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Significant progress has been made in recent years on personal air vehicles (PAVs), which offer independent and autonomous urban
transportation. On-demand parcel delivery drones and heavy-lift drones are gaining serious attention. Although various designs for these
systems have been put forward, they still have not reached sufficient maturity. The current systems provide somehow satisfactory
operation, but many of these systems are limited in payload capacity and flight duration, and not suitable for future operations. In this
paper, we propose a novel thrust system that uses multiple mini jet engines. Unlike electric motors, the jet engine thrust cannot vary
rapidly. This led us to design and develop a thrust vectoring system for each jet engine. This proposed system has the potential to enable
drones to carry more payload and achieve longer flight times. This paper discusses the design and modeling of the system as well as the
stabilization algorithms that satisfactorily stabilize the proposed system. We presented that due to motor lag, thrust variations cannot
stabilize the vehicle. We showed that the use of a thrust vectoring mechanism with LQR-based controller can overcome the effects of motor
lag and stabilize the vehicle, successfully.
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1. Introduction

Since the beginning of the 21st century, we are witnessing
various useful applications of unmanned aerial vehicles
(UAVs) [1–8]. These range from taking fascinating drone
photos/videos, transport of goods, search and rescue
operations to the inspection. These tasks can be performed
more economically and rapidly, with almost no risk of
human life. These vehicles are more economical, smaller,
require smaller landing pads/airstrips, consume less fuel
and pollute less, in comparison to manned aircrafts. More-
over, we have seen that these vehicles could also be useful
in many previously unsought areas (such as dropping a life
vest to a drowning person or ambulance drones). It is

expected that as the autonomy level of these systems
increases in the decades to follow, they are expected to have
greater positive contributions to our lives.

The most common UAV systems are small multi-rotor,
electrical systems. Although they are widely used in many
operations, their potential usage is limited due to the limits
of electrical motors. Electric motors are easy to use and
have a short response time, which is the main reason for
their ability to fly, but they are also the main reason limiting
their potential. The payload capacity, flight time and range
are the most critical properties of unmanned aerial vehicles.
Although current systems provide somehow suitable oper-
ation envelopes, these systems are limited and not suitable
for future operations such as parcel delivery and flying taxi
operations. Current prototypes of the parcel and taxi drones
commonly are scaled-up versions of smaller drones, having
the same limitations of flight time and payload capacity,
requiring long charging time or battery swaps, which limits
their usefulness.
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One alternative to an electrical motor/rotor thrust
system is a jet engine. Since the 1960s, they are widely used
in various aerial vehicles [9, 10]. Mini jet engines are
smaller versions of bigger jet engines and some model
aircraft users use them for years. Various companies are
working on the design and manufacturing of these mini jet
engines [11–15].

There are some studies on the modeling of mini jet
engines as well as the design and manufacture of the elec-
tronic control unit [16, 17]. In these studies, aerothermo-
dynamic modeling of mini jet engines and verification of the
prepared model and control tests were carried out.

There are a few pilot-operated, manually controlled
personal jet engine aircrafts with vertical landing and take-off
feature. Successful flights were realized with these vehicles [18].

In the literature, there is no autonomous aircraft with
vertical landing and take-off capability using mini jet
engines. Probably this is due to two reasons. Until recently,
it used to be quite difficult to manufacture reliable mini jet
engines. Another reason is the difficulty in thrust control of
jet engines compared to electric motors. The dynamic be-
havior of jet engines is slower than electric engines and it
does not allow to control the VTOL aircraft just like it is
done in electric motor/rotor pairs.

In the literature, some aircrafts use ducted fans that
work with electric motors and batteries [19, 20]. Although
they may look similar to jet engines, they are different. In
[21], ducted fan impulse sources are used. There is an air-
craft developed in the light of this patent [22].

Some aircrafts in the literature use electric motors
and are able to tilt rotors to vector thrust [23–30].
These vehicles have more control over the aircraft than
normal four-rotor aircraft. Similarly, Quad Tilt Rotor
(QTR) aircraft combines VTOL quadrotor with aircraft form
[27, 28, 31].

In our previous study, we proposed a multi-rotor vehicle
that can rotate all four rotors in two axes [32–35]. Such a
design can provide a more stable flight without the need for
the vehicle body to bend in the direction of motion.

