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Abstract

Many kinds of unmanned aerial vehicles (UAVs) have been developed for
a few decades and some of them are now in operational use. Although each UAV
as well as a piloted aircraft might have restrictions to execute some tasks
simultaneously or to carry some payloads, one with an automatic chase aircraft
might have the potential of multi—capabilities to conduct a variety of missions or
to carry more storages. This paper introduces a chase UAV control system to
enhance a leader (reference) aircraft capability which has storage restriction.
The automatic chase guidance and control system will be introduced with the
pure pursuit guidance law combined with relative velocity error corrections, and a
dynamic inversion technique in order to generate the guidance forces.
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Nomenclature

X, Y,2 : Components of position vector w.r.t. inertial axes [m]
u,v,w . Components of airplane velocity along X, v, z body axes [m/s]
D:q.r : Components of airplane angular velocity about x, y, z body axes [rad/s|
0.6,y : Euler angles [rad] or [deg]
6,,0,,6, : deflection of elevator, aileron and rudder [rad] or [deg]
L t Lift [N]
Y : Side force [N]
D : Drag [N]
F..F,.F, Guidance forces [N]

(wind axes related to inertial axes by flight path angles)
Fy,F,,F, © Guidance forces (Body axes) [N]
F, : Thrust [N]

Force vector
g, . Dynamic pressure [N/mz]
88 : Acceleration due to gravity l:m/sz:l and gravity vector
| 4 . Velocity vector
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v Airplane resultant velocity [m/s]

p Air density [ kg/m’ |

m Mass [kg]

S Wing area [sz

b Wing span  [m]

z Wing mean aerodynamic chord [m]
h Altitude [m]

a Angle of attack [rad] or [deg]

a, Zero lift angle of attack [rad]

y Vertical flight path angle [rad] or [deg]
y Horizontal flight path angle [rad] or [deg]
N Navigation constant

K, KK, Slow mode controller gains

K,K, K, Fast mode controller gains

a Acceleration vector

C,: Lift coefficient

C,. Lift—curve slope [/rad|

c, Drag coefficient

Css Zero lift drag coefficient

R Line of sight (LOS) vector

R Relative distance [m]

E Rotation transformation matrix
I1.,1,,1, Moments of inertia [kg'mz]
CyirCrin €y Aerodynamic force coefficients
C,.C.C,, Aerodynamic moment coefficients
(e Concerned with the chase aricraft
O.or Concerned with the leader aircraft
[, Indicate a desired command

Concerned with the wind axes

Time derivative

Introduction

Recently, the dramatic development of UAVs can be seen in the world and a huge
variety of tasks such as surveillance, reconnaissance, sampling and so on, are being
conducted. Although each UAV as well as a piloted aircraft has restrictions on payloads and
the scope of the tasks, an additional automatically chasing UAV may be able to compensate
those restrictions or expand their ability to carry much payloads and to conduct some tasks
simultaneously. We introduce an automatic control system for a chase aircraft. Autonomous
formation flight control algorithm was developed using linear equations of motion and PID
control [1], or point mass based analysis [2]. Using 6 Degree—of—freedom non—linear
equations of motion based control system may provide high—maneuverability to autonomous
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chase aircraft for a rigid—body six degree of freedom model. Dynamic inversion techniques
[3—5] are one of the most known control schemes on non-—linear dynamical systems. A
dynamic inversion technique may need guidance forces for its input determination.
Proportional navigation [6] may be considered to generate the guidance force, but unlike the
case of missiles, the chase aircraft may have almost the same amount of the velocity as a
leader aircraft. That means the chase aircraft might fly away from the leader aircraft when
the relative velocity is negative [6]. In this reason, the pure pursuit guidance law is applied
to generate the guidance forces. The pure pursuit guidance law is to make the chase aircraft
heading towards the leader at any time. A velocity control system with the pure pursuit
guidance system is necessary for collision avoidance.

In the paper, we will explain rigid—body six degree—of—freedom non—linear equations
of motion. Then we will discuss the automatic guidance and control system for chase aircraft,
which is based on the pure pursuit guidance law in conjunction with the dynamic inversion
technique and velocity control, followed by a several simulation results.

Guidance and Control System

Equations of motion

Figure 1 illustrates the coordinate system employed in this study. The equations of
motion for a rigid body airplane with respect to a body—fixed axis system can be expressed
as :

Fig. 1. The coordinate system

x =ucos@cosy +v(singsinOcosy —cosgsiny) )
+w(cosgsin@cosy +singsiny)

y=ucos@siny + v(sinq)sin Osiny + cos¢cosy/)

- ) (2)
+w(cos¢sin@siny —singcosy)
z=-usin@+vsin@cos &+ wcos gcos (3)
12=rv—qw—gsinl9+£CX',+i (4)
m m
. L 4S
v=pw-ru+gcosfsing+—C,, (5)
m
. S
w=qu—pv+gcosfcosg+-—C,, (6)
m
¢ = p+gsingtan@+rcosptan (7)

