


of emergency control for use in failure situations. There are also proposals to use TVC combined with the more traditional
aerodynamic control surfaces during normal flight. The benefits may be: reduced trim drag (less fuel consumption);
reduced aircraft weight; shorter take-off and landing; reduced noise around airfields and improved ability to handle adverse
weather and flight conditions. The drawbacks include possible increases in engine weight and complexity. A small number
of studies have also been performed using differential thrust to control multi-engine aircraft. This concept is commonly
denominated PCA (Propulsion Controlled Aircraft). PCA has mainly been developed as a means to control the aircraft in
emergency situations where the traditional aerodynamic control surfaces are lost for some reasons. These concepts have
been tested in simulation and in actual flight tests [19].

However, little research has been devoted to the study of TVC to novel jet UAVs. Vinayagam and Sinha [20] have
proposed a TVC control strategy for mechanical canted nozzle based jet aircraft-F-18/HARV and have assessed its
Velocity Vector Roll (VVR) maneuverability. However, the nozzle has limited deflection angle and it is only suitable for
pilot-operated aircraft applications. Yang [21] and Yuhua [22] [15] studied the integrated flight controls for fixed-wing UAV
with TV and individually designed the PID control strategy for longitude and latitude control, but it is difficult to decouple
the 6-DOF controller channels because of nonlinearities in the fixed-wing aircraft aerodynamics and the limitations of the
PID linear control law. It is also especially difficult to implement super-maneuverability flight actions based solely on PID
control methods. Bajodah and Hameduddin [16], Wang and Stengel [23] and Lodge and Fielding [24]have conducted
research on TVC for fixed-wing UAV’s based on Nonlinear Dynamics Inversion (NDI), but it only included an inner
control loop for attitude angular rate control and an outer loop for attitude angle control in the wind-frame; it is therefore not
applicable for completely self-positioning control of fixed wing UAV’s utilizing TV.

The contribution of this work consists of proposing an integrated flight/thrust vectoring control scheme for fixed-wing
UAVs based on the novel ACHEON propulsion and assess the maneuverability performance of this new configuration.
Compared with the latest work on fixed-wing UAV with TV, a novel large-deflection-angle TV nozzle called ACHEON is
adopted and a complete self-position control scheme for this type of fixed-wing UAV with TV is developed. Unlike former
research work on TVC of fixed-wing aircraft, our control scheme is not only applicable for both remote control and
complete self-positioning control, but it is also compatible with three aerodynamic control modes, which includes surface
control, TV control, and surface control with TVC. Compared to previous research on maneuverable controller design of
fixed-wing aircraft, some special flight conditions such as high-attack angle and velocity vector roll (VVR) are considered
and validated based on the proposed aircraft configuration and control scheme, an optimized NDI controller is designed to
maximize the maneuverability of the proposed fixed-wing UAV with TV.

This paper is organized as follows. In Section 2, the principle of the ACHEON propulsion model is presented. In section
3, the model of the fixed-wing UAV with TV and the ACHEON nozzle based propulsion model are presented. The
proposed integrated control scheme based on NDI is described in Section 4. Section 5 is devoted to the presentation of the
simulation results obtained for the flight scenarios when the proposed scheme is applied to the Aerosonde UAV with TV.
Finally, conclusions are presented in Section 6.

2.  ACHEON PROPULSION SYSTEM MODELLING

The AECHEON propulsion system mainly involves two important patented techniques, namely the HOMER nozzle and
PEACE controller.

The HOMER nozzle constitutes a novel generation thrust and vectoring jet capability which is designed to overcome the
limitations of the preceding Coanda effect nozzles. Based on the initial CFD simulation, the results are very encouraging. In
particular it has been verified that it can be easily controlled both in terms of the primitive jet speed or mass flow, presenting
excellent performance in both static and dynamic conditions and has a very low inertia (Fig. 1) [10-11, 25]. Similar tests
have also been conducted to determine the possibility of control in terms of the rotation speed of two electric turbofans (Fig.
2) also obtaining encouraging results [26]. The HOMER design overcomes the traditional limitations of common Coanda
effect Nozzles with an active enhancement and control of adhesion by control jet, which is called PEACE.

Fig. 1 HOMER nozzle design(1-duct, 2,2’-jets, 3,3’-channels, 4-convegence zone, 5-outflow mouth, 6,6’-convex
Coanda surfaces, 7-synthtic jet, 8- central septum)
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Fig. 2 3-D plot and fluidic deflection characteristics for a characteristic HOMER nozzle
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Fig. 3 dynamic characteristics for HOMER nozzle

The PEACE technology produces an active precision control of the Coanda adhesion to a surface by means of the DBD
(Dielectric Barrier Discharge) technology which can enhance and control adhesion of the synthetic by an active control
system. PEACE being a low cost and an easily integrable system will improve the precision of the overall system

governability [25, 27].
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propulsion’s effect. Also, the aircraft dynamics has corresponding revision, which is presented as (5)(6)(7)(8).
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Where (fi and C; are aerodynamic coefficients. From (22)-(24) we can see that, the whole moments include two parts: the

former one éi depends on the geometry of the aircraft and current states; the last one C;® depends on the surface control
deflection angles.
For the usual controller configurations, G, (x) has the form:

