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Derivation of Formation-Flight Guidance Laws
for Unmanned Air Vehicles

Shay Segal,* Joseph Z. Ben-Asher," and Haim Weiss*
Technion—Israel Institute of Technology, 32000 Haifa, Israel

A guidance-based approach to formation flight of unmanned air vehicles is presented. Most of the works related to
formation flight deal with the control of the relative positions between the vehicles in the formation. In the proposed
approach a pursuit law replaces the control law. A new rule of pursuit denoted as detective deviated pursuit is
then developed based on known guidance rules. The proposed guidance law regulates the distances between
vehicles and the heading angles with respect to the lines of sight. We show that the detective deviated pursuit rule
can be applied to formation flight, where the formation geometry determines the guidance-law parameters. The
work discusses the conditions for a stable formation flight in the case of a maneuvering leader and proposes a
control scheme for implementation. The performance of the new guidance-based formation flight is evaluated via

simulations.
Nomenclature
Cp = drag coefficient
Cy = lift coefficient
D = drag
g = acceleration caused by gravity
K = drag polar constant
K. = integral controller for the x state
K.p = proportional controller for the x state
n = load factor
R = radius
r = leader—follower range
T = thrust
t = time
Vv = velocity
w = weight
X = states vector
X,y = inertial coordinates
r = nondimensional parameter
y = path angle
1) = deviation angle
€ = angle between the line-of-sight (LOS) F; — L
and LOS F. 2 — F 1
n = throttle position
0 = angle between the LOS F; — L
and the leader’s velocity
A = line-of-sight angle
I = bank angle
Wi, hp = eigenvalues
X = path angles in the control scheme
w = angular velocity
Subscripts
c = command
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e = error
F = follower

L = leader

N = number of followers in the formation

1. Introduction

NMANNED air vehicles (UAVs) are becoming an integral part

of future military forces and will be used for complex tasks
such as reconnaissance, surveillance, close air support, suppression
of enemy air defense, aerial refueling, and precision strike missions.
To successfully complete such tasks without human intervention
and in the presence of large external disturbances, different threats,
flight critical failures, and battle damage, there is a growing interest
in developing highly efficient autonomous intelligent flight control
systems for multiple UAVs.

An effective mission accomplishment with multiple vehicles re-
quires tight guidance and control of individual UAVs flight in a
formation. For this reason the problem of formation-flight control
of UAVs s currently of wide interest, and a large amount of work has
been done on the subject.!~® Most of the works related to formation
flight deal with the control of the relative positions and consist of
variations in the traditional leader/follower formation.!™ A leader
is chosen to direct the formation, and all other airplanes are ex-
pected to maintain a fixed relative distance to the leading airplane.
These works discuss the design of an autopilot for the follower,
which controls its relative position. Different control approaches
have been applied to solve the problem.

The present paper proposes a new guidance-based approach to
formation flight of UAVs. The inspiration to this work was taken
from the ant-pursuit problem analysis of Ref. 9, which indicates
that a simple interaction of players can solve the problem of finding
the optimal path between the source and the destination and proves
that a global behavior can result from simple and local pursuit rules.

Similar to the ant-pursuit problem, we assume that all of the
measurements performed by a vehicle in the formation are relative
only to the one in front of it (necessary for collision avoidance). In
such a way the measurement problem is simplified (for example,
we do not need additional measurements of the formation leader).
Moreover, we believe that it mimics the way that birds actually
create formation flights.

To present the advantages of the proposed approach, we will use
the definition of guidance as a three-level process as described in
Ref. 10. According to Ref. 10, guidance is defined as a hierarchical
process, which can be said to consist of three levels: geometrical
rules, guidance law, and control. The level of this paper is the first
level, concentrating on the geometrical rules that lead to forma-
tion flights. The treatment of the formation-flight problem by the
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guidance-based approach is natural. In our case the target is the for-
mation leader (marked L), and the guided object is the follower (F).
The principal difference between a classical guidance problem and
the formation-flight problem is that the follower should maintain a
constant range from the leader rather than actually intercepting it. In
this paper a new rule of pursuit is developed to achieve this purpose.
This new guidance law is derived from two known guidance rules:
the detective and the deviated pursuit.'® The new guidance law will
be denoted as detective deviated pursuit (DDP).

