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Abstract

This paper presents robust control of a Vec-
tored Thrust Aerial Vehicle (VTAV) based on
Sliding Mode Control (SMC) methodology.
The VTAV is designed to be able to trans-
late with zero roll and pitch angles so that
a set of sensor suite can effectively be used
for terrain mapping. Furthermore, The three
thrust inputs and two thrust vectoring inputs
provide more maneuverability compared to
the popular quadrotor platform. First the
non-linear dynamic model of the VTAV is
presented. Then, contrary to existing work,
the nonlinear dynamic model of the VTAV
is used without any linearization process to
implement a Sliding Mode based controller
by introducing a set of virtual control inputs
which effectively decouples the nonlinear dy-
namic equations of the VTAV. By solving the
virtual inputs simultaneously, the real con-
trol inputs are found. Simulation results are
presented to demonstrate the successful op-
eration of the designed control system.

Keywords: Vectored thrust aerial vehicles,
Sliding mode control, Nonlinear dynamic
model, Zero roll pitch flight, Unmanned
Aerial Vehicle

1 Introduction

Autonomous Control of Unmanned Aerial Vehicles
(UAV) has become a topic of growing interest among
researchers owing to their wide range of civil and mil-
itary applications. Unmanned Miniature Aerial Vehi-
cles are currently used in applications such as surveil-
lance, traffic monitoring, object tracking and enter-
tainment industry as well as various other military
applications [Naldi et al., 2010][Bertrand et al., 2011].
The Vertical Take Off and Landing (VTOL) capability
of UAVs has further enhanced their use in congested
environment where the UAV has limited space for
take-off and landing [Johnson and Turbe, 2006][Pflim-
lin et al., 2010].

Figure 1: The Vectored Thrust Aerial Vehicle (VTAV)

Since the introduction of the Hiller platform VZ-1
in 1950s [Pflimlin et al., 2010], there have been var-
ious platforms of ducted fan UAVs, each having its
own pros and cons depending on the number of ducted
fans, number of control inputs, physical layout etc. In
contrast to those UAV designs, the work presented in
this paper focuses on a novel platform with ducted fan
vectoring capability, as the test bed [Kumon et al.,
2010][Yuan et al., 2012][Yuan and Katupitiya, 2013]
for the proposed controller .

The UAV design used in this paper - the Vec-
tored Thrust Aerial Vehicle (VTAV) - consists of three
ducted fans as shown in Figure 1. The rear two ducted
fans can be vectored around an axis common to both
ducted fans-the axis S3S3- as illustrated in Figure 2.
The vectoring capability of this vehicle not only al-
lows it to translate in space with minimal roll and
pitch, but also increases the number of available con-
trol inputs which enhances the resilience against ex-
ternal disturbances. However, this vectoring capabil-
ity itself leads to complex nonlinear vehicle dynamics
which require sophisticated control methodologies for
autonomous operation.

Both linear and nonlinear control methodologies
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have been proposed for different UAV platforms with
the aim of implementing robust, reliable autopilots
with fast maneuverability [Zhang et al., 2010][Naldi et
al., 2008][Yu et al., 2010][Wang et al., 2007]. How-
ever, compared to nonlinear controllers, linear con-
trollers based on the linearized hover models have lim-
ited capability of stabilizing the plant when subjected
to unpredictable disturbances in the environment such
as wind gusts, dynamic coupling of states/inputs and
model uncertainties [Derafa et al., 2012]. Hence, such
controllers are limited to operations around the hover
condition. These limitations call for robust nonlinear
control methodologies where the model uncertainties
and system disturbances do not affect the operation of
the controller adversely.

The Sliding Mode Control (SMC) methodology has
proved to be a promising robust and reliable control
method which is applicable to systems with uncertain-
ties and external disturbances [Utkin, 1977][Slotine
and Li, 1991]. The SMC methodology is capable of
driving the states of a given plant to reach a set of pre-
defined sliding manifolds within a finite time, ensuring
that the system is insensitive to parametric uncertain-
ties and external disturbances during the convergence
phase. This fact has recently motivated researchers
to apply SMCs in the area of UAVs for the following
reasons.

e Dynamic equations of the UAVs are often non-
linear and complex, and may contain parametric
uncertainties and unmodelled dynamics.

e External disturbances such as sudden wind gusts
affect the operation of UAV systems adversely and
therefore the controller developed must be robust
to such conditions.

