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Attitude and Gyro Bias Estimation Using GPS and IMU Measurements

Soulaimane Berkane and Abdelhamid Tayebi

Abstract— We propose an attitude and gyro-bias estimation
scheme for accelerated rigid body systems using an inertial
measurement unit (IMU) and a global positioning system (GPS).
The proposed scheme allows to obtain attitude estimates directly
on the Special Orthogonal group SO(3) while estimating the
gyro bias and the unknown apparent acceleration of the vehicle.
We prove semi-global exponential stability of the estimation
errors. Furthermore, a new switching technique for the attitude
state is introduced which results in a velocity-aided hybrid
attitude observer with proven global exponential stability.

I. INTRODUCTION

There has been a growing interest in the last decade for
the control of Unmanned Aerial Vehicles (UAV), Unmanned
Underwater Vehicles (UUV) and other vehicles that operate
without human occupant. Attitude information needs to be
extracted from on-board sensors for these vehicles to be oper-
ated. When cost and size of the vehicle is important, low-cost
and small-size sensors are often used in Inertial Navigation
Systems (INS). A typical IMU device contains an accelerom-
eter, a gyroscope and a magnetometer. Accelerometers pro-
vide body-frame measurements of the apparent acceleration
(all non-gravitational forces per unit mass). Gyroscopes pro-
vide the 3-axis body-frame angular rate while magnetometers
measure the earth magnetic field which is assumed constant
and known in the inertial frame. Attitude information can
be extracted from the IMU-based vector observations (ac-
celerometer and magnetometer measurements) by assuming
“negligible” acceleration of the vehicle using static attitude
reconstruction [1] or more advanced complementary filtering
techniques where the gyroscopic measurements are used to
complement the vector measurements [2], [3], [4].

When considering applications with vehicles subject to
important accelerations, the above mentioned attitude estima-
tion schemes fail due to the fact that the accelerometer does
no longer measures a known inertial vector. To cope with
the problem of unknown inertial-frame acceleration, IMU
measurements are often complemented with linear velocity
measurements. The inertial-frame linear velocity can be, for
instance, differentiated to obtain the inertial-frame acceler-
ation which will be then used along with the body-frame
acceleration (obtained from the accelerometer) to obtain an
attitude information. However, this ad-hoc method is not very
desirable in practice due to noise amplification inherited from
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the approximate derivative operation. A nonlinear velocity-
aided observer has been proposed in [5] to estimate both the
orientation of the vehicle and the gyro bias vector with local
convergence and stability. Following similar lines, velocity-
aided attitude estimators have been proposed in [6], [7] gyro-
bias-free case. These observers have the strong property
of providing “meaningful” attitudes on SO(3) with semi-
global exponential stability. A velocity-aided attitude and
gyro bias estimator has been proposed in [8] with global
exponential stability by relaxing the attitude estimates to lie
outside SO(3). Note that in the above mentioned papers, the
IMU measurements are complemented with an inertial frame
velocity measurements (such as those obtained from a GPS
receiver) where some other existing works have considered
linear velocity measurements in the body-fixed frame (such
as those obtained from Airspeed or Doppler Velocity Log
(DVL) sensors) [9], [10], [11], [12], [13], [14]. This paper
addresses the attitude estimation problem using IMU and
inertial-frame velocity measurements.

The design of a velocity-aided attitude observer on SO(3)
with gyro bias estimation and a proven large domain of con-
vergence and stability remains an open problem. In practice,
an ad-hoc method to estimate the gyro-bias vector is to add
a simple adaptation law (integral action) to the velocity-
aided observer of [6] or [7] similar to the one which has
been used in [4] in the case of constant and known inertial
vectors. However, no stability proof has been derived until
now due to: i) the complexity of the proof (even gyro-free
case) used in [6] although albeit relaxed in [7] and ii) the fact
that both assumptions of known and constant inertial vectors
used in [4] do not hold since the accelerometer measures
and unknown and time-varying inertial vector. In this paper,
despite the aforementioned difficulties, we build a velocity-
aided attitude observer on SO(3) with gyro bias estimation
by augmenting the observer of [7] with a projection-based
adaptive estimation law for the gyro-bias vector. We prove
that the proposed attitude observer guarantees semi-global
exponential stability. Thereafter, we endorse the proposed
attitude estimation scheme with a new hybrid switching
mechanism that jumps the attitude states to the region
of exponential stability. The velocity-aided hybrid attitude
observer is proven to be globally exponentially stable using
a rigorous Lyapunov-based proof for hybrid systems.