In recent years, proposed prototypes on flying taxis and
cars for human transportation have become prominent
[36]. These studies also require a more reliable thrust
solution.

In this paper, modeling and control of a jet-powered mini
VTOL vehicle (quad-jet) is proposed. The introduction of
increased payload capacity, as well as VTOL ability and
autonomous operation, can greatly improve civilian appli-
cations. The ability to direct the thrust on each engine with
the help of a novel two-degree-of-freedom tilt mechanism
will eliminate the need to change the thrust rapidly. More-
over, the ability to direct the engine thrusts eliminates the
need to tilt the robot towards the direction of motion (as
multi-rotor aircrafts do), leading to a more stable motion.

In the literature, many different controllers are intro-
duced for UAVs. Although many of these control methods
are linear controllers, it is noteworthy that nonlinear con-
troller structures are also used [37, 38]. Model Predictive
Control (MPC) and Linear–quadratic regulator (LQR) control
strategies have been popular in recent years as a control
method in UAVs [20, 39, 40, 41, 42]. Unlike conventional
linear and nonlinear control methods, MPC and LQR proved
to be quite useful. In this study, we will investigate different
controllers such as PID and LQR to stabilize a quad-jet air-
craft model. Mathematical models and control structures are
simulated in MATLAB Simulink environment.

The paper is organized as follows: Section 2 describes
the UAV Platform Design. The modeling of the system is
presented in Sec. 3. Section 4 contains the control approach
and simulations. Concluding remarks and future work are
presented in Sec. 5.

2. UAV Platform Design

A UAV system’s propulsion consists of thrust generator and
fuel. For an electrical multi-rotor vehicle, this corresponds to
electric motors, gears, rotors, and batteries. For a jet-engined
system, this corresponds to jetmotors and fuel. The comparison
of electrical and jet actuation is given in Table 1. Unlike bat-
teries, combustible fuel weight decreases with consumption.

The conventional electrical multi-rotor systems are very
simple, cheap, and easy to fly when they are smaller. Un-
fortunately, they do not scale up efficiently. Although it is
quite possible to develop and fly big multi-rotor UAVs that
can carry big payloads (e.g. flying taxi operations), this
requires heavy, expensive motor and heavy batteries.
Moreover, the rotor size needs to be much bigger to obtain
the required thrust, leading to a much bigger vehicle size.
Additionally, limited useful flight time is generally followed
by a long charging time or a battery swap.

For the mini jet engines, the fuel amount can be in-
creased as needed easily. Fuel amount is the limiting factor
of flight duration.

The major goal of the system is to extend the payload
capacity, flight duration, and range of operation. Unlike an
electrical propulsion system consisting of electric motors,
rotors, electronic speed controller, and battery, the propul-
sion system of the proposed vehicle consists of jet engines, a
thrust vectoring system, a rigid body, and fuel tanks.

In this section, we will describe the jet engine, the me-
chanical design of the thrust vectoring system, and the
design of the UAV body.

2.1. The jet engine

There are various mini jet engines available for the RC
community. Some of these engines weigh less than 2 kg and
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provide a lift of 20 kg. The thrust-to-weight ratio is much
bigger than the conventional electric motors. In this study,
we searched for a jet engine that is reliable, available, af-
fordable, having acceptable fuel consumption character-
istics, and with a maximum thrust of about 150N per
engine. The use of four mini jet engines can easily lift a 60-
kg vehicle successfully. Unfortunately, the fuel consumption
of these jet engines at the full RPM can go up to 10 g/s.
Therefore, fuel consumption and flight duration should be
investigated before engine selection.

The jet engine in this study has been selected as Jetcat
P160 (Fig. 1) [11]. The thrust-to-weight ratio is 9.64 and the
fuel consumption is about 7 g/s at the maximum RPM.
Technical specifications are given in Table 2.

A test setup has been set up to verify the provided
specifications, and to collect engine thrust, motor rpm, fuel
level, pump battery ECU battery level, and outlet heat
values with respect to throttle value (Fig. 2).

A graphical user interface has been developed to visu-
alize and collect the data automatically (Fig. 3).

