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Abstract A time-variant consensus tracking control problem for networked planar multi-agent sys-
tems with non-holonomic constraints is investigated in this paper. In the time-variant consensus track-
ing problem, a leader agent is expected to track a desired reference input, simultaneously, follower
agents are expected to maintain a time-variant formation. To solve the time-variant consensus track-
ing problem of planar multi-agent systems with non-holonomic constraints, a time-variant consensus
tracking control strategy is designed on the basis of a unidirectional topology structure. One of main
contributions of this paper is the time-variant consensus tracking protocol for general time-variant for-
mations of planar multi-agent systems with non-holonomic constraints, the other main contribution of
this paper is an acitve predictive control strategy, where predictions of agents are generated acitvely, so
that the computational efficiency is improved than passive approaches. The proposed control strategy
is verified by two types of time-varying formations of wheeled mobile robots, and the experimental
results show that the proposed control strategy is effective for general time-variant consensus track-
ing problems of planar multi-agent systems with non-holonomic constraints in local and worldwide

networked environments.

Keywords Networked multi-agent system, networked predictive control, non-holonomic constraint,

time-variant consensus, consensus tracking.

1 Introduction

A time-variant consensus tracking control problem for planar multi-agent systems with non-

holonomic constraints has been discussed in this note. The “consensus tracking” problem[1] is
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widely discussed. Based on Ref [1], the discussion of “consensus tracking” is expended on event-
trigged approaches [2], linear systems under networked observability conditions [3], adaptive
consensus approaches [4], linear systems with switching topology structures [5], systems with
measurement noises [6], robust control approaches [7] etc. Mentioned problems can be classified
into two categories: (1) States of agents are expected to be consistent, where a leader agent is
assumed as autonomous (an agent without control input) with known dynamics; (2) States of
the follower agents are expected to trend a desired state consistently. Generally, on the both
problems, agents are expected to track a desired object consistently. Hence, in the “consensus
tracking” problems, the objects of consensus and tracking are equivalent, i.e. the consensus is
reached as long as all agents track the desired position. However, the time-variant consensus
tracking control problem discussed in this note is different from ones in mentioned literatures.
The time-variant consensus tracking control discussed in this note is expressed as follows: a
leader agent is expected to track a desired time-variant reference input, simultaneously, follower
agents are expected to maintain desired time-variant relationships with the leader agent. In
this approach, the reference input is not necessary to be known for all agents, and, followers
maintain desired time-variant relationships related to the reference input according to maintain
time-variant relationships between adjacency agents. Obviously, in the time-variant consensus
tracking problem discussed in this note, the time-variant consensus problem and time-variant
tracking problem are two independent tasks for agents to be achieved simultaneously.

In recent years, multi-agent system formation problems[8-10] become hot-spots with various
achievements such as one-to-one tracking strategies[11], multi-robot synchronization strategies[12],
and consensus based strategies[13, 14] etc. In engineering applications of multi-agent coordina-
tions, relative position relationships between agents are general time-variant. On time-varying
formation problems, Ref [15-18] proposed consensus-based control strategies for a type of time-
varying formations of multi-agent systems, however, the application area of the proposed meth-
ods are limited in a special case, where motion of agents are necessary to be described as a
fixed formation with respect to a moving coordinate system. Researches on general time-variant
formation problems of multi-agent system is few. To solve the general time-variant formation
problem, a time-variant consensus tracking control strategy for planar multi-agent systems with
non-holonomic constraints is presented in this note. The proposed control strategy is to solve
the general time-varying formation and time-varying tracking control problems as long as the
desired formation and reference input are both smooth.

In multi-agent system control problems, information exchange between agents via network
is necessary. Hence, the networked delay is unavoidable. The observer-based networked predic-
tive control strategy is widely used to compensate the inter-agent communication delay[19-21].
However, in observer-based approaches, the state estimation of a specified agent depends on
the agent’s control input estimation, and the control input estimation of the specified agent
iteratively depends on state estimations of the agent’s neighbors, thereby, observers for delay
compensation are necessary to be implemented iteratively and repetitively. As thus, the com-
puting efficiency of the multi-agent system is sacrificed for delay compensation. Besides the

