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ABSTRACT In this paper, a formation collision forecast and coordination algorithm (FCFCA) is proposed to
avoid collisions in the configuration control of missile autonomous formation (MAF). First, the conditions
are derived to forecast collisions of the MAF. Second, the transition target configuration is designed to
coordinate collisions. Third, by minimizing the formation group cost, we obtain the optimal transition vector,
which can avoid collisions and guarantee the efficiency, safety, and stability of the MAF. Finally, simulation
and experiment results are presented to verify the effectiveness of the FCFCA.

INDEX TERMS Collision coordination, collision forecast, formation configuration control, group cost,

missile autonomous formation.

I. INTRODUCTION

Missile autonomous formation (MAF) means the missile
formation that can autonomously implement missions [1].
The autonomy is mainly reflected in two aspects: (a) MAF
can make the formation decisions and guide the formation to
implement missions autonomously based on the current task
environment information; (b) MAF can guide and hold the
formation configuration autonomously according to the cur-
rent formation configuration commands and avoid collisions
throughout the process.

When implementing specific flight missions such as the
low-altitude penetration and the saturation attack, in order to
maximize the penetration probability, MAF is often required
of high dynamic (i.e., the high velocity and the big maneuver-
ing overload), and the flat and dense configuration of MAF.
In the situation of limited missile maneuverability, limited
quality of network service, limited measurement accuracy of
sensors and detectors, and the complex and changeable task
environment, the high dynamic, flattening, and densification
of MAF increase the probability of collisions among the mis-
sile members. It requires the control system of MAF to have
good formation configuration control and collision avoidance
abilities. It means that the members of MAF can adjust their
motion states autonomously, so that the velocity of each
member becomes consistent, and the position of each member

is in accordance with the desired relative position relationship
on the premise of no collisions. Formation configuration
control and collision avoidance are two significant aspects of
formation control. In recent decades, many formation control
strategies, such as leader—follower [2], virtual leader/virtual
structure [3], and behavior based method [4], have been well
studied to solve problems of these two aspects.

First and second order sliding-mode controllers were
proposed for asymptotically stabilizing the vehicles to a
time-varying desired formation and ensured the collision
avoidance using a vision system carried by the followers [5].
Park et al. [6] proposed a robust adaptive formation con-
troller for electrically driven non-holonomic mobile robots to
achieve desired formation tracking and collision avoidance
with static and moving obstacles. A leader—follower-based
adaptive formation control method was studied for electri-
cally driven non-holonomic mobile robots with limited infor-
mation to achieve the desired formation and guarantee the
collision avoidance [7]. A neural fuzzy formation controller
for the formation control of leader-follower multi-agent sys-
tems was designed with the capability of online learning and
to avoid collisions between neighboring agents [8]. An adap-
tive proportional integral derivative algorithm was proposed
to solve a formation control problem in the leader—follower
framework where the leader robot’s velocities were unknown
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for the follower robots [9]. A novel model predictive control
based on receding horizon particle swarm optimization was
utilized for formation control of non-holonomic mobile
robots by incorporating collision avoidance and control input
minimization, and guaranteeing asymptotic stability [10].
The advantages of the leader—follower method are that its
control structure is simple, and it is easy to realize. Whereas,
the disadvantage is that the formation overall interests are
difficult to be guaranteed because the status of leader and the
follower is unequal.

A virtual structure adding formation feedback is proposed
to achieve a high-precision formation configuration con-
trol effect [11]-[13]. Hernandez-Martinez and Bricaire [14]
addressed a formation strategy using a virtual leader which
had communication with the rest of the follower robots,
guaranteeing the convergence to the desired formation, but
in principle, which did not avoid inter-agent collisions.
A synchronous distributed model predictive control algo-
rithm was proposed to solve the collision avoidance problem
of multi-agent systems [15]. The advantage of the virtual
leader/virtual structure method is that it is easy to control the
formation group behavior based on formation configuration
feedback. Whereas, the disadvantage is that the formation
configuration is relatively rigid, lack of flexibility and not
conducive to collision avoidance.