The advantages of using the guidance approach in the treatment
of the formation-flight problem rather than the conventional rel-
ative position control approaches lies mainly in the first level of
the process: the geometrical rule. This level in the solution of the
formation-flight problem yields a complete and deeper understand-
ing of the kinematics of the aircraft taking part in the formation. It
produces more general conclusions regarding the maneuvering lim-
its of the formation, the conditions for its stability, etc., that enable
obtaining general models for formation flight with a large number of
participants. Moreover, because the guidance law (i.e., the second
level) is designed to implement the geometrical rule, the velocity
commands received by the follower autopilot have a clear physi-
cal meaning (usually not the case under the aforementioned direct
control approaches). The velocity vector command results directly
from the physics of the problem. The analysis is nonlinear, and it
retains the physical meaning and has less room for mistakes.

The paper is organized as follows: Sec. II presents the guidance-
based approach for the formation control problem and discusses
the DDP for N followers in formation. Section III deals with the
stability analysis of the proposed guidance law. In Sec. IV we pro-
pose a control configuration in which each follower measures its
position relative to the preceding one. The simulation results for a
formation flight of five F-16 fighters are presented in Sec. V. Finally,
conclusions are given in Sec. VI.

II. Formation-Flight Control:
A Guidance-Based Approach

A. Detective Deviated Pursuit

The guidance law used for the formation control is based on
DDP. Figure 1 describes the basic geometry associated with the
DDP approach. It shows a two-vehicle formation consisting of a
leader (L) and a follower (F). V; and Vj are linear velocities, and
y. and yp are the corresponding path angles. Using the notation
presented in Fig. 1, the following conditions define a DDP:

1) The follower (F) keeps the range r constant by controlling its
own speed (detective condition).

2) The follower’s velocity Vr leads the line of sight (LOS) by a
constant angle § (deviation condition).

We limit 6 to be —n/2 <6 < /2. The imposed limits guarantee
that the leader’s velocity has no components along the LOS vector
in the direction of the follower.

Leader

Ref. Line

/%nower

Fig. 1 DDP basic geometry.

Note the following:

1) If the leader moves on a straight line, then y, = constant and
YL =0.

2) If the leader follows a circle of radius R at constant speed, then
yL =w =V /R = constant.

In this discussion we will always assume y, > 0; the discussion
for negative y; is identical. The constant range requirement leads
to the condition

F=0 (e))
which is equivalent to
Vo cosf — Vipcosd =0 2)

hence —m/2 <8 <m/2.
The LOS angular rate A is calculated by

A= (1/r)(V,sind — Vg sin8) 3)
Using Eq. (2), Eq. (3) can be rewritten as
A = (V. /r)(sin — cos 0 tan ) 4)
From the geometry of Fig. 1, the leader’s path angle y, satisfies
yL =60+ (®)]
Equations (4) and (5) lead to the DDP differential equation
6 + (V. /r)(sinf —cosOtan8) —y, =0 6)

The solution 6 of Eq. (6) is used to calculate the follower path angle
VE:

yE=8+A=8+y. —0 (@)
Remarks:
1) y. = 0 (straight path) implies that 6 =§.
2) y. = w = const (circular path) implies that

9+(VL/r)sin9—(VL/r)tanzScosé—a):O 8)

Equation (8) can be rewritten in terms of the nondimensional pa-
rameter [" defined by

I'=rw/V, =1r/R )
where R is the radius of the circular path performed by the leader.
6 = (V. /r)[(1/cos8)sin(§ — 0) +I'] (10)

The solution of Eq. (10) is

1 k 14c kiVi /)t
0(t) = 2 arctan + 1 A tcaexpltaVi/r)]
I'-tand TI'—tanéd 1—ciexp[(kiVL/r)t]
(1
if
r’< 1+(tan8)2 (12)
ky tan[k, (Vy /1)t 1
9(l)=23rctan{ atanfk, (Vi /r)t + el + } 13)
I' —tand$
if

