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ABSTRACT Recently, the cruising duration is a vital parameter of fuel-powered unmanned aerial vehi-
cles (UAVs), and it is directly determined by the power characteristics of the aircraft engine in the UAV. In this
study, to prolong the flight duration and enhance the power and efficiency of a UAV, an aircraft engine is
analyzed based on the fuel injection control system and output power characteristics. First, the mathematical
model of a fuel-controlled engine is constructed. In addition, the experimental stations of the aircraft engine
are set up to verify the mathematical model. Furthermore, the effects of key parameters on the engine power
characteristics are examined. By the experimental and simulation studies validity of the mathematical model
is effectively verified which indicates that the increased rotating speed decreases the power efficiency of the
aircraft engine, and reducing the fuel injection pulse width from 5ms to 3.5ms increases the power efficiency
by 10%. Moreover, increasing the advance angle of ignition from 10◦ to 40◦ improves the power efficiency
by 5%. In addition, when the fuel injection delay width increases from 0.5 mm to 1.5 mm at an engine speed
between 3500 rpm and 4000 rpm, the power efficiency is improved by 6%. Finally, when the engine speed is
higher than 4000 rpm, increasing the propeller rotor diameter from 650 mm to 800 mm enhances the power
efficiency of the aircraft engine by approximately 5%. This research can be considered as the fuel injection
system optimization and cruising duration improvement of a fuel-powered UAV.

INDEX TERMS Aircraft engine, fuel injection control system, power characteristics, efficiency,
fuel-powered unmanned aerial vehicle.

I. INTRODUCTION
Recently, fuel-powered unmanned air vehicles (UAVs)
have been widely applied in agriculture, plant protection,
transportation, and field surveillance due to their sim-
ple structure, easy control, steady running, and landform
independence [1]–[5]. The cruising duration has gradually
become a key technical indicator to evaluate the UAV per-
formance since a short cruising duration will limit the UAV
application for long-distance flights. Presently, the cruising
duration of a typical small UAV is less than 1 h [6], [7], which
cannot satisfy the requirements of long-duration missions.

The associate editor coordinating the review of this manuscript and
approving it for publication was Tao Wang.

As UAVs can only carry a limited amount of fuel, the
cruising duration of a fuel-powered UAV is directly affected
by the fuel consumption rate of the aircraft engine. The engine
combustion efficiency can be improved and the cruising
duration can be prolonged by using a fuel supply optimal
control technology. Therefore, increasingly, scientists and
engineers have paid attention to fuel control technologies for
fuel-powered UAVs [8]–[12].

The aircraft engine, as the power unit of a fuel-powered
UAV, is the main study object of a fuel control technol-
ogy. Most recent studies on the UAV aircraft engine have
mainly focused on the structure design and fuel control logic.
Lu [13] has conducted research on a two-stroke aircraft
engine for a fuel-powered UAV. He obtained the relation-
ship between the output engine power and propeller pulling
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force from experiments and calculations. However, the fuel
consumption analysis was lacked. Hooper et al. [14] have
presented the methods of cold starting a UAV engine based
on the experimental experience. In addition, his team [15]
has independently conducted aircraft engine modelling to
improve the power efficiency. However, in their research,
the power efficiency was not optimized. Hasan et al. [16]
have studied a diesel engine-powered electrical generator
by a series of experiments. They obtained the variations in
different gas emissions with the engine power. Furthermore,
Pankaj et al. [17] analyzed the effects of a bio-fuel of different
proportions on a single cylinder, and confirmed that a dual
fuel blend can be a promising source of biodiesel production.
But there is still a lack of the aircraft engine model analysis
for a fuel-poweredUAV, causing difficulty in the optimization
of the engine power characteristics.

The studies on aircraft engine modelling are mainly
based on fuel-controlled vehicles on the ground [18]–[21].
Yong et al. [28] simulated a diesel engine using a dynamic
thermodynamics model, and accurately obtained the simu-
lation results of the engine speed, power, and thermal effi-
ciency. Shamekhi et al. [29] improved the mean value model
by using neural networks based on a thermodynamics model.
Furthermore, they calculated the pollutant emissions pre-
cisely. However, the thermodynamics modeling is highly
dependent on the business software, and the calculation
time is extremely long [21]. Therefore, numerous research
studies adopted mean value modeling methods owing to
its advantages of a simple structure and real-time accu-
racy [18]–[20], [29]–[31]. By using a non-dimensional anal-
ysis and singular perturbation techniques, Broomhead [30]
updated the mean value model, and he verified the accuracy
of the improved models from the experimental data. Kamyar
et al. [31] investigated a new block-orientedmodelingmethod
to predict the engine performance and emissions. However,
model research on an entire UAV power unit is still lacking.
In addition, the recent studies have not investigated fuel injec-
tion control, which is not advantageous for the optimization
of aircraft engine power characteristics.