observer-based compensation strategies, various research results have been achieved on solv-
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ing the networked delay of multi-agent systems based on specific assumptions. The delay is
assumed to be less than one sampling period of controllers in Ref [22]; the derivative of delay
is assumed to be bounded in Ref [23]; Ref [24] analyzes the consensus of multi-agent based
on Markov chain; and Ref [25] assumes that delay is unknown but constant. Different from
mentioned approaches, in this note, an active predictive control strategy is presented to resist
the networked delay, where the networked delay is only assumed to be bounded. Obviously,
as long as the network is available, there exists a upper bound of the interval between two
instants when agents receive valid information from a same adjacency agent. Moreover, in this
note, the proposed predictive control strategy is verified via experiments, where the inter-agent
communication channels are implemented based on the worldwide networked environments via
Aliyun cloud techniques.

The main motivation of this note is to present a solution for general formation problems of
planar multi-agent systems with non-holonomic constraints, which is easy to be implemented in
engineering application, and suitable for general motion coordination problems of planar multi-
agent systems with non-holonomic constraints, so that, with our proposed strategy, complex
formation problems can be solved according to design the expected formation (the p;;(t) pre-
sented in main results) via proven techniques[26, 27] and implement the time-variant formation
via our proposed strategy.

As summary, the main contributions of this paper are as follows: (1) A time-variant consen-
sus tracking control strategy for planar non-holonomic multi-agent systems with non-holonomic
constraints is presented, under which, the leader is able to track an general smooth time-variant
reference input, and followers are able to maintain general smooth time-variant formation si-
multaneously. (2) An active predictive control strategy is presented for multi-agent system to
resist bounded networked delay. Compared with the observer-formed compensation mechanism,
the efficiency of the multi-agent system is improved, because it is not necessary to implement
observers iteratively and repetitively. Contrast with other strategies in literatures, no special
features are imposed to the networked time delay. Moreover, different from most literatures,
where research results are verified by numerical simulations, the proposed predictive control

strategy is verified by experiments with worldwide networked environments.

2 Planar Non-holonomic Multi-agent System Representation

A planar non-holonomic multi-agent systems is a system composed by multiple planar agents
with non-holonomic constraints. Consider a body-fixed coordinate system of a single agent as
shown in Fig.1, where rotation center of an agent is regarded as the origin O,., the X-axis is built
along the forward linear velocity, the direction of Z axis is selected as same as the inertial frame,
the Y-axis completes the right-hand coordinates. Select a particular point P;, whose coordinate
with respect to the body-fixed coordinate system is (I,0), | # 0, denote the coordinate of P;
with respect to the inertial coordinate system as the location of Agent i with respect to the
inertial coordinate system, and the angle of the agent’s body-fixed coordinate system related

to the inertial frame as the orientation of Agent ¢, then the continuous-time model of the i — th
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agent of the multi-agent system is expressed as

;(t) cospi(t) —lsing;()
M=) | = | sineidt) - Leospt) ) will) ,0=0,...,n (1)
i(t) 0 1

yi(t) = [zi(t) wi(8)]"

where (2;(t),y;(t))" is the coordinate of P; with respect to the inertial frame that represents
the position of Agent i, ¢;(t) represents agent’s orientation, u;(t) = [v;(¢) w;(t)]” is the control
input of Agent 4, v;(t) is the linear velocity and w;(t) is the angular velocity. For convenience,
denote
Rilt) = cos p;(t)  —lsiny;(t) @)
sing;(t)  lcose;(t)

Positive direction of linear velocity > Positive direction of angular velocity
—>» World coordinate system — Y Rigid body coordinate system of an agent
* P e Rotation center
Yo

A

N
T

O. Xi M

Figure 1: Diagram of the particular point P; and agent’s body-fixed coordinate system

Connect control inputs of agents to zero-order holders i.e. maintain the control input of
each agent constants between sampling instants, the continuous-time model (1) is able to be
discretized exactly. We consider an engineering background that agents are able to work with
same sample period but the sample moments are hardly unified. Fig 2 shows a diagram about

offsets on sample moments of the multi-agent systems,where Ag;; is defined as

ci—g—1T €;>¢
Agyy =4 ’ (3)

€5 — & otherwise
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Figure 2: Diagram of offset on sample moments of different agents

