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Abstract

This paper proposes a decentralized formation
controller based on the consensus protocol and
an Unmanned Aerial Vehicle(UAV) failure de-
tection logic for formation flight. Feedback lin-
earisation method is used to design controller
to maintain a specified time-varying geometric
configuration of multiple unmanned aerial vehi-
cles. The information flow topologies between
the vehicles can be defined by a Graph Lapla-
cian matrix. An failure detection logic for for-
mation flight is proposed, and the sudden disrup-
tion among the formation interconnections can be
regulated by reforming the Graph Laplacian ma-
trix. Stability analysis of the proposed formation
controller is carried out. Numerical simulation is
performed to verify the performance of the pro-
posed controller under the dynamic formation ge-
ometry considering the failure of UAVs.

1 Introduction

Recently, there has been significant research in
the area of formation flight of Unmanned Aerial
Vehicles(UAVs). Formation flight is defined as
a set of more than one aircraft fly whose states
are coupled through a common control law. Most
of the current literature on the formation flight is
based on a leader-follower type controller, which
is one of a centralized approaches. In this ap-
proach, one or more vehicles are designated as
leaders while the others as followers[1]. In this

approach, the leader UAV tracks a predefined tra-
jectory, and the followers track the nearest leader
using the information receiving from the leader.
Although it is easy to analyze and implement
the leader-follower controller, there are several
advantages to decentralized approach including
enhanced robustness due to the single point er-
ror from the leader’s failure. The behavior-based
approach, one of the decentralized scheme, was
presented to achieve the formation manoeuvre
for a group of mobile robots for which feedback
linearisation method was considered.[2] Wei [3]
studied consensus type problems for the coopera-
tive control of mobile autonomous agents, where
each agent in a team updates its information state
based on those of its local neighbours. To use
the information status through interconnection
among the vehicles the class of directed balanced
graphs is required for dealing with stability is-
sue. Fax and Murray [4], merged the graph the-
ory and the controller design to derive the stabil-
ity criteria for formation stabilization. The inter-
connection between vehicles (i.e., which vehicles
are sensed by other vehicles) was modeled as a
graph, and the eigenvalues of the graph Laplacian
matrix were analyzed to state a Nyquist-like sta-
bility criterion. Another critical problem for co-
operative control is to design appropriate proto-
cols and algorithms for each member. Verma and
Wu [5] presented that the group of vehicles can
converge to a consistent view of the shared infor-
mation even in the presence of limited and un-
reliable information exchange and dynamically
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changing interaction topologies.
This paper presents a decentralized controller de-
sign methodology with a failure detection logic
for formation flight of UAVs. A failure detection
logic for formation flight is presented in which
sudden disruption among the formation intercon-
nections can be regulated through reforming the
Graph Laplacian matrix via the proposed detec-
tion logic. Also the stability analysis of the de-
rived controller design procedures based on the
Graph representation of the formation system is
performed. This paper does not take into account
the environmental effects such as wind gust and
uncertainties from measurement noises. Numer-
ical simulations are performed to verify the per-
formance of the proposed formation flight con-
troller with the UAV detection logic for the fail-
ure of interconnection among the UAVs.

An outline of this paper is as follows. Section
2 deals with the feedback linearisation of forma-
tion flight dynamics based on the nonlinear rotary
wing vehicle model, and Section 3 examines the
controller design procedure and the convergence
analysis of the proposed consensus based con-
troller. Section 4 describes the stability issue of
the proposed controller, and Section 5 discusses
how to detect the formation failure and to restruc-
ture the interconnection during the flight. Section
6 shows the simulation conditions and compares
the simulation results applying the proposed de-
tection logic with that without applying the de-
tection logic. Concluding remarks are given in
Section 7.

2 FEEDBACK LINEARISATION OF DY-
NAMICS

Let us consider the following a rotary-wing UAV
model [2].

X vicos; 0O O
i visiny; 0 O >
Vi | = ;i +1 0 0 L
;. i 1 o;
Vi % Gi
5. _ o 1
o; Qi 0 Ol

. T
where a states vector is [ Xi Yi Y vi @ ] )

and a control input vector is [ Vi of }T. State
variables (x;,y;) are the components of two-
dimensional inertial position, y; is a heading an-
gle, and (v;, ;) are a forward velocity and an
angular velocity, respectively. Control variables
vi and @f are a commanded forward velocity
and a commanded heading rate, respectively, and
oy, and 0Oy, are the position time constants that
models the autopilot dynamics as the first-order
time delay.

