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Adaptive Formation Control for Rovers Traveling
over Unknown Terrains
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A novel adaptive formation-control strategy for a group of rovers navigating over unknown terrain is presented.
A leader—follower formation control architecture is employed. Direct adaptive control laws and a formation speed
adaptation strategy are developed that 1) bring the rovers into a prescribed formation from arbitrary in-plane
locations and 2) enable the group to navigate over unknown and changing terrain, while staying in formation in
the presence of actuator saturation. On-line estimates of generic friction parameters account for terrain surface
variations. The leader specifies a reference motion for the entire fleet, including both straight-line and turning
maneuvers. In saturation events, the formation speed is reduced based on the maximum sustainable speed of the
slowest saturated rover using internal fleet communication, allowing the formation error to stay bounded and
small. A formal proof for asymptotic stability of the formation system under nonsaturated conditions is given.
A simulation example is presented that demonstrates formation initialization, formation-keeping, and formation-
switching in both actuator saturation and nonsaturation circumstances.

Nomenclature
Cn = follower’s adaptive controller feedback gain
E,; = follower’s tracking-error state vector
e, = follower’s tracking-error vector
ey = follower’s scalar tracking-error in inertial directions
F, = rover’s control force magnitude
Fr = rover’s actuator saturation limit
fu = rover’s control force per unit mass
g = acceleration due to gravity
ky = follower’s adaptive controller feedback gain
kp, k; = leader’s PI-controller feedback gains
L = formation size
m, = rover’s mass
N = number of rovers in the fleet
n, = unit vector normal to rover’s path
DPn = follower’s parameter-estimation gain
0, = follower’s separation distance (Euclidian or arc)
Q.s, Ony = follower’s scalar separations along leader’s
path-frame axes
q, = follower’s separation vector from the leader
qnx,qny = follower’s scalar separations in inertial directions
r, = rover’s inertial position vector
Sn = unit vector tangent to rover’s path
(rover’s heading vector)
t = time
u, = rover’s control-force unit vector
Va = aggregate Lyapunov function
| = directional Lyapunov function
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vy = rover’s absolute velocity vector

Uy = rover’s linear speed

Und = rover’s desired formation speed

Vyj = rover’s speed in inertial directions

Voa = leader’s desired formation speed in saturation events

Uy = rover’s saturation speed

Xy Vo = rover’s inertial position coordinates

ﬁi,, B = terrain’s viscous friction coefficient

Bujs Buj = follower’s viscous parameter estimate (of its own

R ~ terrain), estimation error

Bonj» Bonj = follower’s viscous parameter estimate (of leader’s
terrain), estimation error

T, = gain matrix in Lyapunov function

n = terrain’s Coulomb friction coefficient

flnj, laj = follower’s Coulomb parameter estimate (of its
own terrain), estimation error

fonj, flon;j = follower’s Coulomb parameter estimate (of
leader’s terrain), estimation error

T, = rover’s saturation-signal delay

v, = rover’s heading angle in world frame

Yoa = leader’s desired heading angle

Wy = rover’s angular velocity vector

wy, = rover’s turn rate (angular speed)

W = leader’s desired turn rate

Wod = leader’s desired turn rate in saturation events

Subscripts

d = desired

j = inertial direction (X, Y)

n = rover index

L

ANY future planetary exploration missions will incorporate

multiple cooperative robots that all work together for max-
imum scientific return or infrastructure construction. The trend of
using multiple robots for planetary exploration began with the Mars
Exploration Rover missions, which employed two rovers on the
ground at the same time (although not working cooperatively).!
The advantages of robot teams include the potential to share sen-
sors, the potential to carry long extended objects, the potential to
explore large areas simultaneously, and the potential for one robot
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to teach other robots.>~* However, robot teams for space explo-
ration missions must contend with the unique characteristics of
space exploration missions, including the fact that terrain condi-
tions may be unknown and/or distance-varying. Formation-keeping
is the ability of each member of a robot team to maintain a desired
relative geometry (including position and/or attitude) with respect
to a point that moves with the formation as a whole. In this paper,
we develop adaptive control laws and navigation strategies for a
fleet of point-mass robots, such that the fleet as a whole maintains
a certain relative geometric configuration, in the face of unknown
and changing terrain conditions, as well as actuator saturation.

In robotic exploration, the terrain conditions that the fleet en-
counters will not be known for certain and are likely to change over
distance traveled. Furthermore, each robot in the formation may ex-
perience a different terrain condition. Thus, it will be important to
account for robot—terrain interaction effects. On the other hand, ac-
tuator saturation is closely linked to terrain difficulty. More difficult
terrain demands greater control forces, which may not be available,
and hence may end up saturating the robots’ actuators. As such,
under saturating conditions, individual robot adaptation may not be
sufficient for formation maintenance and a higher-level approach
may be needed, using follower-to-leader communication for group
adaptation.

