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Abstract—This paper addresses the design and discrete time
implementation of nonlinear observers for the estimation of
position and attitude in 3D with application to Unmanned Air
Vehicles. A continuous time nonlinear observer on SE(3) is
derived that uses inertial measurements and ranges between a set
of beacons mounted in a fixed location in an inertial frame and
a receiver array installed on the vehicle frame. The estimation
errors are shown to converge exponentially fast to the desired
equilibrium points in the presence of bias in the rate gyros. An
observer discrete time implementation is proposed that resorts to
recent geometric numeric integration results suitable for solving
ODEs on SO(3). Simulation results for oscillatory trajectories
of the vehicle are presented to assess the performance of the
continuous time observer versus that obtained with the discrete
time implementation.

I. INTRODUCTION

Attitude and position estimation is a classical problem
often subject to new advances and enriching insights, despite
its wide historical background. Among a large diversity of
estimation techniques, nonlinear observers stand out as a
promising approach often endowed with stability results.

Research on the problem of deriving a stabilizing law for
systems evolving on manifolds, namely SO(3) and SE(3), can
be found in [5], [7], [12], [15], [22], that provide important
guidelines for observer design, due to the realized discussion
on the topological characteristics and limitations for achieving
global stabilization on the SO(3) manifold.

In many applications it is desired to design observers based
only on the rigid body kinematics. These observers have the
advantage of that kinematics is an exact description of the
physical quantities involved, requiring however, a larger num-
ber of sensors [25], [26], [27], [1]. In [14], an asymptotically
stable attitude observer on SO(3) is derived using attitude
and biased angular velocity readings. The nonlinear attitude
observer proposed in [24], is formulated using the quaternion
representation, to obtain global exponentially convergence to
the origin given attitude measurements and biased inertial
readings. In these references the observer is assuming that
a perfect attitude information, rotation matrix or quaternion,
is available, obtained by pre-processing information such as
image based features, landmark measurements, and vector
readings. However, this is not considered in the observer
design and it can compromise its stability.

The development of numeric integration methods that pre-
serve geometric properties, has witnessed in last fifteen years
a remarkable progress, and particular emphasis was placed by
the scientific community on integration methods for integration
of differential equations evolving on a Lie group. These
methods were originally proposed by Crouch and Grossman
in [6], and the general order conditions computed in [20]. In
[17] the author construct generalized Runge-Kutta methods for

integration of differential equations evolving on Lie groups,
where the computations are performed in the Lie algebra,
which is a linear space. More recently, in [4, 19], authors
derive the order conditions for commutator free Lie group
methods, to overcome some of the problems associated with
the computation of commutators.

In this work, an attitude and position nonlinear observer is
proposed. The observer integrates measurements from inertial
sensors, accelerometers and rate gyros, with ranges provided
by an acoustic positioning system. The latter is composed
by an ultrasonic beacon array assumed fixed in the inertial
frame and an acoustic receiver array installed on the vehicle.
The range data supplied by the acoustic positioning system
is processed resorting to a standard spherical interpolation
technique that provides the positions of the beacons in vehicle
frame, and the position of the receivers in the inertial frame.
By exploiting sensor information, a stabilizing feedback law
is proposed and the exponential convergence to the origin
of the estimation errors is shown. Using recent results from
numerical analysis, an observer discrete time implementation
is proposed, and its performance illustrated in simulation.

The paper is structured as follows. In Section II, the
attitude and position estimation problem is introduced. The
sensors considered to equip the vehicle are described and some
geometric relation are introduced. In section III the attitude
and position observers are proposed, and their properties
are highlighted. In Section IV some recent algorithms for
numeric integration in SO(3) are described. A low complexity
discrete time implementation of the observer is presented
in Section V, and in Section VI simulations illustrate and
compare the performance of the observer and its discrete
time approximation. Concluding remarks and future work are
presented in Section VIIL.

NOMENCLATURE

The used notation is rather standard. The set of real
n X m matrices is denoted as M(n,m) and M(n) := M(n, n).
The set of skew-symmetric, orthogonal, and special or-
thonormal matrices are respectively denoted as K(n) :=
[KeM@m:K=-K"}, o) := {UeM@m:UTU=I},
SO(n) := {R€O():detR = 1}. The n-dimensional sphere
and ball are described by S(n) := {x eR™! xTx = lr and
B(n) := {x e R xTx < 1}, respectively. The time depen-
dence of variables will be omitted in general, but explicitly
denoted where consider necessary.

II. PROBLEM FORMULATION

This section, introduces the sensor suite used in the at-
titude and position observer. The rigid body kinematics are



Fig. 1.

Frames and navigation system configuration.

described by

R = R(@®)",
p=v-(@"p,
v=a+Rtg— (@7,

where R is the shorthand notation for the rotation matrix
from body frame {B} to the local inertial frame {L}, @ is the
rigid body angular velocity expressed in {B}, p, and v are
the position and velocity of the rigid body with respect to
local {L} expressed in {B}, respectively, ©g is the gravitational
acceleration expressed in {L}, a is the specific force applied to
the vehicle expressed in {B}, and (x)" is the skew symmetric
matrix defined by the vector x € R? such that (x)y = x Xy,
y € R3.