Let us derive the feedback linearisation of
the nonlinear UAV model considered in this
study. [2] The equations of motion in Eq.(1) can
be rewritten as

X = f(X;)+&i(Uy) (2)

where X; = (x,-,y,-, l[/i,v,',(l)i), and U; = (Vf,ﬂ)f).
It is desired that the system dynamics should be
nonholonomic because they do not have kine-
matic motion constraints and make path planning
and control simpler [2]. In order to avoid the
nonholonomic constraint of aerial vehicle prob-
lem introduced by Eq. (1), let us define an output
variable considering the formation geometry as
shown in Fig. 1. Based on the Fig. 1, the coordi-
nation of single UAV is defined as

i =ri+d; { S } ©)

where r; = (x;,y;) represents ith UAV’s
CG(Center of Gravity) position in the iner-
tial coordinates, and rg = (xy;,ysi) represents
the inertial position of a point f; having a
distance d; from the x-axis of the ith UAY,
presuming zero pitch angle. The coordination r;
is used instead of r; to simplify the design of the
formation algorithms.

After differentiation of Eq. (3) twice with re-
spect to time, we can note that the determinant
of the following matrix which coupled with in-
put variables is not zero. And the control vari-
ables are explicitly appeared as an affine form.
Therefore, the system is output feedback linearis-
able. [2] For feedback linearisation, let us define
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Fig. 1 Coordinate Systems for Formation Geometry

the diffeomorphic map P: R> — R’ as

xi+dicosy;
rfi yi+dicosy;
Ci=P(X;) = Fri | = | vicos Y —d;@;siny;
W v; sin Y; + d; @; cos Y;
Vi

“4)
The system Eq.(2) and Eq.(3) can be linearised
with transformation Eq.(4). The output feedback
linearizing control can be given by

-1
ui=g; (Hi—f) ®)
c cosy;  disiny; -1
l g sin y; dicos l
! Oyj Aoy,

( —av—;coslll,'—l—(f;iwisinyli—via)[sinl//i—dicosq/ia)iz )}

A d; .
—% SIn Yi — G- @;COS Y + v;0; €08 Y; — d; sin V0?7

(6)
where (; is an additional control input which can
be designed for formation flight.

Using Eq. (4) and Eq. (6) gives

z]-[&] o

EIR

. 1, . 1
Csi=——Gisin{s;+ —Gsicos s (9)
d,' di

Equation (9) represents the internal dynamics
which are rendered unobservable and uncontrol-
lable by the transformation Eq. (4). The zero
dynamics are found by setting §;; = §; = 3 =
4 = 0, then {5; = 0. Therefore, zero dynam-
ics are stable but not asymptotically stable. Note
from {s; = y; and (C3;, C4:)7 represents the veloc-
ity, this implies that the angle y; will not change
when the position of UAV stops moving. The
control law will be designed in Section 3 such
that a team of several UAVs can fly with a pre-
defined formation velocity given by v?(t), and
the team can preserve a time-varying geometric
configuration during the flight.

3 CONTROL LAW DESIGN FOR CON-
SENSUS FORMATION FLIGHT

3.1 Graph Theory

In this research, a graph representation is used
to express the connection between the formation
agents and to compute the stability issue.

To get the Laplacian matrix, an adjacency
matrix should be computed for a simple graph.
Directed graph G = (V,E) consists of a finite,
nonempty set of vertices V and a set of edges E.
Each edge is an ordered pair (v,w) of vertices.
The adjacency matrix of graph G, whose vertices
are explicitly ordered vi,vs,...,v,, is the n X n
matrix Ag such that

A(i, j) :{ (1) if vi Cl{’ld v; are ad jacent
otherwise

where a vertex v; is adjacent to vertex v; if they
are joined by an edge. The Laplacian matrix L
is a square matrix whose rows and columns cor-
respond to the vertices of a graph. A diagonal
entry is the degree of the corresponding vertex;
an off-diagonal entry is —1 if the corresponding
vertices are adjacent and O otherwise. In other
words, L = D — A, where D is the diagonal ma-
trix of degrees of the vertices and A is the usual
adjacency matrix.[6] Graph Laplacian matrix L is
a positive definite matrix as

LE[l), li=k and ljj=—gjk, Vi# j (10)
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where k >0, g; 20, g ; = 1 if the information
flows from vehicle j to vehicle i, and g;; = 0 oth-
erwise, Vi # j.

