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Line-of-Sight Guidance Laws for Formation Flight

Min-Jea Tahk,* Chang-Su Park,” and Chang-Kyung Ryoo’
Korea Advanced Institute of Science and Technology, Daejeon 305-701, Republic of Korea

Two-dimensional formation guidance laws for formation flight using only line-of-sight angle information are
addressed. The main idea is to use the line-of-sight angles to two nearby vehicles to maintain the formation position
of the current vehicle. Such a formation guidance law is useful because measurement of the line-of-sight angles
does not require data communication between the vehicles. We propose two methods of using the line-of-sight
angle information for formation guidance: the angle information is used to control the flight-path angle and the
velocity of the formation vehicle. Approach guidance and formation guidance of the two leading vehicles are also
proposed. Stability of the proposed formation guidance laws is analyzed by using the Jacobian at the equilibrium
point. Multiple-vehicle formation flight is simulated to verify the guidance laws proposed.

Introduction

ORMATION flight of manned aerial vehicles is in general vi-

sually coordinated by the pilots. The pilots maneuver their air-
crafts to align other aircrafts on specific points inside their cockpit.
However, continuing formation flight for an extended period of time
is atiresome job for the pilots. Autonomous formation flight relieves
the pilots and is also applicable for a group of unmanned aerial
vehicles (UAVs) performing complex missions. Recently, NASA
used two F-18s to check the feasibility of autonomous formation
flight and the aerodynamic energy benefits.! Also a study on tight-
formation flight of Lockheed C-5 transport models has shown a
reduction in power demand that is directly related to extension in
range.”

To achieve autonomous formation flight, communication is re-
quired between the vehicles involved. Depending on the formation
control method, some of the vehicle’s data are broadcast to the en-
tire group or they are passed on to the adjacent vehicles only. The
simplest case involves transmitting only the leader’s position to the
followers.>~* All the vehicles in formation have an independent
navigation system to acquire their own position and velocity infor-
mation. In Ref. 5, a wireless communication network approach to
formation control is introduced. It uses mobile nodes that require
position and velocity data of each vehicle. Data received from other
vehicles are first used to update the receiver’s state of formation.
Then the modified data are relayed to other vehicles. This reduces
the total bandwidth of communications involved in the formation.
For rapid formation maneuvers, the use of the leader’s Euler data in
addition to position and velocity is proposed for better performance.®
In Ref. 7, a globally stable automatic formation flight control is de-
rived on a formation that requires position, velocity, heading, and
leader’s input data by the aircrafts.

Because most autonomous formation flight methods require an
active communication link between the vehicles, damage to the re-
ceiver or the transmitter is critical to mission success. Vehicles with
defective sensors are commanded to leave the formation and a re-
configuration of the formation is required.®® Communication delay
also affects the formation.!” Thus, military missions generally pre-
fer low-bandwidth communication and, if possible, radio silence
for stealth purposes. Passive detection of another vehicle and main-
taining the formation, if possible, would be much preferred to the
methods that use two-way data links.
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One possible method for passive sensing is to use the wake pro-
duced by the leading aircraft.!" A neural network is used to estimate
the relative position from the leader. The initial training phase of the
neural network requires the follower to receive a relative position
from the leader. Another passive method for sensing the vehicles
is to use visual sensors. Vision-based formation control is an ac-
tively studied topic in robotics.'> An omnidirectional visual camera
mounted on the robot allows an estimate of a nearby robot’s po-
sition, velocity, and attitude through an extended Kalman filter. In
Ref. 13, an adaptive approach to vision-based UAV formation con-
trol assumes that line-of-sight (LOS) range can be estimated by
the visual sensors. Each vehicle in formation can measure its speed,
heading, LOS range, and angle to other vehicles. The developed for-
mation control assumes that the neighboring vehicles are stationary
in formation and dynamic model inversion errors are adaptively ap-
proximated by the neural network. In Ref. 14, a computer vision
simulation of formation flight using a pose estimation algorithm is
done. Five light-emitting diodes placed on the leader are used by
the wingman to estimate the leader’s position and attitude.