II. BACKGROUND AND PRELIMINARIES

Throughout the paper, we use R and R, to denote,
respectively, the sets of real and nonnegative real numbers.
The Euclidean norm of 2z € R" is defined as ||z| = Va T z.
For matrices A, B € R™*", their inner product is defined
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as ((A,B)) = tr(A" B) and the Frobenius norm of A is

lAllr = +/{(A,A)). For a square matrix A € R"*",
we denote by A4, A4 and A2 the ith, minimum, and

maximum eigenvalue of A, respectively.

The rigid body attitude evolves on SO(3) := {R €
R3*3| det(R) = 1, RRT = I}, where I is the three-
dimensional identity matrix and R € SO(3) is called a
rotation matrix. The group SO(3) has a compact mani-
fold structure with its tangent spaces being identified by
TrSO(3) := {RQ | Q € s0(3)}, where the Lie algebra of
SO(3), denoted by s0(3) := {Q e R*>*? | QT = —-Q}, is
the vector space of 3-by-3 skew-symmetric matrices. The
map []x : R3 — s0(3) is defined such that [z]xy = = x y,
for any z,y € R3, where x is the vector cross-product on
R3. Let vex : s0(3) — R3 denote the inverse isomorphism
of the map [-]«, such that vex([w]x ) = w, for all w € R and
[vex(Q)]x = Q, for all 2 € so0(3). Defining P, : R3*3 —
50(3) as the projection map on the Lie algebra so(3) such
that P,(A) := (A — AT)/2, we can extend the definition of
vex to R3*3 by taking the composition map 1) := vex o P,
such that, for a 3-by-3 matrix A := [a;]; j=1,2,3, We have

1 a32 — 23
1/)(14) = vex (PG(A)) = 5 ai13 — a3zl . (1)

a21 — 412

Let R € SO(3) be a rotation matrix, and let |R|; € [0, 1]
be the normalized Euclidean distance on SO(3) which is
given by |R|? := %||I — R[]} = 1tr(I — R). An element
R € SO(3) can be represented as a rotation of angle § € R
around a unit vector axis u € S? using the map R, : R x
S? = SO(3):

Ra(0,u) == e[x = I 4+sin(0)[u]« + (1 —cosd)[u]?, (2)

where e denotes the matrix exponential of A. In this paper,
we make use of the framework for dynamical hybrid systems
found in [15], [16]. A subset E C R>9 x N is a hybrid
time domain, if it is a union of finitely or infinitely many
intervals of the form [¢;,%;41] x {j} where 0 =ty < t; <
ty < ..., with the last interval being possibly of the form
[tj tjt1] x {7} or [t;,00) x {j}. Let =% denote a set-valued
mapping. A general model of a hybrid system H takes the
form:

& € F(x),

zeC
H{ zt e G(x),

x€D )

where the flow map, F' : R™ = R" governs continuous
flow of =z € R", the flow set C C R"™ dictates where the
continuous flow could occur. The jump map, G : R® = R"™,
governs discrete jumps of the state z, and the jump set D C
R™ defines where the discrete jumps are permitted. Note that
the state z € R™ could possibly include both continuous and
discrete components. A hybrid arc is a function x : domz —
R™, where domz is a hybrid time domain and, for each fixed
j, t— a(t, j) is a locally absolutely continuous function on
the interval I; = {¢: (¢,5) € dom z}.

III. PROBLEM FORMULATION

Consider the following dynamics of an accelerated rigid
body
{ U = geg + Rb,, @

R: R[W]X,

where R € SO(3) is the attitude matrix describing the
orientation of a body-attached frame with respect to the
inertial frame, w € R? is the rigid body’s angular velocity
expressed in the body-attached frame, v € R? is the inertial
linear velocity of the rigid body, g is the acceleration due
to gravity, e3 = [0,0,1]T and b, € R3? is the body-
frame “apparent acceleration”, capturing all non-gravitational
forces applied to the vehicle expressed in the body frame.