Thrust experiment on jet engine verified that a thrust of 180N
is possible. The thrust versus time data is shown in Fig. 4.

2.2. Flight time and payload relationship

The SFC for the P160 jet engine is 0.16 kg/h per unit thrust.
This corresponds to about 5.61 g/s of fuel consumption per
jet engine. Total fuel usage is about 1.3 kg/min at 80%
thrust. As the fuel is spent, less fuel per minute will be
needed to keep the vehicle flying.

The goal of the proposed system is to maximize payload
as well as flight time. The fuel takes away useful payload,
but its weight decreases with consumption. An algorithm on
MATLAB has been developed to clarify the flight and pay-
load relationship. Assuming the maximum total mass of
60 kg and vehicle body mass of 25 kg, this analysis shows
the flight time (in min) versus load (kg) in Fig. 5.

It appears that with no load, the vehicle is expected to fly
for 101min. It can lift as much as 35 kg, with a few minutes
of flight. If the payload is 18 kg, the flight time is approxi-
mately 48min, which is within the design goals. A more
recent model P220 from the same company can provide
220N with the same SFC value. This engine can lift a vehicle
mass up to of up to 80 kg, that can fly as long as 160min or
can lift about 55-kg payload, from the same analysis.

Note that hovering a vehicle with electric or jet-fueled
motors is a fuel-consuming task. Well-designed vehicles
limit the hover time and use wings for lift, this approach
increased flight time by reducing the fuel wasted for hover.
The proposed vehicle does not have wings, because it has
been designed for lifting and carry a payload within a lim-
ited area. It does not have a goal of carrying this payload to
a distant location.

2.3. Design of the thrust vectoring system

The goal of the thrust vectoring system is to direct the
thrust as needed. The thrust vectoring system rotates the

Table 1. Comparison of electrical versus mini jet actuation for
heavy-lift UAVs.

Electrical actuation systems Mini jet engine system

Smaller thrust-to-weight ratio Bigger thrust-to-weight ratio
Bigger size due to big rotor Smaller size
Noise level of about 80 dB Noise level of about 110 dB
Do not require thrust vectoring Require thrust vectoring
Limited by battery Limited by fuel weight
Need battery charging Can be easily refueled rapidly
Suitable for indoors Not suitable for indoors

Fig. 1. Jetcat P160 mini jet engine and its parts.

Table 2. Technical specifications of the jet engine.

Name Value

Weight (g) 1670
Length (mm) 297
Idle thrust (N) 7
Thrust at maximum rpm (N) 158
Specific fuel consumption (SFC) (kg/N�h) 0.160

Fig. 2. Mini jet engine test setup.
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engine around two axes, independently. Mechanical design
considering the structural loads was performed and the
design shown in Fig. 6 has been developed.

2.4. Mechanical design of the UAV

The aircraft has been designed in CAD under the strict
considerations of structural integrity, static loading, as well
as weight limits. Figures 7 and 8 show the 3D CAD model of
the jet-powered VTOL aircraft, including the engines, the
thrust vectoring mechanism, and fuel tanks.

3. Modeling of the Quad-jet System

In this study, the required lift force is provided to the air-
craft with four mini jet engines. Considering the slow re-
sponse times of jet engines compared to electric motors, it
is not possible to fly this aircraft only by controlling the
thrust of jet engines, like a multi-rotor UAV. To solve this
problem, extra degrees of freedom have been added to the

Fig. 3. Graphical user interface for data collection.

Fig. 4. Thrust versus time plot obtained with experiment.

Fig. 5. The flight time versus payload graph for the proposed
vehicle.

Fig. 6. The thrust vectoring system for controlling thrust forces
acting on the UAV.
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system. While keeping the thrust of each jet engine con-
stant, the direction is rotated along the pitch and roll axes.
In this way, two degrees of freedom for each motor (a total
of eight degrees of freedom) are added to the system.

In electric motors, a torsion moment (opposite moment
occurring in the axis of rotation of the shaft) occurs in
the opposite direction of the propeller rotation. In jet engines,
on the other hand, due to the structure of the engine, the
torsion moment is very low and it is accepted as zero. This
eliminates the need for motor pairs to rotate in opposite
directions.