Tucker Balch er al. [4] designed the basic behaviors of the
robot and made a comparative study on the 4 basic formation
configurations using 3 reference points. The 3-layer (social
layer, logic layer, and reaction layer) control system structure
based on the behavior was adopted, using social roles to
represent the positions of the robots in formation config-
uration and dynamically allocating positions to the robots
to form and hold the formation configuration [16]. A new
dual-mode control strategy was proposed: a ‘‘safe mode”
was defined as an operation in an obstacle-free environment
and a “danger mode” was activated when there is a chance
of collision or when there were obstacles in the path [17].
A decentralized control strategy was introduced to let a group
of robots create a desired geometric formation by means of
local interaction with neighboring robots, and the formation
shape and the avoidance of collisions between robots were
obtained by exploiting the properties of weighted graphs [18].
The advantage of the behavior based method is that it is easy
to realize distributed control. Whereas, the disadvantages are
that it is difficult to control the formation group behavior and
ensure the stability of the formation configuration control.

Besides, there are many novel or integrated formation
control strategies proposed. For instance, Dai et al. [19]
presented four novel collision avoidance processes for non-
holonomic mobile robots to generate effective collision-
free trajectories when forming and maintaining a formation.
A model predictive control approach was proposed for multi-
vehicle formation taking into account collision avoidance and
velocity limitation with reduced computational burden [20].
Formation control strategies based on position estimation for
double-integrator systems were investigated to enable the
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agents converge to the formation in a cooperative manner and
avoid the inter collision [21].

However, there is some lack of research on the configura-
tion control and collision avoidance for MAF until recently.
The control objects in most of literatures are the formations
of robots or unmanned aerial vehicles, of which the velocity
is relatively slow and the control precision is relatively high
compared with those of MAF. In addition, the formation
control algorithms in most of literatures are designed based
on three flocking rules of Reynolds [22] (namely, cohesion,
separation, and alignment). Specifically, the collision avoid-
ance is mostly taken when the real-time distance between two
formation members is less than the preset distance. However,
as the high dynamic, flat, and dense MAF has relatively low
control accuracy and poor navigation precision, most of the
above-mentioned formation control algorithms, especially
the collision avoidance algorithms, are not suitable to be
used directly in MAF. For MAF, when the real-time distance
is less than the preset distance, it will bring MAF some
shortcomings, such as the big risk of collision, the large fuel
consumption, the long transition time, and the ““chain effect”
(which means the generation of new collisions) ,which will
be analyzed in the following. Furthermore, Most of the liter-
atures did not take the formation overall interests into consid-
eration in the process of collision avoidance, i.e., how to avoid
collisions with the smallest group cost is not paid sufficient
attention. Whether the above-mentioned problems can be
solved reasonably determines whether the final configuration
of MAF can be formed and the realization can be fast, safe,
and stable.

Consequently, a good formation collision forecast and
coordination ability means that MAF can rapidly forecast the
formation collisions and coordinate the collisions reasonably
by minimizing the group cost of MAF. These are what this
paper aims to research.

The main contributions can be summarized as follows.
(a) Based on the relative position relationships of each missile
and the configuration of MAF, the conditions are derived to
forecast collisions of MAF. (b) The transition target config-
uration is designed to coordinate collisions. We obtain the
optimal transition vector by minimizing the formation group
cost. (c) The simulation and experiment results validate that
the algorithm is able to avoid formation collisions and the
“chain effect” of collisions, and shorten the time of forma-
tion configuration forming meanwhile ensure the safety and
stability of the configuration control of MAF.

The structure of this paper is organized as follows.
In Section II, the background and basic knowledge of MAF
are presented. Then, the collision of MAF is defined and
the problems caused by the traditional formation algorithm
are analyzed. In Section III, the formation collision forecast
and coordination algorithm (FCFCA) is illustrated in detail,
including the collision forecast, the collision coordination and
the group cost of MAF. In Section IV, simulation and exper-
iment are conducted to verify the effectiveness of FCFCA.
Finally, concluding remarks are given in Section V.
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Il. PRELIMINARIES

A. BACKGROUND AND BASIC KNOWLEDGE

MAF consists of a set of nodes v = {1,2,...,n}, where
n > 2 denotes the scale of MAF. Let g; € R™ denote
the position of node i (i.e., v;) for all i € v. The vector
q = col(gy,...,qn) € R™ is called the configuration of
MAF. Let p; = g; denote the velocity of v;. Let ¢;; = g; — g;
denote the position of v; relative to v;. Let p;; = ¢;; denote the
velocity of v; relative to v;. Let d;; = ||qu || = ”qj,- || denote the
relative distance of v; and v;. Let ¢; € R™ denote the target
configuration position of v;. The vector ¢ = col(cy, ..., ¢;) €
R™ is called the target configuration of MAF. Let
cij = ¢j — ¢; denote the target configuration position of
c; relative to ¢;, where g;, p;, gij, pij, ci, ¢ij € R™,i,j € v.
Besides, as the flat configuration of MAF is only allowed to
make the collision avoidance maneuvering in the horizontal
direction in some cases, the configuration control of the flat
MAF is more complicated, but closer to engineering practice
than that of MAF in 3D space. Based on the above analysis,
the configuration control of the flat MAF in the 2D horizontal
plane will be researched in this paper, i.e., m = 2.