Assume that the following measurements are available :

o Linear velocity v, which may be obtained using a GPS.

o Magnetometer measurements b, of the (constant and
known) earth magnetic field r,, expressed in the body
frame such that b,, = R rp,.

o Accelerometer measurements b, of the apparent accel-
eration r, := ¥ — ges expressed in the body frame such
that b, = R r,.

o Gyroscope measurements w, of the angular velocity
vector w such that w, = w + b, and b, € R3 is a
constant gyro bias.

Moreover, the following realistic assumptions (constraints)
are placed in order to carry out our stability analysis.

Assumption 1 (Observability condition): There exists a
constant ¢g > 0 such that ||r,, X 74 (&)||/[|rmll7a )] > <o
for all £ > 0.

Assumption 2: There exist constants ci,c2,c3 > 0 such
that ¢; < || (¢)|| < c2 and |7 (t)]| < ¢z for all ¢ > 0.

Assumption 3: There exists constants c4, c5 > 0 such that

lw(@®)|l < ¢q and ||by,|| < ¢5 for all £ > 0.
Assumption[Ilis a standard (uniform) observability condition
in attitude estimation problems. It is guaranteed if the time-
varying apparent acceleration r,(t) is non-vanishing and is
always not collinear to the constant magnetic field vector
T'm. Note that r,(t) = 0 corresponds the rigid body being in
a free-fall case (v = ges) which is not likely under normal
flight conditions. Assumptions 2] and [3limpose some realistic
constraints on the systems trajectory.

Our objective is to design a nonlinear observer that
combines all the measurements/information available (as
described above) and provide exponentially stable attitude
estimates on SO(3) while compensation and estimating the
unknown bias vector b,,.

IV. DISCUSSIONS OF PREVIOUS WORKS

Perhaps the first (invariant) nonlinear attitude observer
with gyro bias compensation for accelerated vehicles has
been proposed in [5] but only with local stability and
convergence analysis. An attitude observer without gyro bias
compensation has been proposed in [6] with proven semi-
global exponential stability. It has the following structure

{ b= ges + Rb, + kyoy,

R . 5)
R = R[wy =+ kRGR]X;



with k,, kr > 0 and the correction terms o, and o being
defined, for p1, p2 > 0, as follows

Oy =V — ’[/), (6)
OR = pP1 (bm X RT"’m) + p2(ba X RT(U - {)))7 (7

Defining the estimation errors R=RRT and ¥ = v— 0, the
interconnection of the observer (3) with the system model
leads to the following closed loop system

}L{ = —kRle[(RTTm X Tm)]x - gl(ﬁ)’ ®)
0= —ky¥ + g2(R), ®

where ¢1(9) = krpaR[(R"r, x #)]x and go(R) = (I —
RT)Ta. The reduced attitude error system (8) when ¢ = 0
corresponds to the closed loop system of a nonlinear com-
plementary filter [4] that uses one single vector measurement
b, of the magnetic field. Note that the best result one can
achieve, using a single vector measurement (without any
persistency of excitation condition), is to drive the reduced
attitude error to zero. Interestingly, however, it is shown in
[6] that for all initial conditions such that |R|? < 1, there
exists k, > 0 such that for all k, > k,, the equilibrium
point (7, R) = (0,1) of the closed loop system (8)-@) is
exponentially stable. The dynamic system (9) of the velocity
error ¥ which feeds the attitude estimation error dynamics
through the term ¢, (0) has permitted to drive the full attitude
error to zero.

Another velocity-aided attitude observer has been intro-
duced in [7] which takes the same form as (B) with the
following correction terms

. kr
oy :u—u+k—§R[aR]Xba, (10)
or = p1(bm x R rm) + p2(ba x RT#), (11
Fq = ky(v — 0) + Rb,. (12)

The main difference between the observer of [6] and that
of [7] is the additional term proportional to R[UR]Xba
in the velocity correction term o,. This has facilitated to
obtain an asymptotic “estimate” of the apparent acceleration
vector 7, (t) given by 7, in (I2). In fact, by introducing the
estimation error 7, = r, — 7, the closed loop system can
be written as

