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Angle formation of double integrator with bearing

and velocity information

Ningbo Li, * Pablo Borja,* Arjan van der Schaft, *
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*Jan C. Willems Center for Systems and Control, University of Groningen,
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** School of Mechanical and Aerospace Engineering, Nanyang Technological
University (e-mail: liangmingchen2018@ gmail.com).

Abstract: This paper proposes a passivity-based approach using bearing and velocity information
for a triangular formation control with the interaction topology constrained by angles. The controller
framework is designed using virtual couplings on the relative measurements related to the edges. The
different measurements associated with the edges are mapped by the measurement Jacobian, which
is calculated by the time-evolution of the measurement. To avoid unavailable distance measurements
in the control law, an estimator is designed based on port-Hamiltonian theory using bearing and
velocity measurements. The stability analysis of the closed-loop system is provided and simulations
are performed to illustrate the effectiveness of the approach.

Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

Recently, the passivity-based port-Hamiltonian (pH) approach
has used for the design of formation controllers, such as, Vos
et al. (2014), Stacey and Mahony (2015), Xu and Liang (2018).
The advantages of this approach can be summarized as follows:
on one hand, it allows for complex and heterogenous agent
dynamics. For most of the existing literature where the agent is
modeled as a single or double integrator and the measurement
is limited to one kind of position, distance, and bearing, the
pH approach can be applied to heterogenous systems where
the agents are modeled as nonlinear dynamics with different
kinds of measurements. In addition, it enables the flexibility
and scalability of the network. Passivity-based decentralized
controllers allow the agents to exert forces based on different
types of information about their neighbors, such as relative
position, distance and bearing.

In terms of the sensing capability, using partial information of
the positions of agents requires less onboard sensors, which
reduces the cost of hardware and introduces less measurement
errors. Much research has been reported on this topic in recent
years, such as Anderson et al. (2008), Cao et al. (2011) for
distance measurement, Zhao et al. (2019), Trinh et al. (2018)
for bearing measurement, and Chen et al. (2020), Jing et al.
(2019) for angle measurement. In this paper, we study the case
where the sensing capability of agents is based on bearing mea-
surement and the interaction topology of agents is constrained
by angles. Angle-based constraints are expressed by less infor-
mation of the agents compared with position-, distance- and
bearing-based approaches. Therefore, it is invariant to more
group motions, such as, translation, rotation, scaling and reflec-
tion, which means the group of agents can achieve these corre-
sponding maneuvers while satisfying angle-based constraints.

The control objectives are achieved by virtual couplings where
the virtual springs determine the formation by shaping the en-
ergy function of the network, while the virtual dampers shape
the transient response by injecting damping. However, the re-
sulting control law in passivity-based approaches usually con-
tains a negative gradient of the energy function, which implies
that the agents need the full information of relative position
even if the sensing capability and the interaction topology of
agents are both only bearing or distance. To solve this problem,
we extend the passive adaptive compensator proposed for bear-
ing formation control in Stacey and Mahony (2015) to estimate
the unavailable distance information by relative velocity.

The contributions of our approach can be summarized in two
points.

(i) We propose a control law for double integrator dynamics
based on the virtual mechanical couplings and pH theory.
Compared with the control law in Chen et al. (2020) which
uses an intuitive design for single integrator dynamics,
ours does better in control performance and is more suited
to analyze the complex dynamics of the system, since
gradient-like control law can avoid undesired equilibria.

(ii) Compared with the gradient-like control law in Jing et al.
(2019) which requires both bearing and distance mea-
surement, we design an estimator to avoid the distance
measurement by pH theory.

The rest of the paper is structured as follows. Some prelimi-
naries and the problem formulation are introduced in Section
2. The control architecture is developed in Section 3 and the
stability analysis is given in Section 4. Simulations are provided
in Section 5, and concluding remarks appear in Section 6.

2405-8963 Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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2. PRELIMINARIES AND PROBLEM FORMULATION
2.1 Preliminaries

We consider the triangular formation as in Fig.1. For the link &
between the agent 1 and the agent 2, we have

2k =q1 — q2, (D
where q1, ¢2 € R? are positions of the agents 1 and 2, z;, € R2
is the relative position associated with the link &.

