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An extended Kalman filter is derived for estimating the relative position and attitude
of a pair of uninhabited air vehicles, designated leader and follower. All leader states
are assumed known, while the relative states are estimated using line-of-sight measure-
ments between the vehicles along with angular rate and acceleration measurements of the
follower. Noise is present on all measurements, while biases are present only on the lat-
ter two. Line-of-sight measurements are generated using visual navigation beacons. The
global attitude is parameterized using a quaternion, while the local attitude error is given
by a three-dimensional attitude representation. The quaternion normalization constraint
is maintained using a multiplicative error quaternion. Simulation results show that the rel-
ative states and measurement biases converge within their respective covariance bounds.
The number of visual navigation beacons is shown to affect estimator convergence in the
presence of initial condition errors.

I. Introduction

ORMATION flight of aircraft has been an active and growing area of study in recent years. Maintaining
Fa desired spatial formation requires accurate knowledge of the relative position and speed between the
individual vehicles. Control algorithms designed for formation flight are given in Ref. 1-5. Johnson et al.’
demonstrate a vision-based method of formation control and state estimation. Two approaches are used.
The first incorporates an extended Kalman filter (EKF) developed in Ref. 7 with camera based images to
determine the relative states. The second approach uses image size and location to directly regulate the
control algorithm.

The integration of Global Positioning System (GPS) signals with Inertial Measurement Units (IMUs)
has become a standard approach for position and attitude determination of a moving vehicle. An Inertial
Navigation System (INS) is best described in the Preface section of the excellent book by Chatfield,® who
states “Inertial navigation involves a blend of inertial measurements, mathematics, control system design,
and geodesy.” Historically, INS’s were primarily used for military and commercial aircraft applications due
to their high cost. However, with the advent of cheaper sensors, especially micro-mechanical ones,’ sev-
eral new applications have become mainstream, including uninhabited air vehicles, micro-robots, and even
guided munitions.? Although these cheaper sensors do not perform as well as high-grade sensors in terms of
drift and white-noise measurement errors, they can be used to meet the requirements of several vehicle po-
sition/attitude knowledge specifications when aided with GPS. This allows for an attractive approach since
a completely self-contained system can be used to calibrate IMUs online using GPS-determined position
observations, while also determining vehicle attitude and rates in realtime. By far the primary mechanism
historically used to blend GPS measurements with IMU data has been the extended Kalman filter (EKF).1°
Other implementations include an unscented Kalman filter'! and particle filters.'2

The earliest discussion on the use of GPS and an INS for relative navigation occurs in Ref. 13. Relative
position is propagated using a linear discrete equation, though the exact form of the state transition matrix
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Figure 1. Definitions of Various Reference Frames

is not provided. Increased accuracy is achieved due to the high correlation of GPS errors aboard the leader
and follower. The results are extended to vehicle platooning in Ref. 14.

This paper examines the use of INS equations for relative navigation of a formation of uninhabited air
vehicles (UAVs). INS equations are developed for a two-UAV system. An extended Kalman filter is derived
for estimation of the relative position and relative attitude between the two aircraft. Relative attitude is
parameterized using the four-component quaternion. Measurements between the UAVs are made using the
vision-based navigation (VISNAV) system discussed in Ref. 15. This consists of an optical sensor combined
with a specific light source (beacon) in order to achieve a selective vision. The sensor is made up of a Position
Sensing Diode (PSD) placed in the focal plane of a wide angle lens, yielding a one hundred degree field of
view. When the rectangular silicon area of the PSD is illuminate by energy from a beacon focused by the
lens, it generates electrical currents in four directions the can be processed to estimate the energy centroid of
the image. This is then used to determine the line-of-sight (LOS) vector between the sensor and the beacon.

The VISNAV system is applied to the spacecraft formation flying problem in Ref. 16. State estimation is
performed using an optimal observer design. Simulations show that accurate estimates of relative position
and attitude are possible. A predictive filter is combined with the VISNAV system for estimation of relative
position and attitude in Ref. 17. Kim et al. apply an extended Kalman filter to the VISNAV-based relative
position and attitude estimation problem in Ref. 18. The effects of beacon location errors on estimation
accuracy are analyzed in Ref. 19. In this current work, the aforementioned previous work is expanded for
relative navigation between UAVs using LOS observations.

The organization of this paper is as follows. First, a summary of the various coordinate frames used in the
theoretical developments is provided. This is followed by a review of quaternion attitude parameters and the
associated kinematics. The relative INS equations are then derived. Next, an EKF for estimation of relative
position and attitude is developed. Finally, simulations are performed to demonstrate the effectiveness of
the filter.