Gyroscopic moments that are often neglected in multi-
rotor aircraft are more prominent in jet aircraft. Besides, the
pitching and rolling movements of each jet engine in its axis
cause gyroscopic moments in the body of the aircraft.

3.1. Coordinate systems

The free-body diagram of the quad-jet model is displayed in
Fig. 9. The aircraft has six different coordinates. The first is

the inertial reference system, whose unit vectors are oriented
to northeast-down and named as INED. It is positioned on the
lower side of Fig. 9. The second reference system is located at
the center of mass of the vehicle, labeled as B. This reference
system allows the forces and moments created by the engines
to be easily formulated. The other four reference systems are
also moving reference systems. They are placed in positions
where the center of mass of the jet engines are located. These
vectors are aligned with the vectors of the B-axis.

3.2. Euler angles

Euler angles are widely used to mathematically express the
angular orientation of the moving reference systems used in
the aircraft. In this study, the ZYX Euler angles represen-
tation was preferred. The symbol  is used for rotation
around the Z-axis, � for rotation around the Y -axis, and � for
the rotation around the X-axis. The rotation matrix, defining
the orientation between body axis and inertial reference
system, is given as

R ¼ Rz � Ry � Rx

¼
cð�Þcð Þ sð�Þsð�Þcð Þ � cð�Þsð Þ
cð�Þsð Þ sð�Þsð�Þsð Þ þ cð�Þcð Þ
�sð�Þ sð�Þcð�Þ

2
64

cð�Þsð�Þcð Þ þ sð�Þsð Þ
cð�Þsð�Þsð Þ � sð�Þcð Þ

cð�Þcð�Þ

3
75;

where sð�Þ and cð�Þ stands for sinð�Þ and cosð�Þ, respectively.

3.3. Aircraft kinematic and dynamic models

In this subsection, six-degree-of-freedom equations of
motion of the aircraft will be derived. Let us define linear

Fig. 7. The 3D design of the UAV platform.

Fig. 8. The 3D model in the simulation environment.

Fig. 9. Jet engine-powered quad-jet UAV free-body diagram,
showing the axes.
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positions as fx y zgT and angular positions as f� �  gT

with respect to the inertial reference system. Linear and
angular velocities of the vehicle are defined as fu v wgT

and fp q rgT with respect to the B-centered reference
system located in the center of mass of the vehicle. The
relationship of linear and angular velocities between the B
reference system on the vehicle and the inertial reference
system is obtained by the following equations:

x
:

y
:

z
:

8>><
>>:

9>>=
>>;

¼ Rzyx

u

v

w

8><
>:

9>=
>;
; ð1Þ

�
:

�
:

 
:

8>>><
>>>:

9>>>=
>>>;

¼

1 sinð�Þ tanð�Þ cosð�Þ tanð�Þ
0 cosð�Þ � sinð�Þ

0
sinð�Þ
cosð�Þ

cosð�Þ
cosð�Þ

2
66664

3
77775

p

q

r

8><
>:

9>=
>;
; ð2Þ

There are different sources of force and moment that affect
the aircraft, mainly jet engines, gravity, and wind. These
forces and moments are used when obtaining the dynamic
equations of the vehicle. Considering Newton’s law of mo-
tion and the Euler equations, the relationship between
forces and moments affecting the aircraft and the motion of
the vehicle is obtained with the following equations.

FBx

FBy

FBz

8><
>:

9>=
>;

¼ m

p

q

r

8><
>:

9>=
>;

�
u

v

w

8><
>:

9>=
>;

þ
u
:

v
:

w
:

8>><
>>:

9>>=
>>;

0
BB@

1
CCA; ð3Þ

MBx

MBy

MBz

8><
>:

9>=
>;

¼
Ix 0 0

0 Iy 0

0 0 Iz
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3
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p
:

q
:

r
:
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>>:
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>>;
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p

q
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8><
>:

9>=
>;

�
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0 Iy 0

0 0 Iz

2
64

3
75 �

p

q

r

8><
>:

9>=
>;

0
B@

1
CA; ð4Þ

where FB and MB represent forces and moments acting on
the vehicle and represented in B reference frame. The air-
craft is assumed to be symmetric with respect to the B
reference frame, resulting in a diagonal inertia matrix,

FBx

FBy

FBz

8<
:

9=
; ¼

Fmx

Fmy

Fmz

8<
:

9=
;þ

Fgx
Fgy
Fgz

8<
:

9=
;þ

Fdx
Fdy
Fdz

8<
:

9=
;: ð5Þ

The total force acting on the vehicle (FB) is due to jet
engines (Fm), gravity (Fg), and drag (Fd). The aircraft is
planned to hover or perform slow flights. For this reason,
drag forces were ignored in this model.