0 =qcosp—rsing (8)
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¥ =gsingsecO+rcospsecd (9)
. L=I Iy . Sb
p="Lgr+ZZ(s+pg)+ i, (10)
I, I, I,
q,=Iz—Ix pr+~1£(r2—p2)+q—'S—ECm‘, (11)
IY IY 1}’
D AR q,b
F=———"pg+—==(p—qr)+——C,, (12)
IZ ]Z ( ) IZ
where we assumed aerodynamic coefficients as follows:
cq
C., =C, (o, B,-L,6, (13)
A} .\.r( ﬂ 2V ,_)
C,,=C (e, f, 2.2 5 5
2V 2V (14)
Ce
CZ.IZCZ,/(a”ﬂ’%ié;) (15)
bp br
C =C, a, 7""—"—75!5
1t l.l( )B 2V ZV a r) (16)
cq
c, =C, (a B,—,86, (17
i A 'BZV ) )
bp br
C, =C, (@ B2, 2. 5,6 18)
nt n,l( ﬂ 2V 2V a r) ( 8

The pure pursuit guidance law

Assuming that a chase aircraft pursues a leader (reference) aircraft with the velocity
of V., as shown in Fig. 2.

vLDR,u

Leader (reference)

aircraft

Ve

* Chase aircraft

Fig. 2. Position view of the chase and the leader aircraft

The following equation is satisfied if the line of sight (LOS) vector R, and the chase
aircraft's velocity vector V. are heading towards the same direction.

V., xR, =0 (19)

In order to guide the chase aircraft to the pure pursuit course, the following acceleration is
needed.
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NV, R, )XV,
0, < Nler XRz")X L (20)

From the Newton's second law, the required guidance force with the gravity compensation
can be expressed as:
F, =m(a,-g,) (21)

w

Derivation of command values

The guidance force appeared in Equation (21) is transformed from wind axes into
body axes, that is

E\' EX'
F, |=E(p,6,¥)-E"(0,7,4)| F; 22)
F, F,

Using the guidance force in Eq. (22) desired angle of attack, sideslip angle and bank
angle can be expressed as follows:

a, :L{H—T“w]+ao (23)

Cu q,S
B,=0 (24)
¢, =0+Ag, (25)

where

L, =\F’+F; (26)

o F
Ag, =tan™ —— 27

Dynamic inversion

After some processes with Eqs. (4)—(6) and (7), slow mode equations of motion
concerned with &, fand ¢ can be derived as:

a={ —L-F,sina+mg(cospcosfcosa +sinfsina) }/(mV cosf)+g—tanf(pcosa+rsina) (28)

B={ Y~F,cosasinf+mg( sinfcosasinfB+singcosfcos f—cospcosPsinasinf ) } @0
/(mV)+ psina—rcosa

¢=p+gsingtand + rcosgtand (30)

Solving Egs. (28)—(30) for (p,q,r)" and replacing respective (p,q,r)" and (&, S, §)"
to desired (p,,¢,.7,)" and (U,,U,,U,)", one obtains

Dy —cosartan B 1 -sinatan B\ (U, -4,
q, |= sina 0 —cosax Uy -4, 3D
7, 1 singtanfd cosgtan@ U,
where
Ua Ka (ad _a)
U,, = Kﬁ(ﬂd "ﬂ) (32)
U K, (¢d _¢)
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A,={ —L-F,sina+mg( cospcosfcosa+sinfsina ) }/mV cos B (33)
Ay ={ Y —F, cosasin B+ mg( sinfcosasin B +singcosfcos f—cosgcosPsinasinf ) }/mV (34)

(Ua,U/,,UO)" may be designed to satisfy a required performance. The proportional

control is employed in this study for simplicity.
Eq. (31) indicates the inverse system of the slow mode equations.
The matrix form of Eqs. (10)—(12) can be expressed as:

B 0 B, \§

Py (A (B % (35)
q=Aq+OB(I‘,05E
i) la) 8, o B )\
where
A, ={ 1, (I, -1, +1,)pa+ (1,2 + 1,1, -1, )qr + 1,q,56[ C,B +%(C,,,p +C,r) ] 5}
+1,,q,5b] C"ﬂﬂ+2LV(C"Fp+C,”r) 13(1,1, -1,%)
A4, ={ (I,-1,)pr+I, (r2 —p2)+q,sa( cm0+cm,,a+2"';chq ) I, (37)
b
4, ={ (1,\22 -1y, +I,\'2)Pq_1xz ([,\' -1 +Iz)qr+1xzqub[ Clﬂﬂ+W(CIpp+Clrr) ]
(38)
b
+1,q,5b[ Cnﬁﬂ+W(Cnpp+Cmr) ] }/(1_\.12—1“;)
Bpa = q:Sb(lsz,, +1,,C,, )/(I.\'Iz _I,rzz) (39)
B, =4,Sb(1,Cs +1,C, )[(1:1, ~1.7") (40)
qu =qISECm5,/IY (41)
B, :q:Sb(Iszm" +1,C, )/(lez _Ixzz) (42)
B, = qle(I,\'ZCIrS, +1,C )/(I.\']Z _[XZZ) (43)

Solving Eq. (35) for (4,,4,,4,) and replacing respective (6,,6,,8.)" and (p,¢,7) to
desired (4,,,4,,.4,,) and (U,,U,,U,)" yield

ed? Zad> Zrd

5”, B, 0 B, UP—A,,
é,.,1=| 0 B, 0 U,—4, (44)
5.) \B, o B8,)\U-4
where
U\ (X,(p.~P)
U, |=| K,(9,-d) (45)

The proportional control is also applied for the fast mode control.