R = _kRR[pl (RTrm X rm) + pZ(RTTa X ra)]x - gl(fa)a
Fo = —kyFa + g2(R), (13)
where g1 (7,) = krpaR[(Rrq X 74)]x and ga(R) = (I —

RT)#,. In contrast to the closed loop system (8)-(@) of the
observer in [6], the reduced attitude error system when
7q = 0 corresponds to the closed loop system of a nonlinear
complementary filter [4] that uses rwo body-frame vector
measurements, 7, (the magnetic field) and r, (the apparent
acceleration), which can be shown to be almost globally
asymptotically stable (assuming 7, = 0). Therefore, the
closed loop system (I3) can be seen as an interconnection of
two exponentially stable systems. The first (attitude system)
is semi-globally exponentially stable and almost globally

asymptotically stable and the second (7, subsystem) is
globally exponentially stable. Moreover, both subsystems can
be shown to have an ISS property inside some region [17].
Therefore, under the small gain theorem for ISS systems, the
interconnection can be shown to be asymptotically stable as
well. This small gain condition is reflected by the condition
on the gain k, and the initial attitude state found in [7]
although derived using a direct Lyapunov-based proof. To
put all together, the discussions of this section showed that,
at the cost of an additional correction term in the velocity
estimation dynamics compared to [6], the observer proposed
in [7] is able to estimate the apparent acceleration r,(t)
while also estimating the attitude matrix R(t). Moreover, the
closed loop system results in a nice interconnection of two
exponentially stable systems. However, both observers fail to
provide compensation and/or estimation of the unavoidable
gyro bias b,, in the angular velocity measurements.

V. A VELOCITY-AIDED ATTITUDE OBSERVER WITH
GYRO-BIAS ESTIMATION

In this section, we provide a solution to the attitude
estimation problem of accelerated rigid body systems using
GPS and IMU measurements as formulated in Section [II}
We propose the following attitude observer on SO(3) with
gyro-bias estimation:

& = ges + Rby + koo,
k= Rlw, — by + kror]x,
i)w = PI‘Oj (l;w, —kbO'R),

with k,, kg, ky > 0 and the correction terms or and o, are
similar to (I0)-(12). The projection function Proj satisfies
the following properties [18]:

||b @) <es, VE>0,
P2 (b — bw) TProj(us, be,) < (b —

- Proj(u, bo) |l < [l
The following theorem is the first main result of the paper.

Theorem 1: Consider the interconnection of the rigid

body dynamics (@) with the attitude observer (I4) where
Assumptions [TH3] are satisfied. For each 0 < eg < 1 and
for all initial conditions |R(0)|; < er and ||7,(0)|| € R3,
there exist gains k,, kg > 0 such that, for all k, > k, and
kr > kg, the equilibrium point (R,b,,7,) = (I,0,0) is
exponentially stable.

Proof: The attitude error dynamics are given by

R=RR" — R(R)T = R[w]xR — Rlw, — by + kror]x R,

= R[R(~kror — b.)]x (15)
On the other hand, it can be shown that o defined in {1-
is written as R = 2RT¢(AR) — pa(ba x RT7,)),
with A(t) = prrmr,), + pgra( ) o(t)T where the fact that
Y(AR) = —Rp1 (b X RT Tm)+ 3 Rps(be X RTr,) has been

used. This results in the followmg attitude and bias errors
dynamics

(14)

bw)T:u’H

R = R|-2kpi(AR)
by = Proj(by, kyor).

— Ri)w + ksz(RTa X fa)]X7 (16)

a7



Moreover, the error dynamics of 7, are obtained as follows
L .o AT
Ta =1Tq — ky(0—0) — (R) 14

= —kyFq + (I — R")iq + R[ba]xbo. (18)

Note hat all the error signals involved in the closed loop
system (16)-(I8) are a priori bounded. In fact, the attitude
error state R is bounded by the compactness of S O(3). The
bias estimation error is bounded thanks to the projection
mechanism. Let ¢, > 0 be an upper bound on ||b,,(t)|| for all
t > 0. Moreover, in view of the fact that || I — R||% = 8|R|?
and using Assumption 1, it follows that