3.2 Control Law Design with Consensus Pro-
tocol

Let us consider the dynamics of each vehicle,

Fi = Vv

Vi = U; (11)
where r; € R™ and v; € R™ denote the position
and velocity of i —th vehicle, respectively.

ri =roitriF (12)

where r,; denotes the position of formation cen-
ter, and r;r denotes a vector from the formation
center to the i — th node. Consensus is achieved
when r,; of each vehicle has the same position r,.
Let us consider the following control input of the
ith vehicle.

btl':i’:ip-i-l}ip—a(f'i—f'ip—v?:)—ﬁ(l’,’—}’ip—/v?:dl)

= Y gik{[(ri—rie) = (rj =)+ (vi—ip) = (v; = 5p)]}
j=1
(13)
where vj‘é € R™ is a nominal formation velocity,
o, 3,y are positive constant gains, and g;;,k are

determined by the Laplacian graph. Substituting
Eq. (13) in Eq. (11), we have

(o= )+ @i =)+ Blrai— [ v )

+ ilgijk{[(ri—rm)—(rj—rjp)] (14)
p

+Y[(vi—Fir) — (vi—FjF)]} = 0.

The first three terms of Eq. (14)makes errors zero
between each vehicle’s formation center and ve-
locity, and acceleration. The remaining summa-
tion part can be considered as an external distur-
bance which guarantees the minimum consensus
error with the neighbourhood vehicles.

3.3 Convergence Analysis of Control Law
with Consensus Protocol

Let us analyze the convergence of the proposed
control law. Equations (11)-(13) can be rewrit-
ten as a double integrator. For simplicity, let us
introduce the following variables

Zi :ri—/vgdt (15)

Differentiating Eq. (15) twice with respect to
time yields
5= Fi—V§ (16)

Using Eq. (13) in Eq. (16) , the final closed-loop
dynamics can be obtained as follows.

(i —Fip)+a(zi — Fip)+ B(zi — rir)
£ Y sk (& —rir] — (& — ryr] an
=1

+Y[(&—Fir)— (& —Fip)]} =0

Now, let us introduce an error variable as
A
e =2z —Iir- (18)

Substituting Eq. (18) into Eq. (17) gives

éi+aéi+Pei+Y) gijk{(ei—e;)+y(éi—éj)} =0.
=1

J

(19)
The goal of the consensus protocol is to guar-
antee that e; — 0, e; — 0 as ¢ — o, which is
equivalent to z; —riFp -0 and Z; —iFp — 0
as t—» oo, O, roi—fvdth—>0 and foi—v‘é —
0. Then, we have ry; — ryj, Foi — Fpj. in Or-
der to achieve the aforementioned property of the
closed-loop dynamics. In the subsequent section,
the criteria of the control gains o, 8 and y will be
discussed.

4 STABILITY CRITERIA OF FORMA-
TION CONTROL GAINS

Let us analyze the stability criteria of the pro-
posed formation flight controller. Equation (19)
can be rewritten as

d,
—E£TE 20
I (20)
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where E= [e] ex -+ e, €1 € -+ ¢€,)! and
Ol’le’l In

I'= —al,—L —BL,—yL |

21

The gain parameters, a, 3, 7, and the graph
Laplacian matrix L should be properly chosen
such that all eigenvalues of I' placed on the left
half plane. Note that o, B, 7y are positive real
constants. The several information exchange
topologies between the UAVs can be considered
as shown in Fig. 2.