In this paper, we use only the LOS angles to other vehicles mea-
sured by visual sensors or radars for multiple-vehicle formation
flight. Passive sensing of the data allows for a radio silence forma-
tion flight whereas conventional methods require continuous data
transfer between the vehicles. Use of LOS angles closely approx-
imates actual birds, which only depend on vision and flow of the
wind below their wings to maintain formation. We propose simple
guidance laws for approaching and forming the formation. The LOS
angles and angular rates are used to control the velocity and heading
of the wingmen. Position and velocity data of the nearby vehicles
are not required by the following wingmen. The two predetermined
LOS formation angles guarantee a unique equilibrium point for the
closed-loop system. The guidance gains can be checked for local
stability at the equilibrium point.

This paper is organized as follows. In the next section, two-
vehicle approach/formation guidance is first introduced. After the
first two vehicles are in formation, other vehicles join the forma-
tion by using the 6 —6 guidance, which is introduced next. Equi-
librium points and the stability of the closed-loop systems are also
studied. Simulation for two, three, and six UAVs converging to a
formation is given afterward. Conclusions are provided in the final
section.

Problem Statement

We first classify the formation problem into two-vehicle and
multiple-vehicle formation guidance because only one LOS angle
can be obtained from two-vehicle formation. The formation proce-
dure is done into two stages, the approach and the formation. The
approach guidance stage is activated after the wingman has identi-
fied the leader. When the wingman has approached the leader at a
certain distance, the formation guidance stage is activated. Problem
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statements for each case are described as follows. Figures 1 and 2
show the definitions of various angles and distances.

Problem A: Two-Vehicle Formation Guidance

1) Find a guidance law that uses the LOS angle 6 and angle rate
6 to approach the vehicle at angle 6,.

2) Find a guidance law that uses the LOS angle 6, LOS angle rate
6, relative distance p, and relative velocity p to locate the vehicle at
a point specified by 0. and p,.

Problem B: Multiple-Vehicle Formation Guidance

1) This is the same as that for problem A-1.

2) Find a guidance law that uses the LOS angles 6, 6, and angle
rates 60, 6, to locate the vehicle at a point specified by 6., 6.

Assumptions

Control inputs for the vehicles are the rate of velocity, V =dV /dt,
and the rate of flight-path angle, y.

LOS angles 0, and 6, are measured with reference to the current
vehicle’s heading direction.

The leader and wingman 1 are in perfect formation (identical
heading and speed) in problem B-2. They are flying in the +X
direction.

In this paper, only two-dimensional formation guidance is con-
sidered. However, the guidance laws proposed can be extended to
three-dimensional formation with some modification.

Two-Vehicle Formation Guidance

The two-vehicle approach and formation guidance are presented
in this section. This is a basis for multiple-vehicle formation because
the LOS-only guidance proposed requires two LOS angles from two
vehicles already in formation.

6 Approach

The simplest way to approach a target vehicle is to use the LOS
information only. The LOS angle can be acquired by visual sen-
sors or by radar. The leader may also broadcast a beacon signal for
the wingman while the formation forming is in progress. The guid-
ance commands for the wingman are the velocity V and flight-path
angle y.

The 6 approach guidance is expressed by

y =ki(6—6)+ kb €y
V = Vi @

where 6. is the commanded LOS angle, Vmax is the maximum accel-
eration possible, and k; and k, are the guidance gains. The velocity
is limited by a speed limit, V,,,x. Approach guidance is illustrated in
Fig. 1, where the + X, +Y directions are defined. The leader is flying
in the +X direction at formation speed V. The coordinate frame
is fixed to the leader. The positive direction of y and 6 are shown
in Fig. 1. For a wingman approaching from the left, The gains are
given as k; > 0 and k, > 0 for guidance-loop stability. These gain
regions allow the wingman to turn counterclockwise to match the
commanded LOS angle when the current LOS angle is smaller than
the commanded one. The 8 term of Eq. (1) is included as a damping
term in the guidance law.

p—0 Guidance

A single LOS angle 6, just specifies a line on which the wing-
man should locate. Additional information is required to direct the
wingman to a specific point on the line. For two-vehicle formation
with one leader and one wingman, we use the relative distance p as
the additional information. The relative distance information is also
assumed to be obtained from visual sensors or radar.