Each motor can be rotated around y- and x-axes as
shown in Fig. 10, resulting in a change in the direction of the
thrust of the engine. The rotation in each motor is repre-
sented by Euler angles �i and �i, i.e. i ¼ 1; 2;3; 4. Here again
the ZYX convention is used, and the rotation around Z is
taken as zero.

The thrust force in the engine is directed upward when
�i and �i angles of the thrust vectoring mechanisms are
zero, causing a force vector f0 0 � FigT in the body-fixed
frame. When this force vector is multiplied with the rotation
matrix, the thrust force vector expressed in the body fixed
frame is obtained as follows:

Fmx

Fmy

Fmz

8<
:

9=
;

i

¼
�Fi sin �i cos�i

Fi sin�i
�Fi cos �i cos�i

8<
:

9=
;: ð6Þ

The gravitational force vector acting on the quad-jet and
expressed in the inertial frame is given as f0 0 mggT . This
force vector is multiplied with the inverse of the Euler
rotation matrix:

Fgx
Fgy
Fgz

8<
:

9=
; ¼ RT

0
0
mg

8<
:

9=
;; ð7Þ

where RT is the inverse of Euler rotation matrix from in-
ertial frame to body-fixed frame and m is the mass of the
quad-jet. The total force acting on the quad-jet, expressed in
the body-fixed frame, is

F ¼
X4
i¼1

Fmx

Fmy

Fmz

8><
>:

9>=
>;

i

þ
Fgx
Fgy
Fgz

8><
>:

9>=
>;
: ð8Þ

There are three main sources of moments acting on the
vehicle. These are the moments due to thrusts of jet engines
(Mm), gyroscopic moments originating from jet engines
(Mj), and moments caused by the drag (Md). We can ignore
the moments caused by the previously ignored drag forces.
Additionally, since the mass and inertia of the aircraft are
higher than the jet engine rotors, the gyroscopic moments

Fig. 10. Coordinate axis for a single jet engine.
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acting on the aircraft due to jet engine rotor movements can
be ignored in this model. The total moment acting on the
vehicle will be

MBx

MBy

MBz

8<
:

9=
; ¼

Mmx

Mmy

Mmz

8<
:

9=
;: ð9Þ

To calculate the moments due to thrusts of jet engines
(Mm), each motor’s location on the vehicle is required. If L is
the distance between each jet engine frame and vehicle
body frame, then Table 3 illustrates the motor positions as
given in Fig. 9.

Moments due to thrusts of jet engines (Mm) are

Mmx

Mmy

Mmz

8<
:

9=
;

i

¼ ri �
Fmx

Fmy

Fmz

8<
:

9=
;

i

; ð10Þ

fMmx
Mmy

Mmz gT
1

¼ f 0 �F1L cos�1 cos �1 �F1L sin�1 gT ;

fMmx
Mmy

Mmz gT
2

¼ f�F2L cos�2 cos �2 0 F2L cos�2 sin �2 gT ;

fMmx
Mmy

Mmz gT
3

¼ f 0 F3L cos�3 cos �3 F3L sin�3 gT ;

fMmx
Mmy

Mmz gT
4

¼ f�F4L cos�4 cos �4 0 F4L cos�4 sin �4 gT :

ð11Þ

The total moment acting on the vehicle body is

Mmx

Mmy

Mmz

8<
:

9=
; ¼

X4
i¼1

Mmx

Mmy

Mmz

8><
>:

9>=
>;

i

: ð12Þ

3.3.1. Engine thrust model

In Sec. 2.1 a test stand for thrust and other data collection
was presented. Once we have reliable engine data from an
experiment, we implemented a thrust block in MATLAB to
provide necessary thrust information to the simulation.

