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Abstract

This paper focuses on two points: one is the details of the dynamic and kinematical
model for the eight-rotor Unmanned Aerial Vehicle (UAV) which utilizes an innovative
Eight-Rotor design from RCToys which has made; the other is the design of an
autonomous flight control law for the Eight-Rotor Unmanned Aerial Vehicle (UAV). The
approach of designing this law is decentralized in nature by incorporating the composite
nonlinear feedback control, together with dynamic inversion. The overall control law
consists of the core control part and command generator part. The function of the core
control part is to guarantee the asymptotic stability of the Eight-Rotor UAV motion with
respect to the surrounding air. The role of the command generator is to produce flight
commands or references for pre-scheduled flight tasks or flight missions. Our
implementation results in an efficient and robust estimation process. © 2001 Elsevier
Science. All rights reserved.

Keywords: Autonomous Flight Control Law, dynamic and kinematical model, Eight-
Rotor UAV

1. Introduction

Unmanned aerial vehicles (UAVSs) are remotely piloted or self-piloted aircrafts that can
carry many different types of accessories. They have a very wide range of applications
that include both civil and military areas. Various kinds of unmanned air vehicles have
been developed for various purposes. The flight control system is a key for UAV which
autonomously according to a series of pre-arranged waypoints while transmitting images
of surveillance targets to control stations. The research of quad rotors [1-3] have gradually
become mature in recent years, and also provided an important platform for investigations
in such fields as the autonomous control, advanced sensor technology and computer
science. Investigations on the control system of small scale quadrotor proved to be of high
value in such applications as intelligent control of the aerial robot, 3D trajectory planning
and the air traffic management and collision avoidance of multi aircrafts. However in this
study, development and modelling of an Eight-Rotor helicopter were performed, the
Eight-Rotor which has more advantages such as simplicity of the control system, reduced
gyroscopic effects, improved stability [4-8], Damage tolerance and higher payload.

The paper begins by providing the details of the dynamic and kinematical model for
the Eight-Rotor UAV which utilizes an innovative eight-rotor design from RCToys which
has made Draganfly X4, Draganfly X6 and Draganfly X8. Then describe autonomous
flight control law consists of two parts: the core control part, command generator part.
The function of the core control part is to guarantee the asymptotic stability of the aircraft
motion with respect to the surrounding air. The role of the command generator is to
produce flight commands or references for pre-scheduled flight tasks or flight missions.
Since the time scale associated each part of the overall flight control system is
hierarchical in nature. A newly developed nonlinear control technique, namely, the
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composite nonlinear feedback (CNF) control method which has successfully been applied
to solve many real-life problems, is employed to design the core control part based on the
identified linear model of the UAV using in-flight data Dynamic inversion, which is
capable of dealing with nonlinearities and is adopted to design the command generator
based on the kinematical models of the Eight-Rotor UAV. The proposed system is
evaluated by using the standard configuration of MATLAB.

2. Dynamic and Kinematical of Eight-Rotor

The Eight-Rotor is modelled as a rigid body using a north-east-down and a body fixed
reference frame [5-9]. The flight theory of Eight-Rotor will be introduced as follows:
eight rotors are installed in the four vertex Positions of the body. The four pairs of
propellers as described in Figurel. Turn in opposite directions. By varying the rotor
speed, one can change the lift force and create motion. Thus, increasing or decreasing the
eight propeller’s speeds together generates vertical motion. It will hover in the air when
there is no net force in any degree of freedom and force balance for a stable hover is
achieved when the sum of the thrust from eight rotors equals the weight of the craft.

Considering earth fixed frame E=(XY.2) 4nq body fixed frame B=(Xp.Yb:2b) 5
seen in Figurel. Formatting the equation expressed as Eq. (1) between the forces and the

moments in the body fixed frame, the equation was based on the Newton-Euler
formalism.

mu + (Qw—vinm == F,p
mv + (ru — pw)m = > Fyp,
mw+ (pv—ugq)m =3 F,,
Ixp+(Uz—ly)ar==Myy,
lyp+(;—1)ar==Myy
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Figure 1. Dynamic Modelling for Eight-Rotor UAV

Velocities are described in a body fixed frame with linear velocity (u, v, w). The
velocity u points from aft to fore, v to starboard, and w from top to bottom. The vector (p,
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g, r) is the angular velocity of the body fixed frame relative to the NED frame,
decomposed in the body fixed frame.