The rigid body angular velocity is measured by a rate gyro
sensor triad, corrupted by a constant bias term

Wgensor = O + by,

and a triaxial accelerometer measures the specific force, which
is the difference between the vehicle acceleration Za and the
gravitational acceleration 2g, both in expressed in body frame,

a = Agensor = Ba - Bg~

The acoustic positioning system gives the range from each of
the beacons to the acoustic receivers installed on the vehicle.
Using a spherical interpolation method [23], is possible to
obtain the position of the receivers in local frame {L}, or the
position of the beacons in the body frame {B}, b;. In this work
the latter is adopted, and the position of one of the receivers
that is set as the origin of {B}, represented as “p in coordinate
frame {L}. These vectors satisfy the relationship,

b; = RTEx; — RT L, (D)

where i = 1,...,n, n is the number of beacons, and X; is the
position of the i-th beacon in {L}. The relationship (1) can
be expressed in matrix from as B = R7X — RTtp1!, where
B = [Bl B,,], X = [Lil Lin], B,X € M(@3,n) and
1,:=[1..1]".

The local frame is defined as an inertial frame installed in
the centroid of beacons. Therefore, the vectors X%, i = 1,...,n,
illustrated in Fig. 1, verify

n

D% =0,

i=1

The objective of the present work is to exploit the informa-
tion provided by the sensor suite, by deriving a position and
attitude observer that combines the inertial measurements with
ranges between a beacon array and a receiver array.

III. OBSERVER SYNTHESIS
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Fig. 2. Cascaded observer, composed by the attitude and the position

observers.

The proposed observer is designed to match the rigid body
dynamics and, as illustrated in Fig. 2, it results in a cascaded
composition, where the attitude and angular velocity estimates,
from the attitude observer, are fed into the position observer.
In this section the attitude and position observers are presented
and their properties derived. It is shown that the attitude and
angular velocity bias errors converge exponentially fast to the
origin and that the position observer is globally exponentially
stable.

A. Attitude Observer

The attitude observer considered in this section estimates the
rotation matrix by exploiting angular velocity measurements
available from rate gyros, and angular position data obtained
from the receiver array installed in the vehicle. Based on
previews work see [25], [26], and references therein, the
proposed observer estimates the orientation of the rigid body
by computing the kinematics

R = R(®)", ©)

where R is the estimated attitude, and ® is the feedback
term that compensates for the estimation errors. Whereas the
angular velocity measurements, g, are used directly in
the observer term @, the beacons positions in frame {B}, b;,
are introduced by means of a convenient linear coordinate
transformation.

The attitude error is defined as R := RRT and its dynamics
are given by R = R(R(® — @))". The error matrix R can be
parameterized in Euler angle-axis by a rotation vector A € S(2)
and by a rotation angle 0 € [0 =], yielding the formulation [18]
R = rot(0, &) :=cos(O)I + sin(0)(A)" + (1 — cos(0))AA! .



Consider the transformation of the positions of the beacons
defined as

n—1
Bﬁj = Zaij (Bi+1 - Bi), j=1..,n-1
i=1
This linear combination can be expressed in matrix form as
50 := BDxAy, where Dy := [Oi:fl—] T_ [sz;l_]] and Ay := [ay].

The representation of the transformation in frame {L}, is given

by Uy = R B0y = [Lﬁl Lﬁ,,_l], and the representation
using the estimate transformation is defined as 20 := R Uy =
By Ba

[ up ... lln_l].

Proposition 1. If H := XDy has full rank, there is a non
singular matrix Ax € M(n), such as, UXU)T( =L

Proof: Take the SVD decomposition of H = USV? where
U € 0(3), V € O(3), S = [diag(sy, 52, 53) O3xn-3)] € M(3,n),
and 51 > so > s3 > 0 are the singular values of H. Any
Ay given by Ax =V, blkdlag(sl s s2 )83 ' B)VT, where B €
M(n — 3) is non singular and V4 € O(n), produces UXUT =
HAXATH UVTVAUT =L |
1) Unbiased Angular Velocity Measurement: Let =0,
and consider the candidate Lyapunov function

1 y
=3 Z P8, - Pl = [ (X RYUXUE| =
3
-||1 —RIPATPA = (1 = cos(0)ATPA,
where P := tr(UXU ) UXU)T( € M(3). Choosing Ay, such

that, UXU)T( = I, the candidate Lyapunov function (3) takes the
form

- 1 -
Vg = tr [(I - 'R)] = 3~ RI? = 2(1 - cos(0)).  (4)

The Lyapunov function Vg measures the error between
transformed and the actual position of the beacons, that is
given by |[®d; — Bay||, i = 1,..,n — 1. The estimated position
of the beacons under which zero observation error is obtained
(Vg = 0) corresponds to the correct attitude estimate, R=1,
and is stated in the following lemma. For the proof of
Lemma 1, the reader is referred to [26].

Assumption 1. The positions of the beacons are not colinear,
i.e. rank(X) > 2.

Lemma 1. The Lyapunov function Vg has a unique global
minimum (at R = 1) if and only if Assumption 1 is verified.

If rank(X) = 2 the conditions of Proposition 1 are not
satisfied by the Assumption 1. However, in Appendix A it is
shown how one can still obtain a full rank matrix by generating
the direction orthogonal to the columns of X.

The derivative of the candidate Lyapunov function (4) is

Vg = sl (@ - @), &)
where s, := RT(R-RT)Y =2 sin(@RTA and (.)V is the unskew
operator, such that, ((a)A) =a,aecR>.