In this study, to improve the power efficiency of an aircraft
engine and extend the cruising duration of a fuel-powered
UAV, the power characteristics of a fuel-controlled aircraft
engine are examined. Firstly, a mathematical model of the
aircraft engine with a fuel control system is constructed.
Secondly, the experimental station is set up for the model
verification. In addition, the provided fuel process is ana-
lyzed based on the simulation results, and then the effect
of several key parameters on the power characteristics is
studied. This research can be considered as the power char-
acteristic optimization and cruising duration improvement of
a fuel-powered UAV.

II. WORKING PRINCIPLE AND FUEL INJECTION CONTROL
METHOD OF FUEL-POWERED AIRCRAFT ENGINE
A fuel-powered aircraft engine is electronic fuel injection
(EFI)-modified to realize accurate fuel supply control during

FIGURE 1. Diagram of the structure of a fuel-controlled aircraft engine of
a fuel-powered UAV (1) EFI unit, (2) UAV propeller, (3) rotating shaft,
(4) Hall sensor, (5) steering-engine, (6) engine cylinder block, (7) CDI
ignition, (8) starting motor, (9) multistage transmission gear,
(10) throttle plate, (11) engine pedestal, and (12) ECU unit.

FIGURE 2. Diagram of the fuel injection control principle.

engine operation. From Fig. 1, the fuel-controlled aircraft
engine is mainly composed of two capacitor discharge igni-
tions (CDIs) and one EFI unit, opposed engine cylinders,
Hall sensor, throttle plate controlled by a steering-engine,
starting motor, UAV propeller, and assorted engine control
unit (ECU).

The fuel injection control principle of the aircraft engine is
as shown in Fig. 2. The main components in the fuel injection
control system include the Hall sensor, fuel injector, and
CDI ignition. A magnet is installed on the rotating shaft at
10–30◦ before the pistons reach the top dead center. When
the crankshaft rotates, the hall sensor is triggered, and the
fuel injector starts to work. Then the ECU unit calculates
the fuel injection angle, pulse width, and ignition angle based
on the rotating speed, intake pressure, and other parameters.
Some recent works on fuel-powered engines also use an
intake pressure sensor, intake flow sensor, and air–fuel ratio
analyzer [21], [22]. However, these devices will increase the
load of a UAV. Therefore, the control parameters of an aircraft
engine are usually set up based on previous experimental
results.

III. MATHEMATICAL MODELING OF AIRCRAFT ENGINE
BASED ON INJECTION FUEL CONTROL
Studies on fuel-powered engines have been undergoing for
several decades [26], [27]. As the foundation of engine
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research, the mean value model theory was first proposed by
Rasmussen. Elbert Hendricks et al. improved it theoretically
and experimentally [18]–[20]. Compared with a traditional
thermodynamics model, the mean value model is simple and
practical, and various research studies have applied the theory
to the engine control. In this study, the EFI working model,
engine model, and UAV propeller model are first built.

The magnetic flux formulas when a fuel injector is
electrified and not electrified are as follows:

U0 = Ri+ N
d8b

dt
,when electrified, (1)

and

0 = (R+ R0)i+ N
d8b

dt
,when not electrified, (2)

where R is the basic resistance of the electrified coil loop, R0
is the protective resistance, 8b represents the total magnetic
circuit, N is the number of the coils, i is the current in the
loop, andU0 is the driving voltage. In addition, the electrified
condition means that the control signal is at up level, which
the driving voltage can actuate the electric needle valve; the
not electrified condition is that when the signal is at low
level, the driving voltage instantly loses the electricity which
can make the valve closed. The electromagnetic force on the
needle valve when the coil is electrified is as follows:

Fm =
µ0(iN )2S

2δ2
, (3)

where µ0 represents the permeability of vacuum, S is the
cross-section of the air gap, and δ represents the length of
the working air gap.

The kinetic equations of the magnetic needle valve are as
follows:

Fm − F0 − kx + Ffuel = mv
d2x
dt2

, (4)

where F0 is the initial tension of the spring, k is the spring
stiffness, x is the displacement of the needle valve,mv is mass
of the needle valve, and Ffuel is the pressure of the fuel.

When the needle valve is opened, a high-pressure fuel
releases, generating a fuel flow. The equation of the fuel flow
is as follows:

ṁfi = µnSn
√
2gρf (pf − pm)td , (5)

where ṁfi is the mass flow of the input fuel during a single
injection, µn is the flow coefficient of the injector, Sn is the
hole area of the injector, ρf represents the density of the fuel,
pf is the fuel pressure, pm is the manifold air pressure of
the engine, and td is the open time of the injector. In the
engine fuel injection system, td can be considered as the fuel
injection pulse width of a single engine period (Iw).