The Turbofan Engine block on the Aerospace Block set of
MATLAB [43] was updated with the experimental data
(Fig. 11). It is a first-order representation of a turbofan
engine with an engine controller. It allows thrust and weight
of the fuel flow of a turbofan engine at different throttle
positions (0–1). Mach number and the altitude are also
considered in the block.

The thrust (N) and fuel consumption were obtained as
in Fig. 12. The block permits the change of the time constant
of the engine, which will be used in Sec. 4 to investigate
the effect of the time constant on the vehicle control system.

4. Control System

Unlike regular four-rotor UAV systems (quadrotor or
quadcopter), the control of the vehicle requires the control
of four jet engine thrusts, as well as two angles for each
engine, totaling 12 inputs. In this section, we propose three
different controls. The first controller treats the vehicle as a
quadrotor and aims to utilize thrust variations, without
thrust forwarding. We aim to show that due to the motor
lag, this approach will fail to stabilize the vehicle. The sec-
ond approach uses a combination of thrust variation and
thrust vectoring. The third control approach only uses
thrust vectoring while keeping the thrust of the engines

Table 3. Motor position vectors.

Motor no. Position vector

1 r1 ¼ fL; 0; 0gT

2 r2 ¼ f0;�L; 0gT

3 r3 ¼ f�L; 0; 0gT

4 r4 ¼ f0; L; 0gT

Fig. 11. The Aerospace Block set of MATLAB.

Fig. 12. The thrust force and the fuel consumption with respect
to throttle percentage are calculated from the MATLAB Aerospace
Block set.
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constant. All of the control approaches are implemented on
MATLAB Simulink.

Parameters of the quad-jet used during this analysis are
shown in Table 4.

Total force vector, the moment vector, and the para-
meters of the quad-jet are used to solve six-degree-of-
freedom equations of motion, for calculating the states
given in Table 5.

We developed CAD drawings of the UAV body, jet
engines, and tilting mechanisms. These CAD models were
included in MATLAB simulation using Simscape (Fig. 13).
This provides a visual representation of the motion of the
UAV and clearly shows the motion of the jet engines.

4.1. Control of quad-jet as a multi-rotor vehicle
(without thrust vectoring)

In this subsection, we investigated the possibility, usefulness,
and limitations of the configuration in which the jet engines
are installed directly to the frame without any ability to tilt
them. The control is due to the varying thrust of jet motors.

This model is similar to the standard quadrotor model, in
which thrust variations play a critical role in the control of
the vehicle. With the engine model discussed in Sec. 3.3.1, it
is possible to investigate the effects of motor time constant
on the control performance.

A model, similar to the one described in Sec. 3.1, is in-
troduced in MATLAB Simulink. Additional PID controllers
for altitude, yaw, roll, and pitch are introduced. In this
system, it is only possible (as in regular quadrotors) to
tilt to move along x- and y-axes, we proposed two additi-
onal PID controllers to perform translational motions
(Fig. 14). This model will be run with two different motor
constants; 0.1 s and 1 s, to clarify the effect of motor time
constant.

The first simulation was performed when the time con-
stant is 0.1 s. The UAV goal location was set as
(10,15,�5,0,0,0.4). The plot showing the UAV’s translations
as well as orientations is given in Fig. 15. The UAV can
stabilize near the goal position with the proposed con-
trollers. It is important to note that since jet engines are
unable to produce turning moments like rotors, the vehicle
cannot control yaw motion.

It is clear from Fig. 16 that there is too much chattering
on throttle signals, which are limited in the range (0,1).

To investigate the effect of engine time constant, the
simulation is run with time constant set to 1 s, towards the

Table 4. Some properties of the quad-jet UAV.

Parameter Value Unit

Mass 55 kg
Inertia matrix 9 0 0

0 9 0
0 0 17

2
4

3
5

kg�m2

Center of mass–engine distance (r) 0.6 m

Table 5. States of the quad-jet UAV.