DB P
D POP-c

Fig. 2 Various Information Types Between Four
UAVS Case

Taking into account the measurements from
sensors with the limited field of views or random
communication losses, an unidirectional infor-
mation flow topology is considered in this study.
Graph Laplacian matrix L can be determined by
the method explained in the preceding section
3.1. Once, the information of its own and at
least one of another vehicle are available from
L, it is possible to set the value of o, 8, and 7.
The eigenvalues of L can be computed using the
following equation

det(shy —T) = det < { Sl
= det((s> +sB+a)l,+ (sy+1)L) =0 (22)
Note that

- (s—A) (23)
=1

det(sl, +L) =

~

—I,
ol,+L sl,+BI,+7yL D

where A is the eigenvalue of —L . By comparing
Eq. (22) with Eq. (23), we have

det{((s2 +sB+a)l,+ (sy+1)L)}

= ﬁ[(s2+ﬁs+a) — (S’Y—i-l))t,'] (24)
i=1

Then, the roots of Eq. (22) can be obtained as

(YAi—B) £/ (YAi— B)? —4(a— 4)

2
(25)

Si+ =

For the matrix I to be positive definite, the pa-
rameters ¢, 3, and 7y should satisfy the following
relations.

o Casel) (YA —B)>—4(ax—24;) >0

(YAi—B) £/ (YA —B)* —4(x—4;) <O

o Casell) (YA —B)>—4(ax—2;) <0

Yﬂ,i—ﬁ<0 i=1...n

Using the guidelines of Case 1), Case II), and Eq.
(25), the control gain (¢, B, 7) can be decided.

S DETECTION LOGIC AND INTERCON-
NECTION RESTRUCTURING FOR UAV
FAILURE

According to the Fault Detection and Isola-
tion(FDI) theory, fault detection refers to the de-
cision of whether a fault occurs or not. And fault
isolation is the process of finding and excluding
the failed component. Note that this study con-
siders the case in which one of vehicles totally
broke down. Once the failure is detected, the
failed vehicle should be isolated. It means the in-
formation of the failed vehicle is no longer avail-
able after the isolation. In the rotary wing vehi-
cle model considered in this study, the range of
velocity is in the low (= £5m/s) level. Hence,
it needs a proper time duration to make an error
level sensible. A time duration variable T, rf, as
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a buffer concept is useful to determine the status
of each vehicle. In this study, the time duration
is set as Tp, rrer = Ssec for which the comparison
process is performed. Then the detection logic
with the present connectivity starts to operate di-
rectly. Since the computation time for the control
gain design is quite shorter than 7}, ¢ ¢, the con-
troller can still produce the appropriate response
without performance degradation.

Figure 3 shows the possible time-varying in-
terconnection and formation geometry between
each UAV, which resulted from the failure of
UAV1 and UAVS.

&

G :
@B QDO @)
(a) (b) (c)

Fig. 3 Information Exchange Scenario
Equation (26) remarks on the Index value gener-

ation of Figure 3(a) to determine if each of UAV
collapses or not.

{Index1 |1, 2, 3} |(d2+da3 +d31) — Dy
{Index2 |1, 2, 4} |(di2+ doa +dar) — Ds|
{Index3 |1, 3, 6} | s | |(d13+d36+de1) — D3|
{Index4 |2, 4,5} | | |(daa+dss+dsy) — Dy
{Index5 |4, 5, 6} |(das + dse + de4) — Ds|
{Index6 |3, 5, 6} |(d3s + dse + de3) — D
(26)

where d;; = ||X; — X||, X; is a position vector of
vehicle i, and D; means the summation of the
desired relative distance among the vehicle i and
its relevant neighbour. Note that each index con-
sists of an orthogonal combination of UAVs. In
the definition of Eq. (26), each index value com-
prises of an independent combination of UAV
information which can assure faithful detection
theoretically. To find out whether each vehicle
breaks away, each index value is compared with
a proper adaptive threshold value 7; as

Index i

> Ti(y,V) (27)

where N is the number of UAVs involved in the
index. Threshold value T; is considered as the

function of heading angle and velocity. Equation
(28) is considered to decide whether each UAV is
failed or not.

Tyt — T ~
Ti() = -5 () + T, (28)
(¥) wmax—wmm("’ Yinin)

where T,,lf/ax is selected when y is maximum, Tnlgn

for when Y has minimum value. Especially, Eq.
(29) is the specific case of (28),.for the wingman

agent in formation geometry. Ty, Tnlgn, TV  and
Tn‘{in can be collected from the coordinated turn
flight simulations without any failure of vehicles.