The following feedback laws are used for the p—6 guidance of
this study:

y =ki(0 —6,) + k0 3)
V =kiy(p — po) + kap C)

For the preceding 6 approach, the velocity is simply increased until
the speed limit is reached. However, for the p—6 guidance, the
velocity command is controlled by the relative distance information.
In Eq. (4), p. is the commanded formation distance and k3 > 0 so
that the velocity is increased if the current distance is larger than the
commanded distance.

Multiple-Vehicle Formation Guidance

After the two vehicles have formed a “perfect formation” by pre-
vious guidance laws, the vehicles provide two different LOS angles
that can be acquired by other approaching wingmen.

In this section, two LOS-only formation guidance laws are pro-
posed. The guidance laws and kinematic equation for the formation
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are first derived. The unique equilibrium point is obtained for each
guidance law. The stability of the guidance laws is then analyzed
by linearizing the nonlinear formation dynamics at the equilibrium
point.

6—0 Guidance Law 1

The 6—6 guidance law proposed first is similar in form to the
p—06 guidance law. The flight-path angle rate y of wingman 2 is
controlled by 6;, which is the LOS angle to the leader. The velocity
is controlled by 6,, which is the LOS angle to wingman 1. This 6 —0
guidance law can be expressed as

V= k10 — 01.) + ka6 S)
V = k3 (6 — 63) + kabs (6)

The desired formation position for wingman 2 is determined by
the intersection of the two lines dictated by 6. and 6,..

6—6 Guidance Law 2

The second 6 —6 guidance law proposed uses the sum and differ-
ence of the two LOS angle errors and two LOS angle rates, which
are defined as

AGT = (6 — 610) + (62 — 620) ©)
AG™ = (B — 61) — (62— 620) ®)
6* 26,16, ©)
626, —6, (10)

We define the reference line 6, as
gref = (Glc + GZL)/Q' (1 1)

Then, with respect to the reference line, the tangential acceleration
a, and radial acceleration a, are commanded as

a, = —kpA9+ —kdé+ (12)
a, = —k, A0 — ka6~ (13)
By using the coordinate transformation, we obtain
Y =uy/Vo=(kg/Vo)a, = (kg/Vo)(—a, cos brer — a, sinbrer)  (14)
V =u, =kya, =k, (a, Sin Ot — @ COS Orer) (15)
where Vj is the initial velocity of wingman 2; a, and a, are the
acceleration commands in the direction of u, and u, in Fig. 2; and
ky, kg, kq, and k, are feedback gains.
Substituting Egs. (7-13) into Eqgs. (14) and (15) gives
y = (kg/VO)[_ (—kp AT — kd6’+) COS Orep

— (—kpAO™ — kg0 ) sin Oy (16)
= (kg/Vo){kp 08 Ores (01 — O1) + (02 — 020)] + kg €08 Ore (61 +62)

+ kp Sin Oreg[(0) — O10) — (03 — 62c)] + kg sin Ores (61 — 62) ]
a7
= (kgk,,/V())(COS Orer + sin Gref)(el - 610) + (kgkp/VO)

X(COS Qref — sin eref)(92 - 92(.‘) + (kgkd/VO)

X (COS eref + sin eref)él + (kgkd/VO) (COS Gref — sin eref)92 (] 8)

V =ky[(—kpA0T — ky0") sin ey — (—kp AO™ — ky6™) cOS Orer |
(19)
= ko[ —kp $in Orer[ (61 — 010) + (02 — 020)] — Ky $in Orer (61 + 6)
+kp €08 [ (01 — 01) — (62 — 620)] + kg €08 Orer (6 — 0) |
(20)
= kykp,(— Sin Orer 4 €OS Orer) (01 — 61¢) — kyk ), (SIN Brer + COS Orer)
X (62 — 0) + kyka(— $inOet + €08 Ore) )

- kvk(l (Siﬂ eref + cos eref)é2 (21)