Lemma (1) Wu [1]: Supposing that the relative safe dis-
tance margin Ady; = d; — dg; of v; and v; is ergodic
stochastic process, according to the central limit theorem,
under the combined effects of various indistinctive random
factors, Ady;; approximately obeys the normal distribution
with the mathematical expectation of the expected relative
safe distance margin Ag; = p;; — dy;j, and the variance 05,
ie., Adsj ~ N(Apgij, O’i]2~), where dy;; denotes the relative safe
distance of v; and vj, and p;; denotes the expected formation
distance. Supposing the process of holding relative distance
between v; and v; is uncorrelated stochastic process, we get

Ul-jz- =6i2+0j2 (1)

where o; denotes the standard deviation of the relative
distance hold by v;.

1

(2 4)

N / {

FIGURE 1. Relationship between formation configuration and formation
node.

Definition (1): As shown in Fig. 1, the circular region C; =
{qci @ llci — qeill < o} with the target configuration position
¢; as the center and o; as the radius is defined as the config-
uration circular region, where

O¢j = kc,'O',' (2)
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and k;
of Ci.

Definition (2): The condition under which the formation
has formed the target configuration is defined as

> (0 denotes the node configuration coefficient

lci — gill < oci,  View. 3)

According to (1), (2), and (3), we can get
lei = asl® < llei = ail® + ¢ — q1]* < K207

i’

Vijev, i#j (4

Supposing k. = k¢; = ... = ke, ke denotes the formation
configuration coefficient. The smaller k., the more rigid the
formation configuration.

According to (4), we can get the condition under which
the formation has formed the relative target configuration as
follows.

les — ayll < keoy,  Vijev, i#). )

Definition (3): The “collision” in this paper means that the
distance between v; and vj is less than or equal to the relative
safe distance during the formation configuration forming
process of MAF (as shown in Fig. 2), namely

FCyj: djj < dyj, | cij — qi| > keoyj,  Vijev, i#j
(©)
where the collision is denoted by FCj;.
': oCi i
\\ v, ,'
\ (p,] 2 qu) !

FIGURE 2. Collision of MAF.

It should be noted that the “collision” in this paper means
the potential risk of collision, instead of meaning d;; = 0.
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B. ASSUMPTIONS
1) The members of MAF can obtain the information of
local absolute positions and velocities through the navigation
system in real time.

2) The communication network of MAF is fully-connected
through the one hop or multi-hop pattern.

C. PROBLEM DESCRIPTION

As shown in Fig. 2, since the relative target configuration
position ¢;; is approximately opposite to the relative posi-
tion g;;, the distance d;; will be quickly reduced by the forma-
tion configuration control algorithm. When d;; < dy;;, d;j will
increase because of the collision avoidance algorithm based
on three flocking rules of Reynolds. Afterwards, the process
will be repeated until their lateral distance is greater than d;;.
For the high dynamic, flat, and dense MAF studied in this
paper, the shortcomings of the traditional collision avoidance
algorithm are as follows. (a) d;; fluctuates around d;; for a
long time, and due to the large inertia and low control preci-
sion of high dynamic MAF, the probability of collision among
the members will increase. (b) The continuous accelerating
and decelerating maneuvering of v; and v; not only consume
a large amount of fuel, but also have a high demand of per-
formance of the engine. (c) The forming process of the lateral
distance between v; and v; requires a long time, which causes
that the forming process of the formation configuration is
slow. (d) The ““chain effect”” of MAF means that the dynamic
behavior of any node will cause the joint effect of the collision
avoidance maneuver of neighbor nodes, and the disturbance
caused by the joint collision avoidance will transfer gradually.
During the process of collision avoidance between v; and v,
the ““chain effect” is prone to occurring. In summary, these
shortcomings are not beneficial to the safety, stability and
efficiency of MAF.