According to Fig.2, the sample moments of the i — th agent is expressed as kT + ¢;, where
k € Z* and ¢; is the offset of the sample system of i — th agent. Denote s¥ = kT + ¢;, the
discrete-time model of the multi-agent system composed by n + 1 planar non-holonomic agents

are expressed as

xi (") = x,(s%) + Bi(sF)wi(sh)

' N i=0,....n (4)
yi(si) = [xz(sz) yl(sz)]
where

()W, (sF T wi(sF) =0

Bz(sf) = 5 (SZ ) (31 ) ) ﬁz(sf) = sin(lw»(sl‘c)) 1( )
0o T 2—2 212 otherwise
3x2 wi(sy)

cos;(sF)  —lsinq;(s)

Wi(sh) = . ol Wi(sh) = gilsh) + Fwilsh)

sint;(s¥)  lcosy;(sh)

Note that, according to the Euler exact discretization, (4) is continuous at w;(s¥) = 0.

3 Unidirectional Topology Structure Representation and Agent Index

In this note, an unidirectional topology structure( topology structure is directed, but mes-
sages are only transferred in the direction from the root node to leaf-nodes) is adopted to design
the time-variant consensus tracking control strategy. A digraph G = {V, &, A} is adopted to
describe the communication topology structure of the multi-agent system, where V is a finite
nonempty set of vertexes, £ is a finite nonempty set of edges, and A is an adjacency matrix with
a;; > 0if and only if (vj,v;) € € and a;; = 0 otherwise. The topology structure G to implement
the proposed time-variant consensus tracking control strategy is necessary to satisfy following
conditions: (1) G contains a spanning tree with the leader agent as the root node; (2) The
leader is indexed as Agent 0, and the followers are indexed incrementally, from 1 to n according
to the breadth-first traversal[28] of the spanning tree; (3) V0 < i < j < n, a;; = 0 i.e. Agent

1 only receive messages from agents with indexes less than i. (4) Vi = 1,...,n, Z;;B a;; = 1.
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For easy to understand the unidirectional topology structure, a diagram of the unidirectional
topology structure is given as Fig.3. As shown in Fig.3, the unidirectional topology structure
is able to be roughly regarded as a tree whose nodes are indexed incrementally according to
the breadth-first traversal, plus additional edges from nodes with less index to ones with more
index.

—> Instances of necessary edges

————» Instances of acceptable edges

i><7) Instances of unacceptable edges

Figure 3: A diagram of the unidirectional topology structure

On the basis of the digraph G, for Agent i, define d; as the maximum number of nodes
on each path from Agent i to reachable leaf-nodes (including Agent ¢ and the leaf-node). In
G, leaf-nodes represent agents who has no followers i.e. Agent [ is called leaf-node as long as
Vk:O,...,n,l#k,akl =0.

4 Time-variant Consensus Tracking Problem

In the time-variant consensus tracking problem, the leader agent is expected to track a
desired smooth reference trajectory and the follower agents are expected to maintain a desired
smooth time-variant formation with the leader. A group of time-variant vectors are adopted to
describe the desired formation, where p;;(t) represents the desired position output of Agent i
related to Agent j at time t. Vector p,;(t) is adopted to describe the desired position output
of Agent i related to the reference input at time ¢, particularly p,o(t) = 0.

Define the consensus tracking error of Agent i as

ei(t) =yi(t) —r(t) — pri(t),i=0,...,n (5)

where r(t) is the reference input at time ¢. The time-variant consensus tracking for the multi-
agent system described as (4) is reached as long as the consensus tracking error of each agent

converges into a neighborhood of the origin as
tilgrnooﬂei(t)” <0,¥i=0,...,n (6)

where § is a positive constant representing the ultimate bound of the steady state error.

According to the rules of vector operations, it is obvious

pji(t) = —pij(t) = poi(t) — poj(t) = pri(t) — prj(t) (7)
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To simplify the representation of the application background, we make some assumptions
first: (1) The maximum delay of message from adjacency agents for each agent caused by
networked communication delay and packet loss is bounded by MT, where M € ZT, and T is
the sampling period of controllers of agents; (2) Time of the multi-agent system is synchronized,
and packets of agents are transferred with time stamps; (3) The desired time-variant formation
pij(t),i,7 = 0,...,n,i # j, is known and smooth; (4) For Agent 0, at time ¢, the desired

trajectory from time t to ¢ + dgMT is known, and the reference input is smooth.