Note that according to different kinds of sensors, we have only
access to partial information of position measurement, which
can be distance or bearing. We define the distance and bearing
between the agents 1 and 2 as

2k

e = l|zkll, sk = m

@)
We define the general form of partial measurement as y, € Y.
Y} is the sensor space. The time-evolution of yy, is given by

Uk = Ly, 21, (3)
where Ly, (21) = g—g’;(zk) is the measurement Jacobian. For
a bearing measurement s; and a distance measurement rj, we
have the bearing Jacobian and distance Jacobian , respectively,
as

1
L, = 77(12 — spsT) € R?*2 4)
k

Sk
L,, =s; € R*¥? (5)

Define y; as the set of parameters that describe the desired
formation in terms of the available sensor measurements ¥y.
The objective is to design a controller that ensures that the
following error (6) is zero.

Uk = Yk — Y- (6)

The dynamics of edges are associated with virtual couplings.
The controller assigns virtual couplings between the robots,
where the virtual springs determine the formation shape, while
the virtual dampers shape the transient response. The input to
the control system wy, € Ty, Yy, is the velocity, where T}, Yy, is
the tangent space of Y.

Define the corresponding Hamiltonian as Hy () = %g,fckgk,
which denotes the energy stored in virtual spring k. ci is the
virtual spring constant. The dynamics of the virtual coupling k
are given byvan der Schaft and Jeltsema (2014)

7
Vo = aNk + dpwy, ™
Yk

where the output 7, of the control system corresponds to the
force exerted by the virtual spring. The first term of vy is the
spring term and the second one is the damping term. dj, is the
corresponding virtual dissipation matrix.

Note that the dynamics of the virtual coupling are expressed in
the sensor space. However, they can be mapped to R? by the
measurement Jacobian

T
€x = Ly, Yk, (®)
where ¢}, is the virtual force in R2.

2.2 Problem Formulation

We consider the triangular formation determined only by angle
constraints. As shown in Fig.1, 1, 2, 3 are agents. ¢, j, k are the

Fig. 1. Triangular formation

the edges. Angle 6 and ¢ are the angles to be controlled. Since
the summation of three angles is 7, if angle 6 and angle ¢ are
both controlled to be desired one, the third angle also satisfy the
angle constraint. For the more complicated cases, it is related
the angle rigidity theory. Here we only consider this simple case
angle rigid.

We assume the dynamics of the agents are given by a simple
double integrator model in R?, which are given in Hamiltonian
framework as

0H,
G\ _ (0 I 0q; 0 ,
(pq) B (Iz 0) OH,; T (Iz) Ui 9
ap; )
1 OH,
Hi(pi) = 5 —pipi, Yi= o, (pi)-

Where ¢; = (¢a;,qy:),¢ = 1,2,3 is the position of agent i,
Di = (Pai>Py;) = (Midz,, MiGy,) is the momentum, m; is the
mass. U; = (Uy,,U,,) and Y; = (Y,,,Y,,) are the input and
output respectively. I is two-dimensional identity matrix. H;
is the Hamiltonian.

We assume that each agent has only the bearing sensors and lin-
ear velocity sensors. In addition, we assume the communication
topology is connected, i.e. each agent has access to the bearing
measurement of the non-adjacent edge. For example, the agent
1 has access to the bearing measurement s;. Since the inner
constraints of the agents in formation are give by angles, we
use the cosine of the angle to represent the angle measurement,
which can be easily calculated by bearing measurement. For
angle 6, it is given by

(10)
The objective of this paper is to design a controller using
only bearing and linear velocity measurements that ensures

the group of three agents modeled by (9) achieve a formation
constrained by angles.

cosf = si's;

3. CONTROL DESIGN
3.1 Controller of the agent 1 for the angle 0

Now we consider the controller of agent a. since the moving of
the agent 1 affects both the angle ¢ and ¢, the controller of the
agent 1 consist of two parts. One is to satisfy the constraint of
the angle 6, the other part is to satisfy the constraint of the angle

o.