IIl. FORMATION COLLISION FORECAST AND
COORDINATION ALGORITHM

A. COLLISION FORECAST

Theorem (1): The necessary and sufficient conditions under
which the potential collision exists between v; and v; are

@+ ey — g > keoy
(b) : Cij * (Cij - CIij) - koij
e — i
(c): 44 q;j <1 Q)
s [ .
@ ey - LI < g
i — g

The physics meaning of (7)-(a) is that g;; has not formed
c;j yet. The physics meaning of (7)-(d) is that the minimum
of djj is less than or equal to dy;;, where (7)-(b) and (c) are the
conditions under which the minimum of d; is the expression
on the left of the inequality (7)-(d).

Proof: According to Definition (3), the necessary and suf-
ficient condition under which the potential collision exists
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between v; and v; is that when ||c;j — ;|| > keoyj, 3dj < dyij,
i.e., dijmin < dsij-

Let Zi\l-j(k), Aa\,j(k) and 'c},-j(k) respectively denote the pre-
dicted values of dj; , | Cij — qij || and g;j, namely

dyth) = [y
Adjj(k) = ”Cij _/qjj(k)”

®)

where k € N denotes the number of prediction. Since the
predicted deviation (c;; —g;j(k)) is the main factor to generate
predicted relative velocity pj;(k), their relationship can be
approximated as

ﬁij(k) = Kgp - (Cij _at/(k))
Gij(k + 1) =g;;(k) + pij(k) - 1,
where kg, denotes the proportionality coefficient and #.

denotes the step of prediction. Through iterating (9), we can
get

C))

cij = Gij(k) = (1 — te - kgp) (cij — Gyi(O)). (10)

The condition of convergence of (10) is
1=t k| < 1= lim (e =Gyop=0. (D)
Let (10) be expressed as a continuous function. Then mod-

ulus operation is performed on both sides of the equation, we
can get
Adi(1) = [|ej =Gy
= (1 —te - kep)' |lc = @y10)|| = m' Adyao)  (12)
where #y denotes the predicted start time and
m=1—t.-kyp, O0<m<l. (13)

According to (12), it is easily known t/llat AE,j(t) is a
monotonically decreasing function. Since Ad;j(H)min = k03,
the range of m' can be derived as follows:

m' e [&1} | ki (14)
Adj(to) leii — @is(to)
Let (10) be expressed as a continuous function, then
dij(t) = |G| = |l — m'(ciy =G| . (15)

The condition under which the potential collision exists
between v; and v; can be expressed as

~ ‘ kcaij

dij(t)min = dsij, m e | ——, 1 (16)
ER]
Square on both sides of (15), and take the derivative of .
We can get

d(d(1) , R
T = —2m Inm(c;j — qij(to))
ey — m' (cij —Gij(to))].- (17)

Set (17) equal to O, then we can get

G (€ —Gi(to) as)

e — @]
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where f; is the moment to obtain the extremum. The
minimum value of dj;(r) is discussed in 3 different cases
below.

Condition (I): When m’s < cir(c—4itto))

? lei=aito) |

keo 9ij
lleii— q,,(to)”
kcojj, by substituting it into (15), we can get

koU

)
¢ij—qij(to)
zj(t)mm = dlj(l gm ” sl )

ke Ojj

m(czj —gij(t0)) (19)

C,‘j -

Therefore, on this occasion, the condition under which the
potential collision exists between v; and vj is

keoj; N
Cj — (e — Gi(t0))| < dgj.  (20)
lei — Gyt

Let #r denotes the time when ¢;;(7) has formed c;;. Accord-
ing to (15), it is easily obtained that the range of dj;(#r) is
contained in [u;; — kcoyj, i + kcoy]. In order to guarantee
the safety of MAF, w; — k.o > Zi\sij must be satisfied in
the design phase. Therefore we can derive dj;(tf) > dy;.
However, the situation described in Condition (I) denotes that
when g;; has formed c;;, djj(t7) < Esij, which will not occur
in engineering practice. Therefore, Condition (I) is generally
not satisfied.