5 Control System Designing

In this section, we are going to define some denotations first, then represent the design of

control laws, and finally give the active predictive compensation scheme.

Define
~ cos @; (t|t*) —Isin @;(t|t*
Rl — | CoBe) —tsindie)
sin @; (t)t*)  1cos @, (t|t*)
Dils™ ™ 1sh) = @ilsi T IsE) + Fu(sfF )
o T wi(s" ™ sk) =0
51'(51(‘ +m)\5§) = sin(gai(sﬁ’”’msf)) )
T otherwise
& ( (k+m)| k) cos Ji(5§k+nL)|S§) _1 Sinl//}\i(sgk+m)|$§)
i\Si Si) = - m >~ m
sinwi(sglch )\sf) I cos wi(s§k+ )|sf)
2 (kM) kNG (Btm) |k
~ (s 57 )Wi(s; S5
Bty _ | BT |
0o T
and
kiz O
KZ = , 1= 07 . ,n (8)
0  kiy
where kg, kiy € (0,1) are tunable positive constant parameters.
Define
~ cos Jl(sf) —lsin{/;i(sf)
Ui(shy =1~ . - (9)
sint;(s7)  lcoshi(sy)
where
~ T b
Gilsh) = pilsh) + Fwils) (10)
and F(-) : R? — R? as
1 T
[ 7101 0] pa =0
Fllp p2]") = (11)

T
1 i 28 i
7 arcsin fig [M 1] otherwise
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Note that F(-) is invertible

Tui(t) 0] wi(t) =0

sin( L w; (12)
2% [vi(t) wi(t)]"  otherwise

F (o) wit)") =

To guarantee that for each agent, the initial state of adjacency agents are known under the
networked delay, a start moment ¢, = dgMT is set up, before which all agents maintain the
initial states with zero control inputs. The tracking control law of Agent 0 is designed as

o (s6) =k (xosh), x(s6), v(s6)) (13)
- 0 8’5 < tg
T F (B (0 - Do) + 258~ Kar(sh)) s >,

where I is the unit matrix. Note that, since the discrete-time model of the multi-agents system
is obtained via control input zero holders, for each Agent i, as long as predictions from Agent
j is received, the state predictions of Agent j at sampling instants of Agent i are able to be

obtained as

X;(sF|sF — 7i;(s))) (14)
ok
=X; (s} + Aeyjlsf —7i5(s))) +/k R Rj(Alsf — 73 (s9))dAW; (57 + Aeijlsy — 7ij(sF))
s;TAE;

i

and the control input prediction of Agent j in the duration [s§k+m)7 s<k+m+1)> is able to be
represented as

=~ k k

u; (Als7 — 7i5(s7)) (15)

ﬁ]( % A

ST G Aeglsk < mig(sh)) A€ [sT I 4 T Ay )

(s 4 Ay fsh — 7)) A e {Sgﬂm) + T+ Aeyj, 5™ + T)
Define
Xi(sF) = {R;(s¥]s¥ — mij(s¥))]ai; > 0,7 =0,...,i -1} (16)
Uilsh) = {@,(0sf = rjsiA e [shosl™™) oy > 0,5 =0,.i-1) (D)
The consensus control law of Agent i, i = 1,...,n, is designed as
wi(st) =ky (xi(s5), Xi(s), Uis) ) (18)
0 sk <t
- T—1(k =1 Nk k (19)
F (\I/z (s7) (Zj:o aijNij(s; ))) 5; 2 s
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where

Kij(si'c):(Ki_l)(yi(sf)_yj(sﬂs Tw( k)) pj’b( ))+QJ( k|3 _TZJ( ))+Apﬂ( )

S(k+1)

Quy(stsl = ms(s) = [ Ry(Nlsk = 75 ) (st = 751

Si

Apji(sF) = pja(si™h) = pja(sF)

and 7;;(¢) is the delay of information of Agent j for Agent ¢ at time ¢. Since ﬁj(A) is piecewise
constant at {s (1)) Q”( sk|sk — 7;,;(sF)) is easy to calculate.