We assume the agent can measure the bearing and the inner
constraints of the agents in formation are angles. We use cosine
of the angle 6 to represent the angle measurement. The time-
evolution of the angle measurement can be derived as:
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d(cos 9)

Tl (2%

2)"sj + s (Ls, %)

= —(s) Ly, + s4 Ls,)G1 + 5] L, G2 + 5f. L, 3
= Lo1g1 + Loage + Lg3qs

(11)

Define Lg1, Lg2, Lgs as the angle Jacobian mapping from po-
sition of the agents 1,2, and 3, respectively, to the angle 6. The
expressions are given as follows

Loy = —(SJTLSk + sgsz)
Loz = s] L, (12)
Les = sj, L,

Similarly, the angle Jacobian mapping from position of the
agents 1,2, and 3, respectively, to the angle ¢ are given as
L¢3 = —SZTLSJ.

L¢3 = —S;‘FLSZ,
Ly3 =5, Ls, + 5] L,

13)

The control aim is to design a controller to ensure the cosine
of the angle 6, given by s7 s, to converge to the desired value

(s¥'s;)*. Hence, we define the error by
(sT55) = (sT'5y) — (55" (14)

In order to ensure that the system converges to the desired
point, i.e., the error converges to zero, it is necessary to assign a
potential energy of the angle to the closed-loop system. To this
end, we propose the following Hamiltonian function as

2

1
Hyp = 5091(5;{%‘) ,

where cg1 > 0 is a constant.

5)

The corresponding controller with spring term and damping
term can be derived as

(sh.55) = wen,
OH, (16)
Vo1 = = do1wer .
A(sf s5)

where wg; denotes the input of the controller. dg; > 0 is a
positive constant.

The 71 actually is the resulting virtual force in the space of
angle measurement. According to the port-Hamiltonian theory
van der Schaft and Jeltsema (2014), we define the force and
velocity as effort and flow. Hence, the power of the port can be

derived as

A(sfs;) | rd(sfsy),
dt T
Here, we only consider the relation between the agent 1 and the

angle 6. To transform the power from angle measurement space
to R? space, we have

d(s 55)
dt

< o1l = a7)

< o1 > =< 1|Lo1¢g1 >

=< Lj1ve1ld1 >

=< —szSj’y@1|Lj1 >+ < —ijsk’ygﬂq'l > .

(18)

The effort of the port in (18) relies on the distance information
which is not measurable. In order to avoid distance measure-

ment, we use the relative velocity measurement to estimate the
unknown distance Duindam et al. (2009).

Note that the estimated distance is used, the angle Jacobian also
needs to be modified. Therefore, the estimated angle Jacobian
is given by

L@l =S; Lesk + Sk LO@

=S

)

J
1 1
T T
— (I — sgs + s — (1.
JTGk(Q kok ) kT()j(Q

ry (19

—8jSj

where gy, is the estimate of the edge k using the measurement
of the angle 0, 7y; is the estimate of the edge j using the

measurement of the angle 6. Correspondingly, Lgs, , Lgs, are
the estimated bearing Jacobian using the measurement of the
angle 6.

However if ﬁgl is used to replace Ly in the right side of (18),
the equation is not satisfied because the effort v91 corresponds

to the real flow (s7's;) in the angle space. It causes the discrep-
ancy of the power through the virtual coupling due to the error
between the estimated distance and the real unknown distance.
Define the distance error as: Fgy, = Pgp, — Tk, To; = Toj — 7.
To calculate the estimated effort in R2, we have

—(Lgs,55 + Ly, sk)v01 = —LZ, 500, — LT sk, (20)

where ag, = -

is the estimated effort related to 7g;.