In the field of autonomous mobile ground robotics, formation
generation and formation-keeping have received considerable re-
cent interest (e.g., Refs. 5-7). In addition, similar concepts have
been used in the control of formations of spacecraft (e.g., Refs. 8
and 9; for a good overview see Ref. 10), aircraft (e.g., Ref. 11), and
underwater vehicles (e.g., Ref. 12). Currently, there are three com-
mon approaches for robots (ground, air, space, or sea) to coordinate
their control strategies to move in formation: 1) so-called behavior-
based approaches, 2) virtual structure approaches, and 3) the leader—
following approaches. Behavior-based approaches construct overall
controllers by combining the effects of possibly competing task-
level actions (e.g., Go to Goal, Avoid Obstacles), as a result of which
group dynamics emerge (e.g., Refs. 5-7). A disadvantage of using
behavior-based approaches is that the emergent group dynamics is
difficult to describe mathematically, which in turn makes it diffi-
cult to prescribe formation maneuvers and show stability, or study
the effects of robot dynamics and environmental uncertainty on the
formation control system performance. Recently, research has been
reported that analyzed one behavior-based formation controller in
a rigorous mathematical framework.'® In the virtual structure ap-
proach, the entire formation is considered as a single rigid body in
which the robots are embedded (e.g., Ref. 14). Movement is then
prescribed for the virtual structure as a whole, and the individual
robot controls needed to keep the structure intact are derived from
the overall structure’s motion. This method has the advantage that
individual robot motion can easily be prescribed by considering the
formation motion. However, the method may be inefficient when
the virtual structure may have to change often as mission require-
ments change. Also, if the virtual structure moves in ways such
that physically unachievable demands are placed on the individual
robots, the formation will break. A solution to this problem is to
add feedback from the individual robots to the virtual structure, as
has been described in Refs. 15 and 16. In the leader—follower ap-
proach, which we adopt in this study, one robot is designated as the
leader and the remaining robots follow the leader’s motion offset
by a distance. A major advantage of the leader—following approach
is that it essentially reduces to a tracking problem (leader-tracking
in our study), where stability of the tracking errors can be analyzed
through techniques in dynamic systems and control theory (e.g.,
Refs. 9 and 17-19). Another advantage of the leader-following ap-
proach is that formation maneuvers can be specified in terms of
the leader’s motion. One disadvantage of the leader-following ap-
proach is that the leader’s motion is independent of the motion of
the followers. Therefore, if the leader moves in ways that the follow-
ers cannot accommodate, the formation cannot be maintained. To
compensate for this apparent lack of robustness, feedback from the
followers to the leader may again be added. We explore this issue
for formation-keeping under actuator saturation in this paper.

As mentioned previously, we consider uncertainty and distance
variation of planetary terrain a key concern for planetary exploration.
Thus, in this paper, we examine ground mobile robot formation-
keeping in an uncertain environment using adaptive control. Adap-
tive control ideas have been explored previously for formation fly-
ing of spacecraft (e.g., Refs. 20 and 21) and formation flying of
aircraft (e.g., Ref. 22). Swaroop et al.>* considered adaptive con-
trol for one-dimensional longitudinal control of automated highway
car platoons. This paper is a continuation of our work reported in
Refs. 24-26, in which we further study adaptive behavior within
a fleet of point-mass mobile robots moving in formation over un-
known terrain.

The goal of any formation-keeping is to maintain a specific geo-
metric pattern with respect to some reference point in space moving
with the formation. In our case, the moving reference point for each
following robot will be the fleet leader. In our formation control ar-
chitecture, the leader defines the reference motion for the fleet using
a proportional integral (PI) velocity controller and a speed regulator.
The velocity controller’s input commands are the desired formation
speed and desired heading angle set by the mission requirements.
The speed regulator selects and updates the formation linear and
angular speeds based on mission requirements and fleet member
saturation. To account for possible terrain-condition uncertainties
and changes, the follower robots are equipped with parameter esti-
mators, which are used as part of their adaptive controllers. The pa-
rameters to be estimated represent the friction effects of the terrain
on the robots’ dynamics. As mentioned above, a generic friction
model, including both Coulomb and viscous friction parameters,
summarizes the terrain surface condition for the robot control sys-
tem. The Coulomb and viscous friction coefficients may represent
rolling resistance (due to wheel—terrain interaction normal force)
and sinkage/hydrodynamic drag (due to wheel—terrain interaction
shear forces) for off-road land vehicles, respectively. However, as
will be seen, the terrain parameters need not converge to their true
values for the formation to stay intact.

This paper is organized as follows. In Sec. II, we develop the prob-
lem and analytical framework. In Sec. III, we define the notion of a
robot formation. In Sec. IV, we develop the control and estimation
solution via adaptive control. In Sec. V, we prove asymptotic stabil-
ity of the formation under nonsaturated conditions using the con-
trollers and estimators developed previously. In Sec. VI, we discuss
formation motion planning, actuator saturation, and communication
protocols. In Sec. VII, we describe a detailed two-dimensional sim-
ulation example of a three-robot formation dealing with unknown
and changing terrain, actuator saturation, formation transitions, and
obstacle avoidance. Finally, in Sec. VIII, we conclude.

II. Problem Formulation

A. Coordinate Systems and Robot Kinematics

Consider N autonomous point-mass mobile robots traveling in a
group that desire to keep a formation pattern in the horizontal plane
(XY plane) of an inertial world frame (XYZ coordinates), defined
with a fixed orthonormal basis (i, j, k). The robots’ common knowl-
edge of the orientation of inertial axes is assumed to be provided by
the sensory data. Each robot is represented by a point mass whose
position in the horizontal plane is represented by r, = x,i + y,J,
where n€{0,1,..., N — 1} (index O identifies the leader robot).
Initially, the robots are at rest in arbitrary positions, that is, not nec-
essarily in formation. Define a path frame with orthonormal bases
($n, n,, k) for each rover as follows. First, denote robot ’s in-plane
linear velocity vector by v, as

Vi = Fy = Upxl + Uyyj = VpSy (1)

and by taking k as the unit vector normal to the XY plane,
n,=kxs, 2
where v, is nonnegative. The overdot denotes vector differentiation

with respect to time in the inertial frame; it will be used in the rest
of this text. Based on these definitions, at each point along robot n’s
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path, s,, (heading vector) is the unit vector tangent to the path in the
direction of the robot’s velocity, and n,, is the unit vector normal to
the path as defined above. Denoting robot n’s heading angle in the
world frame by v,

S, = cos i + siny, j 3)

n, = —siny,i 4+ cos ¥, j (@)

Robotn’s heading angle ¥, is related to its inertial speeds as follows:
Y, = atan2(v,x, Vny) 5)

where atan2 is the four-quadrant inverse tangent function. Also,
denoting robot n’s angular velocity by w,,,

wy = Yk = w,k (6)

As will be seen in the next section, the desired heading angles and
angular speeds must be available to the rovers, because they will
appear in our proposed control laws. Finally, based on these defini-
tions, robot n’s acceleration can be written as follows:

fn = l.}n = i’nsn + w,vuny, (7)

where the first and second terms on the right-hand side of Eq. (7)
represent its longitudinal and lateral accelerations respectively.

