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ARTICLE INFO

A model of an internal combustion engine (ICE) was created in Simulink and could be used as part of the drive

component of the propulsion system during the development stage of an unmanned aerial vehicle
(UAV)/Aircraft. The model can predict the engine power, engine torque, engine brake-specific fuel consumption,
and engine fuel flow of an ICE for a given engine throttle, atmospheric pressure, rotational speed, temperature,
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and altitude at which the UAV is flying. Results from the model were compared with those of previous research-
ers reported in the literature. The engine power, torque, fuel flow, and brake-specific fuel consumption curves
from simulations were found to be in good agreement with those obtained experimentally by previous research-
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1. Introduction

An Internal Combustion Engine (ICE) is a crucial driv-
ing component of a UAV as it provides the thrust and pow-
er that can be used to propel a UAV in flight. In an ICE, the
air from the combustion chamber is mixed with fuel, which
is ignited to produce the power and torque that can be used
to drive the propeller in flight. To estimate the power and
torque produced by a UAV, a working model is very im-
portant during the early development stages of an aircraft,
as it can help the engineer predict the power and thrust
requirements of the ICE to drive the UAV's propeller in
flight. One of the main challenges in designing an ICE for a
UAV application is creating a model that can simulate the
ICE at the various temperatures and altitudes at which the
UAV is flying. Previous researchers have attempted to
develop an engine model for simulation, which was exper-
imentally validated. The models developed by the research-
ers were used as drive components for Hybrid Electric
Vehicles [1, 19], Hybrid track vehicles [18], and ship hull
propulsion for marine applications [21]. Stewart et al. [19]
presented an engine simulation model of an ICE for a series
hybrid electric vehicle. The engine performance curves
obtained from the model were validated with experimental
results of a V6 Ford Duratec gasoline engine. A similar
study was also conducted by Al-Atabi et al. [1], in which
experiments were performed to determine the optimal per-
formance of an ICE for a hybrid power unit of a series-
hybrid electric vehicle. The engine performance curves
obtained from the experiment showed that the ICE per-
formed at its optimum at an engine speed between 2000 —
2500 rpm and a charging load of 1 kW. Another study was
conducted by Shanmuganathan et al. [18], who developed
a dynamic model of an ICE as a drive component for
a hybrid track vehicle in Simulink. The author generated
torque and power curves, which were validated using test
data for a 1100 hp, 800 kW generator. Also, Magdas et al.
[14] developed an engine simulation model of an ICE using
the Loftus Engine simulation software to predict its behav-
ior. Using the simulation software, the author generated
torque and brake power curves for the modeled ICE. In

addition, Tadros et al. [21] carried out the numerical simu-
lation of a 2-stroke marine diesel engine as a drive compo-
nent for the propulsion system of a ship hull. The model
results were then compared with experimental data from
a real engine, yielding a good match. A lot of related work
was also carried out by previous researchers, where they
developed engine models for heavy-duty diesel engine
trucks [4], automobile vehicle applications [16], and motor-
sports cars [8]. Another challenge posed by previous re-
searchers was to create an ICE model that could be matched
with a turbocharger to increase boost power. Many re-
searchers have attempted to resolve this issue by develop-
ing an engine model that can be matched with a turbo-
charger to increase boost power [3, 5, 6, 9]. For example,
Chen et al. [5] developed a simulation model to increase the
power output of a 9-L Tier IV turbocharged diesel engine
using GT—Power. The authors showed that their engine
simulations accurately predict actual engine performance
curves, resulting in a 1.5% reduction in BSFC and a 0.4%
increase in torque. Hameur et al. [9] developed an engine
simulation model to match a turbocharger with an ICE.
Through simulations, the authors generated engine perfor-
mance curves which were validated with results from Rich-
ard wave simulations. Chen et al. [6] developed a simula-
tion model of a gasoline engine to perform a turbocharger
match to boost its power and torque using GT—Power soft-
ware. Through simulation, the author obtained torque, pow-
er, and BSFC curves for the gasoline engine, resulting in
about a 4% reduction in fuel consumption. Ammad Ud Din
et al. [3] developed an ICE engine simulation model to
match a turbocharger and validated it using engine test data
in GT-POWER. The authors obtain engine torque and
BSFC curves, resulting in a 5.26% increase in engine
torque and a 4.31% decrease in BSFC. Also, the engine
performance curves obtained from the model were found to
be in close agreement with experimental data by 5%. Very
little research was carried out on modeling studies related to
UAV Combustion engines. Some contributions are high-
lighted in this paper. Kravchenko et al. [13] developed
a fuel injection system to boost power and reduce fuel con-
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sumption in a 2-stroke engine used in a small UAV.
Through simulations, the author increased the boost power
and UAYV flight duration by using an electronic fuel injec-
tion system. Kang et al. [12] developed a turbocharger
system to provide pressure boost for a High-Altitude Long
Endurance UAV powered by an ICE, thereby reducing the
engine's sensitivity to altitude. Yixuan et al. [23] proposed
an air-fueled Ratio Controlled strategy to boost the power
of a fuel-powered UAV. Through simulation, he boosted
the UAV engines power from 9% to 33%. Wroblewski et
al. [22] designed an experimental test stand for thrust
matching across various propeller sizes and for detecting
anti-wear coatings in 2-stroke piston engines of small air-
craft. However, no attempt to create an ICE model for
a UAV has been reported in the literature surveyed. This
paper thus provides a unique modelling approach for an
ICE that could be used as a drive component of a UAV by
estimating the power thrust, BSFC, and Fuel flow of the
ICE at various temperatures, pressures, and altitudes during
the flight of the UAV.