Symbol Definition

x Inertial frame x-position
y Inertial frame y-position
z Inertial frame z-position
u Body frame x-velocity
v Body frame y-velocity
w Body frame z-velocity
� Euler roll angle
� Euler pitch angle
 Euler yaw angle
p Body frame roll rate
q Body frame pitch rate
r Body frame yaw rate
xi Inertial frame x-position integral
yi Inertial frame y-position integral
zi Inertial frame z-position integral
�� Euler roll angle integral
�� Euler pitch angle integral
 � Euler yaw angle integral

Fig. 13. The MATLAB visualization of the quad-jet motions.

Fig. 14. PID-based controller for quad-jet that is based on thrust
variations.
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same goal location. Simulation results shown in Fig. 17 as
well as the control signals plot in Fig. 18 indicate that the
vehicle is unable to provide enough control effort to stabi-
lize the vehicle due to the lag on engines, as expected.

This analysis points out the need to use thrust vectoring
mechanisms to overcome the low response time of engines
to thrust variations.

4.2. A hybrid method using thrust vectoring and thrust
variations

In this subsection, we propose a control method that uses
both thrust variations as well as thrust vectoring to over-
come the control problem (Fig. 19). A PID controller that can
vary thrusts is used to control the altitude of the vehicle.
Similarly, the roll and pitch angles are stabilized using a PID-
based stabilizer using thrust variation, similar to Sec. 4.1. On
the other hand, motion along x and y is controlled by tilting
the jet engines with the thrust vectoring mechanisms.

Fig. 15. Position and orientation of the quad-jet during the simulation
with time constant of 0.1 s.

Fig. 16. Throttle percentage of the quad-jet during the simulation
with time constant of 0.1 s.

Fig. 17. Position and orientation of the quad-jet during the simulation
with time constant of 1 s.

Fig. 18. Throttle percentage of the quad-jet during the simulation
with time constant of 1 s.

Fig. 19. Hybrid control method for controlling the quad-jet system.
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In the simulation, the vehicle starts at the origin and
the goal position is at (5,5,�5,0,0,0). The position and ori-
entation of the vehicle (Fig. 20) during the simulation show
that the controller can stabilize and move the vehicle to the
goal position, successfully.

Although control signals (Fig. 21) show chattering
(due to high-frequency roll and pitch angles of the tilting
mechanism to move the vehicle to the goal location), the
vehicle can be stabilized using this controller, even though
motor time constant is 1 s.

This analysis points out the combined benefit of thrust
variations and tilting the engines. We should point out that
this approach has the additional benefit of the ability to
move along x or y-axis without tilting the vehicle body. This

could be quite advantageous on operations such as aerial
filming and surveillance.

4.3. Control of quad-jet with the thrust vectoring only

The quad-jet system requires 12 inputs. Eight inputs are the
angles of the thrust vectoring mechanisms, and the others
are the jet engine thrust inputs. Now, let us propose another
controller that uses only those angles of thrust vectoring
while keeping the thrust values constant during operation
(Fig. 22). This approach will enable the vehicle to overcome
the slow characteristics of jet engines.

One possible control approach can be the full-state
feedback control [44]. In this approach, a control signal
u ¼ �Kx, where K is a matrix, is used to stabilize the sys-
tem. One can use the pole placement approach and put
poles in the desired location on the left half-plane, and
therefore identify the desired characteristic equation and
identify a suitable K matrix. In this system, we have a state
of 12 elements and a nonlinear plant. To implement full-
state feedback let us first linearize the plant, and then apply
Linear Quadratic Regulator to find an unknown K matrix.
This linearization is only performed to develop the con-
troller. The vehicle model is still nonlinear.

To implement a linear controller, the first step is to lin-
earize the quad-jet model, already developed in MATLAB.
The states of the model are: x ¼ ðx y z u v w � �  p q r xi
yi zi �i �i  iÞT , and the inputs are chosen as: u ¼ ð�1 �1 �2
�2 �3 �3 �4 �4ÞT . Here, we assume that all of the states are
measurable.

The system is numerically linearized around a specific
trim condition, where all states are controllable, and the
jet quadrotor hovers. This has been done in MATLAB
with linmod function. This approach provided a linear

Fig. 20. Position and orientation of the quad-jet during the simulation
using the hybrid control method.