B. Robot Dynamics Model
As previously mentioned, the robots are considered point-masses,
whose equations of motion are

. Control Terrain
mnrnan +Fn (8)

where m,, is considered to be known, F SO“‘“’I is the available control
force driving the robot, and FT™" is the sum of all terrain-induced
forces on the robot, which will be described in the following section.
We consider the case where the available control force is limited, so
that the rovers’ actuators may saturate in difficult terrain. Therefore,
the control force can be described as follows:

Fsonlrol = F,u, = sat{th Fp;nax}un ©)

where F), and F,, are the magnitudes (nonnegative) of the actual and
desired driving control force, and sat{., .} is the general saturation
function with saturation limit o as described in Eq. (10):

{sgn(w)a if lw| > o
sat{w, o0} = .
w if lw| <o (10)
C. Robot-Terrain Interaction Dynamics Model

Detailed models of surface terrain effects on ground rovers in-
clude analysis of soil properties, wheel construction, and depth of
sinkage.?’-?® For purposes of rover adaptive control design, com-
plex terrain should be represented using a small number of terrain
parameters (to limit the complexity of the controllers). Representa-
tive terrain-induced forces considered in this design are longitudinal
and lateral friction forces in the horizontal plane. We consider the
longitudinal force to be composed of Coulomb and viscous friction
components opposing the robot’s motion? and the lateral force to
be normal to the direction of motion. The total terrain force acting
on robot n can be described as follows:

Terrain Coulomb Viscous Lateral
Flemain — pCoulomb | pViscous | L (11)

The Coulomb and viscous forces may be described as

FSoulcmb = —HKnM, &Sy (12)

F;/iscous = —Bum,gvy (13)

where p, and B, are unknown to the robot. Although decomposed
into several physically motivated terms in other complex terrain
models, for a given rover and terrain condition, most terrain models
can ultimately be written in this functional form.?”-3° In this study,

we assume that u, and B, are nonnegative piecewise constants;
that is, they vary in a stepwise manner from one zone to another.
The required size of the piecewise constant zones depends on the
convergence rate of the controllers and the physical speed of the
rovers. In our simulations, the zone frictions need to be constant on
the order of a few rover lengths, which is realistic for Earth (lake
beds, deserts, fields, etc.) and seems to be realistic for other planetary
terrains.!

The terrain’s lateral force makes turning maneuvers possible by
providing the centripetal force necessary to maintain the desired
steady-state angular velocity of the rover (as long as the lateral
acceleration remains below a certain skidding level). The maximum
lateral acceleration of a land vehicle supported by a given terrain
may be quantified by [isg, where (1 is the maximum rover—terrain
static sliding-friction coefficient. Therefore,

F%a[eral = mnsat{wn Un, llSng}nn (14)
It should be noted that although [, is also unknown to the robots,
skidding is not a practical concern, considering that planetary rovers
are typically low-power vehicles capable of performing low-speed
and hence low-lateral-acceleration maneuvers. As such, in this paper
we assume a terrain lateral force as

F = myw,v,n, (15)
Therefore, substituting Egs. (12), (13), and (15) into Eq. (11), we
can write the combined terrain force as

F'yl;errain = _(Mn + ,ann)mngsn + m,w,v,n, (16)
Finally, substituting from Eq. (16) into Eq. (8), the robot—terrain
interaction model takes the form

mnin = Fgomml - (Mn + ﬂnvn)mngsn + myw,v,n, (17)
Dividing Eq. (17) by robot n’s known mass m,, yields

":n =fn - (/-Ln + .ann)gsn + W, VN, (18)

where
fo=A/m)F (19)

For the leader robot, Eq. (18) can also be written in first-order form
as

vo = fo — (o + Bovo)gso + wovony (20)

which will be the governing equation of motion in designing the
leader’s PI velocity controller to drive the leader’s linear speed,
heading angle, and angular speed toward the mission-desired values.

III. Robot Formations

Let the leader robot (n =0) be designated as the reference robot
for the rest of the fleet (n =1 to N — 1). The goal of any formation-
keeping is to maintain a specific geometric pattern with respect to
some reference point in space that moves with the formation. In our
case, the moving reference point for each following robot will be
the fleet leader. Let us denote robot n’s desired position and velocity
vectors in the world frame by r,; and v,4, respectively. Therefore,

rnd:r0+q)1 (21)
Vud = UndSnd = Vo + G (22)

where ¢, will be described in the next section. In Eq. (22), v,4
and s,, denote robot n’s desired speed and heading vector during
formation navigation, respectively. In what follows, we define vari-
ous formation patterns by specifying their corresponding separation
vectors.