(\/§C3 + cacyp),

which shows that 7, cannot grow unbounded due to the
presence of the negative term —k,7,. Our next goal is to
prove that for all 0 < eg < 1 and under some conditions on
k, and kg, the set U(cg) = {R € SO(3) | |R|; < er} is
forward invariant. Integrating and using the comparison
lemma, one obtains

- kot || n Ca _
IFa(t)]l < e 7 (O] + F2(1 = e,

o < —kyfq + (19)

V¢ >0, (20)

with ¢, = v/8cs + cacp. It can be verified from (20) that the
upper bound on ||7,(t)]| is either increasing from ||7,(0)]|
to ¢q/ky Gf [|76(0)]] < cq/ky), or decreasing from ||7,(0)]|
to ¢q/ky (f ||76(0)|| > ca/ky). Therefore, in all cases, for
all ¢, > 0 and choosing k, > cq/(||7a(0)|| + €4), one has
(172 ()] < ||74(0)||+€4 for all ¢ > 0. Under this condition, let
us compute the minimum time ¢ necessary for R(t) to go,
in the worst case senario, outside the set U(eg) (starting from
R(0) € U(cr)). The time derivative of |R|? = tr(I — R)/4,
in view of (1), satisfies

LIRE = (k)4
= —t1(Po(R)[~2krY(AR) — Rb,, + krpa(Rra x 7a)]x)/4
= —hn(R)TW(AR) — Su(R)T (Rl

= —4kpAqin| RIT(L — |RID) + | Rl bul| + krp2ca| Rl 1]|7a|l
21

— krpa(Rry x 7))

with A = J(tr(A) — A), where we used the following facts
(see [19] and identities therein) tr([u]x[v]x) = —2u'v,
Po(R) = [Y(R)]x, ¥(R) "Y(AR) = 9(R)" AY(R) and
[ (R)||? = 4|R[3(1 — | R|?). Tt follows that

EIRI? < [Rl1l|bo || + krpaca| Rlr[I7all,

< e+ krpaca([|7a(0)]| + €a)-

In view of the above inequality on the velocity of |R|%, it
can be deduced that the minimum time necessary for R(t)
to go outside the set U(ep) satisfies

lROE
b + krpac1 (|70 (0)|| + €a)

Since we have a knowledge about the minimum time neces-
sary for the attitude error to go outside the set U(eg), it is

ZER:

possible to prevent such a scenario by imposing some (high
gain) conditions on the gains k, and kg. First, we start by
finding a minimum gain on k, such that ||7,(¢)|| < B./kr.,
for some B, > 0, for all ¢t > ¢,, and such that ¢, > tg > 0.
Assume that k, > k¥ > c,kr/B, for some kX > 0. Note
that if |7, (0)|| < co/ky then ||7o(t)|| < ca/kv < Br/kr
for all ¢ > 0. Otherwise, the minimum time ¢, necessary to
enter the ball |7, (¢)|| < 1%; satisfies

L (170 = cafh
kx B,/kr —ca/k: )
Note that the value of k; can be arbitrary increased to make

t, arbitrary small. Let k} be chosen such that t, < tp.
Hence, it this case, it is true that ||7,(t)|| < B, /kg for all

to <t,= (22)

t > t,. Therefore, it follows from that for all ¢ > ¢,
one has
d|R(t)

AROR < —aknA Bl BB = [ROE) + o + pacaB.

Note that the matrix A is positive definite in view of Assump-
tion [l In fact, it can be easily verified that A = (tr(A) —
A) = —Lp1[rm]|% — 3 p2[ra]% whichis positive definite if ,,,
and 7,(t) are non-collinear for all times. Now assume that
\R(t)|r = er and kg > (cp + p2caBa) /(4N % (1 — %))
then one has
%U’?( )|I < 4I€R/\mm (1 — E%) 4+ cp + p2ca By < 0.