The applicability of SMC on UAVs is explored in
[Derafa et al., 2012],[Hess and Wells, 2003],[Hess and
Bakhtiari-Nejad, 2008],[Khelfi and Kacimi, 2012] and
[Guruganesh et al., 2012]. In [Derafa et al., 2012
and [Hess and Wells, 2003] a SMC based approach
was followed to develop an attitude stabilizer for the
UAV, which assists the human pilot. In [Khelfi and
Kacimi, 2012] and [Guruganesh et al., 2012] SMC
based attitude and position controllers were developed
for quadrotors. In most of the literature, the UAV
system under consideration is linearized under differ-
ent conditions with the aim of simplifying the control
design through direct state-space approaches.

Considering all these facts the aim of this paper is
to directly utilize the nonlinear dynamics of the VTAV
in implementing a Sliding Mode based controller. The
main contributions of this paper can be identified as
follows.

e Developing a nonlinear robust controller which
has the ability to control the VTAV over a wider
range of operating conditions, in contrast to [Ku-
mon et al, 2010] and [Yuan and Katupitiya,

2013 in the presence of external disturbances and
model uncertainties.

e One of the main advantages of the VTAV is its
ability to fly with zero roll and pitch. However,
the vehicle is underactuated in the lateral, y;, di-
rection (see Figure 2). In order to avoid unde-
sirable drift in y; direction due to wind gusts, a
control topology is proposed such that the vehicle
creates a non zero roll motion to avoid such drifts,
only when wind gusts are present in y, direction.

e A detailed analysis of the vehicle performance un-
der the effects of wind gusts, parametric uncer-
tainties and unmodelled dynamics is presented in
order to exemplify the robust nature of the con-
troller.

The work presented in this paper is the first imple-
mentation of a nonlinear control methodology on the
VTAV. Furthermore, the boundary layer approach is
utilized to avoid chattering caused by excitation of ac-
tuator dynamics [Utkin et al., 2009]. Simulations car-
ried out show that the proposed controller performs
well under external disturbances and parametric un-
certainties.

The paper is organized as follows. In Section 2
the dynamic model of the VTAV is derived based on
Newton-Euler equations. The implementation of the
sliding mode controller for the VTAV is described in
Section 3. The simulation results are presented in Sec-
tion 4. Section 5 concludes the paper.

2 Dynamic Model of the VTAV

Yi

Ziq
Figure 2: VTAV model and coordinate frames layout

The dynamic model of the VTAV were presented in
[Yuan et al., 2012] [Yuan and Katupitiya, 2013]. How-
ever, a brief description of the VTAV model is pre-
sented here for the clarity of the proposed controller.
Contrary to the dynamic model presented in [Yuan
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and Katupitiya, 2013] the model presented here con-
siders the aerodynamic drag of the VTAV body as well
in designing the controller.

The VTAV undergoes various types of forces and
moments during flight. In order to analyse all these
forces and moments with respect to a common coor-
dinate system the following three coordinate systems
are introduced.

The global coordinate frame, denoted by I contains
the vector basis [z; y; z;]. Coordinate frame B is at-
tached to the VTAV body where the centre of gravity,
O, is the origin of the vector basis [z}, yp 25]. Coordi-
nate frame D with the vector basis [z4 yq z4] is asso-
ciated with each of the rear ducted fans of the VTAV.
The orientations of the three coordinate frames are
illustrated in Figure 2 and Figure 3. Rotational ma-
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Figure 3: Ducted fan coordinate frame

trices R and Ry, based on Euler angles ¢, 6 and v, are
introduced to transform the forces and moments from
one frame to another. The Euler angles ¢, 6 and v rep-
resent VTAV’s roll, pitch and yaw angles, respectively.
The rotational matrix R represented by,

COCy SOSHPCT — SUCH SOCHCY T SusSe
R=| cesv sesssy+cycs SecosSv —cCuse |,
—se cose coca
(1)

transforms forces and moments from coordinate frame
B to I. Similarly the rotational matrix from B to D
can be described as,

Co, 0 —S6,
Ry = 0 1 0 (2)
S04 0 Co,
where 64 is the vectoring angle as shown in Figure 3.