‘We define new variables as follows:

kgp1 = (kgky/ Vo) (Sin Orep 4 COS Brer) (22)
kgpr = (kgky/Vo)(— Sin Orer + COS Orer) (23)
kga1 = (kgky/ Vo) (sin Brer + €OS Orer) 24
kgar = (kgka/Vo)(— $in Orer + €OS Orer) (25)
kyp1 = kyky, (— Sin Grer + cOS Orer) (26)
kypr = —kykp, (Sin Ot + cOS Orer) 27
kpa1 = kyky(— sin g + cOS Orer) (28)
kyay = —kyk(sin Bper + COS Orer) (29)

Applying the newly defined variables to Egs. (18) and (21), we
obtain the following 6 —6 guidance law:

Y = kgp1 01 — 010) + kgpa (05 — 020) + kgar 01 + kgarfs  (30)
V = kupi (01 — 1) + kupa (02 — 02) + kuai 01 + ko> (31)

Being different from the first 9—6 guidance law, both y and V
are controlled by using the information on 6, and 6;.

Kinematic Equation for Formation Flight

To analyze the proposed 6 —6 guidance laws, we first derive the
kinematic equation for formation flight. From the three-vehicle for-
mation geometry shown in Fig. 2, we define

AV, =Vecosy —Vy (32)
AV, =Vsiny (33)

where AV, and AV, are the velocity difference between wingman
2 and the leader in the X and Y directions, respectively. If the for-
mation distance p; and formation angle 6 between the leader and
wingman 1 are given, the distance from wingman 2 to the other
vehicles can be found from the law of sine:

sin(y + 6, + ;)

p1 = py Sin(@ — 0)) (34)
Sil’l()/ + 91 + Qf)

P2 =PI in@, — o) 3

where p; is the distance between the leader and wingman 2, and p,
is the distance between wingman 1 and wingman 2.
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From Fig. 2, we can show that

d 1
a()’ +0)= p—[AVx sin(y +6,) — AV, cos(y +61)] (36
1

. 1
61 = -[AVisin(y +6) = AV, cos(y +00] =7 GT)
1

Similarly, we have
6, = (1/p)[AV,sin(y +6) — AVycos(y +6:)1—y  (38)

Substituting Eqgs. (32) and (33) into Egs. (37) and (38) gives
61 = (1/p)I(V cosy — V) sin(y +61)

— Vsinycos(y +61)] —vy (39)
= (1/p)IV sin(y + 61 —y) — Vysin(y +61)] -y (40)
= (1/p)[V sin6, — Vysin(y +6))] —y 41
6, = (1/p)IV sinby — Vysin(y +6,)] — y 42)

Stability Analysis for 6 —6 Guidance Law 1

To verify the stability of the proposed formation guidance law,
we proceed in the following order. First, the related equations are
rearranged into matrices. Then the equilibrium point that satisfies
the nonlinear equations is found. The Jacobian matrix is then found
for the given equilibrium point. If the eigenvalues of the Jacobian
matrix are all located on the left half-plane, the system is stable for
the equilibrium point. Analysis is first performed on 6 —6 guidance
law 1.

Guidance law equations, Egs. (5) and (6), and kinematic
equations, Eqgs. (41) and (42), are rearranged as

0, +y = (1/p)[V sin6; — V;sin(y +6,)] (43)
0> +y = (1/p)[V sin6 — V; sin(y + 62)] (“4)
—kby +y = ki (61 — 61.) (45)
—kaby + V = k3 (6, — 63,) (46)

The preceding equations can be rewritten as the following matrix
equations:

1
—[Vsinf, — Vg sin(y + 6,)]
P1

10 1 0\ (6
0 1 1 0]]6 1 .
= | —[Vsinf, — V;sin(y + 0
—k, 0 10 ; ,02[ 2 f (y )]
0 —ks 0 1) \y ki (61 — 01c)
k3 (6, — 02c)
7
Performing matrix inversion, we have
1 1
0 — 0
14k 14k
9 k 1
. S 1 - 0
O] 14k, 1+ k,
2 k 1
v 2 0 0
\% 1+ ks 14k
_ koky ka + koky . ky 1
14k, 14k, 1+ k

1
—[Vsinf; — V;sin(y + 6,)]

P1
1 . .
« p—[V sin6, — Vg sin(y + 6,)] (48)
2
k101 — 01c)
k3(02 — 02c)

Equation (48) is the formation kinematics with 6 —6 guidance law
1 input.