2. Methodology

The ICE was modelled in the MATLAB-Simulink envi-
ronment using engine data from [11]. The developed ICE
model was applied to UAV combustion, such as the Aer-
sonde UAV, which uses a 22 ccm Avgas 1 kW single-
cylinder port fuel injection combustion engine [20]. The
input parameters to the model are the engine throttle, en-
gine atmospheric pressure, engine rotational speed, and
temperature at the UAV's reference altitude, as shown in
the boxes in Fig. 1. The model determines the ICE power,
ICE Torque, Brake Specific Fuel Consumption, and Fuel
Flow, as shown in Fig. 1.
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Fig. 1. ICE Simulink model with inputs and outputs
Figure 2 shows the inside view of the Simulink model.

The engine Manifold Air Pressure (MAP) is calculated
from the model as:

P
Pna = Ppin + A ) Nth (1)
1000

where: P, is the engine atmospheric pressure (Pa), Ppin IS
the minimum atmospheric pressure (Pa) ng, is the engine
throttle.

The engine Fuel Flow (FF) and ICE power (Pcg) are
determined from the engine rotational speed and Manifold
Air Pressure (MAP) by interpolation with a 2-D lookup in

Simulink using ICE data. The ICE data used to create the
lookup is shown in Tables 1 and 2, respectively. An alti-
tude-correction factor has also been included in the model
to determine the ICE power at various altitudes during
flight. It determines the ICE power at any given altitude
from the temperature at sea level, the temperature when the
UAV is in flight, and the ICE Power from the lookup table
as [11]:

Tait (2)

Tsea_level

Picgaie = Pice

where: Tge, 1ever IS the temperature at sea-level in Kelvin
(K), T,y is the temperature at a given altitude in Kelvin (K),
Picg is the ICE power in Waitts (W), Picg ar is the ICE pow-
er at a given altitude in Watts (W), FF is the engine fuel
flow in (kg/h).

An atmosphere model was also created using a 2-Look-
up table based on the International Standard Atmosphere
(ISA), from which the temperature at any given altitude
could be determined from the UAV's altitude. This is
shown in Fig. 3. The engine Brake Specific Fuel Consump-
tion (BSFC) is obtained from the engine ICE power and
Fuel flow as:

BSFC = —

©)

The engine torque is determined from the ICE power
and engine rotational speed as:

PIcEAlt

Ticg = —Plci'Alt (4)

where Ticg is the engine torque in N, w is the engine rota-
tional speed in rad/s.
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Fig. 2. Structure of the ICE Simulink model with input and output signals
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Fig. 3. Atmospheric model based on altitude input
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Table 1. ICE power [W] at various engine speeds and MAP values