Condition (II): When m's > 1, ie., mfﬂ)"ﬁl > 1, by
qij(to
substituting it into (15), we can get !
dij(t)min = dij(log),) = [Gy(t0)| - @1
/ C +AC Transj t ion C. Y
0:_________ '_________T_________T' |
—A¢. Restoration /

FIGURE 3. Moving collision configuration positions.
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Therefore, on this occasion, the condition under which the
potential collision exists between v; and vj is

1@t < dsij- (22)

Because of the introduction of FCFCA, d; > dy;
will be guaranteed in the configuration control of MAF.
However, the situation described in Condition (II) denotes
that djj < dy;, which will not occur in engineering prac-
tice as well. Therefore, Condition (II) is also generally not

satisfied.
keoij

Condition (Ill): When —="— < mh < 1, ie,
¢ii-(cii=Gii(to)) ”?/_aqlft((;()))” o
Teran] > keoy and 20 s < 1, by substituting

ij

(18)into (15), we can get

( cj(cji=ai(10)
= = llcg—2y0||®
dij(O)min = djj | logm" " 7

_ Cij * (Clj qU(tO))
|Ci = Qiteo)|®

Therefore, on this occasion, the condition under which the
potential collision exists between v; and v; is

5 (cij —gito)|| . (23)

cij - (cj = qiilt0))
- Ly — Gyto) | < dyi. (24
| € = Qi)
Simplify (24), then we can get
lesl? [ej - (cij = Gito)))?
il? -

Jei = @iio)|”

Cij

(25)

sij*

TABLE 1. Initial state of MAF at t=500.0s.

Initial position/m Configuration position/m

g, =(3816.6,0.1)" ¢, =(0.0,0.0)"

¢, from (=1000.0,1000.0)"
to (0.0,1000.0)"

¢, =(0.0,2000.0)"

¢, =(=1000.0,0.0)"

¢, from (0.0,1000.0)"

to (~1000.0,1000.0)"

¢, =(~1000.0,2000.0)"

g, =(2812.3,1000.0)"

g, = (3823.5,2000.0)"
q, =(2810.1,0.0)"

45 = (3811.7,1000.1)"

4, = (2824.0,2000.1)"

FIGURE 4. Initial state of MAF at ¢ = 500.0s.
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FIGURE 5. Formation configuration control process without FCFCA.
(a) t = 520.4s. (b) t =536.7s. (c) t = 650.2s. (d) t = 676.2s. (e) t = 711.1s.
(f) t = 800.1s.

Only Condition (III) may appear in the engineering prac-
tice, so whether ¢;; and g;; can satisfy Condition (I1I) is the
only condition required to be verified to forecast the potential
collision between v; and vj.

VOLUME 5, 2017

FIGURE 6. Formation configuration control process with FCFCA.
(a) t = 502.6s. (b) t = 516.4s. () t = 543.9s. (d) t = 549.9s.
() t = 556.7s. (f) t = 733.8s.

B. COLLISION COORDINATION

In order to coordinate the collision F'Cj;, a transition target
configuration denoted by c¢y; = ¢;j — ¢y is designed, where
¢y = c¢i + Ac; denotes the transition target configuration
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FIGURE 7. Dynamic characteristics of v, and vs. (a) Velocity of v,. (b) Lateral overload of v,. (c) Velocity of vs. (d) Lateral overload of vs.

position of v; and Ac; € R2 denotes the transition vector.
When ”Ci/j — qjj H < kcoij, cyj should be restored to cjj, s0
that ¢;; can form the final target configuration c;; (as shown
in Fig. 3).

The transition vector Ac; should be designed to guarantee
that there is no collision during the process of transition and
restoration. The constraints of Ac; or ¢y; are shown in (26).

Cij 4 _ 2 e =gl

7 <L eyl - ———7 > dj
9] . ||c W - i

®) : e = cijl| > keoy, W > keoij,
e e P2
Cij czfzj -1, ”CU”2 _ [cij - (cj c,/jz)] 3}
s e = cij
(26)

where (26)-(a) and (26)-(b) denote the conditions under
which no collision between v; and vj exists during the process
of transition and restoration respectively.

1194

If v; collides with other nodes vi(k € v, k # i,j) during
the collision coordination of F'Cj, i.e., gi; and ¢y meet (7),
cpiy or Acy should be designed according to the above
constraints like (26). Therefore, some reasonable transition
vectors Ac;(i € v) should be designed to coordinate the
collisions one by one. At the same time, the “‘chain effect”
which means the generation of new collisions will be avoided
as well.

C. GROUP CcOST

The group cost of MAF gy is designed to get the reasonable
transition vectors.