The mean value model of fuel-powered aircraft engine can
be analyzed as shown in Fig. 3. Fuel injector sprays fuel into
the manifold of the engine in which the fuel flow is expressed
by using ṁfi. α is opening degree of the throttle plate. In the
manifold of the engine, Vm means the manifold volume, Pm
is the air pressure, and Tm is the air temperature. The mixed

FIGURE 3. Schematic block diagram of the working process of the aircraft
engine.

FIGURE 4. Schematic diagram of the fuel film evaporation.

air mass flow and fuel mass flow finally entering into the
crack case are expressed by ṁap and ṁi, respectively. Load of
UAV propeller is considered as an engine disturbance, so the
total energy of the mixed fuel and air is the input energy,
and the output power includes the load power PL , friction
power Pfriction and pumping loss power Ppump. The energy
consumption efficiency from fuel to the output is expressed
as ηi. θ is advance angle of ignition, Vd is capacity of the
engine, Pamb and Tamb are ambient pressure and temperature,
respectively.

Themean value model of the fuel-powered engine includes
three subsystems:

As shown in Fig. 4, in the fuel film part, ratio X evaporates
dynamically with film evaporation coefficient τf .

We can obtain the fuel vapor and fuel film equations as

ṁfv = (1− X )ṁfi (6)

m̈ff =
1
τf
(−ṁff + Xṁfi), (7)

and

ṁf = ṁfv + ṁff , (8)

where ṁfv is the mass flow of the fuel vapor into the crank
case and ṁff is the mass flow of the fuel film into the crank
case.

An air mass flow in the manifold is dynamically generated
by the outside air passing through the throttle plate, and a
part of it is pulled into the crank case during the operation of

109248 VOLUME 7, 2019



Y. Wang et al.: Study of Fuel-Controlled Aircraft Engine for Fuel-Powered UAV

the engine. The associated equations are as follows:

ṁman = ṁat − ṁap, (9)

and

ṁap = nVdρmanηvol/120, (10)

where ṁman is the air mass flow in the manifold of the engine,
ṁat is the air mass flow through the throttle plate, ρman is
the density of the air in the manifold, n is the rotating speed
of the engine, Vd is the displacement of the engine, and ηvol
expresses the working volume coefficient of the engine. As in
the manifold, ρman = Pm/(RTm), where R is the gas constant
factor, and so, equation (10) can also be expressed as:

ṁap = nVdPmηvol/(120RTm), (11)

Recent research [23]–[25] has proved that the working
volume coefficient is related with the air pressure in the
manifold, and so, equation (11) can also be transformed as
follows:

ṁap = nVd (y1Pm − y2)/(120RTm), (12)

where y1 and y2 are the air mass flow coefficients, which
need to be calibrated based on the results of the aircraft
engine experiments. Numerous studies [18]–[23] have been
conducted on the input air mass flow through the throttle
plate, and it has been concluded that the air mass flow is
related with key parameters including air pressure in the
manifold Pman and throttle opening degree α. The mass flow
equation can be written as follows:

ṁat (α, pr ) =
Pamb
√
TmR

β1(α)β2(pr ) (13)

β1(α) = 1− a1 cos(α)+ a2 cos2(α), (14)

and

β2(pr ) = {

(√
pp1r − p

p2
r

)
/pn, if (pr ≥ pc)

1 , if (pr < pc)
, (15)

where pr = Pm/Pamb is the air pressure ratio of the front and
back of the throttle plate and α1 and α2 are the coefficients of
the air mass flow into the crank case. Pc is expressed as

Pc =
(
p1
p2

)( 1
p2−p1

)
, (16)

where p1 and p2 are related constant dimensionless factors,
which are often set as 0.4404 and 2.3143, respectively.

Based on the air state equation, the equation of the air
pressure in the manifold can be written as follows:

Ṗm =
RTm
Vm

(ṁat (α,Pm)− ṁap(n,Pm)) (17)

Based on the principle of conservation of energy, the equa-
tions of the crank shaft and load on the engine can be
expressed as follows:

ṅ = −
Pf + Pp + Pb

In
+
Hu
In
ηiṁf , (18)

FIGURE 5. Force analysis diagram of a UAV propeller profile.

where Pf is the friction power related with engine speed n,
Pp is the pumping loss power related with engine speed n and
manifold pressure Pman, Pb is the power added on the engine
by the loads, Hu is gas calorific value of the fuel, which is
43000 kJ/kg, and I is the inertia of the engine. The power
equations are as follows:

Pf = (b1 + b2n+ b3n2)n, (19)

and

Pp = (c1 + c2n)Pmn, (20)

where b1, b2, b3, c1, and c2 are the power coefficients of the
engine.