n MAP
[rpm] 60 70 80 90 92 94 96 98 100
1500 18.85 47.12 65.97 67.54 69.12 67.54 67.54 69.12 86.39
2100 59.38 98.96 12755 149.54 151.74 160.54 178.13 200.12 224.31
2800 93.83 149.54 187.66 237.50 249.23 255.10 307.88 366.52 398.77
3500 109.96 161.27 245,57 307.88 326.20 351.86 421.50 591.14 531.45
4500 164.93 245.04 339.29 438.25 447.68 494.80 565.49 673.84 772.83
5100 181.58 245.67 389.87 496.69 528.73 571.46 662.25 822.47 993.37
5500 184.31 293.74 403.17 535.64 570.20 622.04 748.75 956.09 1059.80
6000 163.36 276.46 420.97 565.49 609.47 691.15 860.80 1131.00 1193.80
7000 124.62 249.23 417.83 586.43 645.07 762.36 996.93 1246.20 1429.40
Table 2. Fuel flow rate [g/h] at various engine speeds and MAP values
n SMAP

[rpm] 60 70 80 90 92 94 96 98 100
1500 31 32 46 53 55 57 65 73 82
2100 40 44 54 69 74 80 92 103 111
2800 50 63 69 74 95 98 126 145 153
3500 66 75 87 110 117 127 150 175 190
4500 83 98 115 143 148 162 191 232 246
5100 93 102 130 159 167 182 208 260 310
5500 100 118 137 169 178 190 232 287 313
6000 104 126 151 184 191 206 253 326 337
7000 123 144 174 210 217 244 321 400 408

3. Results and discussion

3.1. Model output results at various engine throttle

Engine power at various throttle positions
The engine power curves increase as the throttle is in-

positions

This section discusses the results obtained from the
model, with the validation of the model output results ob-
tained by previous authors. This is explained in the relevant
sub-sections below.

The model was run to evaluate the effect of increasing
the engine throttle on the various outputs of the model by
setting the engine throttle to zero when the engine is idle to
full throttle when the engine draws maximum air fuel into
the combustion chamber of the engine, as shown in Fig. 4—
7. The results of each output are explained in the relevant
subsections below.

800 T T —T T T T T —T 1
0 throttle

20% throttle
40% throttle
60% throttle 4
80% throttle

700 -

600 - 4

Engine Power (W)
IS a
5 g
8 g

@
&
8

200 -

100

L L L L L L J
4000 5000 6000 7000 8000 9000 10000

Engine Rotational Speed (Rev/Min)

0 L I
1000 2000 3000

Fig. 4. Engine power against engine rotational speed at various engine
throttle positions

creased from 0% to 80%, with the lowest power at 0% and
the highest at 80%, as shown in Fig. 4.

Engine torque at various throttle positions

A similar trend is also observed in the engine torque
curves, which increase as the throttle is increased from 0% to
80%, as shown in Fig. 5.
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Engine fuel flow at various throttle positions

The engine fuel flow curves rise as the engine throttle is
increased from 0% to 80%, with the lowest fuel flow at 0%
throttle and the highest at 80% throttle, as shown in Fig. 6.
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Fig. 6. Engine fuel flow against engine rotational speed at various throttle
positions

Engine brake specific fuel consumption at various
throttle positions

The engine brake-specific fuel consumption curves, on
the other hand, decrease as more throttle is added to the
engine i.e. as the engine throttle increases from 20% to
80%, with the highest brake-specific fuel consumption
curve at 20% throttle and the lowest brake-specific fuel
consumption curve at 80%, as shown in Fig. 7.
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Fig. 7. Engine brake specific fuel consumption against engine rotational
speed at various throttle positions

3.2. Model results and comparison
A comparison between model results and those of pre-
vious researchers experiments was conducted, as real en-

gine data from a manufacturer could not be obtained for the
developed model. 8 papers from the literature were used for
comparison. Figures 8-11 show the modeled results, which
were compared with those of previous researchers. This is
explained in the relevant sub-sections below.

Engine power comparison

Figure 8 shows the engine power curves obtained from
the model, which were compared with results from previous
authors' experiments on ICEs [2, 7, 17]. It can be observed
that the simulated engine power curves closely predict the
power curves obtained from experiments since they both
follow the same increasing trend pattern, where the engine
brake power increases with increased engine rotational
speed, with maximum power attained at a specific rpm
value (8200 rpm, 693 W for the simulated power curve).
A discrepancy is observed at various engine rotational
speeds. The main reason for the discrepancy is that the
modeled ICE was fitted with power curves obtained exper-
imentally by previous researchers from the literature for
different-sized ICE (between 30 kW and 40 kW). In con-
trast, the modeled ICE has a maximum power of only 700
W. Proper validation could only be achieved if the author
could obtain engine performance curves from the manufac-
turer for the modeled ICE. However, a deviation always
exists between the modeled ICE and the experimentally
obtained ICE. The deviation is mainly due to the fact that
the actual combustion process is a complex phenomenon,
and simulations from a developed model are not sufficient-
ly sophisticated to account for the factors that occur during
the actual combustion process [7].
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Fig. 8. Engine power vs engine rotational speed validation