II. Reference Frames

This section summarizes the various reference frames used in the remainder of this paper, as shown in
Figure 1:

e Earth-Centered-Inertial (ECI): denoted by {iy,iz,i3}. The origin is at the center of the Earth, with

2 of 25

American Institute of Aeronautics and Astronautics



the i axis pointing in the direction of the vernal equinox, the is axis pointing towards the North pole,
while i completes the right-handed coordinate system. This frame is fixed in space, with associated
vectors identified by the letter I.

e Earth-Centered-Earth-Fixed (ECEF): denoted by {é1, &2, €3}. The origin of this frame is also located
at the center of the Earth. The primary difference is that this frame rotates with the Earth. The
€3} axis points towards the north pole and is equal to is. The &, axis is directed toward the prime
meridian, and the &5 axis completes the right-handed system. The letter E signifies a vector defined
with respect to this reference frame.

e North-East-Down (NED): denoted by {f,é,d}. This reference frame is formed by fitting a tangent
plane to the geodetic reference ellipse at a given point of interest.'® The f axis points North, the & axis
is directed East, and the d axis completes the right-handed system. This reference frame is generally
used for local navigation purposes. The letter N signifies a vector defined with respect to this reference
frame.

e Body Frames: denoted by {f)l,f)g, 53} These are fixed to the vehicle body, rotating with it. Body
frames fixed to the two UAVs are designated leader (1) and follower (f).

The convention applied in this paper is to use these letters as a superscript following the vector or matrix
that is being described.

Transformations between reference frames are made using direction cosine or attitude matrices. A trans-
form from the inertial frame to a generic body frame B is mathematically described as

b CcoS@q1 COSQ1z COS(13 i1 i

~ o ? _ AB 0 1
by p = | cosas cosags COS Qo3 i, p=A7 ¢ 1i» (1)
b3 COS(x31 COS(x32 COS (33 ig i3

where «;; is the angle between the i body unit vector and the ;' inertial unit vector. A® is the attitude
matrix.

An overview of the conversion between the ECEF and NED reference frames is provided here. For a
more complete discussion, see Ref. 10. Given the latitude (1)), longitude (¢), and height (h), the ECEF
coordinates are given by the equations

x = (N + h)cos Acos ¢ (2a)
y = (N + h)cosAsin¢ (2b)
z=[N(1—e%) + h]sin\ (2¢)

where e = 0.0818 is the eccentricity of the Earth’s ellipsoid, and N is the length of the normal to the ellipsoid

given by the equation
a

N=—F—— 3)
1 —e2sin? \
a is the semimajor axis of the ellipsoid and is equal to 6,378,137 meters. The direction cosine matrix relating
the two reference frames is given in Ref. 10:

—sinAcos¢ —sinAsing cosA
AN = —sing cos ¢ 0 4)
—CcosAcos¢p —cosAsing —sinA

The concept of Euler angles are often used to provide a more physical interpretation of attitude param-
eters. These parameters define the attitude as three successive rotations about sequentially displaced body
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axes. The Euler rotation about the i*" body axis, M;(6), is given by

1 0 0

Mi(0)=| 0 cosf sind (5a)
| 0 —sin 0 cosb l
[ cos® 0 —sind |

M>(0) = 0 1 0 (5b)
| sin 0 0 cosf |
[ cos® sinf 0 |

M3(0) = | —sinf cosf 0 (5¢)
. 0 0 1 |

For an (a, 3,7) Euler sequence with angles 61, 62, 63, the direction cosine matrix (DCM) will be given by
A = M, (05)Mp(62) Mo (61) (6)

In the simulations shown later in this paper, the errors will be computed based on a (3,2,1) sequence using
roll (v), pitch () and yaw (¢) angles. The corresponding DCM is

[ 1 0 0 cosf 0 —siné cosy siny 0
A=10 cos¢ sing 0 1 0 —sinty cosy 0
| 0 —sing cos¢ sinf 0 cosf 0 0 1 .
[ ccy clsy —s0 )
= | s¢sbcyy — cpsty  spshsy + copcp  spch
| cpstc) + spsyp chpstsy) — spcyy  copcd

where c = cosf, and s = sinf). When the DCM is known, the corresponding Euler angles can be computed
from the individual elements by the following equations:2°

Y = tan™! <@> (8a)

An
0=— sin_l (Alg) (Sb)
¢ =tan"! (ﬁ—ij) (8¢)