Acceleration and deceleration of the chase aircraft

The chase aircraft velocity should be controlled the same velocity as the leader
aircraft in order to avoid the collision when the chase aircraft come close to the leader. A
thrust command for deceleration / acceleration is calculated from the following equation.
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2 _ 2
mM+D+FZ sine

F, =F, + 2R (46)

cos

The first tem in the numerator of the second term in Eq. (46) indicates that thrust
input is decreased (or increased) to decelerate (or accelerate) the chase aircraft to the
target velocity during the R —distance flight.

A thrust command for further acceleration or deceleration may be given by

2 2
V,pp TAV) =V,
mM+D+FZ siner
F, =F, + 2 47
cosa

The difference between Eq. (46) and Eq. (47) is that V,,, is set V,,,+ AV in Eq. (47)

Using this command, the chase aircraft can reduce the distance from the leader if AV > 0.

Simulations

The YF—16 model [7] is used in our simulations to demonstrate the chase aircraft
guidance and control system. Two simulation results are depicted in this paper. One is a
rectilinear flight chasing result and the other is a level turn case. Table 1 gives the initial
settings of these simulations. The both simulations start the same conditions. The chase
aircraft position far away from the leader aircraft at the beginning. AV in Equation (47) is
set 02x10° R ¥,,, when R>10[m], otherwise AV is set zero in order to avoid the collision.

We set the following assumption to simplify the problem and to demonstrate the total system

Ambient atmosphere is stationary.

The mass of the aircraft is constant and the engine momentum is negligible.

The aircraft model is available and aerodynamic uncertainties are negligible.

The leader aircraft's direction, distance and relative velocity information is available.

o o

Table 1. Simulation settings

Initial values
The chase aircraft The leader aircraft
x 0 [m] Xipp - 1000 [m]
Casel: Yy 0 [m] For = 100 [m]
T‘eiceﬁ";ﬂgst' h 600 [m] Pue 700 [m]
14 180 [m/s] Voo - 205 [m/s]
4 2.0 [ded] &y - 1.8 [ded]
B 0.0 [deg] Bras 0.0 [ded]
Case2: /4 0.0 [degd] Y s 0.0 [degd]
Level turn P 0.0 [deg] Biow 0.0 [deg]
T 8000 ([N] Tioe - 8000 ([N]
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Fig. 3. The trajectories of the leader
and the chase aircraft.
(Rectilinear level flight)
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Fig. 4. The trajectories of the leader
and the chase aircraft.
(Level turn)
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Fig. 6. The time histories of the desired
and the real angle of attack of the
chase aircraft. (Level turn)
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Fig. 9. The time histories of velocities of
the leader and the chase aircraft.
(Rectilinear level flight)

1200 T T - : - T
/ ™\
o0 \ :
\
800 \ 1
~
§ 800 \ J
o0 \\
AN
200 N « E
L L L \“\%‘ﬁ———a
% 20 40 60 80 100 120
Time(sec)
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The assumption a and ¢ may be violated in most cases, but robustness for model
uncertainties and external disturbance such as gust may be compensated with the inner loop
design of the dynamic inversion controller appeared in references 8 and 9 (for example)
instead of using the proportional control in Eq. (45).

Numerical simulation results are shown in Figures 3 and 4. Figs. 3 and 4 show the
trajectories of the leader and the chase aircraft. Fig. 3 gives a rectilinear flight while Fig. 4
indicates level turn. The thick lines indicate the leader trajectories and the thin ones are
concerned with the chase aircraft. Figs. 3—6 show how well the chase aircraft pursues the
leader aircraft. Figs. 5—6 and Figs. 7—8 are the time histories of « and «,. ¢ and ¢, in

each maneuver, respectively. As shown in Figs. 5—8, the desired angle of attack and bank
angle are well tracked by the real ones. Figs. 9—10 are the time histories of the leader and
the chase aircraft's velocity in each maneuver. Figs. 9 and 10 show that the chase aircraft
velocity gives a good match with the leader's velocity after the initial phase which are
different each other due to the effort to catch up. Figs. 11 and 12 show the time history of
the relative distance. The initial negative relative velocity to the leader causes the chase
aircraft to go farther away from the leader in the beginning. The chase aircraft shortened the
distance to the leader aircraft, gradually. In Figs. 13 and 14, the control surfaces are always
actuated under the limitations.

Conclusions

An automatic chase aircraft guidance and control system is introduced. The system is
proved to work well in chasing the leader aircraft. Although an optimal navigation constant
and dynamic control gains may depend on the situation or aircraft performance, the pure
pursuit guidance law is useful to generate the guidance force and the dynamic inversion
technique gives high maneuverable chasing capability to an autonomous chase aircraft.
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