This implies that |R(t)|; is strictly decreasing whenever
|R(t)|; = eg. It follows from the continuity of the solution
that R(t) will never move outside the ball U(eg) for all
t > t,. Recall also that |R(t)|1 < gg for all ¢ < tg.
Consequently, since t, < t, < t r < tgr, one concludes
that |R(t)|; < eg for all t > 0 under the following gain
conditions

B,
kg > —0trec2Be VB, > 0. (23)
4Aé1n€R(1 - E%%)
C,
k, > max <7 k;) L Vea >0, (24
”ra( )H +€a

which implies that the set U(eg) is forward invariant. Now,
we are ready to prove the exponential stability. Consider the
following Lyapunov function candidate
ukr 1

o ERR BT, + ub) RT(R) + ZFT@,
where (1 is some positive scalar. Using the fact that
(R )|| < 2|R|; and leting z := [21,22,23] =
[|R|1, |bwll, [|7a]l] T, it can be checked that V satisfies the
quadratic inequality 2TPiz < V < z"P,z where the
matrices P; and P, are given by

=R} + 5~ (25)

1 —u 0 1 w O
Pi=|-p & 0, P=|u F2 0
1 1

o o 1 0 0 3

Let us compute the time derivative of the cross term X =
b RT+(R) along the trajectories of the closed-loop system.
Using [19, Lemma 1] and in view of (I3) one obtains



U(R) = E(R)(~R(bs + kror)) with E(R) = 3(tr(R)] —
R). Also, it can be checked that the following properties for
E(R) hold:
z' (I - E(R))x < 2|Rfj||z|?, (26)
v (1= E(R)y < @IRIF+V2RIDl=llyl, @D

for all z,y € R® and R € SO(3). Moreover, one has

lorll < 2H1/)(AR)H+p2|\7"a||||7’a|\ < A\ ax Rlr + p2cal|7al.
Consequently, it follows that

X =0 RTE(R) (—R(Bw n kRJR)) — b [+ b + krorx

RT(R) + Proj (bu, kvor) " RT9(R)

< —Ibo|l® + b5 RT (I — E(R))Rb., 4+ krb, R" (I — E(R))Ror
— krbSor + collbu ||| 0 (R)|| + (krey + kb)llorll||v(R)]|
< —|Bull® — knblor + 2| RI + krey (2RI + VEIRI) [or]
+ 2(ks + krey) | Rlrllor| + 2¢|bo || Rl 1
< —[bo|® = krbior + (a1 + kras)|R[7
+ (s + kraa) | Rl1]|7a]| + 2c0[|bo|| Bl 1,

such that a; = 2¢2+8AA, Ky, o0 = 4NA e (441/2), a3 =
2pacaky, and cy = pacacy(4 + V/2). Recall also that

||b |12 < b} Proj(be, keor) < kub. or

[\Dl}—ll\DI}—l

7all® < —koll7all® + V8es| RI[7al| + callboll17all

Consequently, in view of the above results, the time deriva-
tive of V' along the trajectories of the closed loop system
satisfies

T
293 Pa3 223, (28)

. T T
V < =25 P12212 — 21313213 —

where z;; = [z, zj]T and the matrices P;; are

(kg (20\A — _ —(+e,
P12 — ( mln( E*) Ma2) Hay (2 ZC /J‘):| ,
L 2
Py — | PN (L = ch) (et tuontinen,) |
[ & _C2
Pu=| 2, k_Q]
2 2

Now, if we pick p > 0 such that p < A
choose the gains ki and k, such that

mm(

—¢e%)/as and
201 1% + (14 2¢,p)? }
2 )\r?nn(l - EQR) 7
2(161%;;201 +/2¢q + #(043+2kR044))2
kR)\rénn(l - E%%)

kr > max {QMkb,

2
k, > max 017 ,
I

then matrices Py, P», P12, P13 and Ps3 are all positive defi-
nite. The exponential stability immediately follows. [ ]

VI. HYBRID VELOCITY-AIDED ATTITUDE OBSERVER
WITH GYRO-BIAS ESTIMATION

The exponential stability of the proposed attitude observer
is best described as semi global. Note that, for large
initial conditions such that |R(0)|2 — 1, the conditions
of Theorem [I] require high gains for kr and k, which
tend to infinity as the attitude error gets closer to 180°.
Although, simulation results suggest that this might not be
an issue in practice and that the derived high-gain conditions
on the observer gains are only conservative, it is desirable
from a theoretical point of view to remove these conditions.
Hybrid observers have been proposed recently in [20], [21]
to overcome the topological obstruction for global attractivity
on SO(3). Our hybrid observer proposed in [21] which
is an extension to the nonlinear complementary filter [4]
guarantees global exponential stability when using vector
measurements of constant and known inertial vectors. In this
section, we adopt a different approach to design a hybrid
observer that is able to deal with “time-varying” vector
measurements, which is suitable for the problem dealt with
in the present work.