III. Attitude Kinematics

A variety of parameterizations can be used to specify attitude including FEuler angles, quaternions, and
Rodrigues parameters.?! This paper uses the quaternion, which is based off of the Euler angle/axis param-
eterization. The quaternion is defined as q = [ qfy ¢ ]* withaqis =[ ¢ ¢ g3 ]7 = ésin(v/2), and
qs = cos(v/2), where & and v are the Euler axis of rotation and rotation angle, respectively. This vector
must satisfy the constraint q”q = 1. The attitude matrix can be written as a function of the quaternion:

—="(@)¥(q) )
where
=(q) = [ Q413x3_jl-T[ql3><] ] (10a)
13
U(q) = [ Q413x3_(—lT[Q13><] ] (10b)
13
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with

0 —g¢ ¢
[aisx]=1 ¢ 0 —q (11)
-2 @ 0
The attitude kinematic equation is given by2°
A7 = ~[wg x]A7 (12)

where wg I is the angular velocity of the body frame with respect to the inertial frame, given in body frame

coordinates, and AP is the attitude matrix that converts from the body frame to the inertial frame.
The relative quaternion qy; and corresponding attitude matrix are defined by

ap=q50q " (13a)
Al = Aagp) = Alap) AT (q) (13b)

which are consistent with Refs. 21 and 22. The symbol ® denotes the quaternion multiplication, given by

de @ qp = [ U(qs) da }Qb = { Z(ap) b :|Qa (14)

1

and q~' is the quaternion inverse, defined by

T
q ' = [ - —q2 —q3 } (15)

Reference 23 shows the quaternion kinematics to be given by
) 1_ f
a5 = 5E(As)wyy (16)
where w}{‘ ; is the relative angular velocity defined as
o=, £l
wi =whp — Ajwg (17)

To reduce the computational load, a discrete form of the quaternion propagation is used. This is given in
Ref. 23 as

Aflgsr = Q(w}ck)f‘(wllk)qflk (18)
where
] eos (Blwh A s — ] P
Qwy,) = . L f (19a)
-, cos (§||wfk||At)
sin ( 1]|w? [|At) w?
b = ( L )4 (19b)
[lws, I
1)1, _ _
F(“’llk) = COS (2 ”wlkHAtg I3x3 [Ckx] ) Cllc (19C)
¢l cos (4|, | At)
= sin (3 [|wi, || At) wy, (194)
[l |
and At is the sampling interval.
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IV. Relative INS Equations

The relative INS equations to be used in the extended Kalman filter are developed in this section. The
relative position vector is defined as

f _ f fl
e = Trr— 4 s
Al A AR (eh = 1)) (20)

where AP is the attitude matrix which converts from the inertial frame to the ECEF frame. The corre-
sponding angular velocity is wgu =[0 0 w |7, where w, is the Earth’s rotational rate.
Taking two time derivatives of Eq. (20) gives

d2
f . a (g
= g ()
d? F AL AEN (ol I d (afat a8\ 9,1 I flEd2I I
= up (Al AEAI) (rpr — 1) + 2% (Al AR A; ) E(rf\l —1y) + A AR AT Fre] (rfu - rzu)
(21)
and using the appropriate identities and substitutions yields
i, = @)Xy — [wh ) xIlwh ) xIrp, + (@], x Al Apw) ) xIrf, = 2[(wf ) xJig,
i — (22)
The inertial accelerations of the leader and follower are given by Newton’s law:
i), =a] +gf (23a)
i‘fcll = afc + gfc (23b)
The gravity model in ECEF coordinates is given by

g8 =it
[[x=

where 11 = 3.986 x 10° km? /s?. Equation (24) provides the only nonlinear term relative acceleration equation.
Equation (22) is then written as

= (@] ) xIe], — (@] ) xlw] ) xIe], + (@], x Al ALl )xIe), — 2] )<,
+a} — Afaj + A AL (gF — gf) (25)
The acceleration measurement model is defined as
éf :ajfc-i-bfa‘f"r]fav (26a)
bfa = Nfau (26b)

where b, is the accelerometer bias and 1¢q, and 7#4, are zero-mean Gaussian white noise processes. Their
respective spectral densities are 02UI3X3 and o?ngX3.
The gyro measurement model has a similar form:

@i = Wi+ brg My (27a)
brg = Nsgu (27b)

where 7g, and 74, are zero-mean Gaussian white noise processes with spectral densities o7, Isxs and
O'guI3><3. b, is the gyro bias. See the appendix of Ref. 11 for a more detailed discussion on the gyro bias
model.
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V. Extended Kalman Filter Equations