We consider a formation to be rigid when its geometric con-
figuration is preserved during navigation. Some examples of rigid
formations are line-abreast (or line), column, arrow, and circular
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patterns. Considering the previous definition of the leader’s path
frame, the general separation vector for the follower robot » in a
rigid formation can be defined as follows:

General __

q, = —Qunno — QusSo = guxi + quy J (23)

where O,y and Q,s are defined as positive when a follower’s de-
sired position lies to the right and/or behind the leader, respectively.
In Eq. (23), g»x and g,y represent separation distances along the
inertial axes. For the case of line and column formation patterns,
from Eq. (23),

Line

q, = — Qunng (24)
g™ = — Q0,580 25)

The current work also allows flexible formations in a leader-
following control architecture, where the formation geometry
changes during certain navigational maneuvers. For example, we
may achieve convoy motion in which the follower robots tailgate
the leader by some desired distance, while negotiating obstacles us-
ing straight lines and circular arcs.’® Sample results are presented
in Sec. VIL

IV. Formation Control

A. Leader Robot’s PI Velocity Controller
Define the leader’s desired velocity vy, as

Yoa = VoaSod (26)
where vy, denotes the constant desired speed of the leader during
straight-line or turning maneuvers, and s, represents the corre-
sponding desired-heading vector. In the inertial frame

Soa = €08 Yoql + sin You j 27

where ¥, is the desired heading of the leader during the maneuver.
Denoting the desired straight-line (preturn) constant heading angle
by ¥o "™, the subsequent desired in-turn heading angle is given by

= U o (i - ) @8)
where #)"™ is the time when turning begins, and wy, is the constant
desired-turning-rate. With v, as described above, the desired con-

trol force computed by the leader’s PI velocity controller is given
by

Joa = foatro = kp(Woa —vo) + k; /(VOd —vo) dt (29)

The desired leader control force is subject to actuator saturation
and, thus, the available control force to drive the leader is given in
Eq. (30) (see Eq. (9) and Eq. (19)):

Fgomrol — sat{mof()d, F(;nax}uo = Foug = mofo (30)

B. Follower Robots’ Tracking-Error Dynamics
The tracking error e, between the desired and the actual position
of the follower robot n along its path is

e, =V, —Tr, 31
Using Eq. (21), we obtain
en =19 =1y + 4, (32
Differentiating Eq. (32) once and twice, respectively, yields
e, =Fy—F, + ¢, =Vo—V,+qy (33)

én :.’:0_;71‘{_&)1 (34)

Finally, by substituting from Eq. (18) for 7, and 7, into Eq. (34),
the dynamic evolution of tracking errors for the follower robots
becomes

én =f0 _fn + (I'Lnsn — HoSo + ﬂnvn - ,BOVO)g

+ woVoly — W, VM, + Qn (35)

Because the goal of formation control is to keep tracking control
errors e; through ey _; as small as possible (and ideally zero) over
time, Eq. (35) may be used to motivate controllers that drive the
tracking errors to zero.!” Note that in reality, a priori knowledge of
the friction coefficients w,, io, B, and By present in Eq. (35) is not
available. The terrain may also change and/or may be unknown, as
in the case of planetary rovers on other planets.® In the following,
we develop a direct adaptive controller that deals with these terrain
uncertainties. Note that we assume level terrain (no slopes) whose
frictional characteristics may only vary from one zone to another in
a stepwise manner (terrain friction coefficients piecewise constant).

C. Formation Error
Define a nondimensional overall formation error as

N-1 N-—-1
1 1
€formation = z E le,| = z E Vv eix +erZzY (36)

n=1 n=1

where

L:IIlaX{Ql,...,QN,l} (37)

is a measure of the formation size. In Eq. (37), Oy, ..., Oy — rep-
resent the desired scalar separations (Euclidean or arc) between the
leader and the follower robots. It this paper, Q, are constants that are
changed in a stepwise manner during navigation when the mission
plan warrants, whereas g, are the corresponding separation vectors
which vary in a continuous manner in the inertial frame during turn-
ing maneuvers (e.g., they undergo sinusoidal variation in circular
turns).

D. Direct Adaptive Formation Control

By considering the form of Eq. (35) and assuming no a priori
knowledge of the terrain friction coefficients w,, io, B, and By,
we propose the following direct adaptive formation control laws
in vector form for two-dimensional motion of the follower robots
(n=1toN —1):

fnd = fndun :fO + (M,,S,, - MOnsO + l}nvn - BO:sz)g

+ wWoVoly — W, VM, + én + Cnén + knen (38)

where the corresponding control force provided by the actuators to
drive the follower robots is given by

F'(ljomrol — sat{m,, Fds Fr:nax}un = F,u, = mnf,, (39)

In Egs. (38) and (39), g, m,,, and F,;"* are known quantities, k, and
¢, are arbitrary positive constant proportional and derivative control
gains, respectively, and

. (i 0 A Lon 0
M, = Mnx | M, = Honx )
0 iy 0 fony

én _ I:,BnX ,\O ] E(),, — [IBO"[X ,\0 ] (40)
0 ﬂnY 0 ,BOHY

In Eq. (40), ft,j, fonjs /§,lj, and ﬁonj (where j =X, Y) denote fol-
lower robot n’s time-varying estimates of w,, o, B, and By in
direction j, respectively, updated by their corresponding parameter
estimators. Note that the follower robots need to estimate the scalar
frictional parameters in each Cartesian direction separately. This re-
quirement will be clarified as we introduce the parameter estimation
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law in the next section. At this point, let us also define the estimation
error variables in matrix form using Eq. (40) as

M, = I, — M, (A1)
M()n = pol> — M()n (42)

B,=p.I, - B, 43)
By, = Bol> — By, (44)

where I, is the 2 x 2 identity matrix.

Notice that for the above controller [Eq. (38)], information re-
garding fo, vo, S0, Ro, ®0, Gn» Vs Sn, My, €4, and ¢, is assumed to be
available via continuous transmission of the required data by the
fleet leader to the follower robots, along with the followers’ local
sensory information.