2> 1+ (tan$)> (14)
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where

ki =+/1+ (tan§)? — I'2 (15)
k» = /T2 — 1 — (tan 8)2 (16)

_ —1—k + (I — tan$) tan(6/2)

T Tk + (T — and) an(6,)2) a7
¢, — arctan [—1 +( — tzn 8) tan(eo/z)] (1)
2

and 6(#)) =6y. The solution defined by Eq. (11) converges to
2 arctan[(1 — k,)/(I" — tand)] as t — oo. This value is independent
of the initial condition 6. The solution defined by Eq. (13) is peri-
odic. We are interested in the solution given by Eq. (11). Note that
condition (12) is automatically satisfied if I' <1 (i.e., the leader’s
turn radius is greater than or equal to the formation spacing). How-
ever for any I" there is § for which the condition is satisfied.

B. N Follower Formation Flight

Figure 2 describes the geometry associated with one leader and
two followers (F, and F,). Applying the DDP approach, we note
that follower 1 pursues the leader and follower 2 pursues follower 1.
Following the described geometry, we find that

7 =V cos® — Vg cosé (19)
7y = Vi, cos(8; — €) — Vp, cos 8, (20)
i = (1/r) (Ve sin® — Vp, sins;) (21)
Ao = (1/r)[ Vi, sin(8; — €) — Vi, sin, | (22)
The DDP approach requires that 7y =7, =0.
Therefore,
cosf
Ve, =Ve (23)
COS §;
% 8 —
Vi, = Vi cos 6 cos(§; — €) 24)

cos §; oS &

The angle € between the lines | — L and F, — F) can be calculated
as

€ = )xz — )\.1 (25)

Substituting Egs. (23) and (24) into Egs. (21) and (22) and assuming
71 =F, =0 and r; =r, =r, we obtain that

. VL|: cos 6
€= —

p sin(§; — &, —€) — M] (26)

cos §; cos & cos §;

Follower 1

Ref. Line

Follower 2

Fig. 2 Three-vehicle formation.

(The case r| # 1 is not treated here and is left for further research.)
The leader path angle y, satisfies

ve=0+x 27

Using Egs. (21) and (23), the differential equation for 6 can be
derived as

_ Vi, sin(§; — 6)
T [

C +7L (28)
Observe that Eqs. (28) and (26) are partially decoupled. Equa-
tion (28) is independent of Eq. (26), whereas Eq. (26) does depend
on Eq. (28).

Similarly, we can write the state equations for one leader and
N followers. Consider the geometry associated with follower N,
follower N — 1, and follower N — 2. Based on this geometry, we
can write

I.'N = VFN—I COS(SN_l — GN_|) — VFN Ccos 8/\/ (29)

v = (1/rw)[Vry,_, sin@y—1 — ey 1) = Vp, sindy]| (30)

where
Vi = Vi 31)
8 =0 (32)
€ =0 (33)

The detective condition is satisfied if 7y = 0. Hence,

cos(6y_1 —€n_1)
Vi, = Ve, #NN' (34)

Substitution of Eq. (34) into Eq. (30) and using ry =r yields

. Vey o .
Ay = ————sin(—8y +86y_1 —€n—_1) (35)
7 cosdy

Replacement of N by N + 1 in Eq. (35) and the use of Eq. (34) leads
to
Viy_1 cos(By—1 — €y —1)sin(=8y 41 + 8y — €n)

}\N+I = (36)
r COS 8y COS Sy +1

The angle €y is defined by
€N =Any1— Ay 37
Therefore

€N = ANt — AN

_ VFN,] I:COS(SN_l — EN_1)SiIl(—6N+] +8N — EN)

r COS 8y COS Sy +1

_ sin(=d8y + 48y -1 — €N1):| (38)

cosdy
Observe that N = 1 leads to Eq. (26), where € = €. Recall that N = 1
means one leader and one follower.