This section shows the development of an extended Kalman filter for estimation of relative position and
attitude. The states of interest are relative attitude, relative position, relative velocity, and biases on the
inertial acceleration and angular velocity measurements:

TN (T oy w1
x=|apm (rp)" (p)" by, by } (28)
Leader states are assumed to be known without any time lag. The truth and estimate equation pairs are as
follows:

. 1_

A = Eﬂ(qfu)w;u (29a)

A T

s = 5=(@s)@g (29D)
i, = =@ p)xIrh = [wp)xl@h) <, + [(wf, < A Agwk ) xJrf, = 2[(w) )<l (30a)

+ aﬁi - Alfaf + A{Afg (g? —gl’)

= ~@pe)xIEp = (@p) <@ )XIEp + (@ < A Apewy)xIep = 2@p)xIep,
+al — Alaj + Al Al (87 — &%)
af = 5.; - bfa — Nfav (31&)
al =al —by, (31Db)
E_ _—H E

gy = B ||3rf|E (322)

flE

~E_ M .FE

B e o)

flE
w;\E = ‘:’J{u —brg—npg0 — A{Aé}wgu (33a)
“A’;\E = ‘:’J{u ~byy - A{AZE‘*’EU (33b)
Bfa = Nfau (34&)
bsa =0 (34b)
by =g (35a)
biy =0 (35h)

The state-error vector is given as
, T
_ f L
Ax = | saf, (Arf)T (Arf)T ADT, ADE, | (36)
The first term is defined by

das = 20qy,, (37a)
oqs =qp ® fl}ﬁ (37Db)
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where the subscript “13”7 denotes the first three components of the four component vector. This is used
due to the assumption that the estimate is close to the truth. For this case, the fourth error-component is
approximately one and its derivative is near zero.?? The remaining state-error terms are defined by

Ax=x—X (38)

The process noise vector consists of the four Gaussian noise terms from the measurement equations.

T
w= | nfy W 0w M | (39)

The next step is to determine time derivatives of the error states. The equation for dcay; is given in
Ref. 24 as X
éegy = —[(@] ) x]dasy + dwi, (40)

where
Fo_ o Faf
dwy, = wyy — Wy (41)

Based upon the definitions in Egs. (17) and (33a), along with the approximation

Al = (Isxs — [(80 ) x]) Af (42)
Equation (41) becomes
dwhy = —Abyy —ngg — [(Af Apwp); + Al wj) x]des (43)
Equation (40) then simplifies to
éisy = —[(@] p)x18a s — Abgy — g, (44)

Time derivative of the position error state vector is simply equal to the velocity error state vector:

d n.f f
a(Arﬂl) = Ary, (45)

The time derivative of the velocity vector is more complicated. To keep this document concise, the algebraic
derivation of this equation will be omitted. The final result makes use of several of the relations already

mentioned in this paper, along with Euler’s equation®®
. f -1 -1
ot p = —J (whp) X pwh g + T Ly (46)

where J; is the inertia matrix of the follower and Ly is the applied torque. An expansion of the gravity
model in Eq. (24) is also required:

gy f gy

E _ AE
g7 = g7 + —Ar%,, + day 47
f f 3AI‘§»‘I fll 86af|l fl ( )
where
ogh " -
f _ E Jl | .E E flaf -3
= —uAp A%y, + A7 AL,
BAr';” l fH I l f j\l”

A F 3 N N N
—u (xfy + AP AR, ) (_5) Iy + AP A2 1175 (2T AP A + 2(5,)7 )
= —pAP ALl + AP AR (170

+3u (xf; + AP AL, ) (@R AP AY + ()7) ek, + AP Al =0 (48)
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8gf
85afu

= _MAE[(Af ju) ]Hrl|l AEAj ju” - N(rlu AEAfrf“)

3 —— FNT Afrr AL of
(=3 ) I+ AP Ayl 172 (20T APICAL ] )] + 206,07 41055,
= —pAP|(A)t f‘l) Il + AP At fu” 43 (rl|l + AP At f‘l)
x ()T APIAYE] ) %] + )T ATIAG ] ) x]) Ieffy + AP Al )12 (49)
Using the above relations, the velocity error dynamics equation is written as
d .. ' - f
aAI‘%l = Fg,léaﬂl + FgszI‘j:‘l + FgngI‘f‘l + F374Abfg + F375Abfa + Ggfl’l’]fgv + Ggfg’l’]fav
(50)
where
Fyo1 = —[(&,) %17 {10776, 2)x] = 1@ ) %1y} [(A] A )x]
— [(®,)x)[(@F,; = bro)X](A] Apw) ) x] — [(Af af) x] + [(A] A (&F — &) %]