Note that letters ¢ and s represent cosine and sine
functions, respectively.

As the VTAV is a rigid body, the Newton-Euler
equations are used to derive the dynamic model of the
vehicle represented by,

Fy = mip + m(wp X vp), (3)
My = Jywp + (wb X wab)- (4)

Here, m is the mass of the vehicle and J, =
diag(Izz, Iyy, I.2) is the moment of the inertia of the
VTAV. The terms F, and M, denote the cumulative
forces and moments acting on the VTAV with respect
to the body fixed coordinate frame. The terms v, =
[ Ugy, Uy, Uz ]T and wp = [ Wey Wy, Wz ]T
represent the body linear and angular velocities, re-
spectively.

2.1 Forces Acting on the VTAV

Gravity
The gravitational acceleration in global coordinate
frame is, G;=[0 0 g]7. Therefore the gravitational
force acting on the body coordinate frame can be de-
noted as,

G, = mRTG;. (5)

Thrust Force

The thrust generated by each of the ducted fans can
be approximated as,

T = Cw7, (6)

where C} is the thrust coefficient and wy is the pro-
peller angular speed. Therefore, the thrust force gen-
erated by a single ducted fan on the VTAV body can
be derived as,

Fr,=RT | 0 |. (7)

Ram Drag

Ram drag occurs due to the relative airflow with re-
spect to the duct lip, mainly caused by sudden wind
gusts and linear velocities of the UAV. Generally, the
ram drag force acts perpendicular to the duct axis, z4,
and can be modeled as,

Wy,
D = Cawy | wy, (8)
0

Where, Cy is the drag coefficient of the duct. The
terms w,, and wy, stand for the relative air velocities
along x4 and yq directions. Therefore, the ram drag
force acting upon the body of the vehicle would be,

CdQwamd
Caw pwy, 9)
0

Fpy, = RY
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Aerodynamic Drag

Aerodynamic drag occurs as a result of external forces
such as wind gusts acting on the body of the vehicle.
The aerodynamic drag force acting upon the VTAV
body is modelled by the following equation,

T
FAb = CaR Wy,

W,

1

(10)

where C, = diag(4,,, Ay, A-,) contains the aerody-
namic drag coefficients of the vehicle along each axis
and [w,,wy, w,,]T represent the relative air velocities
in the global coordinate frame.

2.2 Moments acting on the VTAV

Gyroscopic Moments

The vectoring operation of the rear duct fans of the
VTAV creates gyroscopic moments which affects the
system adversely. The gyroscopic moment which oc-
cur due to the vectoring of a single ducted fan can be
modeled as,

—Wy
Mva = Rg[dwf 0 (11)
0

where, w, is the vectoring angular rate and Iy =
diag(ITd, I,,,I.,) is the inertia matrix of the propeller.
Furthermore, the gyroscopic moments generated due
to the pitch and roll movements of the entire vehicle
body can be represented as,

T Wy,
MGb = Rd Idwf —Wg, (12)
0

where, wy, and w,, are the VIAV’s pitch and roll an-
gular rates, respectively. Note that the vehicle’s yaw
rate does not contribute to any gyroscopic moment.

Moments due to Thrust and Drag forces

Both the thrust and drag forces create moments
around the vehicle centre of gravity, O. These mo-
ments can be represented as,

MTb = O? X FTb7 (13)
MDbZO—/>1><FDb, (14)

where P is the centre of the propeller plane and A is
the centre of the duct lip plane as illustrated in Fig-
ure 3. Note that the aerodynamic drag forces act on
the vehicle’s center of gravity, hence does not create
any moment on the body fixed frame.

The VTAV is made up of three ducted fans, with
the ability to vector the rear two fans. Let subscripts
1, 2 and 3 represent the front, right and left ducted
fans, respectively (see Figure 2). Utilizing the derived

equations above, the total force and the moment acting
on the VTAV body frame can be represented as,

3
Fy = Z(FTbj + Fpy,) + Go + Fap, (15)

=1
and,

3 3
My = Z(MTbj + Mpy, + Mcy,) + Z Mgy ). (16)
=1 =2

Substitution of (15) and (16) to (3) and (4) completes
the nonlinear dynamic model of the VTAV [Yuan et
al., 2012][Yuan and Katupitiya, 2013].