E. Adaptive Parameter Estimators

In conjunction with the proposed direct adaptive control law in
Eq. (38), the scalar frictional parameter estimates in Eq. (40) are
updated by the following adaptation laws, as justified in the next
section:

finx =[énx + Pueax1COS Wy Ly =[ény + paeaylsiny, (45)

/l()nX =—[é.x + Prénx]c0s ¥ :[LOnY =—[e.y + Preny] sin Yo

(46)

Bux =léax + Preaxlax  Buy =[éay + Pueaylvay — (47)

BOnX = _[énx + plienX]UOX ﬁOnY = _[énY + pnenY]vOY (48)

where the constant estimation gains p, are such that
0<py<cy 49)

As will be proved in the following section, the gain condition in
Eq. (49), along with k, > 0 and ¢, > 0, is a sufficient condition for
asymptotic stability of the formation system when the followers’
actuators are not saturated.

V. Formation Stability Analysis Using Lyapunov’s
Direct Method and Barbalat’s Lemma

A. Theorem 1

Let Robots 1 through N — 1 use the nonsaturated adaptive con-
trollers represented by Eq. (38) and the nonsaturated case of Eq. (39)
with arbitrary proportional and derivative feedback control gains
k, >0, ¢, > 0, and the estimators given in Eqgs. (45-48) subject to
the estimation-gain condition given in Eq. (49) in order to main-
tain formation over terrain areas with piecewise constant friction
coefficients u, and B,; then the formation pattern is asymptotically
stable, so that, forn=1to N —1,e, — 0, and ¢, — 0 as t — oo.

B. Proof Strategy

Introducing an aggregate Lyapunov function candidate V, for
robot n’s error system dynamics, the strategy of the proof is to use
Barbalat’s lemma to show V,, — 0 as t — oo, where

V=Y Vi
J

and j =X, Y for two-dimensional motion in the inertial Cartesian
frame. Consequently, V,, — 0 will explicitly imply e, — 0, and
e, — 0 as t — oo, showing the formation pattern is asymptotically
stable.

C. Lyapunov-Like Lemma (An Immediate Corollary
of Barbalat’s Lemma)3!

If a scalar function V (x, t) satisfies the conditions 1) V(x, ) is
lower bounded, 2) V(x 1) is negative semidefinite, 3) V(x, 1) is
uniformly continuous in time, then V (x,#) — 0 as t — oo.

For our error dynamics system, the error state vector x can be
defined as follows:

X = xnj = [enj é)lj llnj ,ELOnj lgnj BOnj]T € §)t6 (50)

where fi,;, flonj, B,, j».and ﬁgy,j are the diagonal elements of estima-
tion error matrices M,,, My,, B,, and B, respectively [Egs. (41—
44)]. Because we have assumed that the controllers of follower
robots 1 through N — 1 are not saturated, from Eqgs. (38) and (39),

Jo =t n=1,...,N—1 &)

Therefore, by substituting from Eq. (38) into Eq. (35), the formation
tracking-error dynamics will be

én + Cnén + knen = (Mnsn - MOIISO + ann - EOnVO)g (52)

Now define a directional tracking-error state vector for robot n as
Enj = [enj énj]T (53)
and choose Lyapunov functions in each direction as
Vaj = SELT.Ey + 38(in; + gy + By + Biy) (54
where
kn + ﬂcll n
r, = [ PP } (55)
Pn 1

Imposing the conditions &, >0, ¢, >0, and 0 < p, <c, guaran-
tees the gain matrix I', to be a positive definite matrix (Sylvester’s
theorem) and V), to be a positive definite function, which in turn im-
plies that V, is lower-bounded (by zero) as required in Condition 1
of the lemma. Differentiating Eq. (54) with respect to time along the
controlled error-system trajectory governed by Eq. (52), for j = X
and Y, we obtain

VnX = _(Cn - pn)é,%x - knpneyz,x

+ ﬁnX{,BNnX + [énX + pnenX]vn Cos wn}g

+ Bonx {Boux — [énx + Preax1vocos ¥o)g

'i‘ llnX{ﬁnX + [énX + pnenX] Ccos wn }g

+ Ao {onx — [nx + Prenx]cos Yolg (56)

and

VnY = _(Cn - pn)éiy - knpneiy

‘i‘BnY{BnY + [ény + prenyv, siny, }g
+ Bouy {Bowy — [ény + Dneny Vo sinYro}g
+ iy {fLny + [eny + Preay]sin g

[énY + pnenY] sin 1:[/()}g (57)

Now, because (t, and B, are assumed to be piecewise constant,
i1, =0 and B, =0. Hence, by differentiating Egs.. (41-44) with

respect to time, fi,,; = — (L, M()n; — g Bnj = ,Bn,, and B, =
—Bonj- Usmg these re;lations in Egs. (56) and (57) and then substi-

tuting for f1,,;, /Lo,,j,,B,,,, and ﬁom from Eqs. (45-48),

+ iLony {ony —

an = - (Cn - pn)éﬁj - knpneij (58)
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Finally, the conditions &, > 0, ¢, > 0, along with the stricter condi-
tion of 0 < p, < ¢,, which justifies the gain condition in Eq. (49),
imply that V,; <0 and therefore

Vo= Viy === poleal’ —kupalesF <0 (59)
J

which in turn implies Condition 2 of the lemma. To show that V,l j and
hence V,, are uniformly continuous, we prove the boundedness of V,,
by showing |V, | < oo (a sufficient condition for uniform continuity
of V,). By differentiating V,; in Eq. (58) with respect to time to get
V,j, it is easy to show that

Vil < 2(cu — P)lén;llén;] + 2Ky pulen; llns] (60)

On the other hand, the proved conditions of V,, >0 and Vn~§ 0
imply that the quantities |e,;, (€41, [£ns], |Aonsls 1Basl, and |Bon;|
are bounded. Now, from Eq. (52), the tracking error dynamics in

scalar form are

énx = —Cnlnx — knenx + (flnx COS Y — fLonx €OS Yo

+ BuxVn €08 Yy — Bouxvo o8 Yo)g (61)
€ny = —Cnéyy — kneny + (fLuy sSiny, — floy Sin g