‘We now find the equilibrium point for Eq. (48). Equilibrium points
should satisfy

1 0 1 0
1+k2 1+k2
k 1
. 1 - 0
1+k 1 +k;
ko 1
0 0
1+k2 1+k2
_ koky ks 4 koky _ ky 1
l+ky 14k 1+k

1
— [V sin6, = V;sin(y +61)]

L1
1
x| [Vsing, — Vysin(y +6)] | =0 (49)
2
ki (61 — 61c)
k3 (62 — bac)

Since all gains can be chosen arbitrarily, the equation reduces to

(1/p)[V sin6 — Vysin(y +6;)] =0 (50)
(1/px)[V sinfy — Vysin(y +65)] = 0 1)
ki (6, — 6,.) =0 (52)
k3(6s — 65) =0 (53)

where 0, and 6,. are the equilibrium points of 6; and 6, from
Eqgs. (52) and (53). Inputting these values into Egs. (50) and (51),
we have

Vsinf, — Vgsin(y +6;.) =0 54)

VsinB. — Vysin(y +6,) =0 (55)
Applying [Eq. (54)] x sin(y + 65.) — [Eq. (55)] x sin(y + 61.),
V[sin 6. sin(y + 6,.) — sin 6. sin(y + 0;.)] =0 (56)

Then y =0 since 6;.#6,. in general and V =V;. Therefore,
[01c, 62¢, 0, V] is the unique equilibrium point of this system. If
the system is stable for this point, the guidance will generally guide
the vehicle to this unique point.

We now find the Jacobian matrix by linearizing the system at the
equilibrium point.

Let A= (3f/8x)(x)|t7x , where

x=1[01,6,,y,V]" (67

Xe = [le 92“ 0, Vf]T (58)
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Here f is the result given after multiplication of the matrices on
the right-hand side of Eq. (48). After tedious calculations, Jacobian
matrix A is given as

ki 0 Vs cos b, sin 6,
I +k (1 +k2)p1 (1 +k2)p1
ki ky V¢ cos 6. Vi cos 6, ko sin 0, sin 6,
1+k 1+ k)p o 1+ k)p o
A= 2 ( 2)01 P2 ( 2),'01 P2 (59)
kl 0 kz V/ Cos 9]0 k2 S Glc
l+k (1 +k2)p1 (1 +k2)p1
k1k4 k k2k4 Vf COS 01( k4 Vf CoS 926 k2k4 sin 91(‘ k4 sin 92(-
I+l (+k)a P (I+k)p 7
where Performing matrix inversion, we obtain
~ sin(GZC + Gf)
=p— 60 :
PP 00— 610) ©0 g
(6. +6;) .
~ smbyc f .
=pf—— 61
P2 =P Gina — 610 ©D 4
\%4
The p, and p, are the values of p; and p, at the equilibrium point.
The characteristic equation can be found by
1+ kean —koar -1 0
det(s] — A) =0 (62) | e
—kga1 1+ kgar -1 0
To check the closed-loop stability of the system, we can find the = i """"""""""""""""""""""""""
eigenvalues of the system for given guidance gains. If the eigenval- A kear kgan 1 0
ues are located on the left half-plane it is a stable system near the | . . ..
equilibrium point. kvar + kgankvar  —kgazkvar + ka2
—kgarkvaz +koaikyvar —kva1 — kv A
Stability Analysis for 6—6 Guidance Law 2
We apply the same stability analysis approach for 6 —6 guidance
law 2. The guidance law equations, Egs. (30) and (31), and the
kinematic equations, Egs. (41) and (42), are rearranged as follows: i[V sinf; — V, sin(y +6))]
P1
) ) — i _ i 1
Oy +y = (1/p)[V sin6 — Vgsin(y + 01)] (63) 5 —[Vsin6, — V;sin(y + 62)] 6
P2 (68)
O, +y = (1/p)[V sin6, — Vg sin(y + 6,)] (64) Kgp1 (61 — 010) + kgpr (62 — 65,)

ko101 — kgarb + Y =kgp1 (01 — 01) + kg2 (6 — 62)  (65)