Tovee — T
T(V)= 2 _min(y Vi) + T (29)
Vinax — Vimin
where 7). can be selected when V is maximum,

7. for when V has minimum value.
Equations(28) and (29) use the maximum and
minimum value of it to prevent the false alarm
when the vehicle manoeuvres in a vertical way
like hovering or has a tiny distance error. In
this study, we considered the simulation scenario
which has two UAV failures during the whole
flight, and therefore the threshold value should
be re-computed using the varying interconnec-
tion topology as shown in Fig. 3. Equation
(30) remarks on the index value generation for
the case of Figure 3(b).

{Index2 |2, 3, 4}
{Index3 |2, 3, 6}

|(d23 + doa +dsz) — D5
|(da3 + d36 + de2) — D3|
’(d24 + dys +d52)
I( )
( )

{Index4 |2, 4, 5} £ — Dy4|

{Index5 |4, 5, 6} dys +dse +des) — Ds|

{Index6 |3, 5, 6} ds6 +ds¢ + ds3) — D|
(30)

And, Eq. (31) is for the case of Fig. 3(c).

{Index2 |2, 3, 4} |(d23 + dpa +daz) — Dy
{Index3 |2, 3, 6} | a | |(d23+d36+de2) — D3]
{Index4 |2, 4} |(d24) — D4
{Index6 |3, 6} |(d36) — De|
€1y
Now, let us inspect how to decide a new in-
terconnection between the formation members
when the disconnected event happens. During the
flight, several failures may happen consecutively.
In this case, it is required to set up the guideline
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of how, the vehicle which loses information ex-
change line, can get the new connection. The pri-
ority should be given to a proper agent to achieve
the stable connectivity. Figure 4 shows the recon-
nection priority when UAVs are in failure.

Fig. 4 How to Decide the Next Interconnection

In Figure 4, the vehicles loosing the connection
are marked with dotted circle. Figure 4(a) is
the interconnection topology without the failure.
Figure 4(b) shows the method restructuring the
topology in the case of one disconnection in the
formation. Figures 4(c) and 4(d) show the case
of two disconnections. To find a new connection,
the criterion are considered like as follows.

It is admissible assumption to set the finite
range of detection for each agent. During the
flight, each vehicle can monitor the information
data from the available neighbourhood vehicles
within the range of detection. Let us assume that
the each vehicle i can get the signal from K; vehi-
cles where K¢ is the default number of signals
at the start of the flight.

I . Find K; which
min K; < Kdefv {l = 1N} (32)
then renew the connection with vehicle i.

IT . If multiple {K; : ||min K; < Kgr} exist,
then renew the connection with the vehicle
which locates closer.

where N is the number of vehicle which can be
detected in the range of detection. Figure 4 shows
the restructuring of interconnection according to
the rule of Eq. (32).

6 NUMERICAL SIMULATION RESULT

6.1 Simulation conditions

The parameter values used in the simulation are
summarized in Table 1. This simulation consid-
ers two failures of the formation members : UAV
1 at T = 85sec, and UAV 5 at T = 135sec. Also,
three turn motions are performed at 7 = 50sec,
T = 110sec and T = 170sec. The UAVs are ar-
ranged initially in a big triangle. The formation
geometry is chosen as

0 t < 50sec
0(r)= 5%  50<r<50+ 1% sec

T

2

t>50+ 2% 15” sec

0 t <110sec
6(r) = 55°  110<r <110+ 3Fsec

z t>110+15”sec

0 t < 170sec
03(1)=| =0 170 <t <170+ 3% sec

z t> 170+ 152” sec

ooy | cos(6i(t))  sin(6;(r))
R;i(6;(t)) = l —sin(6;(¢)) cos(6;(t)) ]

Parameter Value
v§ vi e [=5,5m/s
rs r$e[=1,1rad/s
Ve, 2 [sin(0; (1)), cos(0;(1))]
riF R3R R [0,7V/3]T
rF R3RyR[—17,0]T
rF R3R>R,[7,0]7
raF R3RyR([—14,-7/3]T
rsp R3R2R;[0,—7V/3)T
reF R3RyR (14, —7/3]"

Table 1 Parameter values used in simulation
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6.2 Comparison with Detection-free case

By recognizing the failure event of UAVs, a
new formation geometry and the corresponding
Laplacian matrix are constructed in real time.
Accordingly, the control gains can be decided
with criterion shown in Sec. 5. Figure 5 shows
that the formation is preserved with the desired
time-varying geometry including the UAV fail-
ure detection logic, and each UAV flies with a
nominal formation velocity. Note that UAV4 and
UAVG6 try to move for keeping the relative veloc-
ity to the others at the turning corners. After de-
tection of the communication failures of UAV1,
UAV?2 and UAV3 begin to have a new network to
maintain a formation.