Qgj = 7

Furthermore, considering the ports in different spaces, we have
that

rT . T T .
< Lal’)/gl‘ql > =< —LsijOzgk — szskozgj\ql >

|d(s£sj) d(sfsj) -

=<
WORIT gy dt

>+ < Otgj|
2D

Comparing (18) with (21), the discrepancy between the real
effort and the estimated effort can be derived as

Tk
Bor = cor — Vo1 = *@791,
7o (22)
— Y01 =

50;‘ = Qg;

The power of ports with Sgy, Bg; as the efforts are given by

< Borl — 5T Lo, g1 >, < Bojl —sfiLs,qu>.  (23)
To account for the power associated with the ports in distance

space, we define the corresponding Hamiltonian as

1, 1,
Hey, = 5 CokT ok Hgj = 5C0iT0;> (24)
where cgy, cg; > 0 are constants.
The power of the ports in distance space are given by
OHyy,
< [Tor >=< coxTok|Tor >,
8r9
OHy; | . . (25)
< ] ‘779]' >=< C@jf9j|779j >
j

0Ty

Since the energy is coordinate free, the power in angle space
and distance space are the same. Therefore, comparing (23) and
(25), we have
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T . — -
< Bor| — 55 Ls,d1 > = < coxTok|Tor >

fl g — Tk T T
= CokTorTok = fekT%l( 55 Ls,q1) (26)
= o1 Tr -
= Tor = — —si L .
0k Cakfek( i Ls.1)
Similarly,
Vo1 T
To; = —sp Ls.q1). 27
64 Cej'ﬁej( ks Q1) ( )
Furthermore, the dynamics of the estimators are given by
Fok = % -+ Tor
28)
T o1 T (
=S, Rk — —s; L
k Cekfok( j Lovd)
Similarly,
Foj = 1 + To
& (29)
T . o T .
=5;%2; — —sz Ls.q1)-
IRz ngfgj( k squ)

Note that we only use the information of relative velocity and
bearing measurement in above estimators, while the informa-
tion of distance measurement is not used.

The control law of the agent 1 for the angle 6 is given by

1 1
Ug1 :[ — (IQ — Sk-SkT)TSj + f([g — SijT)TSk]
Tok To; (30)

e~

x [eor(sf s;) + do (s 5;)]-
3.2 Controller of the agent 1 for the angle ¢

Now we design the controller of the agent 1 to control the angle
¢. Define the corresponding Hamiltonian as
2

1
Hy = 5%1(8?8;‘) ;

3D

where cg1 > 0 is a constant. The controller with spring and
damping term is given by

(sis5) = wols
32
Vo1 = e +dgiwgi- (32)
A(s] s;)

Where wg; denotes the input of the controller. dg; > 0 is a
constant.

Considering the ports in different spaces, we have that

< a¢1‘(_8;rLSJq1) >=< [A’?i:lrytbllql >,

. . (33)
L¢1 = S'LTL¢Sk = Ssz (IQ — SkSkT>.

Pkl

Where I:¢1 is the estimated angle Jacobian mapping from

position of the agent 1 to the angle ¢ and L, is the estimated
bearing Jacobian using the measurement of the angle ¢. 741 is
the estimated distance of the edge k by the agent 1 using the
measurement of the angle ¢.

Furthermore, taking the same steps as in Section 3.1, we have
the following estimator as

T
L(_STLS]%)_

- i (34)
CopkT okl

X . = T -
Tokl =Tk + Tokl = Sp 2k —

where cg, > 0 is a constant.

Correspondingly, the control law of the agent a for the angle 2
is given by
1

P okl

Upt =— (T2 — sise” )" silcgr(sT's5) + dypi(sT's;)] (35)

The power from the port 1 is given by

< Ljyyor + ﬁgﬂqﬂ\fh > (36)
The control law of the agent 1 is given by
Uiy =Upt + Uy (37)

3.3 Controllers for the agents 2 and 3

Since the design process of the agents 2 and 3 is similar to the
agent 1, we only give the conclusions here.

For the agent 3, there are two parts in the control law. The first
part is to control the angle ¢, whose corresponding Hamiltonian
and controller in angle space are given by

1 2
H¢3 = §C¢3(SZTS]') y (38)
(si'85) = wes,
O0H, (39)
Vg3 = % + dgpswes.
d(s]'s;)

Where w3 denotes the input of the controller. cg3 > 0,dg3 > 0
are constants. The corresponding estimated angle Jacobian and
distance estimators are given

A 1 1
L¢3 = S;Z-WA*(IQ — SiSiT) + SZT ’ (IQ — SijT), (40)
T'¢i T¢j
. ’yTB
Poi = 175 +Tgpi = SZTZZ — ¢A (S?Lsiq;;), 41
Cm‘?"m‘
. ’yT3
Poj =1 +Tg =514 — ——(sT La,gs).  (42)
CojT i

Where cg; > 0, cg; > 0 are constants.