; - (51a)
— nAf Alp { AP (A2 ) x]Iefy + AP YRS, 172 = 3 (xfy + AP A, )
% ()T APIALE] ) x) + @ )T AT 1A, ) <)) Ify + AP AGe, 175
Py_3 = ~[(@],; = brg)X|[(@];; = bro)x] + [(@;; — bry) x Af ApwE ) x] = (&7 )]
— nAf Alp { AP AL |Ix, + AP A, )2 (51b)

= 3 (el + AP ALEL) (@FDTAP AL + )7 Iefy + AP AGe], )17}
Fy 5= _2[@;“1 —byg)x] (51c)
Py = = (&) %177 {1076, p)x] = 1@ ) x0Ty b = [F) XA, Awf ) x] = 20, %]
= (1@, = Byg) x &)%) + 1@ = brg)x][(EF,)%])
Fs_ 5= —Is (51e)
Gs-1 = ~ 1) X177 { (7560, ) X] = (@) X117 } = ) XI(A] ApwE ) x] = 21(E,) %]
— (1@}, = Brg) x &)%) + (@] = bro)x][(%,)%])
Gy_s = —I4 (51g)

(51d)

(51f)

Lastly, the time derivatives of the bias states are found by using Egs. (34a) through (35b) along with
Eq. (38):

I\ — (52)
Abyry = —nygu (52b)

The overall error dynamics are governed by the equation

Ax = FAx + Gw (53)
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where the F' and G matrices are given by

—[(G)}C‘E)X] O3x3  0Osxz —Isxs Osxs

033 O3x3  I3x3  O3x3  Osxs

F= F5 4 Fs5 o F3-3 F3_4 F3_5 (54a)
033 O3x3 0O3x3  O3x3  O3xs
O3x3 O3x3 0O3x3 0O3zx3 Osxs

—1I3x3 0O3x3 0O3x3 Osxs
O3x3  0O3x3 0O3x3 O3xs
G=| Gs_1 03x3 Gz_3 03x3 (54b)
O3x3  I3x3 0O3x3 O3xs
O3x3  Osx3 Osx3 I3x3

The covariance matrix used in the EKF is

0% g l3x3 O3x3 O3x3 O3x3
2
0= 03x3  OFguulsxs 203><3 O3x3 (55)
03x3 03x3 Ofaul3xs 03x3
03x3 03x3 03x3 U?auhxs

A discrete propagation is used for the covariance matrix in order to reduce the computational load:
Py = OBl ®) + O (56)

where @y, is the state transition matrix and Qy is the covariance matrix. Van Loan (See Ref. 25) gives a
numerical solution for these matrices. The first step is to set up the following 2n by 2n matrix:

_ T
A= | T GRGT A (57)
Onxn  FT
The matrix exponential is then calculated:
BoeA_ | Bu Biz | _| Bu ‘I’lleQk (58)
Onxn 822 On><n (I)k
The state transition and covariance matrices are then given as
®y, = BL, (59a)
Qr = ®B12 (59b)

VI. Measurement Equations

The measurements used in this filter consist of the relative LOS observations between the two UAVs. A
schematic of this system is shown in Fig. 2. Beacons are located on the follower at coordinates specified in
the follower reference frame by (X;,Y;, Z;).

The relation between image space measurements of the PSD to the object space are given by?2°

a_:_fAll(Xi+$)+A12(Yi+y)+A13(Zi+Z) (60a)
’ Az (X + ) + Az (Yi +y) + Ass(Zi + 2)

3, = _fA21(Xi +x) + A (Y +y) + A23(Zi + 2) (60b)
’ A3 (Xs 4+ ) + A (Yi +y) + Az3(Z; + 2)
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Follower
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@ (Xi+x, Yi+y, Zi+2)

Beacon

||(X,-+x, Y,'+y, Zi+Z)”

Figure 2. Vision Based Navigation System

where f is the focal length, and the A matrix transforms from the follower frame to the leader frame and is
therefore equal to (Alf ). Writing these equations in terms of A'lf yields

a:_fA-[n(XiJr:v)JrAl1(Yi+y)+Alf31(Zi+z) o1
A () + AL (Vi) + AL (Zi+2)

P _fA-[lz(Xi +a)+ AL (Yi+y)+ AL (Zi+2) o)
A (Xt + AL Vit y) + A (Zi+2)