8 =& +8&r (27)
where
g = |cirj — aij (28)
denotes the transition cost, and
gr = ||cij — i (29)

denotes the restoration cost.
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Thus, the design of transition vectors Ac; can be trans-
lated into a nonlinear constrained optimization problem,
which takes (27) as the objective function, and takes (26)
as the constraints. An appropriate optimization algorithm
can be adopted to solve this problem. For example, the
genetic algorithm can be used in this nonlinear con-
strained optimization problem for its fine global search
capability.

IV. SIMULATION AND EXPERIMENT

A. SIMULATION RESULTS

The simulation is implemented to illustrate the effectiveness
of FCFCA in the process of the configuration control of MAF

based on the 6 DOF kinematic and dynamic models of certain
supersonic missile.

1) INITIAL CONDITIONS

The formation configuration control of MAF comprised of
6 missiles is cruising at 15000.0m height with a velocity
of 3.0Ma in the safe corridor of 6000.0m according to the
planned flight paths. In order to verify the efficiency of
FCFCA more fully, the collision F'C»5, of which the maneu-
vering space is the smallest, is designed. The configuration
positions of vy and vs are designed to be exchanged at
t = 500.0s. The initial conditions are shown in Table 1 and
Fig. 4.

In Fig. 4, the white lines on both sides show the boundaries
of safe corridor. The black line shows the flight path of MAF.
E; denotes the label of the missile node vj. The blue and red
lines, and the corresponding numbers are applied to describe
the real-time distance d»s and dpg respectively.

Based on the characteristics of this type of missile, the
parameters are as follows. Vi,j € v,i # j, 0; = 176.8m,
according to (1), o;; = 250.0m. Let k. = 1, dy;; = 650.0m,
wij = 1000.0m. Let z. = 0.02s, kg, = 5.7, according to (13),
m = 0.89 e (0, 1) which explains the convergence of (10).
The genetic algorithm with the group number set to 50 and
the genetic algebra set to 20 is adopted to get the optimal
transition vectors Ac;.

2) SIMULATION RESULTS WITHOUT FCFCA

The configuration control of MAF is controlled by the tra-
ditional formation configuration control algorithm without
FCFCA. The process is shown in Fig. 5.

Since the directions of c¢ps and g5 are approximately
reverse, v, and vs draw closely gradually (as shown
in Fig. 5(a)). When dys < dgps, v» and vs draw sepa-
rately gradually (as shown in Fig. 5(b)). The process repeats
until the lateral distance increases gradually. Afterwards,
vy gets the opportunity to go around vs (as shown in
Fig. 5(c)—(d)), and then the configuration is formed gradually
(as shown in Fig. 5(e)—(f)). In addition, a new collision FCs¢
(d2s < ds26), i.e., the ““chain effect”, occurs in the process
of collision avoidance maneuvering between v, and vs (as
shown in Fig. 5(d)).
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FIGURE 8. Formation characteristics. (a) Distance between v, and vs.
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3) SIMULATION RESULTS WITH FCFCA

The configuration control of MAF is controlled by optimized
formation configuration control algorithm with FCFCA. The
process is shown in Fig. 6.

The collisions FCj5, FC3y, FCgy are forecast one after
another, and the genetic algorithm is adopted to get Acy; =
(0.0, 1719.1), Acz = (0.0,1719.1), Acs = (0.0,1719.1).
After the process of transition and restoration (as shown in
Fig. 6(a)—(f)), MAF has formed the target configuration. In
addition, during the process of the collision coordination,
there is no other collision occurring, i.e., the *“‘chain effect”
is avoided.

4) COMPARISON RESULTS

The curves of velocity and lateral overload of v, and vs are
shown in Fig. 7.

As shown in Fig. 7(a)—(d), when the configuration of MAF
is controlled without FCFCA, v, and vs not only accelerate
and decelerate frequently and drastically, but also make the
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FIGURE 9. Multi-UAV formation flight experiment. (a) Two UAVs.
(b) Module arrangement. (c) Ground station.

lateral maneuvering repeatedly. These are adverse to the flight
stability of the supersonic missile in the high velocity cruise
phase. Due to the introduction of FCFCA, the maneuvering
above does not occur so that the whole process is relatively
stable.

The formation
in Fig. 8.