3 Sliding Mode Controller Design

Consider the following dynamic system.

{tl = T2 (17)
iy = fl)+Af(z) +dx) +g(z)u  (18)

where, f(z) is a nonlinear function, A f(z) an uncer-
tain function and d(x), an external disturbance. SMC
methodology employs a discontinuous control law,u,
which switches the control input between a couple of
predefined control values such that the system under
control reaches its desired states by sliding along a
surface in state space represented by S = 0 which is
also known as the sliding surface [Utkin, 1977][Khalil,
1996). For a second order nonlinear dynamic system
such as the VTAV, the general equation of the sliding
surface can be represented as,

S =Xe+é, (19)
where A is a positive constant and e represented by,
e=2a— xq4, (20)

is the error between the current state, x and the de-
sired state, x4. The control input v is designed such
that the condition,

5SS < —n|S| (21)

is satisfied. Here, 7 is a small positive constant. There-
fore, based on the dynamic system stated in (17) and
(18), the general equation for control input u takes the
following form.

L
9()

with M > dpaz () + Afmez(z) and g(z) # 0

Based on Lyaponov stability criterium, the condi-
tion stated in (21) ensures e — 0 asymptotically [Slo-
tine and Li, 1991], converging the system states to
their desired states.

(—=f(x) — Aé — Msign(S)) (22)

u =
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However, the dynamic model of the VTAV is a
MIMO nonlinear system, with control inputs coupled
nonlinearly which makes it a difficult task to directly
calculate the control inputs based on SMC method-
ology. Therefore, in order to implement the SMC
methodology on the derived nonlinear model of the
VTAV, the system model described by (3) and (4) are
first combined to develop the following nonlinear dy-
namic system.

x = f(x) + Af(x) + d(x) + g(x)u (23)

where,

X = [i}wb @yb /Ozb wwb wyb th]T (24)
and using (15) and (16),
—9se — (Uzbwyb - bewzb)

g693¢ — ('wawzb - Uzbwmb)
gceCyp — ('bewmb - ’Ul'bwyb)

F) =1 (e = L) 7 (25)
(e — L2 )wey w2, ) T,y
(( vy TT)wawyb) i
The vector g(x) can be represented by,
1 1 1 e 1
= di —_— _— Y —, — 2
g(x) = diag | .0, ., 7— T T (26)

where parameters e and [ stand for the linear dis-
tances from the centre of gravity to a ducted fan, along
xp and y, axes, respectively.

The aerodynamic drag forces and their resulting mo-
ments are determined by the external wind distur-
bance at a given time. As the external wind distur-
bance cannot be measured, it is assumed that these
forces and moments act as bounded disturbances on
the system. Therefore, the disturbance vector d(x)
can be derived as,

Fap, +Y7—1 Fova, +da
Fap, + 3751 Fooy, +do
Fap, + Zj:l Fpyz; +ds
400 = | (5, e, + Mone) 12 +
23:1 (MTbyj + MDb?/j) i +ds
Z?zl(Mszj + Mpz, ) i +de

(27)
where the values d;;j = 1 ... 6 represent unmodelled
external disturbances.

All model parametric uncertainties are lumped into
the uncertainty vector Af(x) and the resulting vector

is presented as follows.

Af(x) = [Afi(x)]"; i=1..6 (28)

Vector u contains the control inputs to the VTAV
system with,

T

u= [ w1 Uz U3 Us Uy Ug } (29)
where,

up = —Tusinfyy — T5sinbys, (30)
U = O, (31)
uzg = —T1 —Tocos8045 — T3 cosby3, (32)
uy = —T5co80gs + T3cosby3, (33)
us = 2Ty — Ty cosbgy — T3 cos 043 (34)
ug = Tnsinfgo — Tsinfgys3 (35)

Here, the terms 77,75 and T3 represent the thrust
values of the three fans, and 642, 643 denote the vec-
toring angles of the VTAV.

The variable structure control law is then derived for
each subsystem using the control input vector u, en-
suring that the system reaches its desired states from
any given initial condition of the VTAV. The introduc-
tion of vector u virtually uncouples all the dynamic
equations simplifying the implementation of the slid-
ing mode controller.