In order to Vg be a Lyapunov function, a convenient attitude
feedback law is defined

® = ® — Koo, Ko € R, (©6)

The feedback law (6), yields the autonomous attitude error
system .
R = K,RR" - R). (7)

The derivative of Lyapunov function (5) together with the
feedback law (6) results in

Vg = =Ko llSoll> = —Ko4 sin®(0), ()

which is negative semi-definite, so one can infer that the
Lyapunov function decreases along the system trajectories.
The Lyapunov function invariant set is given by

Iz = {R€SOB): R=1VR=rot(m, ), h e SQ)},

so for any initial condition with 6 = m, the system will not
converge to the desired state O = 0. However 0 = m is a zero
measure set and, as shown in next theorem, for every other
initial conditions the attitude error converges exponentially fast
to the origin. The proof of this theorem is presented in [26]
and references therein.

Theorem 1. The close loop system (7) has a exponentially
stable point at R = 1, for any initial condition R(ty) in the
attraction region Ry = {R €SO@3) : R =rot(,\), 0] <7, e
S(2)}, and the trajectory satisfy

IR -1 < kgllR(to) — Ll %), ©)
K., (1 + cos(6(1p)))

2) Biased Angular Velocity Measurement: The existence of
bias in the measures of the rate gyros implies that

where kg = 1 and yg =

Wygensor = O + by,

where bias is consider to be constant, i.e. b, = 0.
The Lyapunov function is augmented to consider the exis-
tence of bias

1 .
V), = 2(1 = cos(0)) + —— by 1%
» = 2(1 — cos( ))+2Khmll oll

where Kj,, € R*, b, = f)w - b, and f)m is the estimated bias
in angular velocity measurements. Its derivative is given by

R 1 2pn~
Vi, = sh(® - @) + K—bgbw. (10)
b(u

The augmented attitude feedback law is
by — KySo = ® — by,

- Kwsm’ (1 1)

where K, € R*. Applying the feedback law (11) to the
Lyapunov function (10) and defining

N
® = Wgensor —

b = b = Kb(,,s(u» (12)

the Lyapunov function derivative is given by V}, = =K IS |-

Considering the feedback law (11) and the differential
equation (12), the closed loop attitude error dynamics results
in

R = ~K,RR ~ RT) — R(Rb,,)" (13)
b(o = waR(R - ﬁT)v

Global asymptotic stability of the origin is precluded by
topological limitations associated with the estimation error



R = rot(s,A) [2]. In the next lemma the boundedness of
estimation errors is shown and used to provide sufficient
conditions that exclude convergence to the equilibrium points
satisfying R = rot(rm, A).

Lemma 2. The estimation errors X, = (R, by) are bounded to
any initial condition that verifies

2B (o)1
31+ cos@))
Proof: Let Q, = {X;, € Dj :V, < p}. As the Lyapunov
function (4) is a weighted distance from the origin, 3, I%,]1> <
vV and €, is a compact set. V), < 0 implies that any trajectory
that starts in , remains in Q,. So, Visi Ko (DI < YVi(Xp(t0))
and the state is bounded.

The gain condition (14) is equivalent to V;(X,(#y)) < 4. The
invariance of €, implies that V,(X;(1)) < V;(Xp(%0)), and so
2(1 + cos(0)) < Vj(Xp(t0)) < 4 and consequently g, : 0(¢) <
6(t()) < emaxvtztg- u

Exploiting the results derived for LTV systems in [13],
Theorem 2 establishes the exponential convergence of the
system (13) states to the desired equilibrium point.

(14)

Theorem 2. Assuming ® bounded and to any initial condition
that satisfies the gain condition (14), the attitude error and
the bias estimation error converge exponentially fast to the
equilibrium point (R, b,) = (L, 0).

Proof: Using the analysis tool for LVT parameterized
systems [13], the system (13) in the form X, = f(¢, X)X, can
be rewritten as X, = A(A, £)X,. The parameter A is related with
the initial conditions of the system (13). The solutions of the
systems X, = f(t,Xp)Xp and X, = A(A, )X, are identic if the
initial state is the same, i.e. X, (fy) = X, (7).

It will be used a coordinate transformation like the one pro-
posed in [24]. Let the attitude error be given by q, = sin (%) A,
so the close loop dynamic is

flq = %Q((I)(_wa - 4Km(iqqs)
b, = 4K, R" Q" (@,

where Q(@) := gl + @,)", @ = [&] 41", 4, = cos(), and
g]s = _Zqug(]qQS - %qgf)w

Let x, := (§,,by), X, € D, and D, := B(3)xR?, and define
the system (15) in domain O, = {x, € D, : V, <4}. The
set D, corresponds to the interior of the Lyapunov surface, so
is well defined, and is positively invariant. The condition (14)
implies that the initial state is contained in D,.

Let x, := (qq*,f)w*) and D, := R3 x R3, and define the
linear time-varying system
- [ﬂ(t, A

T -C@

where A € Rg x D,, and the submatrices are described by
At )) = [-2Kuqs(t, MQq(t, 1)] ,
1.
B, M) = [—ERTQT(Q(L 7»))] )

ch = [-4R"Q @, V)|,

15)

(16)

BI(t,)\)
053 ] oo

and q(z, M) represents the solution of (15) with initial condition
A = (20, q(10), by (0))-

The matrices A(t,N), B(t, L), and C(¢t,\), are bounded and
the system is well defined [11, pag. 626].