The preceding derivation can be summarized by the following
state-space equations:

AR ;
ez—L[ sin(51—9)+’/v£}

r | cosé; L

V (% in(@ — 6
am el 080 s b — e 4 SO 8D

r | cosd;cosd, cos &}
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Symmetry Line

i

Fig. 3 Arrowhead configuration.

.Y |:0059 cos(8; — €1)

&= sin(§, — 863 — €
27 | cos 81 cos 8, cos &3 (@2 } 2)
cos 6
————sin(8; — 8, — €7)
€0S &1 CoS &
. Vi | cosB cos(8; —€1)cos(r — €) .
&G=— sin(d; — 84 — €3)
r C0S &8 COS 85 COS 83 COS &4
cosfcos(§) —e€p) .
————sin(§, — 33 — €)
C0S &8 COS 8, COS 83
. Vi | cosBcos(8; —€;)...cos(by_1 —en—_1)
EN = —
r €08 81 COS 8y ...COSEN COSBy 41

x sin(8y — 8y 11 — €n)

cosf cos(8; —€1)...cos(Oy_2 —€n_2)

C0S 81 COSSy...COSdy

X sin(SN_l — 8/\/ — 6N_I)i| (39)

Note that a formation of N followers and one leader is described by
N + 1 differential equations, which are one-way coupled. The first
state equation is the known DDP equation, which has an analytical
solution for a leader in a circular motion with constant angular
velocity [Eq. (13)].

C. Conditions for a Flight in a Formation with a Fixed Structure
The popular arrowhead configuration is achieved if the following
conditions are satisfied:
1) The state equation (39) has a stable equilibrium point, which
satisfies

—7/2 < 0%, T) <7)2 (40)

€ =¢€(6,....841, 1) =0, i=1,....,N (4D
2) The followers, in the steady state, are structured in two lines as
depicted in Fig. 3. The geometry of the right line is a mirror image
of the left line.
Other configurations, different from the arrowhead configuration,

can be achieved when €/ (8y, ..., 8y, I') #0. In such cases the lead
angles §;,i =1, ..., N are used to determine the breaking angles
eii=1,...,N.

III. Stability Analysis

We show in this section that when the state equations describing
the formation of N followers reaches a real equilibrium point it
will be a stable one. This is shown by linearization of the state
equations about the equilibrium point and by checking the sign of

the eigenvalues of the Jacobian matrix. If all eigenvalues of the
Jacobian matrix are negative, then the equilibrium point is locally
asymptotically stable. First we find the condition for the existence
of a real equilibrium point. Then we find the condition at which the
eigenvalues of the linearized system are negative. Finally we show
that these two conditions are identical, and therefore if there is a
real equilibrium point it must be stable. Moreover, by restricting the
analysis to the cases of a single and two followers, we show that the
condition for a real stable equilibrium point has a clear geometrical
meaning.

A. Condition for the Existence of a Real Equilibrium Point

A formation of N followers and one leader is described by N + 1
differential equation (39). The equilibrium point of the system is
obtained when # =0 and€; =0fori=1,..., N. We get

0* = arcsin[I" cos 8;] + 8, (42)
[equivalent to tan §; = tan 0* — I"/cos 8*, which is the steady-state
solution of Eq. (11)] and

.
€ =68 —0i4+1

cos & 41

+ arcsin |: ) sin (8,-,1 -8 = 6,-*1)i| 43)

cos (8,~,1 —€_

Note that €/ is a function of €/_ . Thus we can write

€ =8 — 84
. Cos 841 .
+ arcsin| ———— "~ in (8,-,1 -8 — e[*_,)
_005(5[71 —€_1)
.
€ 1= 5,',1 —51'
. cos §; . .
+ arcsin| —— sin (8,-,2 — 81 —6,-_2)
L cos(8i—2 — € -2) ]

*
€ _, =08 _2—38_1

cosd;_

+ arcsin sin (8,-,3 —68i_2— e,.*_3)

| cos(8i—3 — €;—3)