+ By Vu sinr, — Boay o sin o) g (62)

In Egs. (61) and (62), we have 0 <|cos¥,], | cos ¥yl, | sin |,
| sin Y| < 1. Also, we have 0 < vy < 0o and |wy| < 0o due to BIBO
stability of the leader’s PI controller, which in turn implies that
v, < 00, based on the following proof. From Eq. (33), we obtain

Vi =Vo+ Gy — &y (63)
where the following inequalities hold:
g, < lwollgn] < o0 (64)
Uy = Val < ol + 14l + 1€4] < 00 (65)
Therefore, from Egs. (61) and (62) we deduce
€] < culénj| + kulen] + | njlg + | ons18
+1B1j1vng + 1Bonjlvog < 00 (66)

that leads to |V, ;| < oo from Eq. (60) and consequently

Vo= V<00
j
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which satisfies Condition 3 of the lemma. Finally, since conditions
1, 2, and 3 of the lemma are satisfied for V,,, they imply that V,, — 0
as t — oo, and hence from Eq. (59), we have

|2 =0 (67)

Vn = _(Cn - Pn)|én - k'lp"'e"

which in turn implies that e, — 0 and ¢, — 0 as t — oo for the
follower robots n=1to N — 1. QED.

It is emphasized that the stability results of this theorem are
applicable to any choice of proportional and derivative gains
k, >0, ¢, > 0, since there always exists a corresponding p,, > 0 sat-
isfying the gain condition of Eq. (49). We also note that the above
proof does not imply that the parameter estimates converge to their
true values.

VI. Motion Planning for Formation Navigation

On nonsaturating terrain, the speed and heading-angle/turning
rate commands to the leader’s PI velocity controller follow their
mission-desired values. In the initial get-into-formation (ren-
dezvous) stage, the speed input is set to zero so that out-of-formation
robots can move to their expected formation positions. As a result,
during the rendezvous period, the leader and in-formation agents,
if any, wait in their initial locations while out-of-formation agents
‘rush’ (may favorably reach their saturation speeds) into their forma-
tion positions. In postrendezvous adverse actuator saturation events
that tend to break the formation, the leader’s desired formation
speeds (linear and angular) are reduced following a speed adap-
tation strategy that will be described in the next section.

A. Speed Adaptation Strategy in Adverse
Actuator Saturation Events

In our scheme, in saturation events, the leader reduces the forma-
tion speed based on the speed of the slowest saturated robot within
the current formation geometry. This prevents the tracking errors
from growing (and the formation from breaking) when one or more
of the follower robots saturate over difficult terrain. This strategy
allows the saturated robots’ tracking errors to remain bounded and
small. In practice, e, — 0 [Eq. (33)] within two consecutive settling-
time periods corresponding to (1) the transient slowdown dynamics
of the robot, which runs into the saturating patch, and (2) the leader’s
speed adjustment response. In our model, the steady-state saturation
speeds of the robots in adverse saturation events over difficult terrain
are described by

max

F — p,m,g
Bum, g

where v, represents the steady-state saturation speed of robot n over
a certain difficult patch and may vary in a stepwise manner from

0<v, = (68)
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Fig. 1 Top block of our three-robot formation simulator.
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one zone to another. In Eq. (68), v,,, which varies in a continuous
manner, is the desired speed of robot n within the formation config-
uration following the leader’s instantaneous motion [see Eq. (22)].

It should be noted that there are navigational occasions in which
formation-speed adaptation is not needed. One is the “get-into-
formation” stage when the leader is at rest and the followers travel
toward their formation positions. The other is during commanded
switches in formation geometry (when the robots may be saturated
and traveling at speeds higher than their desired formation speeds).
Also, note that in Eq. (68), v,, < 0 would correspond to an impassible
terrain for robot n where the fleet would have to stop. In circum-
stances where more than one robot is saturated, the leader selects the
lowest communicated saturation speed 9™" and reduces the forma-
tion speed accordingly. Denoting the leader s adapted speed during
saturation events by vyy, the strategy implies that

—min

I_J()d =, (69)

Accordingly, to preserve the current path curvature during turning
maneuvers (i.e., turning at the same radius) while one or more robots
become saturated, the adapted desired angular speed of the leader

d)od is
~min
vy, / Und)w()d

where v, is the mission-desired nonsaturation linear speed of the
most lagging robot, and wy, is the desired (nonsaturation) formation
angular speed [Eq. (28)]. Accordingly, the leader’s desired reduced

speed will be
Bod = 1/ DM — (@od Qus)? — @oa On

where Q,s and Q,y are the desired scalar separations of the most-
lagging robot as described in section E. Following this strategy, other

oq = (70)

(71)
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Fig. 2 Traces of the three rovers over unknown terrain. The largest
rover is the leader; successively smaller rovers are follower 1 and fol-
lower 2.
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saturated robots with higher speeds (v, > ﬁnmi“) will unsaturate and
hence reach and stay at their desired formation positions with respect
to the leader.

The formation-speed adaptation technique is needed for
formation-keeping when the follower robots saturate, whereas when
the leader runs into a saturating patch, the formation remains in place
because the rest of the fleet slows down automatically to track the
leader. In our model, to prevent control windup and reduce speed
overshoot when robots unsaturate, the adaptive estimators’ integral
actions are halted during actuator saturation events. In the case of a
saturated leader, the speed adaptation acts as an anti-windup mech-
anism for the leader’s PI controller.