Energy consumption efficiency ηi is related with key
parameters of engine speed n, air pressure of manifold Pm,
ignition angle θ , and air/fuel ratio λ. The energy consumption
efficiency is as follows:

ηi(λ, θ, n, p) = ηn(n)ηp(p)ηθ (θ )ηλ(λ), (21)

where ηn(n), ηp(p), ηθ (θ ), and ηλ(λ) represent the efficiency
factors related with the parameters.

Load power of the engine Pb is the output power of the
UAV propeller during a typical working process. Accord-
ing to the Blade element theory, the UAV propeller can be
divided to numerous elements. Each element is force ana-
lyzed, as shown in Fig. 5. The lift force and drag force of each
element are analyzed. Finally, the elements are accumulated
to obtain the total lift force and drag force of the propeller,
and the power of the rotating propeller can be calculated.

The lift and drag forces on the propeller element are as
follows:

1Lpro =
1
2
CLρamb |Ev|

2 A1r , (22)

and

1Dpro =
1
2
CDρamb |Ev|

2 A1r , (23)

where 1Lpro is the lift force on the propeller element, CL
is the propeller lift force coefficient, ρamb is the density of
the ambient air, Ev is the line speed relative to air, and A1r is
the surface area of the propeller element. Similarly, 1Dpro is
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FIGURE 6. Diagram of the experimental station of the fuel-powered
aircraft engine.

the drag force on the propeller element andCD is the propeller
drag force coefficient.

In Fig. 5, the angle between tensile force Tpro and lift
force Lpro is incoming flow angle β∗ which is equal to flow
incidence angle ϕ minus airfoil attack angle α0. Therefore,
the tensile and lift forces can be calculated as

1Tpro = 1Lpro cosβ∗ −1Dpro sinβ∗, (24)

and

1Qpro = 1Dpro cosβ∗ +1Lpro sinβ∗, (25)

therefore, torque of the propeller MR is

MR=
∑

1Qprorpro=
∑

(1Dpro cosβ∗+1Lpro sinβ∗)rpro
(26)

or

MR = Qprorpro = (Dpro cosβ∗ + Lpro sinβ∗)rpro, (27)

where rpro is the distance between the center points of the hub
and propeller. Therefore, load power of the engine Pb can be
obtained as:

Pb = MRn = (Dpro cosβ∗ + Lpro sinβ∗)rpron (28)

IV. EXPERIMENTAL VERIFICATION OF THE
MATHEMATICAL MODEL
To verify the above mathematical model, experimental sta-
tions of the aircraft engine with the UAV propeller are
designed and built as shown in Figs. 6 and 7. The experiments
include UAV propeller experiments and power experiments.
In the UAV propeller experiments, control parameters such as
the fuel injection flow, throttle opening degree, and ignition
advanced angle, can be accurately controlled, and the rotating
speed of theUAVpropeller and oil consumption can be tested.
In addition, the engine power experiments are designed to
study the power characteristics of the engine. Key parameters
of the experimental components are shown in TABLE 1.

A. UAV PROPELLER EXPERIMENTS
As shown in Figs. 6 and 7 (a), the UAV propeller is installed
on the aircraft engine. During the experiments, users can
control the engine speed by a remote controller that can

FIGURE 7. Experimental stations of the fuel-powered aircraft engine
(1) exhaust tube, (2) UAV propeller, (3) engine silencer, (4) electronic fuel
injector, (5) throttle body, (6) engine control unit, (7) CDI ignition, (8) fuel
pump, (9) gas-powered aircraft engine, (10) mini fuel tank,
(11) high-power motor, (12) torque sensor, (13) cooling fan, (14) torque
sensor, (15) aircraft engine, (16) exhaust tube, and (17) engine silencer.

FIGURE 8. Torque of different propellers at different rotating speeds.

TABLE 1. Parameters of the experimental components.

control the opening degree of the throttle plate. The data of
the engine speed and opening degree of the throttle plate are
detected by a data acquisition card on the computer.

To create the same experimental condition of the UAV
propeller, the injector fuel pulse width is set as 4 ms and
ignition angle is set as 30◦ before the top dead center position.
NACA 0012 airfoil UAV propeller is selected, and we set the
propeller design values and drag force coefficients accord-
ing to U.S. standards [32]. Then, according to equations
(22)–(29), the working load of the UAV propeller can be
calculated as shown in Fig. 8. Here, we select a propeller with
a rotor diameter of 0.8 m.

As can be seen in Fig. 9, the throttle opening degree is set
as 20◦ to smoothly start the aircraft engine, and after 5 s,
the throttle is increased to 45◦. After approximately 10 s,
the throttle is again reduced to 20◦. To simulate the same
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FIGURE 9. Simulation and experiment curves of the aircraft engine speed.