First, let us define the following function

rLRby (P X 7a)R(by X by)
(6|2 [[brm X ball?
(P X Ty X 70 ) R(byy X by X bg)

- . (2
om % b % bal2 (29)

Bo(R, b, ba,Ta) = 3—

For simplicity, if no argument is indicated for ®( then it
should be understood that ®o = Po(R, by, bay7a)- Qonsider
the following “reset” rule for the attitude estimate R

b = ges + Rby + kyoo,
k= Rlw, — b, + krorlx, (9,R,b,) €F, (30)
b = Proj(by. —kyor),

ot =9,

g% = Ra(m,u)R, (0,R,b,) € T, (1)
b = by,

where the flow set F and jump set J are defined as follows

®(0, R) < 3}, (32)
(0, R) > 0}, (33)

F={(d,R,by) :
J = {(f),f{,l}w) :

and ®(0, R) = ®¢(R, by, ba, Rby + k(v — 0)) which is a
measurable quantity. The correction terms o, and og are
similar to (I0) and (II)-(12), respectively. The unit vector
u € S? that appears in is defined as

w=arg min @0, R(m u;)R),

34
i€{1,2,3} (34)

where {uy,uz,u3} is any orthonormal basis of R3. We state
our second main result of the paper.

Theorem 2: Consider the attitude kinematics with the
hybrid attitude observer (30)-(34) where Assumptions
are satisfied. Assume that §, @ > 0 such that 3 + 5a//2 <
d <4 —aand o < 2/7. Then, there exist gains k,,kr > 0



such that, for all k, > k, and kg > kg, the equilibrium
point (R, b,,,7,) = (I,0,0) is globally exponentially stable.
Before proceeding with the proof of the theorem, some
remarks are in order. The innovative idea of the hybrid
observer (30)-(34) is to employ discrete transitions of the
estimated attitude state R rather than transitions in the
observer’s correction term as in previous synergistic hybrid
techniques [20], [21]. This allows to deal with the problem of
time-varying inertial as is the case of the problem at hand. In
fact, rotating the attitude estimate by an angle of 180° (which
results in a rotation of 180° for the attitude error R = RR "
as well) in some specific direction v whenever the current
attitude error is close to 180°, results in a decrease in the
attitude error. However, since measurements of the attitude
error is not available to check how “close” the error is to
180°, we use the measurable cost (0, R) as a criterion. In
fact, under the conditions of Theorem 2] it will be shown
in the proof of the theorem that when the attitude error is
close to 180°, the cost ®(7, R) exceeds certain pre-defined
constant threshold § which forces the observer (30)-(34) to
jump its state and therefore reducing the estimation error.
Proof: Let us show that there exist 0 < eg < 1 and an
initial finite time to > O such that |R(t)|? < e during the
flows of F for all ¢ > ty. In perfect conditions (noise-free), it
can be verified that ®o(R, by, ba,74) = tr(I — R) = 4|R|2.
Using the fact that Rb, + ky(v — 0) = rq — T4, it can be
verified that

(rim X 7q)R(bm X bg)
[[br X bal?
(P X T X Tq ) R(bry X by X bg)
1B X b X ball?

b =Py +

Therefore, in view of Assumptions (I)-@), it follows that

2|7 2|7
I7all < g < g 4 207l

Dy — 5
C1¢y C1¢y

(35)

Assume that the gain k, is chosen such that k, > 2¢,/ac; c%
for some o > 0. Hence, there exists a finite time g > 0
such that [|7,(t)|| < acic?/2 for all t > to. Therefore, the
following holds