If the parameterized system is A-UGES, then the system
(15) is uniformly exponentially stable in D, [13, pag.14-15].
The parameterized system verifies the assumptions of [13]:

1) As @ is bounded, the elements of B(z, L), and

0B, L)
o

1 - - _ .
[—E(RTQT(Q(L M) +RTQT (s, 7»)))} ,
are bounded, so there is by, such as,

{HB(r, Wi, H%’IMH} < by,

where ||.|| is the induced Euclidean norm of matrices.
2) The matrices

max
AeRIXD,,1>0

P(t,1) = 8Kp, L, Q(t, 1) = 32K, 4;(t, WK,
are positive definite, and satisfy

P, )BT (1,0 = CT(t, )
—Q@, W) = AT, V)P, \) + P(t, AR, L) + P(1,))

and also satisfy the symmetry conditions, and the exis-
tence of g, qu , pm and py, such as,

gl < 0@, ) < gul,
Pl < P(t,0) < pyl,

with g,, = 32K, Kp, cos? (9’”7“) qu = 32K,Kp,, pm =
pu = 8K,

The system (16) is A-UGES if and only if B(t,)) is A-
uniformly persistently exciting [13]. In order to guarantee that,
the sufficient condition B(t, )BT (t,A) > agl is shown for
op > 0 independently of t and A.

T
Be, VBT (1)) = (—%WQT@) (—%@TQT@)
1- _
- 7RO @Q@R
!
1 .- _ 1 _
ZYTRTQT(G)Q(Q)RY = 4—‘(||y||2 - ("R,

[P
> = (=1l

2 1
> @ (1 — sin® (Eemﬂ))

2 1
> @ cos? (Ee,w)

2
= [Iyll°co.

where g := § cos? (%Omm). Then B(t,\)B" (t,\) > ¢l and
persistency of excitation condition is satisfied. Consequently,
the parameterized system (16) is A-UGES, and the nonlinear
system (15) is exponentially stable in the domain D,. |



B. Position Observer

This section derives the position observer based on the
IMU acceleration measurements, position readings obtained
from range data, and on the attitude observer estimates. The
dynamics of the position and velocity estimates are described
by

where s, and s, are the feedback terms that compensate for
the estimation errors, and ®* is an estimate of the angular
velocity obtained from the attitude observer.

Defining the position and velocity errors as p := p — p and
Vv := ¥ — ¥, respectively, their dynamics are given by

P=9-(0)"D—(®)"p+s), a7
. A N\T
V=(R-R) 'g-(@")'¥- (@) +s, (18)
where ® := ©* — @.
1) Unbiased Angular Velocity Measurement: Assuming

that unbiased angular velocity, @ is available and ®* := @.
The feedback laws are obtain by setting s, and s, as

sp =K, (f) - f(”p)
Sy = _Kv (f) - 7AQTLIT)) 5

19)
(20)

where L is the position of the origin of {B}, relatively to {L},
expressed in {L}.

The dynamics of the position and velocity errors are ob-
tained by replacing (19) and (20), into the errors derivatives
(17) and (18), respectively, and can be written as

p=v-@"p-K,(p-R"p)
¥=(R-R) g - @) v- K, (p-R""p).

ey
(22)

By applying a convenient Lyapunov transformation it can
be shown that the position observer is globally exponential
stable. This is formally stated in Theorem 3.

Assumption 2. For any v, > 0, there is k, > 0, such that the
vehicle position satisfy

IBOI < kye™ ™.

Notice that in practice, this assumption is not restrictive, due
to the fact that it is trivially verified by physical constraints,
not only by the actuators saturation, but also by the intrinsic
limitation imposed by the speed of light.

Theorem 3. Consider b, = 0. Let the vehicle position P
satisfy Assumption 2 and the conditions of Theorem 1 be
verified. Then the estimation errors converge exponentially
fast to the equilibrium point (R,by,p,V) = (1,0,0) for any
P, V) € R* x R3. Also, if R and b, are known, the origin of
(21, 22) is globally exponentially stable.
Proof: Since R = RR” and p = p — p, then
p—RTLp=p+RTLp - RTLp
=p+ ('ﬁT _ ﬁTﬁT) LI_’
=p+R"(I-R")Rp.

Consider the Lyapunov transformation R applied to vectors
p and V. Notice that R is a Lyapunov transformation as it is
nonsigular, R and R are continuous, and R and R~! are limited.
The dynamics of the transformed system are given by

dit(izp) =RV - K,Rp - K, (I- R) Rp (23)
dit(m) =(R"-1)'g- K,p- K, (I-R)Rp,  (24)

that can be rewritten in condensed form as

.f,-' = Af +u, (25)
R « . =~ o~ —KpISx | ENG
Where é: = [Oiz O%S]X’ Wlth X = [p V]T’ A = I:—Kvl3><: 0§><3 :I’
-k, (1-R)Rp

and u = TLg]' The system (25) is linear time

—K, (I-R)Rp+(R7-T)
invariant and for K, > 0 and K, > 0, A is Hurwitz, therefore
the system is stable.