Since observations can be given as «;/f and (;/f, the focal length is set equal to one in order to simplify
the math. The (x,y, z) coordinates are the components of the vector rj:.‘ .
Consider a measurement vector denoted by

Yi =Y +V (62&)
v = ZZ ] (62b)

A frequently used covariance of v is given by Ref. 27 as

2
RFOCAL g
(2

C L+d(ef +57)

(1 + dOZ?)Q (daZBZ)Q
(daif3i)?  (1+dpB7)?

where d is on the order of 1 and ¢ is assumed to be known. Note that the components of this covariance
matrix will increase as the image space coordinates increase. This demonstrates that errors will increase as
the observation moves away from the boresight. Reference 27 also states that for practical purposes, the
estimated values of a; and (3; must be used in place of the true quantities. This only leads to second order
error effects.

The problem with using Eq. (62a) as the measurement vector is that the definitions of a; and f; in
Egs. (61a) and (61b) are highly nonlinear in both the position and attitude components. A simpler obser-
vation vector is given in unit vector form as

(63)

b; = (AT, (64)
where

V(G e L S e 2 Yity (©2)
Zi+z
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and for a sensor facing in the positive Z direction,

1 B

b= ———— | 4 (66)

V1+a?+ 32 1

Similar equations for the positive X and Y directions are found by rotating the elements of the vector in a
cyclic manner. Sensors facing in the negative direction use the same equations multiplied by negative one.

In Ref. 28, Shuster and Oh showed that when measurement noise is present, nearly all the probability
errors are concentrated on a small area about the direction of b;, allowing the sphere containing that point
to be approximated by a tangent plane. The measurement vector is defined as

where the sensor error v; is assumed Gaussian with

E{v} =0 (68a)
R?UEST = B{viv!} = 6% (Is3x3 — b;b)) (68b)

Equation (68b) is known as the QUEST measurement model. Once again, this is a function of the true values
since b; is present. The matrix R?UEST is also a singular matrix, which causes singularity issues in the gain
computation of the EKF. In Ref. 29, Shuster showed that the measurement covariance can effectively be
replaced by 021343, which is both non-singular and not a function of true state values.

The QUEST measurement model works well for small field of view sensors, but may produce significant
errors for larger field of views, such as the VISNAV sensor. A new covariance model is developed in Ref. 30
that provides better accuracy than the QUEST model for this case. It is based upon a first-order Taylor
series expansion of the unit vector observation. The primary assumption is that the measurement noise is
small compared to the signal. The new covariance is defined as

RYEW — J, RFOCAL JT (69)
where J; is the Jacobian of Eq. (66) and is given by

-1 0
b; 1 1
i 1 R LI 70
i \J1+aZ+ 57 8 01 1+a?+p32 @ f (70)

)

J;

Appropriate modifications to the Jacobian must be made for sensors facing along the other axes. It should
be noted that RNEW is also a singular matrix. This issue must be overcome before the covariance can be used
within the EKF framework. A rank-one update approach is shown effective to overcome this difficulty, as
shown in Ref. 30. The basic idea is to add an additional term ¢;b;b? (c; > 0) to the measurement covariance
matrix to ensure that the new covariance matrix is nonsingular and does not change the overall result in the
EKF'. This is mathematically written as

RYEW — RNEW 4 ¢:b,b] (71)

The coefficient ¢; is recommended to be given by
1
¢ = §trace(Ri-\IEw) (72)

where trace is the mathematical function denoting trace of a matrix.
The next step is to determine the partial of the measurement vector with respect to the state vector in
order to form the H matrix of the filter. Using Eq. (42), Eq. (64) becomes

bi = (A (Isxs + [(Boepp) x])r;
= (A'zf)TI‘z‘ + (A{)T[(éaj'\l)x]ri
= (AN Tr; — (A])T((r:) x)da sy (73)
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Table 1. Summary of Extended Kalman Filter for Relative Inertial Navigation