B. Communication Protocol

The communication lines and their flow directions between the
leader and the rest of the fleet can be seen in Fig. 1. The leader, which
is the fleet’s motion planner, continuously transmits its state and con-
trol information (as well as formation information) to the followers
through 11 communication channels. In our simulation model, the
information regarding formation separation vectors, as well as the
leader’s position, linear velocity, and control (force per unit mass)
vectors are communicated using inertial components (Fig. 1). In sat-
uration events, followers’ saturation information is communicated
to the leader using on—off saturated/not-saturated pulses that tog-
gle the signals carrying their saturation speeds. This information is
event-triggered and flows through separate channels from each of
the followers back to the leader (Fig. 1). As can be seenin Fig. 1, each
follower also sends an on—off signal to the leader indicating whether
or not it is in its formation position. This signal is only transmitted
when an agent is initially out of formation, that is, in the rendezvous
stage, and is turned off afterward. In this way, the leader knows if all
the robots are in their formation positions before starting the navi-
gation. It is assumed that inertial position and velocity information
is available to the robots using appropriate body-mounted sensors.
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Fig. 3 Leader’s formation-speed commands.
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In implementing the speed adaptation strategy, we introduced
a settling-time delay (“saturation delay”) when saturated robots
communicate their terrain-dependent saturation speeds to the leader
(Fig. 1). In the case of leader saturation, this delay is implemented lo-
cally. The reason for imposing this communication delay is to avoid
chatter in the leader’s formation-speed command, which is set by the
speed regulator in response to the saturation signals sent by one or
more of the robots in the fleet. The chatter occurs in the form of tran-
sient fluctuations between saturation speed and the current default
formation speed. With saturation delay in place, the saturated robot
settles to its steady-state saturation speed over difficult terrain before
communicating its speed to the leader for adaptation purposes.

VII. Simulation Results

For this research, we developed a MATLAB Simulink simulation
model for three-robot formations. The top block of the model is
shown in Fig. 1. The directed links between the three robot blocks
represent continuous, as well as event-triggered, communication
lines as described in the previous section. The simulation terrain
model is generated in the world frame. In this work, the terrain is
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simply modeled using Coulomb and viscous friction components.
The current terrain model is comprised of rough terrain patches (high
friction), obstacles (e.g., sand dunes and craters to be avoided), and
large areas of relatively easier terrain (lower friction).

As part of the simulation work, we also implemented two “flexi-
ble” formations in the leader-following control architecture, where
the formation geometry changes in a desired manner during certain
navigational maneuvers. We implemented two types of flexible-
formation kinematics in our simulation model—convoy motion and
ladder transition. Convoy motion pertains to the case in which
the follower robots tailgate the leader by some desired path dis-
tance while negotiating circular curves. Practically, convoy motion
is beneficial for formation-keeping when the leader moves among
obstacles (e.g., using planned or reactive avoidance algorithms).
Ladder transition is performed when the followers are commanded
to change formation from line to column configuration, in which
the followers move laterally across the current line formation while
tending to keep a fixed Euclidian distance to the leader.*

In what follows, a set of simulation results are presented for
a fleet of three mobile robots, with different (known) masses
and actuator saturation limits, performing formation navigation
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Fig. 5 Rover control force (magnitude) and linear speed histories.
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over unknown terrain on Mars. The results demonstrate 1) forma-
tion generation, 2) formation pattern and size change, 3) asymp-
totic stability of the formation system in nonsaturating conditions,
and 4) speed adaptation in the presence of actuator saturation.
The simulation parameters used are as follows: masses: my=
45 kg, m; =30 kg, m, =15 kg; saturation limits: Fy"* =90 N,
F"™ =45 N, F;"* =30 N; friction coefficients: 1) easy ter-
rain: ©=0.1, $=0.07 s-m™~!, 2) saturating patch: p©=0.3,
B=0.28 s-m~!, 3) difficult patch: £ =0.2, 8 =0.14 s-m~!; satu-
ration signal delays: 70 =0.5s, 7y =0.5 s, 1, = 1 s; leader’s PI con-
troller gains: k; = 64 s2, kp =32s7!; followers’ adaptive controller
gains: k; =362,k =16572,¢c; =2457!, c; =16 s7'; followers’
adaptive estimator gains: p; =2.25s7!, p, = 1 s7!; acceleration due
to gravity on Mars: g = 3.7 m/s>.

Figure 2 shows the terrain map, as well as traces and snapshots
of the three rovers during a formation navigation mission that lasts
nearly 1.5 min. The formation’s linear and angular speed commands,
which represent the desired speeds of the leader within the forma-
tion configuration, are shown in Fig. 3. The percent nondimensional
overall formation error is presented in Fig. 4. Rover control-force
(magnitude) and linear-speed histories are shown in Fig. 5. Finally,
the time histories of frictional-parameter estimates (computed by
the follower rovers) and their corresponding true simulation val-
ues (traversed terrain’s friction coefficients) are shown in Fig. 6.
Note that the parameter estimates in the X and Y directions differ
from each other as expected and also do not necessarily converge to
the terrain’s true parameter values. This is due to the fact that our
adaptive control scheme does not require (nor guarantee) parameter
convergence.

The mission begins with arendezvous stage, in which the follower
robots start off from out-of-formation locations over easy terrain
(southwest corner) and rush to get into an initial line-formation
configuration with 2.5-m desired spacing, while the leader robot
awaits them at rest for about 5 s (Fig. 5). The term “rush” refers to
the followers’ speed-up period, during which they tend to saturate
themselves (favorably) and consequently, the formation tracking
error (Fig. 4) undergoes a rapid decay.