The one step forward state prediction of the i — th agent is given as

~

Xl'(S

PV k) = x;(sF) + Bi(sF)wi(sF) (20)

Based on the one step forward state prediction, subsequent predictions at sampling instants are

given iteratively:

o (557" s6) = ku (Ro (557156, x(s ) x(s5 7)) (21)
-~ k+m k+m > k4+m - k4+m

i (s ) =y (3 (5118, R (s4™), 05 (s557)) (22)
%, (s sE) = R (s 15E) + Bl (s 51, (23)

where j=1,...,n,i=0,...,n, m=1,...,(d; + 1)M. Based on the given predictions, Agent
i transmits the packet described as (24) to its reachable neighbors.

~  (k+1 -
o | Xl Ri(sTVIsE) L Ri(sE o+ (di + 1)MTsE)
Pi(si) = By ookt K ~ ok E (24)
u;(sy)  Ui(s; |s¥) ... Wi(si + (di + 1)MT|s7)
[F{t), ... (ts#(do* 1)MT)]
xo(sh) Ro(sgTV[sE) ... Ro(sh + (do + 1)MT|sh)
Agent uo(sh) To(sFHV(sk) ... To(sk + (do + 1)MT]sk)
0 e
/
ﬁ_h
Agj"‘ Agent Agent [x,((,.;-) (B0 shy L §7(5¢'+((1,+1)MT|(,-¢-)}
i+1 ~

- wi(sh) @Sl L s (A DMT]E)
\f— -\ ARG T T T T

—

Agent 7 Agent
j / k

/
__________ / - - - = = = = = = = =
Length:(d+1)M+1 \ Length:(dt1)M+1

Figure 4: Diagram of the unidirectional topology structure and the active prective mechanism
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Fig.4 illustrates the packet transferring procedure of the active predictive compensation mech-
anism. The lengths of packets are various. As long as Agent ¢ is a non-leaf node (a node with
followers), it generates (d; + 1) M pairs of its state and control input predictions and transmits
the predictions to its reachable neighbors. The packet length of each agent in the proposed
prediction scheme is able to guarantee that, the number of available predictions for receivers

are enough to generate their own predictions iteratively after networked transferring.

6 Stability Analysis

Theorem 6.1 Consider a planar multi-agent system with non-holonomic constraints de-
scribed as (4) withi = 0,...,n, under the predictive consensus tracking control strategy described
as (13), (18), (20), (21), (22), (23), and (24), for arbitrary Agent i, i =0,...,n, the consensus
tracking error e;(t) converges into a neighborhood of the origin exponentially i.e.

Jim (1)) < 6 (25)
as long as

1K | + max([|T3 (8)]]) [ K; — T <1 (26)
where

in2( L (w:(s%) — w; s(k—l) sin( T (w: (%) — w: s(.k_l)
Po(sF) = T (b (b = | S Gl @il ))sin(G wnlsh) —wils )

K3 2

Proof Note that the output evolution of the ¢ — th agent is expressed as
yi(s(D) =yi(sh) + Bi(sh) Wi(syui(sF)
=yi(sf) + WilsH)F* (wi(s})) (27)
Consider the Agent 0, substituting (13),(27) into (5), for k > (dy+1)M, the error state dynamics
is obtained:
eo(sg ™) =yo(s§) + Bo(s§)uo(s§) —x(sg™™)
=yo(s§) + Bo(s§)F (5™ () (Ko = D yo(sh) + x(s§ ) = Kor(sh)) ) = r(s*")
_ T k
=yo(s§) + Wo(s§) 7 (F (95" (s6) (Ko =D yo(sh) +r(s0"™) —Kor(s) ) ))
—r(sgY)
=Koeo(sf) — Los) (Ko = Dyo(sh) +x(sf ™) — Kor(sh))
=Koeo(sg) — To(sg) (K — I) eo(sg) — Lo(s5) Ar(sg) (28)

where Ar(sk) = r(sS) = r(sk)
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According to the definition of T;(s¥), it is obtained that HF H is bounded as
ITi(sH)|| < er,Vi=0,...,nkez* (29)
Since r(t) is smooth, it is able to guarantee that ||Ar(¢)|| is bounded as
[Ar(@)]| < c2 (30)
Taking norm on (28), the following is obtained:
Jeo(s6 )| < (1K1 + €1 1Ko — 1) [leash)]| + crcz (31)

According to the condition described by (26), the following is obtained:

C1C2
K| + c1 [| Ko — T]f)

lim Heo sk H ST (32)

k—+

Moreover,

lim_|eo ()] < 8 (33)

t—+

where § is the positive constant.
Without uncertainty, compare (20),(21),(23) with (4) and (13), and let ¢ = 0, the prediction

sequence is obtained:

~

0(50 ‘30) =xo(s6) + Bo(s¢)uo(s5) = xo(s

~ k+m k+m m k+m
Ro(s5 D s =Ro (s |s8) + Bo(sy ™ sk o (s8 ™ sh)
(

(s (k+1))

—x0(s%™) 4 By (s8H™ Yug (s
xo(sék+m+1 )

o (s sk) k;l< Ro (s gk, (Sgk+m))’r(sén+k+1))>
ki (x ’”m (k+m)),r(sé"+k+1)))
=ug(s k+m))

where k € ZT,m =1,...,(dg + 1) M.

It shows that under the proposed predictive control strategy, ||eq(t)|| converges into a neigh-
borhood of the origin exponentially, and, without uncertainty, the predicted states and control
inputs of Agent 0 are equivalent to the actual ones.

Next, the mathematical induction is adopted to analyze stability performance of followers.
For each Agent i, ¢ = 1,...,n, assume that consensus tracking errors of agents with indexes
less than ¢ converge into a neighborhood of the origin as

Jim ey (0] < 8.%p=0,....i—1 (34)
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and for arbitrary Agent p, p =0,...,i—1, the predicted states and control inputs are equivalent

to the actual ones as

%, (s;’f+m>|s’;) = x, (s;’“+m)) Np=0,....i—1,¥Ym=1,...,(dy+1)M (35)
0, (s;k+m>|s’;) —u, (s,(,’f+m>) Np=0,...i—1¥m=1,... (dy+1)M (36)

According to the Euler discretization, for each sample moment s¥ of Agent i, the following is
obtained:

~ k+m

Folsi T Isk — 75 (s1))

S(k+7rL)
=9 (s 4 Acyjlsf = 7i(sh)) + (ktm A Rp(Nst = 75 (s5)) AN, (5 + Acyylsh — 75 (sF))
S +Aei;
(k+nz)
=yp (s + Aeyj) + / RN dAu, (87 4 Ae,))
(k,+nL)+AE ;

=yp(s{" ") (37)

-~ k+m o~ k+m

Fols ™k = 7ij(sh)) + Qi ™ Is¥ — i (sF)

S(kHD)

~ k+m ~

=Fp(si" s = mi(sE) A+ [ Rp(Nlst =1 (s (AlsE — 7 (s5))dA
S(ktmt1) '
k+m ’

=yp(s{ ) 4 [ Ry(Wuy(A)dA
=yp(s; ") (38)

szO,,(dz—l—l)M

Then, for s*

. = ts, it is given:

ei(sV"T) =y (sF) + Bi(sh)u;(sF) — pra(sFT)
=yi(sh) + Wi(sHF [ F {07 (5 D aihi(s5) | | = pra(si™HY)
i—1
k+1 k+1
=Y aj (Kz‘ (yi(s¥) = y3(s%) = pji(sh)) + 35 () 4 pja(sFH1)
7=0

— pri(sFTD) — ri<s§>&j<sf>> (39)
Note that

pji(t) = pri(t) — prj(t) (40)
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therefore, without uncertainty,

i—1

ei(s") =Ke;(s +Zaw<ej (s - Kiexsf)—n(sf)mj(sf))

7=0

=K;e;(sF) — T;(sF) (K — T) e;(sF) + Z a; ( (k+1)) Kie;(sh)
S<k+1>

—Ty(sh) ((I —K)e;(sh) + / R(A)u;(A)dX + Apji(sf)> ) (41)

Taking norm on (41), it is given:

eg(s\") — Kye,(sh)

eils{ )| < Kl + e [K: = 1)) [les(s5) | +

S(EHD)