—kyi1 61 — kyanbr + V = kyp1 (01 — 01c) +kypa (62 — 02)  (66)

The preceding equations can be rewritten as

kvpl (91 - 91(') + kvp2(92 - 92(‘)

where A =1+ kg4 + kgq2. Equation (68) is the dynamics of the
guidance loop with 6 — 6 guidance law 2.
Finding the equilibrium point that satisfies

1 0o 1 o\ (%
0 Lo ogte L vsing, — v, sinty + 6]
—kga1  —kgr 1 0 y 01 1 f 14 1
kvt —kyer 0 1 y 1 . .
E[V sin@, — Vysin(y +6,)]1 | =0 (69)

1
—[Vsinf, — Vysin(y + 6))]
P1 ’

1
— [V sinf, — V;si + 6
pz[ s 6, '+ sin(y )] (67)

kgpl (91 - 916) + kgp2(92 - 92c)

kgpl(el - glc) + kng(eZ - 92(:)
kvp] (91 - 910) + kvp2(92 - 020)

kvpl(el - 91(‘) + kvp2(62 - 920)

for arbitrary gains, we have the same equilibrium point as in forma-
tion guidance law 1. Let [0, 05, 0, V] be the unique equilibrium
point of this system. Then the Jacobian matrix is given by
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Vs cos b, sin 6.
_kgpl _kgpz _(1 + kng)f (1 + kgdZ) P
L1 P1
Vcos 6, sin 6y,
+koar L —Kgd2——= :
P2 P2
....................................................... Vcosecsmef
_kgpl _kgPZ kgdZ ! ~ : kgdl ~ :
P1
V; cos 0, sin 0,
—(1 + kga2) ! —= +(1 +kgdz)f2
| 02 02
A
V; cos by, sin 6,
kep k —k — k =
gpl gp2 gd1 51 gd1 51
Vi cos by sin 6,
—Rgd2 ~ kgdZ ~
02 02
................................................................... o Cosel(smgc
_kgplkvdl _kngkvdl _(kvdl + kgdevdl - kgdlkvd2) ! ﬁ (kvdl + kgdevdl - kgdlkvd2) ﬁ :
1 1
Vi cos by, sin 0,
—kepikvar + kot A —kgpokvar + kypp A —(—kgarkvar + kyar + kgdlkvdZ)T +(—=kgarkvar + kpar + kgdlkvd2)T
2 2
(70)
Stabi]ityOftheclosed—l()opSystemCanbecheckedbyﬁndingthe o_. Srnendes- R R R LR AR AT AR ' A .......
. . . — - + bdeg approach :
eigenvalues as in guidance law 1. —— 0 deg approach : ‘ /
We have shown that the proposed guidance laws have a unique -500~{ -5 deg approach “iho-theta A e
equilibrium point, that is common to both of the two guidance laws. : : : : g?;ri?:i:?e[] : S
This equilibrium point can be checked for local stability for given =1000 i S “Activation T "';' """"
gains. Lo chadis o :
1500} -+ e oo s e PR b, BRI R
Simulation and Discussion S R L I
N P e e e N PO S DO
The proposed guidance laws are applied to formation flight sim- B 2000 : : : : : : : 1 A :
ulation for verification. Three cases of simulation are investigated. % : : : : : : / i :
Theﬁrstcaseisatwo—vehicleeapproachandp—e guidance. The %_2500 ...... . ....... /
second is a three-vehicle 6 —6 guidance that compares the two pro- & : : : : : : : L/
posed guidance laws. The final case is a six-vehicle formation flight 8000 -t : : : AN
to check the applicability of 6 —6 guidance for N vehicles. : : : : : : e : : :
—3500F - - ,,,,,, ,,,,, ...... ..... ..... // ......... .....
Case 1: 0 Approach and p—6 Guidance 4000k o P / T » »
The 6 approach and p—6 guidance are applied to a two-vehicle B : : : LT :
formation flight. The initial position of the leader is X, (0) = (0, 0) w00k e S e
and of the wingman is X, (0) = (—5000, —5000). The initial velocity - PP : :
for all vehicles is V; = (100, 0). The leader vehicle flies on a straight o :

path and the wingman tracks and approaches the leader using the
6 approach. When the wingman is inside the formation guidance
activation region, which is set to 500, the wingman switches to
p—06 guidance. The target relative position of the wingman is set to
(—30, 30) with respect to the leader. For this formation geometry,
the commanded angle 6, is —45 deg and the commanded distance
Oc 18 304/2.
The vehicles involved are limited by the following constraints:

Vinax = 1507 Vanin = 80 (71)

[Vimax = 10, [V lmax = 0.1 rad/s (72)
The simulation is done for 250 s with time step of 0.1 s. The gains
are set to k; =0.2 and k, = 0.2 for 6 approach. For p—6 guidance,
gains are set to k; =0.02, k, =0.2, k3 =0.05, and ks =0.2.
Figures 3 and 4 show the simulation results. Figure 3 is the plot of
relative distance from the leader. The leader is marked as a triangle
on (0, 0). The wingman starts from (—5000, —5000), which is on the
bottom left. The approach angle command 6, is given as —5, 0, and
5 deg to see if the approach guidance makes the vehicles approach
in the desired angles. Figure 4 is the magnified view of Fig. 3 near
the leader. The approach guidance gives a distinct approach angle

_500& i i | i i i i i i i
-5000 -4500 -4000 -3500 -3000 -2500 —2000 —1500 -1000 -500 0 500
Relative Y (m)

Fig. 3 Case 1: relative X—Y.

when nearing the leader. Entering the p—6 guidance region, the
vehicles converge to the commanded formation location. The case
of the 45 deg approach is the first to enter the region at around 115 s
because the distance required to travel is the shortest.

The simulation results show that 6 approach plus p—6 guidance
works well in forming a two-vehicle formation. This formation is
the basis for 6 —6 guidance.

Case 2: 0—0 Guidance

The 6—6 guidance is applied to a three-vehicle formation flight.
The initial position of the leader is X (0) = (0, 0), of wingman 1 is
X>,(0) =(—30, 30), and of wingman 2 is X3(0) = (—50, —50). Ini-
tial velocities for all vehicles are V;(0) = (100, 0). The leader and
wingman 1 are in perfect formation, flying a straight path, and wing-
man 2 moves into the desired formation position by the guidance
law. The target location of wingman 2 is set to (—30, —30) from the
leader. Then commanded angle 1, 6;., is 45 deg and commanded
angle 2, 6., is 90 deg.
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Fig. 5 Case 2: relative X—Y.

The simulation is done for 100 s with a time step of 0.1 s. The
gains are set to k; =0.02, k, =0.2, k3 =—20, and k, = —200 for
0 —06 guidance law 1. To check the stability of the system for this gain
set, we input the gains and the formation conditions into Eq. (59).
The eigenvalues for the Jacobian matrix are

—2.63029, —0.169358 £ 0.07363891, —0.103218 (73)

Because the eigenvalues are all located on the left half-plane, the
system with guidance law 1 is stable for this gain set.

Gains for 6—6 guidance law 2 are setto k, =1, k; =5, k, =10,
and k,=10; 6, for case 2 is 3m/8. Then, calculating
Egs. (22-29), we have kg, =0.1307, kgp =—0.0541, kyy1 =
0.6533, kyqp = —0.2706, k,p; = —5.4120, k,,» = —13.0656, k41 =
—27.0598, and k,,» = —65.3281. Applying these gains to Eq. (70),
we obtain the eigenvalues

—0.696008 £ 0.193973i, —0.333974, —0.230451 (74)

All the eigenvalues are located on the left half-plane, where the
system with guidance law 2 is stable for this gain set.

