the other flights in a similar time interval
(B-F) for which the share of dynamic operat-
ing states was in the range of 20.3-26.3%. As
the flight lengthens, the share of transient states

is frequently changed. Another area of a higher
occurrence of dynamic states is the-medium-to-
heavy-load range of 4200 +~ 5800 RPM and MAP
0f 0.9-1.5 bar.

The following diagrams (Fig. 11 and Fig.
12) show the distributions of the dynamic
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Figure 9. Share of the transient engine states in for
the flights of different durations
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Figure 10. Distribution of the occurrence of the
dynamic engine operating states for all analyzed flights

engine operating states by short flights and long
flights. It can be seen that for the short flights
the transient states occur mainly in ranges of
low speed and load. This is probably due to the
fact that in missions such as training flights, a
significant part of the entire flight is occupied
by taxiing on the runway, while climbing oc-
curs at high loads, but under relatively stable
conditions. For the long flights, transient states
occur over a much larger area in the range of
high load and speed (Fig. 11). For low speed
and low loads, they are similar although not
identical to those of short flights. One can also
see a larger share of transient states in the me-
dium load range around 3000 RPM and 0.6-0.7
bar MAP — the orange line.

Figure 13 shows the distribution of the oc-
currence of the dynamic operating states. The dy-
namic states are divided into positive — (accelera-
tion), marked in red (ARPM/dt > 0), and negative
(deceleration), marked in green (dRPM/dt < 0).

For the positive dynamic states, the aver-
age speed is 3205 RPM, with a standard devia-
tion of cGRPM = 1397 RPM. The negative states
occur at speeds higher by an average of 3.6%
of the useful range, amounting to 3377 RPM,
oRPM = 1385 RPM. The mean engine load
(MAP) and its deviation obtain very similar
values for the positive states — 0.83 bar (cMAP
=0.40 bar) and 0.81 bar (cMAP = 0.42 bar) for
the negative states.

Figure 14 shows the percentages of the
steady- and transient-state times obtained in
the short and long flights. For the short flights,
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Figure 16. Share of the individual engine operating states in the short and long flights

steady states account for 79.9% of flight time,
while for the long flights, steady states occur
12.3 p.p. longer and account for as much as
92.2% of flight time. In the short flights, the
transient states account for 20.1% of flight time
and in the long flights only 7.8% of flight time.
Figure 15 shows the percentages of the positive
(acceleration) and negative (deceleration) tran-
sient /dynamic states obtained in the short and
long flights. For the short flights, acceleration
accounts for 59% of the transient flight time,
and deceleration 41%. For the long flights, the
share of acceleration increased by 5.1 p.p. to
64.1% of the transient flight time, and thus the
share of deceleration decreased to 35.9%. Re-
gardless of the length of flights, the share of
acceleration was recorded to be greater than the
share of deceleration. Figure 16 shows a com-
parison of the share of the selected engine op-
erating states during the short and long flights.
Such a classification highlights the differences
in the loads used due to flight duration. For

the short flights, an idle of 32% and a low load
of 36.1% together accounted for 68.1% of total
engine operation time and they were signifi-
cantly higher than those obtained for the long
flights. The same power utilization ranges for
the long flights are 11.1% and 18.8%, respec-
tively, and together account for only 29.9% of
the engine’s operating time.

In addition, in both short and long flights,
the share of idling is several percentage points
lower to the share of low load. They are 32%
and 36.1% in the short flights and 11.1% and
18.8% in the long flights, respectively. Simi-
larly to IDLE and LL, the share of WOT for the
short flights is significantly higher than for the
long flights and is as high as 7.5% or more than
4 times higher than for the long flights when
only 1.7% was recorded.

An important difference is the share of high
load HL. In the long flights, it is as high as 68.5%,
a value almost three times higher than 24% ob-
tained in the short flights.
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CONCLUSIONS

The correlation analysis between flight time
and propulsion system operating conditions car-
ried out in this study has made it possible to de-
termine the share of individual propulsion system
operating states for the analyzed aircraft. The
results of the study indicate that for short-range
flights, steady states account for about 80% of the
total flight time, while for long-range flights, it
is already more than 92%. Further extension of
flight time (up to maximum range) should, there-
fore, lead to an increase in the share of steady
states above 92%.