a71(to) = a0
o F _ . F
Tpu(to) = Tpppo
o _f
Initialize V(o) = Vi
ﬁfg(t()) = /6ng
Bra(to) = Brao
P(tg) =Py
. Ky = Py HE (%, )[He (X, )Py Hif (%) + Ril] ™!
Gain L ob,; ab 0 0 0
Hy(x,) = { 960l 2ot 3x3  Usxz Uzxs }
1 flL th
P+ [I Kka( )]P];
Ax] = Kil[yr — 7]
2 _ JrT
Ax)| = [ Mfuk Ary, Avf\l ABf,  ABf,, }
qf\lk = qf|lk (qu Joa g,
q
Updat 5 f_”
pdate qf\l,c ||qf” I
Gl I
T
Vi = Vit AV
+ - 3+
.i% ﬁf@k+A@iqk
6fllk ’Bfak+A’6fak
S+ =f At
f+ fkf_aka_ ’?fak N
Wi, = @, — A wip, — By,
— (ot (ot et
Ay, = @y, )@, )ag,
Propagation ) . P, =0 Pl o] + Qk
rpy = —l@fp) X, - [@f ) x@f ) x)E] fll + (@, x Af AE“’E\I) #7y
—2f(@] )Xt} +&f — Afal + Af A (&F - gF
~FE __ —u ~FE
87 T FE L, e

The partial derivative with respect to the attitude states is simply given by

Jdb; A r
57 = A (74)
1
The partial derivative with respect to the position vector is more complicated, and given by Ref. 18
Br B Yoord
fl fl
1
= ANHTZL 7
(AT (75)
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Figure 3. Relative Attitude Errors (Scenario I)

where C' and the elements of the matrix L are given by

C=[(Xi+2)2+Vi+y)?+(Z+2)2"? (76a)

L =[(Yi+9)* + (Zi + 2)% (76Db)

L12 = L21 = —(X + !T)(Y; + y) (76C)

L13 = L31 = (X + $)(Zl + Z) (76(1)

Loz = [(Xi + 2)* + (Zi + 2)?] (76e)

L23 = L32 = (Y + y)(Z + Z) (76f)

Ly = [(X; +2)* + (Yi +v)°] (76g)

The overall H matrix is then given as
Ob; Ob;
H, = — O3x3 Osxs Osxs (77)

96 orl,

The complete extended Kalman filter is summarized in Table 1, where Ry, is the block diagonal matrix made
up of all the individual RY®W matrices, and y = [brfk . bT JTand y, = [b1 . b;\,kT] where N is
the total number of LOS observatlons at time tg.
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Figure 4. Kinematic Errors (Scenario I)

VII. Modified Kalman Filter

A modification to the previously derived extended Kalman filter will also be tested. Since the relative
distance between the leader and follower is small compared to the radius of the Earth, there is a possibility
that the gravity terms will be negligible. To remove the gravity terms from the filter, Eqs. (51a) through
(51g) are reexamined. It can be seen that only the F3_; and F3_o terms need to be modified. Their new
values are given by

Fy_q = —[(#},)x]7; " {[(Jfa§|E)x] - [(@-J{‘E)X]Jf} [(Af AbwE ) %) -
- [(Aﬁu)x][(&);u - bfg)x][(A{Alegu)X] - [(Alfaé)x]
Fy_o = —[(@],; = brg) x][(@};; = brg) x| + [((@],; = Bry) x A] Apwp ) x] = [(&f ) ¥] (78b)

The remainder of the filter is the same and is given by Table 1.

VIII. Simulations

This section shows simulation results for a leader/follower pair of UAVs. Trajectories are defined in the
NED reference frame for a location of interest at A = 38 degrees and ¢ = —77 degrees over a five minute
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Figure 5. Bias Errors (Scenario I)

period. The position trajectories are given by

[ 50t + 5 cos(0.01¢)

v’y = | 1000sin(0.05¢) (79a)
I —10t
[ 50t + 5 cos(0.01¢) + 30 cos(0.1¢ + ) + 100)

i = 1000 sin(0.05¢) + 20 cos(0.1t) + 100 (79b)
i —10t + 40 cos(0.1¢t + %)

They are then converted to the ECEF frame using Eq. (4). The leader and follower UAVs are given the
following constant rotational rates:

T deg
min

T deg
min

why = [ 111 } (80a)

Ii=]-10 5 —25] (80b)

w
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Figure 6. Relative Attitude Errors (Scenario II)

The initial quaternion attitude parameters are given as

T
wr=[-} 35 35 ¥ (812)
T
_ 1 1 1 V3
=5 5w ¥ (81D)

Gyro, accelerometer and relative position measurements are taken every 0.1 seconds. The gyro noise pa-

rameters are o, = 8.7266 x 1077224 and, o, = 2.15 x 1073224 The accelerometer noise parameters are
g Sl/2 I g SS/Q

Oap = 1.5 x 107° 35 and, 04, = 6.0 x 107° 5. The initial gyro and accelerometer biases are given by
r deg
Bra=108 —075 067 =*° (82a)
r m
Bra =[ —0.002 0.0375 —0.004 ] = (82b)

Both the accelerometer and gyro biases are initially assumed to be zero. The initial covariance matrix Py is
diagonal. The attitude components of the covariance are initialized to a 30 bound of 1 degree. The position
and velocity parts have 3o bounds of 20 meters and 0.5 meters per second, respectively. The accelerometer
and gyro bias components have 30 bounds 1 degree per hour and 0.1 meters per second squared, respectively.
Scenarios will be tested with varying numbers of beacons, with locations given in Table 2.