Pp—a< <P+, t>t. (36)
Let R € R, (7, S?) which implies that &y = 4|R|? = 4.
Hence, making use of (36), it follows that ® > ®g—a = 4—
a > 4. Consequently, one has (9, R, b,) € J. Since |R|? can
not be equal 1 inside the flow set F, one concludes that there
exist 0 < er < 1 such that |R(t)|; < er < 1 for all t > t,.
We have just showed that the set U(eg) is forward invariant
(starting from time to > 0) without requiring a condition on
the initial states. The proof of exponential convergence from
all initial conditions, during the flows of F, follows the same
lines as 23)-28) and here omitted for space limitation. It
remains to show that the Lyapunov function V' used in (23)
is strictly decreasing during the jumps of the hybrid observer
(31). First, using the fact that R, (m,u;) = —I +2u;u, , one

has
3 B - 3 -
> (I = RR(m,u)) = 3tr(I + R) — 2> tr(Ruu]),
1=1 =1

=12 —tr(I — R),

where we have used the fact that {u1,uo,us} is an or-
thonormal basis and hence Z?:NMJ = 1. Moreover,
in view of (34) and (B6) and using the fact that ®+ =

min;e gy 2,31 ®(0, R(7, u;)R), one obtains

3
< > 2(0.R(mu)f)

3
_ 4
<Z tr(I — RR(mw,u;)) + 3a> =4 - §|R|§ + a.

=1

<

Wl =

Consequently, it follows using (38) and | Rﬂ? = & /4 that
- . 1 _ 4.
[RY[F— R} < (@F +a) — R <1-SIR}+ 3,

(0—a) o 1

where we have also used the fact that |R|? = &g/4 > (® —
a)/4 > (6 — «)/4. Therefore, by letting the constant x in
23 to satisfy 0 < 1 < (6 — ba/2 — 3)/24cy, one deduces

VE—V = |RY7—|RIF + ubjRT((RY) —(R))

<1-

1 1
< 5(3 +5a/2 = 6) 4+ ducy < 6(3 +5a/2 —6) <0.
The proof is complete by invoking [22, Theorem 1]. [ ]
VII. SIMULATION RESULTS

We provide simulation results that demonstrate the effec-
tiveness of the proposed velocity-aided estimation schemes
(hybrid and non-hybrid) with bias compensation. We con-
sider a rigid body system evolving according to @) with the
following linear velocity and angular velocity vectors

2cos(0.5t + 0.5)

u(t) = [3.75 cos(1.25t—|—0.5)] , w(t)= [
0.5 cos(0.5t + 0.5)

0.5sin(0.2t)

sin(0.1t + )
0.1sin(0.3t + 7/3)

The true attitude is initialized at R(0) = R,(m,[0,1,0]T)
and the estimated attitude at R(0) = I. We consider
gyroscopic measurements of the angular velocity vector with
a constant bias b, = [5,5,5] " (deg/s). Also we consider an
IMU equipped with a magnetometer and an accelerometer
providing in the dody-frame, respectively, measurements of
the earth’s magnetic field 7, = [0.18,0,0.54]" and the
apparent acceleration (unknown in the inertial frame). We
implement the observer with the gains k, = p; =
p2 = 1, kg = 2 and k, = 3. The hybrid observer (30)-
is also implemented with the same gains and parameters
u; = e;,1 = 1,2,3 and § = 3.6. The hybrid observer
has switched at around 1.42s to reduce the attitude error as
shown in Figure [Il Although both observers are successful
in estimating the attitude, the gyro bias and the unknown
acceleration of the vehicle, this simulation showed that the
hybrid observer exhibits a faster transient response.
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Fig. 1: Attitude estimation error angle in degrees.
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Fig. 2: Bias estimation error in rad/s.
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Fig. 3: Apparent acceleration estimation error in m/s.

VIII. CONCLUSION

We extended the velocity-aided attitude observer of [7]
with a projection-based gyro-bias estimation scheme. We
proved that the origin of the closed-loop system is semi-
globally exponentially stable. To the best of our knowledge,
this is the first result providing semi-global exponential
stability results for a velocity-aided attitude observer with
gyro-bias estimation. This extension is far from being trivial
due to the fact that one of the reference vectors, namely
T4, 1s unknown and time-varying. Moreover, we proposed a
new hybrid attitude observer scheme to enlarge the region
of attraction of the observer, leading to global exponential
stability results. The hybrid observer jumps its state to an
attitude estimate which is guaranteed to be closer to the true
attitude after each jump. The performance of the proposed
estimation schemes is illustrated by some simulation results.
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