Engine torque comparison

Figure 9 shows the engine torque results from the mod-
el, which were compared with engine torque curves ob-
tained by previous authors experimentally. The simulated
engine torque curves increases with increased rotational
speed to a maximum value (0.35 Nm, 4800 rpm), which
represents the maximum operating torque of the engine, and
then decrease again as the engine speed is further increased.
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The experimental engine torque curves obtained by previ-
ous authors [7, 15, 17] also show the same predictions,
where it increases to a maximum operating point and de-
creases when the engine rotational speed is further in-
creased, as shown in Fig. 9.
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Fig. 9. Engine torque vs engine rotational speed validation

A discrepancy is also observed between the modelled
engine torque curves and experimental torque curves ob-
tained by researchers due to the same reason stated in pre-
vious section.

Brake specific fuel consumption comparison

Figure 10 shows the simulated BSFC obtained from the
developed model, along with experimental BSFC curves
from previous authors [2, 10, 17].
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Fig. 10. Engine brake specific fuel consumption vs engine rotational speed
validation

Both the simulated curve and the experimental curves
follow the same trend: the engine BSFC decreases with

increasing rotational speed to a minimum value, which
represents the maximum operating point of the engine, and
then increases again as the rotational speed is further in-
creased. A discrepancy is also observed between the mod-
eled BSFC curves and the experimental BSFC curves re-
ported by previous researchers, for the same reasons stated
in the previous section.

Engine fuel flow comparison

Figure 11 shows the model output for engine fuel flow,
compared with experimental curves for engine fuel flow
obtained by previous authors for ICEs [21]. The simulated
fuel flow curves closely approximate the experimental
curves, as they all show an increase in fuel flow with in-
creasing rotational speed. A deviation is also obtained be-
tween the engine fuel flow curves obtained from simulation
and those obtained experimentally due to the same reasons
stated in the previous section.
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Fig. 11. Engine fuel flow vs engine rotational speed validation

3.3. Engine contour maps

An engine contour showing the engine's relative operat-
ing point was obtained from the model, as shown in Fig. 12.
At this time, the contour map is static. More research would
be conducted on how to make the map dynamic during
simulation.

4. Conclusion
This paper provides a unique modelling approach of an

ICE for a UAV given some input parameters to the model.

The model results were compared with those of previous

researchers' experimental results. Both the model results

and the experimental results agreed, as they showed the
same curve. The Novelty in the modelling approach used in
this article can be summarized as follows:

— The ICE model has been developed so it can be used as
a drive component for UAV propulsion.

— The developed model allows the ICE to estimate power,
torque, Fuel Flow, and BSFC at various temperatures,
pressures, and altitudes during the flight of the UAV,
unlike ground vehicles, where there are no pressure or
altitude variations.
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Fig. 12. Engine fuel map with BSFC contours using ICE data

It should be noted that the model has the following limi-

tations:

The model is limited to Combustion engines suitable for
small UAVs, as it can only produce a maximum power
of 700 W

The model is only operational between 1000 rev/min
and 10000 rev/min.

The following research directions could be explored

from the present study:

Integrating the developed model into a UAV powertrain
to evaluate its functionality in simulation

Performing an experimental setup to validate the devel-
oped model with experimental data of UAV engines
from a manufacturer

Developing scaling laws suitable for UAV combustion
engines that could boost the engine power beyond 700 W.

Nomenclature

BSFC brake specific fuel consumption Pma engine manifold air pressure

FF engine fuel flow Prmin minimum engine atmospheric pressure

ICE internal combustion engine Ta temperature at a given altitude

ISA international standard atmosphere Tice engine torque

MAP  manifold air pressure Tsea level temperature at sea level

Patm engine atmospheric pressure UAV  unmanned aerial vehicle

Pice engine power ® engine rotational speed

Picear ICE power at a given altitude Nth engine throttle
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