For this particular system, five separate sliding sur-
faces will be introduced. A given sliding surface, 5;
for a particular state takes the general form defined
by (19). The following assumptions are made prior to
the implementation of SMC.

e All states can be directly measured or estimated
using an observer.

e All external disturbances and parametric uncer-
tainties are bounded in the following manner.

ld(x)] < dmax (36)
dmax = [dipee open o do,a.) (37)
|Af(x)] < Afmax (38)
Afmax = [Afi,.. Afo,..]"  (39)

3.1 Attitude Control

The main aim of the controller is to operate the VTAV
with minimum roll and pitch movements. The step-
wise approach to maintain this requirement is de-
scribed from Section 3.1 onwards.

Yaw Control

For operations such as terrain mapping it is desirable
for the VTAV to maintain zero roll and pitch angles.
Furthermore, the VTAV is under actuated in the yp
direction. As such, to reach a point in the y; direc-
tion the VTAV first needs to go through a yaw motion
and then translate in the x; direction. Therefore, the
desired yaw angle for a given setpoint can be derived
as,

g = tan™! (@> (40)

Tid
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where, z,, and x,,, are the desired global z and y
set points, respectively. Once the system reaches 14,
the position set point lies on the vehicles body (zy, 2p)
plane. This way the need to translate in the under-
actuated yp direction is eliminated. Based on SMC
methodology, in order to reach 14 the control input
ug is derived as,

Ue = Ugeq + Ugdiscs (41)

where the subscripts eq and disc identifies the equiva-
lent and discontinuous components of the SMC control
effort. The two components are given by,

Ubeq = [(_th + wzbd)Izz
_(Iyy - Imm)wmbwyb]/l (42)
updise = —Me sign(Se)/l (43)

where Sg = 0 is the corresponding sliding surface for
the yaw dynamics. Sg = 0 takes the general sliding
surface form represented by (19) with A = 1. In or-
der to satisfy (21) which ensures convergence of the
system, the switching gain Mg is selected such that,

Mg > de,pow + AS6,00e (44)

Hence, the amount of disturbance and uncertainties
the controller can withstand depends on the maximum
available control resources of the system.

Pitch Control

As the aim of the controller is to maintain minimum
roll and pitch movements, the VTAV pitch angle
should be maintained at 6; = 0 for all ¢ > 0. The
pitch control input,

U5 = Useq + Usdisc, (45)
where,
Useq = [(_wyb + wybd)lyy
—(Izz — Izz)wwh‘*}%]/e (46)
usgise = —Ms sign(Ss)/e (47)

with the switching gain Mj5 satisfying
Ms > ds,,.. + A5 (48)

ensures the pitch angle of the VTAV is maintained at
0 at all times.

Roll Control

As mentioned earlier it is desirable to maintain the
roll angle of the VTAV at ¢ = 0 for ¢ > 0. While
lateral wind gusts can force the VTAV off course, in
the absence of such disturbances the roll angle must
be maintained at zero. If there were to be such dis-
turbances, a non-zero transient roll angle will result
through the lateral off set correction control.

In order to solve this issue the desired roll angle ¢4
is defined as,
Pa = pe; + €; (49)
with,
€i = Ty, — tan(Yq)Ta, (50)
where z,, and x,, are measured distances along global
x; and y; directions, respectively. p is a positive con-
stant. As a result e; = 0 when the VTAV heading is in
the correct direction. Consequently, when the vehicle
drifts laterally due to winds in y; direction, the value
of e; becomes non-zero, resulting in ¢4 # 0. The result
obtained for ¢4 is then applied to the general sliding
surface for roll angle in the following manner.

Sy = M[p — (—ba)] + [Woe — Woa,] (51)

To summarize, the desired roll angle is 0 when un-
desired translations in y; direction is zero. Whenever
there is a sudden lateral wind gust the desired roll an-
gle becomes non-zero as shown in (49). Therefore, the
final control input for roll dynamics would be,

Uy = Udeq + Uddise (52)
Useq = [(—wpe — (Z.Sd)Iyy —
Loz — Iyy)wpywe:] /1 (53)
Uddise = —My sign(Sy)/l (54)
with,
My >dy,,,.. + Afapas (55)

3.2 Position Control

The nonlinear dynamic equations of the VTAV is de-
rived with respect to the vehicle body coordinate sys-
tem. Therefore, the desired position setpoints need to
be transformed to the VTAV body coordinate system
as well.