The second part is to control the angle 6, whose corresponding
Hamiltonian and controller in angle space are given by

—2

1
Hgs = 5093(51{53‘) ; (43)
(s s7) = wos,
OH, 44)
Y3 = = 4 dg3we3.
9(sj s;)

Where wy3 denotes the input of the controller. cg3 > 0, dgz > 0
are constants. The corresponding estimated angle Jacobian and
distance estimators are given by

A 1
Loz = st — (I — s;8:7),

: (45)
T0i
. , T
Foiz = Ti + Toiz = 81 2 — #(SZLSJ- g3).  (46)
CoiT0i3
Where cgy; > 0 is a constant.
In general, the power from the port 3 is given by
< Lizves + Lizeslis > @7
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Correspondingly, the controller of the agent 3 is given by
Us = Ups + Uys

1 1
= [ —sisi")"sj + — (L — 5557 ) " s4]
T¢i _ T¢j

(48)
[cp3(sT s;) + dgs(sT s;)]+
1 ——

(I — sisi" ) sk[cos(s] s;) + dos(s] s;)]

P

793

For the agent 2, there are also two parts in the control law.
The first part is to control the angle 6, whose corresponding
Hamiltonian and controller in the angle space are given by

2

1
Hypy = 5092(8583‘) ,

(49)

(50)

(s, s)
Where wys denotes the input of the controller. cyo > 0, dgs > 0
are constants. The corresponding estimated angle Jacobian and
distance estimators are given by

- 1
Lo =s] —(I2 — si8i"), (51
Toi
Foio = Ti + Toi2 = ) 2 — c ;9 (SJTLskq'2)~ (52)
1012

Note that the expressions (52) and (46) are both distance
estimators of the edge ¢, but (52) is estimated by the agent
2, while (46) is estimated by the agent 3. The second part is
to control the angle ¢, whose corresponding Hamiltonian and
controller are given by

1 —2
H¢2 = §C¢2(81T8j) ) (53)
(SzTSj) = W2,
OH, (54)
Vo2 = — 2 4 dgowsa.
(s s;)

Where w2 denotes the input of the controller. cgo > 0, dga > 0
are constants. The corresponding estimated angle Jacobian and
distance estimators are given

- 1
Lo = sT— (I — sisi.”), (55)
Tok
: ’YTz
Foka = T + Tgka = 8p 25 — ¢ (*S?szqz)- (56)
CokT pk2

Note that the expressions (34) and (56) are both distance
estimators of the edge k, but (34) is estimated by the agent 1,
while (56) is estimated by the agent 2.

The power from the port 2 is given by

< Liyve2 + Ii£27¢2|‘12 >
Correspondingly, the control law of the agent 2 is given by

(537)

Us =Upa +Uyo
_ 1 T\ [ (T T
= (I2 — sisi7 )" sj[coa(sy, s5) + doa(sy, 55)] (58)
1 e~ —
+ (Iy — sisi”) " sjlcoa(sTs;) + dga(sTs;)]

e

4. STABILITY ANALYSIS

The main result of this paper is given by the following theorem.

Theorem 1. Consider the three agents modeled as in Section
2.2. Moreover, assume that the matrix
L= Loz Lg»

Lg3 Ly

is full column rank. Hence, using the control law (37) for the
agent 1, the control law (58) for the agent 2, and the control law

(48) for the agent 3, the three agents converge to the formation
constrained by the desired angles.