N 5 5 + .| cosd, . (8 9*)
€ =8 — arcsin sin (8; —
! ' ’ cos 6% !
0* = arcsin[I" cos 8;] + &; (44)

A recursive substitution leads to

€088, €088y, ...,CO88; COS ;4

€=8—811+ arcsin[ F] (45)

cos6*, ..., cos (8,-,1 —el.*_l)

Hence, by satisfying the inequality

8 8, ...,€086; cosé;
1< |:cos 1 €08 8, 0s 8; cos HI‘:| 1 e
cos@*,...,cos(é,-,l _51'*71)
we get
cos@*,...,cos(&,l _61'*71)
€08 §; €08 8, ..., COSS; COS & 41
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B. Condition for Negative Eigenvalues
From Eq. (39) we obtain an upper triangular Jacobian matrix for
the linearized system:

™ 96

— 0 0 0 ey 0
a0
0¢€ 0€
o o9& 0 0 o 0
a6 d€;
a_éz E E 0 e, 0 |ei=e,_*, i=1,..,N,0=0%
20 € €y
8@]\/ 86N
90 Sy oy ey ey ey den
(48)

Therefore the eigenvalues are the values on the diagonal. For (at
least) marginal stability we require

0¢€;

<0 49
de, 49)

Thus,

0€; vy, [ cos 6* cos (81 —ef),...,cos (8,-,1 —e;:l)

O€i |, _ o €0s 81 c0s dy, ..., CO88; COS&; 4
xcos(Si—8i+1—ej‘):|§0, i=1,...,N (50)

Because r, V; > 0, the stability condition becomes

cos(S,- — 841 — el*)i|

>0, i=1,...,N (51

[cos@* cos(Sl — ef‘), el cos(&,l - e;[l)

c0s §; €08 &, . .., COSS; COS ;41

C. Real Equilibrium Point Is Stable
Substituting Eq. (45) into Eq. (51), we obtain

cos 0* cos (81 — e;‘),...,cos (8,~,1 — 61'*71)

€088, €088y, ...,CO88; COS ;41

COos

. cos 81 €088y, ..., COS8; COSJ; 4|
X { arcsin r
cos 6* cos (81 —ej‘),...,cos (6,-_1 —61._1)

>0 (52)
Define

A= c0s 8y €088y, ..., C088; COS ;4 53)

cos@*cos(&.—e{‘),...,cos((S,-_l—e, ])
We get the following stability condition:
A" cos[arcsin(AT)] > 0 (54)
which is satisfied if and only if A~'>0and |AT'| < 1. Thus,
0* 8 —€F), ..., 8i_q1—€f
r< cos cos( 1 e]) cos(, 1 61_|) 55)

cos §; c0s 83, ..., COSS; COS & 41

which is the same as Eq. (47).

We need to prove that A~' > 0. From the detective conditions
(23) and (24)

d;
_ coso =0 (56)
cos (S,v,l — 51*)
9*
%7 20 (57)
Ccos §;

also cos(8; ;1) > 0; hence, A~ > 0.

We conclude that if there is an equilibrium point, it must be stable.
This is true for formation with any number of participants when the
leader is following a straight or a circular path. Notice that I" is not
bounded. For all I" there are §;,i =1, ..., N such that Eq. (55) is
satisfied.

D. Single-Follower Case

The differential equation associated with this case is the DDP
equation (6). The related equilibrium point is obtained when 6 =0.
Equation (6) can be rewritten as

6 = (Vo/r){[1 + (tan8)*1? sin(3 — 6) + '} (58)
where
I=ry,/V, (59)

The equilibrium point of Eq. (58) is (notice that |§| <m/2 and
18] <7/2)

6" = arcsin{T" /[1 + (tan8)*]7 } + 5 (60)

We can see that the equilibrium point is a function of § and I'. The
following condition guarantees a real equilibrium point:

I <[l + (tan8)?]2 ©61)
Linearizing Eq. (58) around 6* entails
6 = —(V/r){[1 + (tan8)*]2 cos(s — M)} (6 — 6% (62)
From Eq. (60) we get that cos(6 —6*) > 0; hence,
= (Ve/{[1 + @n8)*F cos6 69} <0 (63)

Thus any real equilibrium is also (at least marginally) stable.