The input vector |[u|| verifies
lull < K, ||(1 - R) Rp| + & (1~ R) Ra|| + [|(R - &) ‘]
<||R 1] ((K, + KlIpll + 1"gl) .

From Theorem 1 and using Assumption 2, it is possible to
write

lu(@l| < ke 7=,

where k, = 2||Rao) ~ 1| max {(K, + K,)k,. | gl} and
Yu =YR — Vp-
The transformed state £(¢) satisfies

IEDI = e Ig(to)]] + f Au(r)dr.

)
The stability of the origin implies that there exists k,,vy, > 0
such that |le*’|| < ke~ [11]. And the application of this
inequality yields

!
IO < ke D + ki [ &g
to
7“(14(’*[0) _ ef“{u(t*lo)

" e
= kqe” Yalt tO)llg(IO)” + kaky

Ya = Yu
kak -
< kg VT ()] + |Y—Y| o= MintYva)i—1o)
a” lu
kak .
< 2max {kallg-‘(to)n, a } o~ Min{YuYa)(t=10)
|Yu - Yu|

Concatenating the attitude and the transformed position
estimation errors as Xy := (R -1, f) and using the inequalities
lIx/ll < IR =TI +[1€]] and [IR = I|| < [Ix¢[l, [I€1l < lIxfl, results in
the exponential bounds

”Xf(t)” < kmax”X(l‘o)”e_\(mi"(t_[())’

where kmyx = 2max {ke, 2Kq, ks max {(K, + Kk, I gI1}}
and Ymin = min {'Ya,'\{qa —yp}. Hence, the trajectories of the
system (7, 25) converge exponentially fast to (I,0). The fact
that ||£(7)|| = |[x(7)]| bears the exponential convergence of
cascaded observer (7,21, 22).

If, R is known, then u(f) = 0 and the origin of (25) is
globally exponentially stable by the properties of linear time-
invariant systems. |




2) Biased Angular Velocity Measurement: In this section
it is assumed that the angular velocity measurements are
corrupted by bias and it is required to use an estimate of @,
defined as

o= Wgensor — f)u) =0- B(u- (26)

The feedback laws are those defined in (19) and (20). Using
equations (17), (18), (19), (20) and the definition (26), the
position and velocity error dynamics are given by

b =9 -()"p+B.)"p - K, (p—R""p)
= (R-R) Lg - (@)'V + (B)'V - K, (p - R"'p). (28)

@7

The statement of Theorem 4, guarantees the exponential
convergence of position and velocity estimation errors.

Assumption 3. For any vy, > O, there exist k, > 0, such that
vehicle position and velocity satisfy

VO < ke,

As in Assumption 2, and due to similar reasons, this
assumption is not restrictive.

Theorem 4. Consider the presence of bias in angular velocity
measurements. Let Assumption 3 and the conditions of Theo-
rem 2 be satisfied. Then the estimation errors converge expo-
nentially fast to the equilibrium point (k by, p.v)=(1,0,0,0)
for any initial condition satisfying (14) and (p,¥) € R? x R3.
Also, if R and b,, are known, the origin of (27, 28) is globally
exponentially stable.

Proof: Notice that p — R7Lp = p + R” (I - 7~€T) Rp, and
consider the Lyapunov transformation R* applied to vectors p,

and ¥, where R* = R*(®*)". The dynamics of the transformed
system are given by

%(‘R*f)) =RV - K,R'p + R'b,p - K,R'R" (I- R) Rp
d - . _ N\ =
SR =R (R ~1)'g- KRp+ R'by7 - KRR (I~ R)Rp,
which can be rewritten in matrix form as

E=Af+u (29)
where & = [7}’; %’*]x, with x = [f)T VT]T, A= [:?:5], and
R¥bp-K,RRT (1-R)Rp

u= [R*BmvaVR*ieT(I—iz)ii’pm*(iz—i%)T"g
time invariant and for K, > 0 and K, > O the matrix A is
Hurwitz, therefore the system is stable.

From Theorem 2 is known that for Kj, large enough, there
are kg, kp, y®,¥» > 0 such that

”7?(1‘) - I” < kg ||772(t0) - I” o YR(=10)
”Bw(t)” <k Hf)w(to)” o Vrt=t0).

. The system (29) is linear

The input vector |[u|| verifies the following inequality
Ihall < 11| (B + 191D + || R = X| (K, + KBl + 1) .

Using the fact that |[p(?)|| and |[¥(7)|| satisfy respectively As-
sumption 2 and Assumption 3, it can be shown that

la()ll < ke =),

where &, = 4max{k, max{k,. k} b (10l kx max {(K, + K,y IIFgll} IR (t0) - 1I}
and vy, = min {yb — max {yp, yv} YR — yp}, that is positive since
v, and vy, can be made as small as desired by Assumption 2
and Assumption 3. The transformed state &(7) satisfies

!
€@ = g + f M Mu(r)dr,
o
and by [11] the stability of the origin implies that there exists
ka,¥a > O such that |leY|| < k,e™¥!, therefore the subsequent
inequality holds

!
||§(t)|| < kae_\(“('_"’)llf(to)II + kakuf e_Ya(t_T)_'Yu(T_tO)dT
fo
~Yult=10) _ p=Ya(t=10)