FIGURE 10. Engine speed curves when the throttle opening degree is
increased.

FIGURE 11. Engine speed curves when the throttle opening degree is
decreased.

working condition, in the simulation, the throttle is set at the
same degree. The simulation and experiment results are in
good agreement, validating that the engine speed model is
effective.

To simulate all the real working conditions of a
fuel-powered aircraft engine, the throttle opening degree is
increased from the lowest to largest value and then reduced
to zero. The working speeds of the corresponding throttle
opening degrees so obtained as displayed in Figs. 10 and 11.
Then, the error in the engine speed is obtained as depicted
in Fig. 12, according to equation (29).

en =
∣∣nexp − nsim∣∣ /nexp, (29)

FIGURE 12. Engine speed error when increasing and decreasing the
throttle opening degree.

where en is the error in the engine speed and nexp and nsim
are the speed values from the experiment and simulation,
respectively.

If we calculate the absolute value of the difference between
the two curves, we can obtain the engine model error. As dis-
played in Figs. 10 and 11, the simulation results are consistent
with the experimental results, which verifies the validity of
the above mathematical model. Figure 12 shows that the
highest engine speed error is less than 5% when the throttle
angle is approximately 45◦. When the air–fuel mixture is
temporarily decreased, the engine starts with a high initial
acceleration. Consequently, at first, the curves of the exper-
imental results slightly deviate from the simulation curves.
Moreover, there are clear distinctions between the curves
produced in the increasing and decreasing processes. These
are because the engine speed is mainly affected by the present
engine speed, air–fuel mixture concentration, and working
condition of the propeller. In addition, the curves correspond
to the same maximum speed, and when the throttle plate
degree is higher than approximately 55◦, the engine speed
almost stops increasing. This is because the maximum speed
is limited by the structure and type features of the aircraft
engine.

B. OUTPUT POWER EXPERIMENTS
As depicted in Figs. 6 and 7(b), in the output power experi-
ments, the UAV propeller is uninstalled and a torque sensor
and high-power motor are rigidly connected to the engine
output shaft. The torque sensor can real-time measure the
output torque of the engine, and then the output power of the
aircraft engine can be calculated according to the real-time
engine speed.

First, the motor drags the engine to rotate.When the engine
is started and the speed becomes higher than the motor start
speed, the motor provides a controllable load to simulate
the propeller load. In the experiments, the throttle opening
angle is set up constantly, and the load on the engine is
gradually added. The engine speed changes with the varia-
tion in the output torque. When the engine speed is stable,
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FIGURE 13. Engine output power when the rotating speed is decreased.

the corresponding value of the output power is recorded. All
the results are averaged to ensure the accuracy. On the basis of
previous research [33], in the mean value model of the fuel-
powered engine, the output torque (Tout ) can be calculated
from the following equation:

Tout = Ma(d0 + d1θ + d2θ2)+ (e0 + e1θ + e2θ2)

+ (f0 + f1λ+ f2λ2)+ (g0 + g1n+ g2n
2)+ h0nθ

(30)

where Ma is the mixture quality of the intake air and fuel
of engine and d0, d1, d2, e0, e1, e2, f0, f1, f2, g0, g1, g2,
and h0 are the parameter coefficients of the output torque.
The coefficients of the output torque are obtained from the
parameter calibrations based on the experiment results, and
we can obtain the dynamic output torque from the simu-
lations. However, for accuracy, the simulation results are
also averaged. Based on the results in Figs. 10 and 11, the
ranges of the engine speed and throttle opening degree are
set as 4000 rpm to 5500 rpm and 35◦ to 55◦, respectively.
Next, the results of the output power is obtained as displayed
in Fig. 13.

From Fig. 13, the simulation curve is consistent with the
experimental results after the parameter fitting. In addition,
the output power of the engine decreases with the increase in
the engine rotating speed. This is because at first the engine
is started with a low load torque, and its speed is up to
approximately 6000 rpm, which is the highest value. Then,
a load torque is gradually added, and the engine speed is
reduced. However, when the load torque is added, the resis-
tance of the engine pistons will increase, and air pressure in
the engine cylinder will also enhance. This will enhance the
combustion process, and the output power of the engine will
also increase.

Uncertainty parameters of the experiments mainly include
calibration coefficients of the output power. The uncertain
factors mainly come from the mechanical friction, fuel burn-
ing performances affected by the ambient temperature and
humidity and so on. However, considering the uncertainty of
the calibration relationship among the output power, air fuel

FIGURE 14. Setting diagram of the throttle opening degree.

ratio and the engine speed, uncertainty of the output power is
only regarded, and the uncertainty range of the output power
factor (compared with the original experiment calibration
result) is settled to 0.8∼1.2.