Remarks: 1

I)IfT < 1,then I < [1 + (tan §)?]2 for all 8, and Eq. (58) has
a real stable equilibrium point. Note that the same result has been
obtained by the analytical solution.

) If

1<T <[1+ (tan acr)z]% (64)
where
8¢ = arctan[ (I — 1)%] = 7/2 — arcsin(1/T") (65)

then |§| > 4., guarantees that Eq. (58) has a stable equilibrium point.
Figure 4 describes 6* as a function of ¢ for different values of I'.
Notice that 6* is limited for I' > 1. (The limit is obtained from
8= 5cr~)
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0'[deg]

Fig. 4 6* vs 6 for different values of I".

80

60

e [deq]

1

1 1

-80 -60 -40 -20

0 [c?eg]

20 40 60 80

Fig. 5 Typical trajectories in the & — € plane where 6; = 6, =45 deg.

E. Two-Follower Case
In this case the requirement 8 =0, ¢ =0 leads to
0* = arcsin(I" cos §;) + &, (66)

I" cos §; cos 82]

€* =8, — §, — arcsin
cos 0*

(67

sin (9* — 81) cos 8,
cos 6*

=8 — 8, — arcsin|:

Assuming that & =6* is real and therefore stable, we can find the
condition for which €* is real. Following Eq. (67), the satisfaction
of the inequality

sin (9* — 81) CoS &,
-1l <—- <1 (68)
cos 0*

guarantees that € = €* is areal equilibrium point. As in the preceding
case of §*, it can be shown that a real equilibrium point € =€* is
necessarily stable. The proof is based on linearization of Egs. (26)
and (28) at the vicinity of (6%, €*). The Jacobian calculated at the
equilibrium point has two eigenvalues that are nonpositive and real
as long as inequality (68) is satisfied:

V, cos (81 — 9*)

69
r cos &y (69)

Mn1 =

V, cos6* cos (81 — & — 6*) 70)

M2 =
r C0S 8 €08 &

Figure 5 presents typical trajectories in the 6 — € plane where
8; =8, =45 deg. The figure shows a stable attraction point.
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Stability regions in the (?31 , T) plane

1 T

0.9

0.8

0.7

0.6

0.3

0.2

0.1

04 Condition (54) satisfied

T T T T T

-80 -60 -40 -20

0 20 40 60 80

o,

Fig. 6 Local stability region for a leader and two followers.

F. Further Analysis of the Equilibrium-Point Condition
Substituting Eq. (66) into Eq. (68) leads to

cos 6*
S ——— 71
C0S 81 COS &>

cos 6*
C0s 81 cOS &
where 8, §,, and 6 are assumed to be in the range (—m/2, 7/2).

Because I'=r/R >0, we get the following condition for a real
equilibrium point:

s0*
<27 (72)
c0S §; oS &
Because 0 < |§,| < /2, then the following relation holds:
0* 0*
cos - cos (73)
cos &y c0Ss &1 cos &
Therefore a stronger condition is
I' < cos@*/cos&l (74)
Substitution of Eq. (66) into Eq. (74) leads to
s in(I" cos 8 8
- cos[arcsin(I" cos 8;) + ;] 75)

cos &

The solution for the inequality (75) is indicated in the painted area of
Fig. 6. We can see that for I' < 0.5 the inequality (75) is always sat-
isfied (i.e., for all §). Recall that in a formation flight with one leader
and one follower we have found that I" < 1 guarantees a real stable
equilibrium point (for all §). We observe now that I" < % guarantees
a real stable equilibrium point for a formation with one leader and
two followers for all §. This observation leads to the conjecture that
for a formation flight consisting of one leader and N followers the
condition I' < 1/N will guarantee real stable equilibrium point for
all 8.