= ko T OE ) + Kok,

Ya = Yu

e~ Min(vu,Yal(t=to)

kaky
|Ya - Yul
} e~ min{'\/uv'\’a}(f*to)‘

< ke VT (1)) +

kyk,
< 2 max {kallf(fo)ll, «
|Ya - YM|

Concatenating the attitude and transformed position estimation
EITOTS as Xy = (R -1 bw,f) and using the inequalities |[x/|| <
IR =TIl + [y |l + lIg]l and max{||R — TII, I l, 111} < [Ix/Il, an
exponential upper bound is given by

”Xf(t)” < kmax||Xf([0)||e_\x’min(l—to)’

8kak kpokv}  8kak Kp Kk I
where kmax = 3max {k(/z,kb,zkg, a bmax{ P »} a Rmax{( pKv)kpll gH}}’

[Ya=Yul ’ Ya=Yul
and Ymin = min {Yu, Yp — Max {Yp’ Yv} »YR — Yp}'

Hence, the trajectories of the system (13,29) converge
exponentially fast to the origin. The fact that ||£(@)|| = |[x(?)]|
bears the exponential convergence of cascaded observer (13,
27, 28).

If R and b,, are known, then u(f) = 0 and the origin of
(29) is globally exponentially stable by the properties of linear
time-invariant systems. |

C. Feedback Terms as Explicit Functions of Sensors Readings

One important advantage of the derived observers, is that
the feedback terms can be written as explicit functions of
the sensor readings. For both position observers the feedback
terms are given by

s, = —K, (f) - @Lp)
s, = —K, (f) - 7A€Lf)).

For the unbiased angular velocity attitude observer the feed-
back term is given by

A

D = Ogen50r — KoSo,

and for the observer that estimates the bias present in angular
velocity measurements, can written as

A

D = Oyepsor — by — KySy-

The vector p is computed directly from range measure-
ments using a spherical interpolation algorithm. The depen-
dence of s, on the sensor readings, was derived in [26,



Theorem 9]. In the case of rank(X) > 3
Sp = Y (R"XDyAxe;) x (BDxAxe;),
i=1
where Ay is such that UxU% = I, Uy = RUDyAy and e; is
the unit vector along the i-th axis. In the case of rank(X) = 2
('f{THaAXaei) X (BaAXaei) >

n
S =

i=1

where
H, = XDy XDye; x XDxe;|, i # j
Ba = [BDX BDxei X BDxe]‘] , L# ],

and Ay, is such that Uy, UT

T =1, with

UXu = HaAXu-

IV. NUMERIC INTEGRATION ON SO(3)

Many dynamic systems described by differential equations
have some properties that are preserved in time, like energy,
linear and angular momentum, and algebraic constraints on
the solution. Typically, these restrictions force the solution of
the differential equations to evolve in specific manifolds. The
classical numerical integration algorithms were designed to
work in R” and naturally do not preserve some of the desired
properties.

A particular case corresponds to the set of all rotation
matrices, termed the Special Orthogonal group, and denoted
by SO(3). Any matrix R of this group has the properties

RRT = Ly
det(R) = 1,

(30)
€1y

which are not preserved by the classical numerical integration
algorithms like Runge-Kutta methods. In fact it can be shown
that Runge-Kutta integration techniques do not preserve poly-
nomial invariants, like determinant of degree n, with n > 3 [8,
Theorem IV.3.3]. To overcome this issue there is the possibility
of parameterize the rotation matrix.

The two commonest rotation matrix parameterizations are
Euler angles, and quaternions. The first, has three independent
parameters but suffers from singularities which is not desirable
in applications like the one targeted in the present paper.
The second, has no singularities, but requires the use of
four parameters and presents an extra constrain on the norm.
This forces, when using classical integration algorithms, a
quaternion normalization at each integration step.

This section presents three numerical algorithms designed
for right-invariant differential equations of the form Y =
A(t, Y)Y, evolving on Lie Groups, namely the Crouch-
Grossman Method [6], the Munthe-Kaas Method [16] and the
Commutator-Free Lie Group Method [4]. These methods can
be applied to differential equations on SO(3) and naturally
preserve the properties (30) and (31). An application of these
methods to multi-body dynamics evolving in SE(3) can be
found in [21]. The accuracy of these techniques is indicated
by the order condition, see [8] for further details.

The Crouch-Grossman Method (CG), presented in [6] is
described by the following generic algorithm
Y9 = Exp(Ta;; 1 K“)...Exp(Ta;; KV)Y;_,
K® = A(tiy + Ter, YO
Y = Exp(Th,K®)...Exp(Tb; K)Y,_,.
where T is the integration period, and Exp(.) the exponential

map in SO(3) that can efficiently computed using the so-called
Rodrigues Formula

L if flw|| = 0,

EXp((u))A) = { I+ Sir‘l‘(ll'l:llllll) ((1))/\ + sm;(’@) ((w)/\)2 ) if ||| 0.
(33)
The interested reader can find the coeflicients, a(,, b(), and
¢(), for CG method, up to the sixth order in [9, 20, 10].
With Munthe-Kaas Method (MK) [16], coefficients for
standard Runge-Kutta methods can be used. This method is
implemented by the following algorithm

(32)

|12
2

i-1
V=T Z aijF(j)
=1

Y® = Exp(0©) ¥
F® = Dexp”! (09)A (i1 + Te;, Y?)