G, (X) =

0, () 0 g, (%) g (%) O
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(25)
The non-zero elements of G, (X) are given by the following expressions:
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The terms, s, (x), Ugs,, (X) and 95, (X) are derived from the following expressions for the pitching and yawing
moments produced by TVC:

M; =X T, = xT sin(¢;,)

Ny =-%T, =—xT cos(é,)sin(dy,)

Here x, is the distance from the engine nozzle to the center of mass. The three formulations of (28), (30) and (33) are
derived as below:

(34)



A. Derivation of (28)
The (28) is derived from the rolling equations as below.
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From (35) we can see, the term with relationship yaw moment N is —*—, where it can be split two parts because of

one yaw moment N is from surface aerodynamics (with all surface flips control set to be zero) and the other one N, is
from thrust vector control, it is denoted as below.
I N I,N I,N;

— XZ + XZ 36
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According to the second formulation of (34), we can get its simplification as below.
Ny ==%T, ==xTJ, 37)
So, the last term of (36) can be denoted as below.
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Where 5T'y is in the unit of degree, so we can get (28) as:
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B. Derivation of (30)
The (30) is derived from the rolling equations as below.
_ M + Ixz(r2 - p2)+(|z _ Ix)pr
- [

y
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From (40) we can see, the term with relationship pitching moment M is IM , where it can be split two parts because of
y

one moment M is from surface aerodynamics (with all surface flips control set to be zero) and the other one M is from
thrust vector control, it is denoted as (41).

M = M+& (41)
IV Iy Iy
According to the formulation M = x; T, = X, T sin(&;,) , we can get its simplification as (42):
M; =xT,=xT4, (42)
So, the last term of (41) can be denoted as (43).
M; xTd, xT 7 . -
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Where &;, is in the unit of degree, so we can get the (30) as below.
T, 7«
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C. Derivation of (33)
The derivation of (33) is similar with (28) and has the similar formulation. Both of them involve the N; and 5Ty . S0, one

gets:
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2 45
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gré‘y (Y) =
That ends of the derivations.

Having defined the terms, F, (X) and G, (X) above, the control inputs can be derived from equation (16) based on the
NDI principle.
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For the purpose of minimizing the likelihood of saturation the normalized input vector, U, was defined by dividing each of
the control deflections by its maximum displacement limit as follows:

_5a /5amax
3o/ G
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is a diagonal, 5*5 matrix with elements defined as:

(47)
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Where A
Amax = dlag {5amax ' Senax ! 5rmax ' 5Tymax ! 5szax } (48)

4.2 Slow loop control

The dynamics of the slow loop for ¢, , B, and 4, are as follows:
a, =w,(a, —a)
by = (B~ P) (49)
fg =@, (ty — 1)
According to the time-scale separation rules for NDI control [29] , the bandwidths @, , @, and @, are each setat 2 rad st
Equations (6) can be written in the form of equation (50) by making use of the affine form with p, gqand ras control
inputs .
a
B | = F(%y) + G, (X, X, 1) (50)
7,
Where X, consists of the slow and very slow states defined by equation (51) and X, consists of the fast states.
=V v a B ul'
X, = [ P q r]T
Since it is assumed that the aerodynamic forces are independent of p, gand r, the form of G, (X,,) is derived from
kinematics alone. This is very convenient because it allows equation (50) to be written in the following affine form:

(1)
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Wz
According to the NDI principle, this allows us to solve the fast loop commands as:
Py 2
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L T4 Ay
Where ,

—cosatanf 1 —sinatanf
G, (X,) =|sina 0 —cosa (54)
cosasecff 0 sinasecp
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Comments: from the derivation process about F, (X) and G, (X,) above we can see, the model used in NDI controller

design here is a simplified nonlinear model and very different from the original system model. Although it will cause
control errors, this simplification is valuable for more convenient engineering implementation because some weak terms
which affects system nonlinearity and dynamics are omitted. Also, it can still keep that the control error is acceptable.

4.3 Very-slow loop control

The dynamics of the slower loop for V,, y, and y, are as follows:

vd =a,(Vy-V)
Xa :wl(ld -X) (56)
Ya=0,(ys—7)

According to the time-scale separation rules for NDI control [29], the bandwidths @, , @, and @, areeachsetat0.2 rads™

Equations (7) can be written in the form of equation (56) by making use of the affine form with ¢, , 8, and g, as control
inputs.

2 =$[—D— Mgsiny +T cos ]

74 :;[Lsin/ﬁTsinysina] (67)
Sy

MV co
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Provided that both V and cos y are non-zero, equations (57) can be rearranged to give the required velocity bank angle,
M., intermsof 7, and 7, .

V 74 €08(7) j
V7a +9cos(y)
The engine thrust command, T, and «, can be determined from equations (59), which are derived from equations(7).
However, the lift, L, and drag, D, are nonlinear functions of V and « , so an iterative procedure is used to compute the
values of T, and «, satisfying equations (60). Since V , ¥ and » change much more slowly than « , their current values
are used in the iteration algorithm.

U, = arctan( (58)

T, = (MV, +D(V,a,)+Mgsin(y))  (59)
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4.4 Position control

As a result of the inherent metrics of fixed-wing aircraft, the positions y and z are controllable while the position x is

not directly controlled in earth frame and controlled indirectly by forward velocity. Comparing fixed-wing aircrafts with
rotor aircrafts such as helicopters, because the forward velocity is very fast, the x position generally is difficult to control
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