IV. Formation-Flight Control

The proposed control is based on measurements of position and
velocity and uses the guidance law of the preceding sections. For
simplicity, we assume that the participants have complete informa-
tion regarding these measurements with respect to Earth. It can be

1 F1
; X
Fl1
ch i L Ve F1
Command—= Leader . »| Guidance Follower i X
generator autopilot| | 1, | law Autopilot :
" X (1
c H c
S P
2
X :
o600«
_______ Pllower2

Fig. 7 Proposed control configuration.

shown, however, that relative position and velocities, and even LOS
angles and relative velocities, are in fact sufficient. Figure 7 depicts
the basic control configuration where the states X L X¥ contain the
associated inertial coordinates x, y; the speed V; and the path angle
x- The last two are the controlled variables. For given 4y, ..., dy,
the measurements xry, Yry, Xpn—1, YFy —1 €nable the calculation
of the LOS angle Ay:

Ay = arctan[iym' — Yhw ] (76)
Xpy_ — XEy
The lead angle of the leader is calculated by
0=x"—n (77)
The guidance commands v vgN are defined as
XV =8y + Ay (78)
o = ) )
where
EN_1=AN —AN_] (80)

The autopilot control loops are depicted in Fig. 8 and consist of
simple proportional + integral (PI) speed and heading controllers.
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Speed limiter -
Vi

reft Ve
T e

X + Xe

I

Speed controller

Aircraft dynamics

[

- Heading controller

Fig. 8 Autopilot configuration.

(Other schemes can also be used for the same purpose.'!) Notice
that we control 7 and not r under this simplified scheme:

ne =Ky, Ve + (Kv, /5)Ve (81)

e =Ky, xe + (K, /5)xe (82)

The speed is limited by the stall velocity V. The variables 7,
and p. denote the throttle position and the bank angle commands,
respectively. The value of §;,i =1, ..., N is preselected. The se-
lection of the lead angles 8y, . .., dy is discussed in Ref. 11.

V. Simulation

A. Modeling

The equation of motion and the aerodynamic forces are derived
for a point mass with two degrees of freedom. The simulation uses
the following assumptions: 1) planar motion in the horizontal plane
at constant altitude; 2) constant weight vehicle; 3) thrust in the ve-
locity direction; 4) two control variables, the bank angle p and the
throttle position n; and 5) decoupled first-order vehicle dynamics
for ;v and 5. The equations of motion are given in an inertial frame
and described by

X =Vcosy (83)

y = Vsiny (84)
V= (g/W)T —D) (85)
X =(g/V)nsinp (86)

where
/e =1/(1+s7,), 7, = 0.2 s (typical value)  (87)
The thrust model was taken from Ref. 12:
Tax (h) = Ty — h(T,/16,764) (88)
where
T = nTmax (h) (89)
h is the aircraft altitude, and
n/ne=1/(1+s1,), 7, = 0.2 s (typical value)
0<n.<1 (90)
The aerodynamic model is related to drag only:
D = Do+ n’D; 91
Dy=qSCp,,  Di=K(W/qS) (92)
where ¢ is the dynamic pressure, S the wing area, and Cp, the

zero-lift drag coefficient. The simulation also includes air brakes in
order to obtain faster deceleration. The air brake is modeled by a

Table 1 F-16 parameters

Parameter Notation Value
Wing area S 27.87
Wing span b 9.14
Aspect ratio AR 3
Zero-lift drag coefficient Cp, 0.015
Drag polar constant K 0.02
Maximum lift coefficient ClLoax 1.5
Structural limit Nmax 9¢g
Mass m 11,336.4 kg
Maximum thrust without after burner Tmax 6,500 kg
Maximum air-brake drag K air-brake 3,000 Nt

Table 2 Autopilot parameters

Notation and value

Kyp=1,Kv1=0.3

Kup=10,K,; =10
Vistal = 90 m/s

Parameter

Speed controller
Heading controller
Speed limiter

continuous function that is driven by the speed error and generates
drag:

DAir—Brake = _Kair-brakeve (93)
The load factor 7 is bounded by the structural load and satisfies
1< N 94)

In addition, the load factor is bounded by the maximal lift coefficient
C1 . SUch that

n=np=(GS/W)Cryu 95)
The bound on the load factor leads to a bound on the bank angle
|| < arccos(1/mmax) (96)

Table 1 (Ref. 13) presents the F-16 parameters used in the simulation.
The autopilot parameters are summarized in Table 2.