V. STUDY ON POWER CHARACTERISTICS OF
FUEL-CONTROLLED AIRCRAFT ENGINE
Enhancement of the aircraft engine power characteristics will
reduce the energy consumption during engine operation, and
then extend the cruising duration of the UAV. In this research,
the effects of key parameters on the main engine power
characteristics are analyzed based on the simulation results
using the above mathematical model.

According to the analysis results, the working characteris-
tics of the fuel-controlled aircraft engine are mainly affected
by the throttle opening degree (α), fuel injection pulse width
(Iw), advance angle of ignition (θ ), fuel injection delay width
(Dw), and rotor diameter of the UAV propeller (Dpro). In the
study, to illustrate the effect of the parameters on the power
characteristics, each parameter is varied for comparison,
whereas the other parameters are kept constant.

The researched characteristics of the aircraft enginemainly
consist of the engine speed (n) and output power (Pout ).
In addition, another important attribute to evaluate the fuel
utilization [34]–[37] is the power efficiency of the aircraft
engine (ηe),calculated by the following equation:

ηe =
Pout
Pin
=

nTout
9550ṁfiHu

, (31)

where Pin is the input power converted from the injected
fuel mass flow. UAV driver controls the propeller rotating
speed by remote controlling the throttle opening degree. So in
the simulation, the different engine working conditions are
directly obtained by setting different throttle opening degree
values. According to the practical application of UAV, throttle
opening degree is step-type set as shown in Fig. 14. Several
latest articles have analyzed the engine optimization method
based on the dynamic model [38], [39]. According to Figs.
10 and 11, range of the throttle opening degree is 20 to
50 degrees. Time interval between each opening degree step
is about 5 seconds to ensure the engine to reach steady state.
In each parameter study, the speed, output power and air/fuel
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FIGURE 15. Rotating speed curves of the aircraft engine.

ratio are researched dynamically. Moreover, average values
of output power and power efficiency of engine are taken to
analyze the influences of the key parameters under different
working conditions. Then we get the results as follows.

A. EFFECT OF FUEL INJECTION PULSE WIDTH (IW ) ON
OUTPUT CHARACTERISTICS
The fuel injection pulse width is directly controlled by the
ECU unit, and it directly controls the fuel injection flow of
the engine. When the advance angle of ignition (θ ) is set as
20◦, the fuel injection delay width (Dw) is set as 0.5 ms, rotor
diameter of the UAV propeller (Dpro) is selected as 0.8 m, and
fuel injection pulse width (Iw) is set as 3.5, 4, 4.5, and 5 ms.
Then the output characteristics are studied.

Fig. 15 depicts the variation trends of the dynamic rotating
speed of the aircraft engine. The speed curves have an
increasing ladder shapewith the increase in the settled throttle
opening degree.Moreover, overall, the speed curves are lower
for a larger fuel injection pulse width (Iw), but the top speed
of the engine is the highest when Iw is 4 ms. This is because
when Iw is higher than 4 ms, the injected fuel in the manifold
is too large, and the air–fuel mixture cannot sufficiently burn.

As is shown in Fig. 16, the engine output power is affected
by the fuel injection pulse width. First, when the throttle
opening degree is varied from 20◦ to 30◦, the output power
rapidly increases from approximately 2 kW to 8 kW, but when
the engine speed becomes stable, the output power gradually
reduces to approximately 6 kW and then becomes steady.
This is because when the throttle opening is larger, the engine
accelerates and the air pressure between the manifold and
cylinder chambers increases, increasing the air intake mass
flow, and thereby, increasing the output power. When the
opening degree and engine speed are stable, the output
power decreases slightly. In addition, the overall output power
increases and then reduces significantly with the increase in
the fuel injection pulse width, and when Pw is approximately
4 ms, the average output power is the highest.

Variation trend of the power efficiency under the effect of
the fuel injection pulse width at different engine speeds is

FIGURE 16. Dynamic output power curves of the aircraft engine.

FIGURE 17. Power efficiency curves of the aircraft engine.

through the study from Fig. 17. It can be concluded that when
the engine speed is increased from 3500 rpm to 5000 rpm,
the power efficiency reduces by approximately 5%. Further-
more, the power efficiency decreases by 5%–10%, with an
increase in the fuel injection pulse width from 3.5 ms–5 ms.
This is because when Pw is set higher, fuel intake is higher;
however, the output power is lower. In addition, when the
engine operates at a high speed, the engine is close to the
speed and power limit, but the fuel consumption is much
higher. From the figures, the appropriate fuel injection pulse
width is 3.5 ms–4.0 ms to ensure the output power and power
efficiency.