Simulation results are shown in Figs. 5-7. Figure 5 is a relative
distance plot for 8 —6 guidance laws 1 and 2. The dashed line is law
1 and the solid line is law 2. The leader is marked as a triangle on
(0, 0) and wingman 1 is at (—30, 30). Both guidance laws guide the

Table 1 Six-vehicle formation initial location and target location

Vehicle no. Initial X Initial Y Target X Target Y
1 (leader) 0 0 0 0

2 -30 30 -30 30

3 —5000 —5000 -30 -30
4 —6000 —6000 —60 0

5 —7000 —7000 —60 60

6 —8000 —8000 —60 —60

Vehicle No. 3

49 T T T ‘ T T T T

theta, 4 (deg)

theta2 (deg)
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— guidance law 2

30 40 50 60 70 80 90 100
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Fig. 6 Case 2: 6 and 0,.
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Fig. 7 60—0 guidance law comparison plot for various conditions.

vehicle to the desire LOS angle as seen in Fig. 6. Guidance law 2
shows a faster settling time than guidance law 1 for the given gain
set.

The two guidance laws are also tested for various ini-
tial conditions: (—50, —50), (=30, —50), (=50, —30), (0, —50),
(—20, —20), and (—20, —10) are given as the wingman 2’s initial
location. Figure 7 shows the results for law 1 (dashed line) and law 2
(solid line). Both guidance laws are successful in making the vehicle
form a formation with only LOS angle information.

Case 3: Six-Vehicle 6 —6 Guidance

For the final case, a six-vehicle approach with 6 —6 guidance is
simulated. The initial position and the target position of the vehicles
involved are given in Table 1. The initial velocities for all the vehi-
cles are V;(0) = (100, 0). The leader and wingman 1 are in perfect
formation, flying a straight path, and other wingmen move into the
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Table 2  Six-vehicle formation angle commands

Target O1c, Target 02, Approach
Vehicle no.  vehicle 1 deg  vehicle2 deg  angle, deg
3 1 +45 2 +90 +5
4 2 +45 3 —45 0
5 2 —45 4 -90 =5
6 3 +45 4 +90 +5

Fig. 8 Six-vehicle formation.
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Fig. 9 Case 3: relative X—Y.

desired formation position by the guidance law. The 6 approach is
used on the wingmen until the formation guidance activation re-
gion is reached. The commanded angles and target vehicles for the
wingmen are given in Table 2.

Figure 8 shows the desired shape of the formation. The direction
of the arrow shows which nearby vehicles are considered for 6 —0
guidance. Vehicle 2 only uses vehicle 1 for p—6 guidance. The
simulation is done for 300 s with a time step of 0.1 s. Previous
gains used in cases 1 and 2 are used for the 6 approach and 6—60
guidance law 1. Figure 9 shows the four wingmen approaching with
different approach angles to the leader. Figure 10 is the magnified
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Fig. 10 Case 3: relative X —Y magnified.

view of Fig. 9 near the leader. After passing the formation guidance
activation region, each vehicle is guided by the # —6 guidance. We
can see that a multiple-vehicle formation can be accomplished by
6 —6 guidance. Also, by varying the distance and angle between the
leader and wingman 1, we can change the total size and shape of
the formation.

Conclusions

The main concept of this paper is to use only LOS information
for formation flight guidance. Two LOS angles to two nearby ve-
hicles are sufficient when directing a vehicle to a specific location.
However, two vehicles in perfect formation are initially required
as a basis for other vehicles to join formation. The approach guid-
ance and formation guidance for forming the initial two vehicles are
first proposed. For multiple-vehicle formation guidance, two differ-
ent methods of using the LOS information are proposed. Guidance
law 1 uses one angle for flight-path angle command and the other
for velocity command. Guidance law 2 uses the sum and differ-
ence of LOS angle on both flight-path angle and velocity command.
Both are successful in forming a formation with LOS information
only. Guidance law 2 has a slightly faster response and settling time
but uses more control energy. The stability of the guidance laws is
analyzed by finding the Jacobian at the equilibrium point. The for-
mation system stability can be found for specific cases by inputting
the formation conditions and gains. The proposed guidance laws are
successfully tested on two-vehicle approach and formation simula-
tion, three-vehicle formation simulation, and six-vehicle approach
and formation simulation. We have verified that the proposed guid-
ance laws are applicable to multiple-vehicle formation flight. The
proposed guidance law will be helpful when a low communication
profile is required between the formation vehicles.
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