Layq r Taiq
Ty, | =R Ly | > (56)
'/L‘Zbd '/L‘Z'id

where, [2g,,,Zy,,,22,,] is the desired global position
coordinate which the vehicle need to reach in finite
time. Control inputs u; and us are responsible for
tracking x,,, and x,,,, respectively. Implementation
of SMC methodology on the 1%t and 3¢ rows of the
dynamic system stated in (23) yields,

Uy = Uleq T Uldisc (57)
Uteg = [(—Va, +Vz,,) + g0
+(Vz, Wy, — Vy, w2, )M (58)
Uidise = —Mym sign(S), (59)
and
U3 =  U3eq + U3disc (60)
Useq = [(—Va, + Vzy,) — gcosfcosd
(Vg Way, — Vg Wy, )M (61)

U3disc = _MBm Sign(53)7 (62)
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where, for reasons similar to those derived for (44),

My > di,,,, +Af1,.. (63)
M; > ds,,. +Afs,.. (64)

The vehicle is under actuated in y; direction. How-
ever, the limitations caused by the under actuation was
reduced by the yaw control mechanism implemented
in Section 3.1. The yaw control derived in (40) makes
sure that the final desired position of the VTAV al-
ways lies on the vehicle z; — z, plane. Furthermore,
the controlled roll movement derived in (52) compen-
sates for any disturbances along y;, direction ensuring
that the VTAV maintains its desired path.

After obtaining the virtual control inputs, the next
step is to derive the actual control inputs to the sys-
tem. The actual control input to the system consists
of three thrust inputs (7%,7%,73) and two vectoring
inputs (042, 6043). Solving the nonlinear equation set
(30)-(35) returns the actual control inputs to be ap-
plied to the VTAV. Hence, the final controls for the
thrusts and vectoring angles are,

u; — ug

= 3 (65)

—u5 — 2u3 — 3uy )\ 2
T, = 05 (uﬁ—u1)2+< > 33 4)(66)

—us — 2uz + 3u 2
T, = 05 (u6+u1)2+< > 33 4)(67)

_ 3(u1 — ug)
_ 1
00 = tan (—u5 2wt 3 (68)

3(u, + ue) )

us + 2uz — 3uy

O43 = tanl( (69)

The corresponding propeller speed can be calculated
through (6).

3.3 Actuator Dynamics and Chattering

The VTAV has three brushless DC motors to drive the
fans and two servo motors for vectoring the thrusters.
The dynamics of these actuators needs to be taken
into consideration when developing a practically ap-
plicable controller. The actuator dynamics can be ap-
proximated as,

a4

Gac P =
ti Tis+1

(70)

where, o; and 7; represent the gain and time constant
of the i*? actuator. The control inputs derived in Sec-
tion 3 could excite these actuator dynamics and induce
chattering [Young et al., 1999][Utkin et al., 2009], ow-
ing to the high frequency discontinuous switching of
the control inputs. In order to eliminate chattering,
the sign(S) term is replaced with a saturation func-
tion, sat(S). The sat(S) function confines the system

to a boundary layer around the sliding surface, while
eliminating the undesired chattering effect. The sat(S)
function is defined as,

‘ _ S/B  for |S|<B
sat(5) = { sign(S) for |S|>pB

where  is the width of the boundary layer.

(71)

4 Simulation Results

Simulations were carried out to verify the performance
of the proposed sliding mode controller. As the de-
signed controller will be implemented in a digital sys-
tem, the discretization effect introduced by such sys-
tems was also taken into consideration, with a sam-
pling time of 10 ms. Actuator dynamics introduced
in Section 3.3 were also included in the final dynamic
model. Two test cases under different conditions were
chosen to investigate the performance of the controller.

VTAV parameters used for the simulations are
shown in Table 1.