Immediately after rendezvous with the line formation facing
north, a clockwise synchronized turn (around the southern crater)
begins with a desired angular speed of —0.1 rad/s and lasts for 15 s
(Fig. 3). The corresponding desired linear speeds are as follows:
leader, 1 m/s (as designated by the formation linear speed command
in Fig. 3), follower 1, 0.75 m/s, and follower 2, 0.5 m/s (Fig. 5). Dur-
ing this maneuver, the fleet runs into challenging terrain (saturating
terrain in Fig. 2), over which follower 1 saturates at 0.375 m/s at
time = 10 s (Fig. 5). Upon receiving follower 1’s saturation signal,
the leader reduces the formation’s angular speed to —0.05 rad/s and
its own linear speed to 0.5 m/s (Fig. 3) in accordance with the speed
adaptation strategy in Eqs. (70) and (71). A small 4% steady-state
formation error builds up in the meantime (Fig. 4) and remains un-
til rover 1 exits the patch and unsaturates (time = 30 s). Increased
control efforts (without saturating) of the leader and follower 2 over
the challenging patch, as a result of their respective PI and adaptive
controllers’ compensation, can be seen in Fig. 5. Note that as can be
seen in Fig. 6, all parameter estimation within follower 1 is halted
during the saturation period in order to avoid integral windup and
reduce desaturation overshoot.

At time = 20 s, when the formation is headed about 30 deg north-
east and still on the challenging terrain, the fleet begins a straight-line
cruise. At this time, the formation linear speed command is further
lowered to follower 1’s saturation speed (0.375 m/s) for straight-line
motion until time =30 s, when rover 1 exits the saturating patch
(Fig. 3). For another 10 s, the fleet keeps straight while the follow-
ers (leader on easy terrain) cross another difficult patch (Fig. 2).
Over this difficult patch, however, both followers are able to keep
in formation (zero error) by increasing their control efforts without
saturating, and travel at the desired speed of 1 m/s (Fig. 5), thus
showing adaptive formation-keeping over unknown and changing
terrain.

Attime 40 s, the followers are commanded by the leader to switch
to column formation through a ladder transition in order to avoid

a sand dune (Fig. 2). The followers perform the transition through
a rapid slowdown, turning 90 deg left, speeding up across the line
formation span, and finally turning 90 deg right to get behind the
leader, all while trying to keep their Euclidian distance to the moving
leader at their current desired separation values, 2.5 and 5 m (Fig. 5).
As can be seen in Fig. 3, some small transient errors occur during
the abovementioned transition maneuver. Note that during ladder
transition, the formation geometry varies continuously in a desired
manner (flexible formation) as compared to that of a rigid formation.

After the transition, starting at about time 50 s, the fleet exhibits
convoy motion (Fig. 2) as it goes around the corner of the northern
sand dune at a4-m turning radius with corresponding speeds of 1 m/s
and 0.25 rad/s (Fig. 3). In the formation snapshot shown, the leader
is moving north on a straight path past the curve, follower 1 is in the
middle of the turn tracing the leader’s arc path, and follower 2 is still
moving straight at 30 deg northeast, tracing the leader’s former path
(preceding the curve). As can be seen in Fig. 5, during this maneuver,
the rovers smoothly maintain their desired formation speed (1 m/s),
while the formation error remains nearly zero throughout (Fig. 4).

Past the convoy turn, the fleet travels straight in column formation
between the northern sand dune and crater before making a 180-deg
turn along a 5-m-radius circular path around the crater (Fig. 2). The
snapshot shows the rovers’ relative headings along the arc. Past the
crater with the formation southbound, the followers switch back to
a line formation (Fig. 2) with reduced size of 3 m (1.5-m spacing),
following the leader’s command at time 80 s. This maneuver, which
takes about 8 s to complete, further shows the asymptotic stability
and formation control capabilities of our proposed adaptive control
scheme (Fig. 4). Note that the error hike corresponds to the positional
difference (perceived as error) between the current (column) and
desired (line) configurations at the beginning of the transition (time
80 s). Finally, the fleet finishes the navigation, following a stop
command at time 90 s (Fig. 3).

VIII. Conclusions

We have developed a novel rover-formation adaptive-control ar-
chitecture and demonstrated it using two-dimensional simulation of
point-mass rovers. We have proved theoretically that our adaptive
controllers guarantee that formation error decreases to zero asymp-
totically under nonsaturated conditions. This does not imply, how-
ever, that control parameter estimates corresponding to the actual
terrain-friction parameters converge to their true values (nor do we
require them to do so). When one or more rovers experience ac-
tuator saturation, the entire rover fleet reduces its speed based on
that of the slowest saturated robot using a speed adaptation strategy.
In this way, the formation error is kept small and bounded during
saturation occurrences over difficult terrains. Our simulation results
showed that our control architecture can be used to achieve a vari-
ety of formation geometries, and enables the formations to move in
straight-line or circular trajectories. As shown by the simulation, the
architecture can also be used to achieve convoylike train motion of
a set of rovers. Furthermore, rover formations can switch from one
geometry to another geometry using special transition maneuvers.

There are a number of areas in which this work could be extended.
The focus of this work was mainly on group formation adaptive
control theory, rather than individual agent vehicle dynamics. Thus,
we used simple point-mass models to represent the robots. Work
has been undertaken by other researchers to create ‘“holonomic”
rovers that can be fully actuated using three holonomic drives, whose
translational motion can be controlled independent of their rotational
motion. In general, however, the control methodology presented
in this paper should be extended/modified to more realistic robot
dynamic models for field rover applications.*

In this paper, we employed generic terrain-friction parameters
that could account for terrain variation. It would be valuable to val-
idate the appropriateness of these terms for specific missions using
both advanced terrain simulators, or in mission-simulated hardware
field tests. One limitation of our current terrain estimation is that we
assume that the terrain is flat. Our architecture can be extended in
a straightforward way by including a slope estimator into our con-
troller, at the cost of added controller complexity. As more realistic
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rover designs and terrain models are incorporated into this work, the
tradeoff between controller complexity and formation performance
will be an important area of study.
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