Fig. 21. The roll and pitch values of the thrust vectoring mechanisms (during hybrid control column 1 is for first motor, column 2 is for second
motor, and vice versa).
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state-space model given of the quad-jet as

x
: ¼ A18�18x þ B18�8u
y ¼ C18�18x þ D18�8u

ð13Þ

To implement a full-state feedback controller, one needs
to check controllability. All of the states of the linearized
system are found to be fully controllable. Once the linear
model is ready, one can implement the LQR method to
determine the K matrix to be used in the input, u ¼ �Kx.

Additionally, to eliminate steady-state error, integral ac-
tion has been added to the state, leading to a state of size 18
elements. The required K was calculated using the MATLAB

lqr function, using the matrices Q ¼ I18�18 and R ¼ I8�8 and
the system is given in Sec. 3. Having a suitable K matrix is
not enough for stability. We investigated the closed-loop
stability of the system by verifying that all closed-loop
system poles stay on the left half of the complex plane,
leading to a stable response.

Table 6. Comparison of proposed controllers.

Controller 1 Controller 2 Controller 3

Sensitive to the motor time constant Not sensitive to the motor time constant Not sensitive to the motor time constant
Cannot control vehicle yaw Can control vehicle yaw Can control vehicle yaw
Too much chattering Too much chattering No chattering
The vehicle body has to be

tilted for motion
The vehicle body can be flat during

motion
The vehicle body can be flat during

motion

Fig. 23. Position and orientation of the quad-jet during the simulation
using the LQR controller.

Fig. 22. Control approach based on full-state feedback using LQR
for control of the quad-jet, without thrust variations.

Fig. 24. The roll and pitch values of the thrust vectoring
mechanisms (during LQR control column 1 is for first motor, col-
umn 2 is for second motor, and vice versa).

Fig. 25. The vehicle during the simulation.
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In order to investigate the control performance, the
simulation run with time constant set to 1 s, towards the
goal location (10, 15,�5,0,0,0.4).

The position and orientation of the quad-jet in Fig. 23
verifies that the vehicle could easily reach the goal position.
The roll and pitch angles of each jet engine are presented in
Fig. 24. The vehicle hovering at the final location is shown in
Fig. 25.

Proposed controllers are compared in Table 6. Consid-
ering the controllers proposed in this work, it is clear that
the last controller performs better in controlling the quad-
jet aircraft. The vehicle could reach the goal position suc-
cessfully. The control effort is directed more intelligently
and it is better than the controllers 1 and 2. Besides, yaw
control is possible in controller 3. It is important to note
that since the engine settles down at a constant speed of
rotation only once at the beginning, the time constant of the
engines does not play an important effect on system per-
formance. Moreover, the vehicle body does not tilt or roll
towards the goal location, unlike regular quadrotor vehicles.
The thrust vectoring system directs jet engines as required
so that the aircraft body stays flat. This leads to a more
stable flight that is desirable in aerial filming, parcel deliv-
ery, and autonomous taxi operations.

5. Conclusions and Future Work

In this paper, we proposed a mini jet engine-powered UAV
(called quad-jet). Unlike electric motors, jet engine thrust can-
not be varied rapidly. To overcome this problem, we designed a
mechanism to tilt and roll each jet engine (thrust vectoring).
The increased thrust due to jet engines promises increased
payload capacity, flight time, or flight range.

We introduced the design, modeling, and control of this
vehicle. Three different controllers were suggested and all
were tested in simulations in MATLAB Simulink. A PID-
based controller depending on thrust variations failed when
the engine response time is big. A hybrid controller in-
cluding the PID-based altitude and attitude controllers
(based on thrust variation) and additional controllers that
relate engine tilting to x- and y-axes motions of the vehicle
were also suggested and tested. In the analysis, the motor
time constant was used as 1 s, but many mini jet engines
have a time constant of 2 s or 3 s, which worsens the control
performance. It was shown that a full-state feedback con-
troller using an LQR control strategy to control tilt angles of
engines is a better control action than the proposed alter-
natives to stabilize the vehicle, and it is not sensitive to the
motor time constant.

The ability of vector thrusting proved to be suitable to
overcome the effects of engine response delay on jet-pow-
ered systems and can be used on jet-engined UAV systems.

Our future work will include manufacturing, flight tests
of a prototype to verify thrust forwarding and suitability of
the proposed system to autonomous operation in various
real-world, civilian applications.
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