B. EFFECT OF ADVANCE ANGLE OF IGNITION (θ) ON
OUTPUT CHARACTERISTICS
The advance angle of ignition (θ ) determines the piston posi-
tion of the engine cylinder when a spark is triggered. Different
advance angles of ignition lead to different volumes of the
cylinder chamber and different pressures of the compressed
mixture of the air and fuel. When the fuel injection pulse
width (Pw) is set as 4 ms, the fuel injection delay width (Dw)
is set as 0.5ms, the rotor diameter of the UAV propeller (Dpro)
is chosen as 0.8 m, and advance angle of ignition (θ ) is set as
10, 20, 30, 40, and 50◦. The following output characteristics
are examined.
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FIGURE 18. Rotating speed curves of the aircraft engine.

FIGURE 19. Dynamic output power curves of the aircraft engine.

As shown in Fig. 18, the advance angle of ignition can
deeply affect the engine speed. When the advanced angle of
ignition is set larger, the rotating speed increases, but when
θ is higher than 40 degrees, the engine speed will be smaller.
That is because when the advance angle of ignition is set too
high, the distance between piston and the top dead center is
too far, and the pressure of the engine chambers is not high
enough for further acceleration. In Fig. 19, the whole trend
of the output power curves is similar to that of the rotating
speed. The increase of advanced angle of ignition with a limit
of 40 degrees will lead to the rise of the output power.

From Fig. 20, at speeds from 3500 rpm to 4500 rpm, as the
advance angle of ignition increases, the power efficiency
curve increases and then decreases. When θ is approximately
40◦, the power efficiency is maximum and over 15%. Fur-
thermore, increasing the advance angle of ignition from 10◦

to 40◦ increases the power efficiency by 5%. However, at the
speed of 5000 rpm, the power efficiency decreases and is
not apparently affected by the advance angle of ignition.
Therefore, we should choose an appropriate θ at different
speeds by analyzing the results to obtain the highest output
power and power efficiency.

FIGURE 20. Power efficiency curves of the aircraft engine.

FIGURE 21. Rotating speed curves of the aircraft engine.

C. EFFECT OF FUEL INJECTION DELAY WIDTH (DW ) ON
OUTPUT CHARACTERISTICS
The fuel injection delay width (Dw) controls the start time of
the fuel injection. The fuel injection delay width is usually
set to coordinate the times of the fuel injection and ignition.
When the fuel injection pulse width (Pw) is set as 4 ms,
the advance angle of ignition (θ ) is set as 20◦, rotor diameter
of the UAV propeller (Dpro) is chosen as 0.8 m, and fuel
injection delay width (Dw) is set as 0, 0.5, 1, and 1.5 ms. The
following results of the output characteristics are obtained.

Figs. 21 and 22 exhibit the dynamic characteristics of
engine speed and output power that are affected by the fuel
injection delay width. The fuel injection delay width has a
less impact on the engine rotating speed and output power.
The reason is that the injection delay width mainly controls
the fuel injection time. However, when the fuel is injected into
the manifold of the engine, the fuel and air will immediately
mix, and the fuel flowwill not be significantly affected by the
delayed injected fuel. However, from Figs. 20 and 21, when
Dw is set lower, the curves of the engine speed and output
power become smoother without an apparent decrease.

In Fig. 23, when the fuel injection delay width increases
from 0.5 mm to 1.5 mm at an engine speed of 3500
rpm–4000 rpm, the power efficiency is improved by 6%.
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FIGURE 22. Dynamic output power curves of the aircraft engine.

FIGURE 23. Power efficiency curves of the aircraft engine.

At a speed of over 4000 rpm, the fuel injection delay width
does not apparently affect the power efficiency. The reason
is that when the engine speed is relatively low, the injected
fuel mass flow is easily affected, and the fuel injection delay
width provides sufficient time for the vaporization of the fuel
film. However, when the engine speed is sufficiently high,
the effect on the fuel mass flow can be neglected. Therefore,
according to the analysis results, the fuel injection delay
width can be set between 0.5 ms and 1 ms to ensure the
dynamic stability and efficiency at a low speed.

D. EFFECT OF PROPELLER ROTOR DIAMETER (DPRO) ON
OUTPUT CHARACTERISTICS
As shown in Fig. 8, the rotor diameter of the UAV propeller
(Dpro) affects the load torque on the engine under different
working conditions, and the load torque then affects the
output characteristics of the operating aircraft engine. The
fuel injection delay width (Dw) controls the start time of the
fuel injection. When the fuel injection pulse width (Pw) is set
as 4 ms, the advance angle of ignition (θ ) is set as 20◦, fuel
injection delay width (Dw) is set as 0.5 ms, rotor diameter
of the UAV propeller (Dpro) is set as 0.65, 0.7, 0.75, and
0.8 m, and shape of the UAV propeller is follows the NACA
0012 standard.

As is shown in Figs. 24 and 25, when the rotor diameter of
the UAV propeller (Dpro) is large, the engine speed reduces,

FIGURE 24. Rotating speed curves of the aircraft engine.