The remainder are transient/dynamic states.
The occurrence of these transient states, charac-
terized by variations in engine load, rotational
speed, and power utilization factor, plays a key
role in assessing the potential benefits of hybrid
propulsion. By analyzing the frequency and in-
tensity of these changes, it is possible to identify
operational phases where hybridization could
provide the most significant advantages. Manag-
ing transient states effectively allows for optimi-
zation of power distribution, which can lead to
better fuel efficiency and reduced emissions while
ensuring stable system performance. In terms of
power distribution management for hybrid pro-
pulsion in similar aircraft, it is crucial to define
the frequency of engine transient states and iden-
tify acceleration and deceleration. When analyz-
ing the results, it was observed that as flight is
longer, the share of positive transient states, i.e.
acceleration increases. For long flights, this share
is 5.1 p.p. higher than in short ones, so it seems
that as flight is longer and longer, this share will
further increase.

In the analysis above, attention was also
paid to the share of characteristic engine oper-
ating states such as IDLE, WOT or the average
value of the MPCR power utilization factor and
its standard spread cPCR as well as the share of
low and high loads. The short flights were char-
acterized by a high proportion of idling, account-
ing for 25-45% (average 32%) of the total flight
time that covers such stages as engine warm-up
and taxiing. For hybrid propulsion control, the
range of the use of low loads can also provide a
partial recharging of energy stores before takeoff.
By correlating these data to the operating condi-
tions map, potential benefits from using electric
propulsion support in this range can be expected,
which could compensate for temporary increases
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in transient power demand and recharge batteries
during an engine warm-up.

The percentage of WOT also shows a depen-
dence on flight duration that decreases as flight
time is longer. The share of WOT reached from
17% for the shortest flights to about 1% for the
longest ones. The obtained average share of 7.5%
for the short flights is more than four times higher
than the one for the long flights (1.7% on aver-
age). WOT, too, is a range of operation in which
propulsion hybridization can bring potential ben-
efits. Despite the higher share of maximum load
in the short flights, larger average values of the
power utilization factor were obtained for the lon-
ger flights, reaching the highest value of MPCR =
0.59 for an “I” flight lasting 100.2 minutes.

It seems that the differences described are
mainly due to the time of the use of the large load
for long, fixed flights. The longer the flight, the
greater the share of precisely the large engine
load which affects the magnitudes of the other
states by making them lower. In short flights,
such as training flights, a large share is taken up
by takeoff and climb (WOT) as well as descent
and landing (low load).

The stability of operating conditions was giv-
en, among other things, as the standard deviation
of the PCR parameter for each flight. The value of
the standard deviation decreased as the flight be-
came longer. Similar results of the variability of
engine operating conditions were obtained from
the analysis of the time derivative of RPM and
MAP intake manifold pressure and the values of
their standard deviation (cMAP and cRPM). A
correlation was confirmed between the share of
transients during the analyzed flights and the rela-
tive value of the standard deviation of the PCR,
RPM and MAP parameters. With increasing flight
length, a tendency to shift the highest frequency
of transients to the range of high loads can be ob-
served. We shows that in the short flights (< 30
min of engine operation), most transients occur in
the low load and low speed range, i.e. mainly dur-
ing taxiing, changes in airspeed, turns or changes
in climb and descent speeds which, due to the
short flight time, make up a relatively large part
of it. The short flights, e.g. training flights with a
large proportion of both climb and approach to
landing which, despite the extremely different
load on the engine are highly uniformal (stable).
For the longer flights, the percentage of taxiing
is lower. During flight, the engine usually oper-
ates in the high load range, so the occurrence of
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changes in operating conditions also statistically
moves into the limits of this range.

This analysis unequivocally confirms that the
type of mission and flight time have a significant
impact on the distribution and share of various
ranges of load and speed of the aircraft engine.
The occurrence of engine transient states is close-
ly dependent on flight time, and these transient
states during the analysis can be diagnosed by
both the time derivatives of the MAP, RPM and
PCR parameters and their standard deviation,
keeping the convergence of results and conclu-
sions within an acceptable range. This analysis
can be extended to defining individual flight stag-
es and regarding the operating conditions of the
propulsion system.
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