N
=T Z b F®
i=1

Y, = Exp(®)Y;_1,

(34)

where Dexp’!(.) is the inverse of the differential of the ex-
ponential map, which in SO(3) can be computed through the
explicit formula [21]

1 L if [lol| = 0,

3 N = oy _

Dexp™ ((0)") { I- %((1))/\ ol ;::1(’“22 ) 2 (((1))/\)2 , if |jo|| # 0.
(33)

Finally the Commutator-Free Lie Group Method (CF), pre-
sented in [4], is given by the algorithm

s N
Y9 = Exp [Z Tal[.f]K(j)] ...Exp [Z Tal[]l.]K(j)] Yi
J J

K(i) =A (tk—l +Tc, U(i))

N s
Y, = Exp [Z Tb[jk]KU)] ..Exp (Z Tb'j”KU)] Yio1.
J J

The coeflicients of this method for the third and the fourth
orders can be found in [21]. The coeflicients for second order
were not found in literature.

The application of the third order coefficients from [21,
Table II(a)] results in

YO =y, KO = A (o, YY)

(36)

T T
Y(z) :EXp (EK(l))Yk—l’ K(z) :A(tk—l + E,Y(z))
27 2T
Y® = Exp(—3 K<2>) Yie1, K® = A(t,{_1 5 ,Y<3>)

T 3T T
Y, = Exp (—EK(') + TK@>)1~:xp(§1<“>) Yie1.



It is possible to save the computation of some of the exponen-
tials by reusing exponentials previously computed. Therefore,
for third order method one can have
T 3T
Y = Exp|-— K" + —K©® | y?
EEEP TR 4
saving the computation of one exponential map and one matrix
multiplication.
Also in the fourth order case savings are possible. One can
implement this method by using the coefficients presented in
Table II(b) from [21]:

YO =y, KO =A(tk_1,Y(l))
Y? = Exp(%K(l)) Yo, K® =A (zk_l + g Y<2>)
Y® = Exp (gK(Z)) Yier, K9 = A (zk,l + g Y<3>)
Y® = Exp (—%K(l) + K(3)) Y@, KO = Ay + T,Y9)

T T T T
Y = Exp (_EK(I) " EK(Z) + gKo) " ZK(4))

Exp(zl((l) +Igo, Lyo_ 1[((4))Yk_1.
4 6 6 12
The analysis of complexity of each of these methods up to

the fourth order, is presented in Table L.

TABLE I
CoMPLEXITY OF EACH STEP OF CG, MK E CF, FOR THE SECOND, THIRD AND FOURTH
ORDERS.

operation Exp® Dexp’! P mule
CG 2" order 3 0 3
MK 2™ order 2 1 3
CG 3" order 6 0 6
MK 3" order 3 2 5
CF 3" order 3 0 3
CG 4™ order 15 0 15
MK 4" order 4 3 7
CF 4™ order 5 0 5

¢ exponential map
b inverse of differential of exponential map
¢ 3x3 matrix multiplication

V. OBSERVER DISCRETE TIME IMPLEMENTATION

This section presents a discrete time implementation of the
pose observer proposed in Section IIl. This implementation
will be obtained by applying the discrete time integration
methods discussed in Section IV to the observer continuous
time dynamics. The integration method selected to obtain the
discrete time implementation should be the most adequate to
guarantee that the latter approximates conveniently the original
continuous time observer. During the selection procedure one
has to take into account the quality of the sensor suite,
the desired sampling rate and the computational resources
available. In general, higher order methods will lead to better
approximations involving a higher computational costs. How-
ever, the quality of the results obtained will be always limited
by the quality of data sets available from the sensor suite.

A. Numeric Integration of the Attitude Observer

The attitude observer dynamics is composed by two differ-
ential equations. One that evolves in SO(3), (2), and another
in R?, (12). The first can be integrated resorting to one of
the methods proposed in Section IV, and the second to any
classical numeric integration technique.

The equation (2) of observer dynamics it is not in the
general form ¥ = A(z,Y)Y, although a equivalent equation
in the desired form can be obtained by transposing (2) which
gives

(fe)T - (R@") & R = ~@)'R".

Notice that in the present case @ is independent of R allowing
for a substantial simplification of the integration algorithms.
The presented geometric numerical integration algorithms
require the knowledge of the function @(#) in instants between
sampling times. Different sampling and computation strategies
can be adopted to obtain an approximation of this function
using methods such as polynomial interpolation of the sampled
data. In the present case, as the target was the implementation
using tactical grade inertial sensors and the use of limited
computational resources, the selected method was the linear
interpolation of @ in the interval [(k — 1)7T, kT'] that is

&KT) - OKT - T)

() ~ T

)(z — (kT -T)+&KT -T). (37)

The linear interpolation adopted for @ limits the order of
the integration technique as the maximal precision is achieved
for second order methods and an increase on the order of
the method will not impact on the precision of the result.
Table II shows the number of operations required in each
step of second order CG and MK methods, and third order
CF method. From the table it can be concluded that all three
integration techniques present similar complexity being the
MK a little less computationally expensive. For this reason
was selected to implement equation (2).