Table 1: Nominal Values of VTAV Parameters

Parameter(unit)| Value Parameter(unit)| Value

m (kg) 2.0 d (m) 0.231

g (ms™2) 9.81 e (m) 0.1155

Iy (kgm?) 5.0x 107° | f (m) 0.2

Ie (kgm?) 0.0229 a1 =as =az | 41.2

I, (kgm?) 0.1279 as = as 1

I.. (kgm?) 0.0917 TL=To =73 0.03

Cq 5x 107 T4 = Ts 0.02

Cy 1.8 x 1074 Agy = Ayp = | 20x 1075
Azp

4.1 Test 1: Attitude test

One of the main advantages of a nonlinear control
methodology over its linear counterpart is its ability to
handle a system over a wide range of operating points.
In order to test this condition the initial attitude of
the VTAV was set to ® = 6 = ¥ = 57.3°. The aim of
the controller is to bring the VTAV to its zero attitude
position in the presence of external wind disturbances
and parametric uncertainties, whilst maintaining the
vehicle’s global position stationary as well. For this
test, an external wind vector of W; = [3 0 2]Tm/s
was introduced to the simulation coming into effect at
t = 0s. It is also assumed that the measured inertia
values have a maximum error of 10% with respect to
the actual values.

The results are presented in Figure 4 and Figure 5.
The VTAV attitude is corrected in finite time in the
presence of external wind disturbances and parametric
uncertainties as shown in Figure 4. The global position
also returns good results as shown in Figure 5 with a
maximum error of 3 ¢m in z; direction due to the sat-
uration function introduced. If sat(.S) is replaced with
sign(S) the error disappears albeit with undesirable
chattering.
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Figure 5: Testl: Global position of VTAV

4.2 Test 2: Position test

The ability of the controller to track down a given set-
point in the presence of wind disturbances and para-
metric uncertainties was evaluated next. The external
disturbances and parametric uncertainties applied to
the system are as follows.

e A continuous wind of magnitude 3 m/s along z;.
e A continuous wind of magnitude 2 m/s along y;.

e The wind gust along y; increases by 1 m/s during
the time duration of t = 9 sec. to t = 11 sec.

e The parametric uncertainty of I, Iyy, 1., and
Cy are represented by a 10% variation of their
values.
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Figure 7: Test2: Global position of VTAV

The desired position was provided as z;q =
[5 3 — 4]7. Results show that the system per-
forms well under these conditions.

In order to track

20

the desired global y; coordinate, x,,,, the VTAV goes
through a yaw motion from ¢ = 0Os to t = 3.38s as
defined by (40). Due to the relative air velocity in yy
direction, the vehicle creates a matching roll motion
as defined by (49). It is important to note that the
roll motion occurs only when a relative air velocity in
the gy, direction exists. The roll motion adjusts again
as illustrated in Figure 6, when the wind velocity in-
creases during t = 9sto t = 11s. As aresult the VTAV
maintains its stability and tracks the trajectory with
accuracy as presented in Figure 7.

@

?

N
o

Propeller Speed: fan 1 (rad/s

S
N
IS

Y

Propeller Speed: fan 2 (rad/s
a
I

o N
== -]
(

a0 |
30 |
20 T
10- q
% p 2 5 § 0. 12 14 16 18
Time (s)
(b)

! T T T T T T

50 4
40 |

oW
—

Propeller Speed: fan 3 (rad/s
5

S
~
IS
)

o

o

o

o

Vector Angle: fan 2 (rad)
|

12 14 16 18

.10
Time (s)

Vector Angle: fan 3 (rad)

.10 12
Time (s)

(e)

Figure 8: Propeller speeds and vector angles of VTAV
for Test: 2

The corresponding propeller speeds and vectoring
angles are shown in Figure 8. Note that the vectoring
angles 042,042 # 0 at the end of the simulation in
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order to keep the vehicle stationary in the presence
of external disturbances. The small oscillations which
exist for a short duration on Fig. 8 at t = 3.38sand t =
5.7s are due to the gyroscopic moments of the VTAV.
However, the controller successfully compensates the
effects of such factors whilst maintaining the stability
of the system.

5 Conclusions

The paper presented the control of a vectored thrust
aerial vehicle that is designed for special purposes
such as terrain mapping which will significantly bene-
fit from the ability to fly with zero roll and pitch. Such
an arrangement will enable the sensors to be reliably
directed at the desired terrain patch. Given that the
system is nonlinear and that there is the possibility
of parametric uncertainties and the presence of dis-
turbances, sliding mode control design approach was
chosen to develop robust controllers. The designed
controllers were tested under different test conditions
and it was demonstrated that the controllers operated
well. The results further suggest that the controllers
performs well even with digital implementation pro-
vided that the control parameters are tuned properly.
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