B. Simulation Results

The simulation demonstrates the formation flight of five F-16
aircraft in an arrowhead configuration. The formation consists
of a leader and four followers. F1 and F3 are the first and the
second followers from the left, whereas F2 and F4 are the first
and second followers from the right. The deviation angles are
81 =63 =45deg for the left followers and §, =84, = —45deg for
right followers. The relative nominal range between the aircraft
are selected to be 100,/2 m. In the presented example, the leader
performs a straight path followed by a circular path with constant
angular velocity, and then it returns to a straight path. Specifically,
the leader vehicle’s heading command is Odeg for 0 <7 <90 s;
it then increases at a constant rate of 0.9deg per second (i.e.,
o =0.0157 rad/s) for 90 <t < 140 s. Finally it returns to constant
heading for 140 <t < 240 s. The velocity command for the leader
is 100 m/s. The leader vehicle’s initial heading and velocity are
0 deg and 100 m/s, respectively. All of the followers have the same
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initial heading and velocity as the leader. Note that the conditions
for stability are satisfied.

Figure 9 presents the aircraft trajectories. As can be seen, the five
F-16 aircraft stay in an arrowhead formation during the entire flight
even in the face of maneuvering. The relative ranges on the LOS are
shown in Fig. 10. Keeping in mind that the desirable range is about
142 m, we make the following observations:

1) Along the straight paths (i.e., 0 <7 <90 and 140 <t <240 s)
the relative ranges between all of the aircraft stay close to the initial
value. (Recall that in this control scheme r is not directly controlled.
Other control loops can use also r to eliminate the small steady-state
error.)

2) Flying on a circular path (90 <t < 140 s) causes the range to
deviate from the desired value in a different manner for the left and

right followers: left followers (F1, F3) exhibit maximum deviation
at the beginning of the turn, and right followers (F2, F4) exhibit
maximum deviation at the end of the turn.

3) The behavior of the error (between the desired and obtained
relative ranges) for first followers (F1, F2) and second followers (F3,
F4), is similar in nature but for second followers is more drastic.

To understand the reason for these results, we recall that the left
followers (F1, F3) are interior to the turn and the right followers (F3,
F4) are exterior one. Thus, to keep the formation, the left followers
need to decelerate at the beginning of the turn, whereas the right
followers need to decelerate at the end of the turn. The behavior
of the speed controller suffers from the fact that slowing down is
obtained by the uncontrolled drag forces (negative thrust cannot be
obtained) and the air brakes. Hence, the throttle limits [Eq. (93)]
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and the max air brakes determine the behavior of the loop. When
entering the turn, the left followers limited deceleration rate causes
the range error. The right followers need to decelerate at the end
of the turn in order to return the straight flight; thus, they get the
maximal error at the end of the turn.

VI. Conclusions

The paper demonstrates that a formation flight can be achieved
by using a simple guidance law, whose parameters are determined
by the formation geometry. A guidance law denoted as detective
deviated pursuit is developed and implemented for flight forma-
tions. Conditions for stability that can always be satisfied with the
right choice of deviation angles are formulated. For formation with
r/R<1/N (i.e., when the ratio of the formation spacing to the
leader’s turn radius is less than 1/N), it was conjectured that the
stability conditions are satisfied for all §. The performance of five
F-16 formation is evaluated via two-dimensional simulation, and the
results indicate satisfactory performance even under maneuvering
conditions. The performance obtained is adequate for a ferry flight
of unmanned air vehicles but is not tight enough for the formation
during an autonomous aerial refueling and similar tasks.
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