TABLE 11
ComPLEXITY IN EACH STEP FOR CG, MK aNp LC METHODS.

operation Exp Dexp!  mmult
CG 2 order 2 0 2
MK 2" order 1 1 2
CF 3" order 2 0 2

Finally, the discrete time implementation of equation (12)
was obtained by using a second order Adams-Moulton Method,
see [3] for further details. This selection was done based on
similar arguments as those used for (2). The resulting attitude
observer numerical integration algorithm can be summarized
as

A A

T
bu) k= b(u k-1t E (Kbms(u Kkt was(u k—])
FY = —@kT - T)"

T
0 = Lpw
2

(2 1 {e® Ty
F'Y = —Dexp™ (0Y) & (kT - )
exp ( ) o} >

Rl = Exp(TF®)R_,.



Since this is an implicit algorithm a numeric technique like
the Fixed-Point Method should be run at in each integration
step.

B. Numeric Integration of the Position Observer

The numerical integration of the differential equations as-
sociated to the position observer, (27) and (28) both in R3,
was performed by resorting to a second order Adams-Moulton
Method. The resulting numerical integration algorithm is de-
scribed as follows

8p & = Vi — ()" P — K, (Be — R{“Pi)

. R T

Pk = Pr-1 + D) (gp Kkt &p k—l)

&k =a+ ﬁk”g — (@) — K, (Pr — ﬁZka)
R R T

Vi =Vp + 5 (&v i+ 8 i1).

As this is implicit algorithm it is also required to use a numeric
method at each integration step.

VI. SIMULATIONS

In this section, simulation results obtained for the contin-
uous time observer and for its discrete time implementation
are presented and discussed. In the simulation the sampling
frequency of the observer discrete time implementation was
set to 50 Hz. Five beacons were placed in the mission scenario
located at x; = [20 20 201" m, %, = [-20 —20 20]" m,
g3 = [20 =20 -20]" m, %4 = [-20 20 - 20]7 m, and
L%s = [0 0 0]7 m. The acoustic receivers installed in body
frame were placed in ®r; = [0 0 0]" m, ®r, = [0.5 0 0] m,
Bps =10 0.5 0] m, and ®ry = [0 0 0.5]” m. The vehicle tra-
jectory is characterized by oscillatory acceleration and angular
velocity with frequency 1/2 Hz.

The feedback gains were set to K, =2, K, =2, K, =2,
and K, =2. Notice that The gains K, K;,, K,, and K,,

1 b 2

verify the condition (14), that is % ~ 0.065 < L.
The initial errors were assumed as p(fo) = [3 3 3] m,
V(o) = [1 1 117 ms™, 6(f)) = 1357 rad, and by,(1p) =
%[5 5 5]7 rads”!, the initial bias estimates were set to zero
in all three channels.

Figures 3 and 4 illustrate the estimation errors of the con-
tinuous time observer and of its discrete time implementation.
The quality of the observer’ discrete time implementation
can be inferred from Figures 5 and 6 where a detail of the
differences between the estimates produced by the continuous
time observer and those obtained with the discrete time
implementation are depicted.

VII. CONCLUSIONS

In this work, a nonlinear attitude and position observer using
inertial sensor measurements and ranges to acoustic beacons,
was derived. The observers have a cascade topology. The
attitude observer was extended to estimate the existence of
static bias in angular velocity measurements. It was proved the
exponentially fast convergence to the origin of the estimation
errors. The feedback laws were shown to be explicit functions
of the sensor readings. A method to obtain a discrete time

Attitude Error
2 . .

—— Continuous Time Observer
- - - Discrete Time Approximation

Angular Velocity Bias Error
2 T T T

—— Continuous Time Observer
- - -Discrete Time Approximation

8 10 12 14 16 18 20
Time (s)

Attitude and angular velocity bias estimates
Position Error

—— Continuous Time Observer
- - - Discrete Time Approximation

8 10 12 14 16 18 20
Velocity Error

—— Continuous Time Observer
- - - Discrete Time Approximation

8 10 12 14 16 18 20
Time (s)

Fig. 4. Position and velocity estimates

implementation of the attitude observer using recent results
from numeric integration in Lie groups was proposed, and a
discrete implementation of the attitude and position observers
was obtained. Simulations results illustrate the convergence
to the origin of the estimation errors and the quality of the
proposed discrete time implementation.

Future work will focus on the implementation and validation
of the proposed algorithm in a real time architecture onboard
an Unmanned Aerial Vehicle.

APPENDIX A
BEACONS POSITIONS AUGMENTATION

Assumption 1 establishes that rank(X) > 2 which, given
that H = XDy, is equivalent to rank(H) = rank([H Oi) =
rank (X [DX ln]) = rank(X) > 2. However, the coordinate
transformation of Proposition 1 requires that H is full rank.
If rank(X) = 2, it is possible to augment matrix H to
produce H, such that rank(H,) = 3. Taking two linearly
independent columns of H, “h; and “h;, the augmented matrix
is given by H, = [H “h; x “h;], which is full rank. Defining
Uy, := H,Ax,, by the steps of the proof of Proposition 1
there is Ay, € M(n + 1) nonsingular such that UxaU)T( . =L
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as desired. The cross product is commutable with coordinate
transformations, (R7“h;) x (R"th;) = RT(*h; x th;), so the
representation of the augmented matrices in body coordinates
is simply given by Uy, = R"Uy, and Uy, = R"Uy,. The
modified observer is obtained by replacing Uy, H and Ay by
U)(u, Ha and Axa.
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