PPy >Fab)  eans total external forces in  the body fixed frame.

(ZMXb’ZMYb’ZMZb) means total external torques in the body fixed frame. (IX’IV’IZ) is

axial moment of inertia. The quality of the Eight-Rotor is m. Approximating that Eight-
Rotor is symmetrical relative to the XOZ and the yoz, Therefore, it can be assumed that
( IXleyZ"XZ) is zero.
Velocity (u, v, w) in the body fixed frame expressed as Eq. (2) by using R inertia
matrix:
X| |cosy cosd cosy sindsing—siny cosg Ccosy sindcosg+sinysing| |u
y|=|sinycoséd sinysin@sing+cosy cosd siny sin @ cosg—singcosy |*| v

z -sin@ cosésing oS 6 cos ¢ r @)
The lift force of the Eight-Rotor is expressed as (3) in the body fixed frame:
8
Fot = SToiZy = k(QF + Q3 + Q3 + 03 + 02 + 0% + 0% + 0F)
B ®3)

The torque applied on the vehicle’s body along an axis is the difference between the
torques generated by each propeller on the other axis.
M = Iky (QF + 0 - 05 - 0f)
M3 = Iy (QF + 0 - 0f Q%)
Mg =1d(QF +Q%+ Q¢+ 0% -0 -0f - 0% -0f) @
The full Eight-Rotor UAV dynamic model with the X ¥:Z motions as a consequence of
a pitch or roll rotation, the model has shown in Eg. (5) and (6).
‘- RYFyp _ (sindcospcosy +siny sing)Uy
m m
- REFyp _ (singcosgsiny —cosy sin g)U;
m m
y_ RY.Fz _ (cosfcosy)U; g
m m
| | | ®)
j= IMy -0y (l;-1y) _ Ual +0y (1, - 1y) - 3,60

Ix Ix

G5 My i (1x = 12) _Ugl+dy(ly — 1) - Ipdd

ly ly
. M, -6l -1,) :u4|+¢5e'(|y—|z)

I, I, (6)
Then, the system’s inputs are posed Y1'Y2:Y3:Y1and Q obtained as shown in Eq. (7)
U = k(@ +05 -0F -0f)
Ug =ky(QF + 05 -0f -0))
Ug =kg(QF +Q5+ 02 + 0% - 03 - 07 - 03 -0f)
Q=0 +Qu+Q5+Q7 - — Q3 - Qg — Qg )

The dynamic equations of Eight-Rotor have been finished: (% ¥>Z) is the location
coordinate of the centroid for the Eight-Rotor, (¢' 9"/’) is the pitch angle, roll angle
and yaw angle; 9 is the acceleration of gravity; (IX’ ly: IZ)is the inertia of the main axial..
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3. Eight-Rotor UAV System Architecture

3.1. Introduction for Draganfly X8

The Eight-Rotor shown in Figure2 utilizes an innovative eight-rotor design from
RCToys. The eight rotors are arranged as four counter-rotating offset pairs mounted at the
ends of the four arms, with matched sets of counter-rotating rotor blades. Differential
thrust from these four equally spaced points make the Eight-Rotor able to maneuver
quickly and precisely. The offset layout doubles the thrust without increasing the size of
the footprint, and naturally eliminates loss of efficiency due to torque compensation. The
rotors are optimized for maximum efficiency, low noise, low weight, and high strength.

Figure 2. Draganfly Eight-Rotor (X8)

The rotors are mounted on brushless motors designed to direct drive them with
maximum power and efficiency. The motors are mounted to the four-arm carbon fibbers
frame designed for maximum strength and minimum weight. Eight efficient, electric
motors allow the Eight-Rotor to carry heavier and more advanced payloads while
providing more safety features than ever before.