FIGURE 25. Dynamic output power curves of the aircraft engine.

FIGURE 26. Power efficiency curves of the aircraft engine.

whereas the output power increases. Furthermore, the vari-
ation extent of the output power is much higher than that of
the rotating speed. The largerDpro at the same speed, the load
torque of the engine is much higher, as shown in Fig. 8.

As is depicted in Fig. 26, when the engine speed is from
3500 rpm to 4000 rpm, the propeller rotor diameter has a
negligible effect on the power efficiency. However, when the
engine speed is higher than 4000 rpm, increasing the propeller
rotor diameter from 650 mm to 800 mm increases the power
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TABLE 2. Endurance improvement results.

efficiency of the aircraft engine by approximately 5%. The
reason is that when the speed is higher, the resistance moment
is also increased, which in turn increases the pressure of the
cylinder chambers. Consequently, when the engine speed is
higher than 4000 rpm, a propeller with a larger rotor diameter
is more suitable for the enhancing the power efficiency.

Compared with the published literature [38], [39], more
control parameters are discussed, and the affecting rules are
analyzed. This paper overall considers the fuel injection delay
width, the advance angle of ignition, and the fuel injection
delay width. In addition, different engine speeds correspond
to different optimal combination of injection parameters.
Moreover, method type in this paper belongs to discussion
of the open-loop calibration of the calibration, and the other
published literatures are mainly concentrated on the control
algorithms. Therefore, method in this paper is more practical.

E. IMPROVEMENT RESULT OF UAV FLIGHT ENDURANCE
Experiments of the aircraft engine are carried out in which the
optimized method is applied in order to analyze the improve-
ment result. In the experiments the fuel flow is measured
under different engine working speeds, and the prolonged
endurance of the fuel-powered UAV is calculated. Then the
results are shown as the following table. In the comparison,
the original control parameters are settled as follows: the fuel
injection pulse width is set to 4.5 ms, the advance angle of
ignition is set to 10◦, and the fuel injection delay width is
set to 0 ms; furthermore, the improved parameters are: the
fuel injection pulse width is set to 4.2 ms, the advance angle
of ignition is set to 25◦, and the fuel injection delay width
is set to 0.5 ms. Then the endurance of the DZ310 UAV is
calculated according to the fuel capacity (3∼4L) and the fuel
consumption rate at different engine working speeds.

As can be seen in TABLE 2, the endurance can be
prolonged by improving the control parameters of the fuel
injection system according to the analyzing results. The com-
mon applied engine speed is 4500 to 5500 rpm. According
to the calculation results, the endurance can be prolonged by
about 15% to 18%. And that is correspond to the analyzing
results.

VI. CONCLUSION
In this study, to improve the flight duration and power
efficiency of a UAV, the power characteristic studies of a
fuel-controlled aircraft engine for a fuel-powered UAV is
conducted. The mathematical model of the aircraft engine
is built and verified experimentally. Furthermore, the effects

of key parameters including the fuel injection pulse width,
advance angle of ignition, fuel injection delay width, and
rotor diameter of the UAV propeller, on the engine power
characteristics are examined. The following conclusions can
be drawn:

(1).The comparison of the simulation outputs with the
experimental data shows that they are in good agreement,
which verifies the effectiveness of the mathematical model;

(2).Based on the simulation analysis of the characteristics
at different throttle opening degrees, increasing the rotating
speed from 3500 rpm to 5000 rpm decreases the power effi-
ciency of the aircraft engine by 5% to 10% under different
conditions. To achieve the highest power efficiency in a typi-
cal operating situation, the application speed should be 3500
rpm–4000 rpm;

(3).Reducing the fuel injection pulse width from 5 ms to
3.5 ms increases the power efficiency by 10%. Moreover,
increasing the advance angle of ignition from 10◦ to 40◦

improves the power efficiency by 5%. However, reducing the
fuel injection pulse width to below 3.5 ms or increasing the
advance angle of ignition beyond 40◦ leads to insufficient
output power;

(4).When the fuel injection delay width increases from
0.5 mm to 1.5 mm at the engine speed of 3500 rpm–4000
rpm, the power efficiency is improved by 6%. In addition,
when the engine speed is higher than 4000 rpm, increasing the
propeller rotor diameter from 650 mm to 800 mm enhances
the power efficiency of the aircraft engine by approximately
5%. Therefore, when the engine speed is higher than 4000
rpm, to choose a propeller of a larger rotor diameter is more
suitable.

(5). According to several comparison experiments,
the endurance can be prolonged by about 15% to 18% under
the common applied engine speed.

This research can provide a reference for updating the fuel
characteristic of aircraft engine and prolonging the cruising
duration of fuel-powered UAV.
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