On the contrary to Fig.5, each UAV could not
keep the relative velocity and distance without
the detection logic as shown in Figure6. Figure
7 shows the values of distance between six vehi-
cles without the failure detection logic. The dis-
tance unrelated with the failed vehicles, UAV1
and UAVS, showed the poor performance after
the failures. From Fig. 10 and 11, it can be seen
that the heading angle response of the detection-
free case is unstable and oscillatory compared to
the case with the detection logic. Figure 8 shows
the result of failure detection history. Right after
Thusrer seconds from the disconnected moment,
the failure decision is carried out immediately.
Table 2 shows the values of T,,;, and T,,,, using
in the simulation. As stated in Eqgs. (28) and (29)
the threshold values of each UAV are determined.
Figure 9 shows index and threshold value histo-
ries for each vehicle. Note that the momentary
peak responses of the index value could be re-
sulted from the turning movements.

| | Param. | Value | Param. | Value |

UAVI | TP 0 T2, | 21236
uAv2 | T8 0 T2, |33.3846
UAvV3 | T8 0 T2, | 124137
UAV4 | TV 0 T | 20.3799
UAVS | TS 0 T2, | 225937
UAV6 | TV 0 7). | 4.0861

Table 2 7,,;, and T,  values used to make
Threshold values for each UAV

Trajectories of UAVs
T T T T

Fig. 5 Trajectories of Each UAV With Detection
Logic

Trajectories of UAVs
T T

Fig. 6 Trajectories of Each UAV Without Detec-
tion Logic



Decentralized Controller Design for Formation Flight with UAV Failure Detection Logic

T
distance bet. UAV 1,2 A
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Detection of UAV Failure
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Fig. 7 Distance Between UAVs Without Detec-
tion Logic
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UAV 1
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] UAV 3
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Fig. 8 Failure Detection Profiles of UAVS
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Threshold Values & Index Values

500 T T T T
Threshold A
Index '.'
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(@) UAV 1
400 T T T T
200 - B
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(b) UAV 2
200 T T T T
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0 50 100 150 200 250
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200 T T T T
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(d) UAV4
1000 T T T T
500 | A B
J
1
0 A .
50 100 150 200 250
(e) UAV 5
200 T T T T
100} ! B
I
0 <
0 50 100 150 200 250
(f) UAV 6

Fig. 9 Comparison of Threshold and Index Val-

ues of UAV 1-6

Y (rad)

T
Heading Angle - UAV1|
— = = Heading Angle - UAV2|

= = Heading Angle - UAV3|
Heading Angle - UAV4|
Heading Angle - UAV5{
+++ Heading Angle - UAV6|

“S’-'_‘ JSS——

100 150 200 250
t(s)

Fig. 10 Heading Angle Histories of Each UAV
With Detection Logic
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Heading Angle — UAV]
= = = Heading Angle - UAV2|

Heading Angle - UAV3
6 Heading Angle - UAV4|
Heading Angle — UAVS|
+ Heading Angle - UAV6|

Y (rad)

Fig. 11 Heading Angle Histories of Each UAV
Without Detection Logic

7 CONCLUSION

The decentralized formation flight controller is
designed for the formation of the unmanned
aerial vehicles. The failure detection logic is pro-
posed considering the change of interconnection
topology between neighbourhood vehicles in the
formation fleet. In order to maintain stable for-
mation, the guidelines for controller design is
proposed via the graph representation. This ap-
proach is useful in dealing with sudden break
downs or disconnections between the members
during the formation flight, and it could be appli-
cable to the ground robotics, satellites and mis-
siles as well as UAVs. To apply the proposed
technique to the real-field applications, the ex-
ternal disturbance such as wind effects, the mea-
surement noises and communication time delay
are to be considered with the UAV failure detec-
tion. Besides, a three-dimensional model will be
studied to detect the vertical failures with three-
dimensional states and an extra degree of free-
dom as further works.
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