=K+ [ RO+ Apa(sh) | (12)
si
where 0 < ¢ < i and a;q > 0. It can be given by (34) that
lea(s11) — Kiey (55| < s (43)
H - K; ej 81)” < cq4 (44)
S+
‘ k+1
| [ RO =yl - s (45)
Since pj;(t) is smooth, it is clear that
[Apji(st)]| < co (46)
Denote ¢; = ¢z + ¢1(ca + ¢5 + ¢g), (42) can be rewritten as
(k+1
lests )| < (1Kl + ex 1K = 1)) [Jes(s5) | + er (47)
Then, the ultimate bound of ||e;(¢)|| can be obtained as
tim i (s5)]] < - (48)
ko0 1 — (Il + e [ K —IJf)
Moreover,
lim _{le;(¢)[| <6 (49)

t—+

Without uncertainty, comparing (20),(22) ,(23)with (4) and (18), and combing (35) and
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(36), the prediction equivalency can be obtain as

7 7

Ri(s T 5F) =xi(s5) + Bi(sFus(s¥) = xi(s*Y)
(

—x; s£k+m+1))
(s ) =y (Ra(s T sE), K (), Tis ™))
ey (x5 ), X (), U (50
7uz(sgk+m))
Ym =0,...,(d; +1)M (50)
where

X, (M) = {xj(s§k+m)|aij >0,j=0,...,0i— 1} (51)
UAQHMB:{QAMMG[QHWLQHMHU,%j>Qj:o,“Jf1} (52)

As summary, under the proposed predictive control strategy described as (13), (18), (20),
(21), (22) and (23), for Agent 0, the consensus tracking error converges into a neighborhood of
the origin and, without uncertainty, the predicted states and control inputs are equivalent to the
actual ones; Moreover as long as it is assumed that, for all agents with indexes less than i, the
tracking errors converge into a neighborhood of the origin and the predicted states and control
inputs are equivalent to the actual ones, it is able to obtain that consensus tracking error of
Agent 7 also converges into the neighborhood of the origin and the predicted states and control
inputs are equivalent to the actual one as well. Therefore, according to the mathematical
induction, it is clear that for arbitrary Agent ¢, i = 0,...,n, under the proposed predictive
control strategy, the consensus tracking error e;(t) converges into a neighborhood of the origin,
and, without uncertainty, the predicted states and control inputs are equivalent to the actual

ones.

7 Experiments
7.1 Experimental Platform Representation

To verify the proposed predictive time-variant consensus tracking control strategy, differen-
tially driven mobile robots are adopted as experimental plants. For the ¢ — th agent, the rela-
tionship between the control input [v;(t) w;(t)]” and the rotation speed of wheels [0;;(t) 8,-(t)]"

is expressed as

fa(t) | 1] 1 b vi(t) (53)
0 (1) {1 —b wi(t)
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where 7 is the radius of the wheels and 2b is the axis length. The experimental mobile robots are
driven by step motors. In the experiments, the necessary torque is less than the rated torque of
step motors, therefore, the response time of step motors is ignorable. Mobile robots are located
by Vicon localization system, poses of robots are transmitted from the Vicon system to each
robot via User Datagram Protocol, the communication delay and packet loss between robots
and the Vicon system are compensated by the networked predictive control strategy proposed
in [29].

In experiments, the time synchronization is implemented on the local area network, and the
inter-agent communication is achieved on the worldwide network. The inter-agent communi-
cation path is built on Aliyun cloud service. The packets from one agent to another agent is
retransmitted by Aliyun servers, the networked path of inter-agent communication is illustrated
in Fig.5.

~-Harbiy "’ &

r gt

Figure 5: Networked path of packets retransmission in inter-agent communication channels

In experiments, the desired trajectory for Agent 0 to track is an eight-sharped curve ex-

pressed as
1.5sin(t)cos(t
x(t) = 1+SED)2(t)( : (54)
1) — 1.5cos(t)
y(t) = Tz

7.2 Fixed Formation with Respect to the Leader

The proposed time-variant consensus control strategy is also effective for the time-varying
formation discussed in [15]. As an example, Agent 1 and Agent 2 are ordered to maintain
a fixed triangle formation with respect to the body-fixed coordinate system of Agent 0. The

desired positions of follower agents related to the leader agent are expressed as

cospp(t) —sin(t) Oz, ,
Poi (t) = . 0 , 1= 1, 2 (55)
sing(t)  cospo(t) Yi
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O, Oyi]T is the desired position of Agent i with respect to Agent 0 coordinate system.

where [
The desired position of Agent 2 related to Agent 1 with respect to Agent 0 body coordinate

system is expressed as

cos po(t) —sing(t) Oy — 024
p2(t) = | o o (56)
sinpg(t)  coso(t) y2 — Y1
In experiments, values of parameters are as follows: [01'1 Oyl} - [-0.5 — 0.5]T, [01’2 OyQ] 4

= [-0.5 0.5]T. Since the desired position of followers are described with respect to Agent-0
body-fixed coordinate system, to avoid the overloaded tracking error caused by rapid rotation
of Agent-0, the initial orientation of Agent-0 is nearby the tangential direction of reference
trajectory. Similarly, to avoid the overloaded control gain caused by large-scale initial error,
initial position of follower agents are not far from the desired one.