(59)

Proof: Take the following Hamiltonian as a candidate Lya-
punov function
1 T . T . T .
H =5 (m1di 41 + mads G2 + mads ds)

1 —2
5(691 + cpo + 093)(8553‘) +

1 —_ 2
5 (Cor+ cor +cgs) (s s5) +
1

=2 1 =2 1 =2 1 =2
509:‘7491‘2 + 5001‘7”.%3 + §Cej7"9j + §C9k:7"9k+
1

(60)

L PRV N I
It follows that H is positive definite. Now we consider the time
derivative of (60)
H _ T .. T .. T ..
=m1qi 1 + Ma2q3 g2 + M3G3 G3

(co1 + co2 + 093)[(8553')([:015'51 + Loy + Eesig)]Jr

(cor + ez + cg3)(s] ;) (Lordn + Lgata + Lysis)]+
CoiToinToi + CoiToisToi + CojTojTo; + CokTorTor+

CokTok1T okl + CokTokaT ok + CoiToiTei + CoiToiTe;-
(61)

Note that

. U’I'L

qn = s

My

Substituting (62) into the first line of (61), substituting (19),
(51), (45) into the second line of (61), substituting (33), (55),
(40) into the third line of (61), substituting (52), (46), (29) and
(28) into the fourth line of (61), and substituting (56), (34),
(41) and (42) into the fifth line of (61), we can simplify (61).
For simplicity, we omit the process and only give the results as
follows

n=1,23 (62)

2

H = — (dgy + dga + do3) (s} s;)

2

— (d¢1 + d¢2 + d¢3)(SZ-TSj) <0.

(63)

By invoking LaSalle’s invariance principle, we get that the
trajectories of the closed-loop system converge to the largest
invariant set where H = 0. On this set ¢; = do = 3 = 0,

—_~—

(sfs;) =0and (s!s;) =0.

Furthermore, we can conclude that §; = ¢o = ¢3 = 0,
according to (62) it follows that U; = Uy = Us = 0 on this
invariant set.
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Table 1. Model parameters

Parameter Value
mnp,n=1,2,3 1
con,n =1,2,3 10

Con>,n=1,2,3 10
don,m =1,2,3 1

dgn,n=1,2,3 1
Cgl,l:’i,j,k 1
col,l =1,5,k 1

—_~—

Next we prove (sgsj) =0and (s's;) = 0.

—~—

—_~—

= fieTn(Con(Sij) + dQn(Sgsj))Jr

(64)

—_~—

LT (con(sTsj) + dgn(sTs;)) =0, n=1,2,3.

Substituting (s7s;) = 0 and (s7s;) = 0 into (64) of 1,2,3
respectively, we have

0= celjleTl(s;fsj) + c¢11z£1(s;frsj)
0 = coaLio(sTs;) + coalela(sTs)) (65)

Note that cg1, cg2, Cg3, Cp1,Cep2, Cp3 > 0. Since L is full column

rank, we conclude that (s% s;) = (s!'s;) = 0, which means that
the three agents achieve the desired formation, thus completing
the proof. (|

Remark 1. The assumption that L has full rank is not restric-
tive. If the three agents are neither coincident nor collinear,
according to the expression of L, all the elements in the same
column cannot be zero simultaneously, so it is column full rank.

1 1

0.5 05

0.5 05
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,
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timel
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Fig. 2. Angle errors
5. SIMULATIONS

Consider three agents modeled by double integrator as shown
in Fig. 1. The related parameters are given in Table 1, and the
initial positions and desired angles are given in Table 2. The
simulation are performed using MATLAB.

The error curves of the angle 1 and the angle 2 are given in Fig.
2. It can be seen that the errors converge to zero and the desired
formation constrained by angles is achieved.

6. CONCLUSIONS AND FUTURE RESEARCH

In this paper, we have developed a passivity-based approach for
three agents modeled as double integrators to achieve a forma-
tion constrained by the desired angles. The resulting control law

Table 2. Initial positions and desired angles

Parameter ~ Value
q1 (1.1)
q2 (1,3)
q3 3.1

(sgsj-)* w/3

(s 85)* /3
based on dynamic virtual couplings contains the unavailable
distance, which is obtained by an estimator designed based on

the pH theory. The effectiveness of the approach is validated by
stability analysis and simulations.

However, since we only consider the angle, as the error of
angle goes to zero, the distance between the agents and the
velocities become very large. Hence although the formation
constrained by angles is achieved, the velocity and the scale
are still unspecified. Therefore, for the practical application,
we need to design a new controller to track the velocity and
to control the scale of the shape of the formation. This is left
for future research.
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