3.2. Hardware Design for Eight-Rotor UAV

The hardware architecture for the Eight-Rotor autonomous flight control system shown
in Figure3 includes sensor modules, microprocessor unit, wireless transmission module,
payload module, throttle module, and power management module, and Servo Control
Module.
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Sensor AD UART1 Payload Modul
ayload Module
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Sensor ™
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3 solid state MEMS
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Power Management
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Figure 3. Architecture of Hardware Design
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In the sensor modules, the data from the 3 solid state MEMS gyroscopes and 3 solid
state MEMS Accelerometers is used to stabilize the UAV, the Magneto resistive sensor
measures the course, the Barometric pressure sensor measures the airspeed, and the GPS
was used for position-hold, location and velocity data.

The microprocessor unit used S3C2410A which offers outstanding features with its
CPU core, a 16/32-bit ARM920T RISC processor designed by Advanced RISC Machines.
The ARM920T implements MMU, AMBA BUS, and Harvard cache architecture with
separate 16KB instruction and 16KB data caches, each with an 8-word line length. By
providing a complete set of common system peripherals, the S3C2410A minimizes
overall system costs and eliminates the need to configure additional components. The
integrated on-chip functions that are described: 1.8V/2.0Vint, microprocessor with 16KB
I-Cache,16KB Cache MMU; External memory controller (SDRAM Control and Chip
Select logic); 4-ch DMAS with external request pins; 3-ch UART, 2-ch SPI; SD Host
interface version 1.0 & Multi-Media Card Protocol version 2.11 compatible; 2-port USB
Host /1- port USB Device; 4-ch PWM timers & 1-ch internal timer;117-bit general
purpose I/O ports / 24-ch external interrupt source; 8-ch 10-bit ADC and Touch screen
interface; On-chip clock generator with PLL

4. Autonomous Flight Control Law Design

The block diagram of the autonomous flight control law [10-15] is shown in Figure4,
in which the overall law is hierarchically divided into two parts: the core control law,
which is to guarantee the asymptotic stability of the aircraft motion with respect to the
surrounding air and to track flight commands; the command generator law, which is to
generate flight commands by tracking flight scheduling references based on pre-schedule
flight tasks or flight missions. As demonstrated later in simulation results, such a control
scheme has proven to yield an excellent performance.

Fight tasks ] Figt [ | (3
(references) Command commands Core Eight-rotor
R > >
Generator Controller MUAV

[} ]
y

Figure 4. Structure of the Autonomous Flight Control Law

4.1. Core Control Law

The core control law is decoupled into two parts: the longitudinal control, lateral
control and heaving control and heading control components. The longitudinal, lateral and
directional controllers are designed with proportional-integral (Pl) method, whereas the
heading control laws are designed using the CNF control technique. The CNF controller
consists of a linear feedback control law and a nonlinear feedback control law. The linear
feedback law is designed to yield a closed-loop system with a small damping ratio for a
quick response, while the nonlinear feedback law is used to increase the damping ratio of
the closed-loop system.

4.1.1. Longitudinal Control System

Pitch rate feedback was employed to add artificial pitch damping to the Eight-Rotor
UAV and quickly negate the adverse effects of disturbance torques. Given that
disturbance torques were likely to arise from low-frequency phenomena such as offsets in
the thrust action line and constant winds, a proportional-integral (PI) type controller was
used. This architecture allowed for both high bandwidth pitch rate feedback and fast
rejection of steady state disturbance torques. The final control law was thus of the form:
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Sp =k, (L —L)+kLtJ;(L| —L)dt @
Where R denotes a reference variable. With the pitch rate controller in place, a pitch
angle controller was designed to regulate the aircraft's longitudinal attitude. With the pitch
angle controller driving into the pitch rate controller, pure proportional control leaves the
pitch angle controller susceptible to biases in the pitch rate measurement/estimate. It was
decided that implementing more complex controller to handle the bias was not
worthwhile. Thus, the final pitch angle controller was of the form:
Ly =Kg(0L -0) 9)
An integrator would serve to compensate for any steady state forces that may act on the
system such as those due to constant winds. The longitudinal velocity controller was thus
of the form:

O =KyUL-U) (10)

4.1.2. Lateral Control

Due to the symmetry of the eight-rotor MUAYV about the duct centre line, the lateral
dynamics are of exactly the same form as the longitudinal dynamics. Thus, the
architecture of the lateral control system was made identical to the longitudinal control
system. For that reason, three control laws are stated below:

Sr =k, (Ly _L)+k'tL('L ~1)dt
I = K¢(¢L ) (11)
O =Ky (VL -V)

4.1.3. Heave Motion Control

With reference to the heave dynamics, an inner-loop sink rate controller was designed
first. The primary purpose of this Pl controller was to provide damping of the heave
dynamics and to quickly negate steady state disturbances due to factors such as trim thrust
variations. The control law was thus:

TR = kw, Wi —W) +kyy, Jy (Wi -W)dt (12)

A proportional feedback altitude controller was then implemented in the knowledge
that steady state disturbances would be removed by the inner sink rate controller. The
control law was thus:

W, =Kp(D_-D) (13)

4.1.4. Heading Motion Control

Heading motion control: Heading motion control is to generate a controller such that
the state variable will follow the flight command. The subsystem we use for heading
action control is characterized. By following state feedback CNF control law yields a very
good performance for the heading motion:

v, 4002 —0.08][5; j+KG¢+p¢ [0—58.42][[0‘1)j ]—quﬁc]
Z Z (14)

Where the conditions for the solution of the Lyapunov equation is:

KGW{@ 0)[2 —16j+(0 _58'42{—06(.)58]}1[—52.42}1
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KH@Z_HS —513.5}(—52.42](0'02 _0'08)}1[-52.42%6‘/’

‘(0_% ‘_e_l
S L)
p¢ 11
While the actual control signal that is injected into the UAV is given by:
6=56y+u

4.2. Command Generator Law

The command generator function is to generate necessary flight commands associated
with required flight missions. It can be carried out using the dynamic inversion technique
based on the displacement equation, we note that:

X COS@g COSHs
y|=R *Vg | sinpg cosOs
z —sin g

(14)

Where V9 #5:% are respectively the ground speed, flight path angle and flight azimuth
angle. The task of the command generator is to generate flight commands. For

Uc, Ve, Re,

example: Pc by tracking the flight references of the scheduled steady and

maneuvering flights. For a heading direction reference given in terms of Pc =P For

flight references given in terms of Xr-Yr:-Zror hy
X Ky (X=X)
Y |=R*| Kax(y—yr)
z K3X (Z_ Zr) (15)

i Nr =2 , then given:

Kix=-02 Ko =-03Kg=-06 5re feedback gains chosen for our Eight-Rotor UAV. For

Vv
flight references given in terms of ~ 9" and either one of Or and #r;

X COS@; COSH,
y|=R *Vgr | sin g oSO,
z —sin 6,

(16)

(7 :arcsin{k(mz)}
Voo ] pe=or

Where k=-0.5 is a feedback gain chosen for Eight-Rotor UAV

5. Simulation

We used our own built hardware-in-the-loop simulation system on which we run a
simulation test. Flight scheduling consists of tasks including automatic takeoff, hovering,
spiral turning, heading turn and automatic landing. Lately gives the event-driven models
of such an experiment. The flight references of the scheduled steady and maneuvering

flights are given as follows: Takeoff: Transition condition Lift up 25m; Xr:Yr:hr and

Pr are constants:
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Hovering: Transition condition—20s for duration; Xr:Yr:Nrand #r are constants;

= +7 he Var,
Slithering: Transition condition is 32s for duration; Pr =023 M0 Ve O o

constants;
Heading turn: Transition condition is 32s for duration; M Vr.or are constants;

Pirouetting: Transition condition—descend to ground; Xr:Yr.Prand #rare constants.
Shown in Figure5 and Figure6 are the comparison of the performance of the flight control
laws designed using the CNF control technique and that of their linear counterparts for
dynamical motion. It is clear that the former outperform the linear ones.

I I

— Yaw channel input (CNF)

\ = = Yaw channel inpit {Linear)

00314 Yaw channel input (Reference)
\

008

Time (s)

Figure 5. Heading and Positioning Responses for Pirouetting Motion
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Figure 6. Yaw Rate Responses for Pirouetting Motion

6. Conclusion

The autonomous flight control law has been designed for our Eight-Rotor UAV with a
decentralized scheme incorporating the composite nonlinear control technique and the
dynamic inversion approach. The design has not been successfully verified in the actual
flight tests. The result of closed-loop system shows that our design has achieved top level
flight performance in our simulation.
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