Fig.6 illustrates trajectories of agents; Fig.7 illustrates the tracking performance and con-
sensus error in distance of agents in the experiment with local networked environments; Fig.8
illustrates the tracking performance and consensus error in distance of agents in the experiment
with worldwide networked environments; and Fig.9 illustrates the networked delay of inter-agent
communication channels in the experiment with worldwide networked environments.

The experiment results show that, under the proposed control strategy, the desired triangle
formation is able to be achieved well in the worldwide networked environments as well as in the

local networked environments.
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Figure 6: Trajectories of Agents in a triangle formation experiment
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Figure 9: Communication delay of inter-agent communication in worldwide networked triangle

formation experiments

7.3 Surrounding Formation

To achieve the desired time-varying formation, the converge speed of the proposed control
laws is important. To verify the converge speed of the proposed control strategy, surrounding
formation experiments are presented, where the leader is expected to track a desired reference
trajectory and two followers are to move around the leader. Comparing with the fixed formation,
the surrounding formation is more difficult, because the crash is very easy to occur as long as
any agent does not track its desired position timely.

In the surrounding formation experiment, the desired positions of Agent 1 and Agent 2

related to Agent 0 with respect to the inertial coordinate system are expressed as

R;sin(0.3(t* 0 t <t
pOi(t) = ( ( )) ,t* = ,i = 1, 2 (57)
R; cos(0.3(t*)) t—t, t>ts

where ¢ is a start moment, before when all agents maintain the initial position with zero control
inputs. In experiment, R; = —0.75, Ry = 0.75, where position of two agents are symmetrical
with respect to the position of Agent 0. Therefore, the position relationship between Agent 1

and Agent 2 is expressed as
p12(t) =2 (yo(t) — y1(1)). (58)

For easy to understand, Fig.10 illustrates a part of experimental trajectories of agents in sur-
rounding formation experiments, where the leader tracks the reference input described as (54),

simultaneously, the followers move around the leader.
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Fig.11 illustrates the tracking performance and error in distance of agents in a surround-
ing formation experiment with local networked environments, Fig.12 illustrates the tracking
performance and error in distance of agents in the an experiment with worldwide networked en-

vironments, and Fig.13 illustrates the communication delay between agents in the experiments
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with worldwide networked environments.

The experiment results show that, under the proposed control strategy, the surrounding
formation is able to be achieved in the worldwide networked environments as well as in the
local network. With the proposed time-variant consensus protocol, agents maintain the desired
time-varying formation well. Moreover, with the proposed predictive control strategy, the
communication delay of agents is compensated well, so that the proposed control strategy is
effective on time-variant consensus tracking problems of non-holonomic multi-agent systems in

the worldwide networked environments.

8 Conclusion

A predictive time-variant consensus tracking control strategy for planar non-holonomic
multi-agent systems is presented in this article. Different from the traditional “consensus”
approaches, where agents are expected to form and maintain a fixed relationship, in the time-
variant consensus problem, agents are able to maintain an expected time-varying relationship
as well. With the proposed time-variant consensus tracking control strategy, the leader agent
is able to track the desired smooth reference input and the follower agents are able to maintain
a desired time-varying formation with the leader as well. The experiment results show that,
the proposed control strategy is effective for general smooth time-varying reference inputs and
formations.

The other contribution of this article is the active predictive compensation scheme for multi-
agent system to resist the networked delay in the inter-agent channels, where agents generate
and transmit pose and control input predictions actively. Comparing with the traditional
compensation mechanism for multi-agent system, where networked delay is compensated in the
form of observers, in the active scheme, implementation of agents are independent and the
computing efficiency of the system is improved. Moreover, the experiments are presented on
the worldwide networked environments.
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