Figure 8(a) shows the real time distance dps curves of
vy and vs. When the configuration is controlled without
FCFCA, during the period of 511.2s ~ 689.5s, v, and vs
switch between configuration forming and collision avoid-
ance maneuvering repeatedly. Especially in the first collision
avoidance maneuvering, das|;=5204 = 315.9m < dgs,
which is adverse to the safety of MAF, although the collision
avoidance algorithm reduces the distance in time. Due to

characteristic curves are shown

1196
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FIGURE 10. Multi-UAV formation control with FCFCA. (a) Before collision
coordination. (b) During collision coordination. (c) Complete collision
coordination.

the introduction of FCFCA, d>5 > dss5 is guaranteed, i.e.,
FCFCA avoids the collision between v, and vs successfully.

Figure 8(b) shows the modulus value curves Adpys =
[lcos — gos]l. When the configuration is controlled without
FCFCA, Adys < keoj at t > 711.1s, which indicates
that it takes Aty = 711.1 — 500.0 = 211.1s to finish the
configuration control. When the configuration is controlled
with FCFCA, Adys < kcojj att > 556.7s, which indicates
that it takes A, = 556.7 — 500.0 = 56.7s to finish the
configuration control.

It can be found that the formation configuration con-
trol algorithm with FCFCA avoids formation collisions
and the “chain effect” successfully, and guarantees the
safety and stability of MAF. In the setting of this simula-
tion, the formation configuration forming time is reduced
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FIGURE 11. Multi-UAV formation recorded on the ground station.
(a) Before collision coordination. (b) During collision coordination.

(c) Complete collision coordination.

by 73.1% from 211.1s to 56.7s, so that efficiency of MAF is

guaranteed.

B. EXPERIMENT RESULTS

In order to guide the engineering practice better, the multi-
UAV (Unmanned Aerial Vehicle, UAV) outfield flight exper-
iment is carried out to verify the effectiveness of FCFCA.

As shown in Fig. 9, the experiment is composed of two
UAVs (UAVO and UAV1) and three ground Stations. Each
UAV is equipped with the power module, the autopilot mod-
ule, the formation cooperative guidance module, the detection
module, the flight data transmission module, the formation
communication module and so on. The FCFCA proposed in
this paper is in the formation cooperative guidance module.
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FIGURE 12. Flight data and figures of multi-UAV formation. (a) Flight path
of UAVO and UAV1. (b) Velocity of UAVO and UAV1. (c) Distance between

UAVO and UAV1.

0
300 320 330

The ground stations are composed of two UAV’s ground
stations (Substations) and one formation’s ground station

(master station).
As shown in Fig. 10 and Fig. 11, at the beginning, UAV1

cruises 60.0m behind UAVO at a height of 450.0m with a
velocity of 27.5m/s. At a certain moment, the formation tends
to reconstruct a new configuration, in which UAV1 is 100.0m
in front of UAV0. FCFCA forecasts the collision FCy; in
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the formation cooperative guidance module immediately.
Then the optimal transition target configuration position
Ac1 = (0.0, 50.0) of UAV is got to coordinate the collision.
Therefore, UAV1 completes the reconstruction of formation
through going around form the side of UAVO, so that the colli-
sion is avoided and the group cost of the formation is minimal.

The flight data and figures are shown as Fig. 12.

Fig. 12-(a) shows the whole flight path of UAV0 and UAV 1
during the collision coordination. According to Fig. 12-(b),
we can see that the first acceleration and deceleration of
UAV1 are the process of forming transition target configu-
ration position Acy, and the second acceleration and deceler-
ation are the process of forming the final target configuration
of the formation. Moreover, the trough of the velocity figure
indicates the time when the restoration command is made by
FCFCA. The safe distance is set to be d;9; = 26.0m based on
the UAV’s characteristic and the control accuracy, and from
Fig. 12-(c) we can see the distance between UAV 1 and UAV(
is always bigger than the safe distance, and the transition of
the formation configuration is relatively stable. Therefore, the
safety and stability of the formation are guaranteed with the
introduction of FCFCA.

V. CONCLUSION

In this paper, a formation collision forecast and coordination
algorithm has been proposed for missile autonomous forma-
tion. With the introduction of FCFCA, formation collisions
and the ““chain effect” are avoided effectively. Not only the
formation configuration forming time is shortened, but also
the safety and stability of formation configuration control are
guaranteed.

However, there is still much to be researched further in this
area. For example, the group cost of MAF is designed just
based on distances. But in the practical application, the group
cost may also include the constraints such as fuel consump-
tion and radar reflection area. In the following research, these
constraints should be considered.
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