Scenarios with the following sets of initial condition errors will be tested on the full EKF:
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Table 2. List of Beacon Locations

Beacon Number (i) X; Y, Z;
1 0m 7 m 0m
2 0m —7m 0m
3 3.75 m 0 m 0m
4 —3.75 m 0 m 0m
5 3.7 m | —2.25m | —1.5m
6 —375m | 225m | —1.5m
7 1.5m 0m 0m
8 —1.5m 0 m 0m

I Gyro bias and accelerometer bias

II Relative quaternion and both biases

IIT Relative position, relative velocity and both biases
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Bias Errors (Scenario IT)

For all scenarios, plots are shown of the two and three beacon cases. The use of only one beacon is insufficient
for estimator convergence, while higher numbers of beacons simply yield lower errors and tighter covariance
bounds. Figures 3 through 5 show the results of scenario one where the only initial condition errors present
are on the bias terms. The angle errors corresponding to the error quaternion are shown in Fig. 3. All states
are seen to converge quickly within their covariance bounds. The primary reason for showing the two beacon
case is seen in Fig. 4. The two beacon case is seen to have an intermediate increase in covariance in both
the relative position and relative velocity states. Three beacons is needed to maintain smooth covariance

bounds.

The second scenario uses an initial quaternion given by

(Al;“(tO) =40q® Q}c“(to)

where
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Figure 9. Relative Attitude Errors (Scenario IIT)

Figures 6 through 8 show the resulting errors for the two and three beacon scenarios. Convergence occurred
for all states, though it took significantly longer for the two beacon case. The same intermediate covariance
increase can be seen in the two beacon case for the relative position and relative velocity states.

The next scenario contains initial condition errors in the relative position and velocity. These errors are
given by

f“§|l(to) = O.Qr}cll(to) (85)
\Ar;ll(to) = V;|z(t0)+{5 -5 3}Tm/s (86)

Results of the two and three beacons cases are shown in Figs. 9 through 11. The relative position and relative
velocity errors of Fig. 10 show the same intermediate covariance increase for the two beacon case. The two
most significant features of these plots are that the errors are smaller than that of scenario two, and the
states remain within their covariance bounds for a much greater percentage of the simulation.

Scenario four simply uses all of the previously stated initial condition errors. The results of the three
beacon case are shown in Figs. 12 through 14. The estimate errors and covariance bounds are seen to be
similar to that of scenario two. The use of three beacons again allows all states to be estimated effectively
and quickly. These figures also demonstrate that initial condition errors in the relative quaternion have more
influence that initial condition errors on the relative position and relative velocity.

The final simulations are of the extended Kalman filter that was modified to remove gravity-related
terms. As was seen in previous simulations, one beacon was insufficient to achieve accurate estimates while
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Kinematic Errors (Scenario III)

two beacons resulted in an intermediate covariance increase. The results of the three beacon case are shown
in Figs. 15 through 17. Comparing these with the prior simulations, they are seen to be nearly identical
to that of Figs. 9 through 11. This shows that the absence of gravity terms has the same effect as initial
condition errors in the relative position and relative velocity.

IX. Conclusion

An extended Kalman filter is derived for the relative navigation of uninhabited autonomous vehicles.
Relative attitude is parameterized using a quaternion. Its estimation is reduced from four states to three by
using a multiplicative error quaternion. Measurements are taken by simulating visual navigation beacons.
These beacons are assumed to be placed on the follower while the sensors are on board the leader. Simulations
are performed using a number of beacons ranging from one to eight.

For all simulations, estimator convergence occurred only when two or more beacons were present. The
use of two beacons showed some states to converge from outside of the covariance bounds, several of which
requiring a significant amount of time to actually converge. Adding initial condition errors to the relative
position and relative velocity yielded no observable difference. The most notable feature occurred in the
relative position and relative velocity states for the two beacon simulations. An intermediate increase in the
covariances was observed. This is likely due to a physical arrangement of the beacons with respect to the
leader that temporarily made these states unobservable.

The final set of simulations used the extended Kalman filter modified to remove all gravity related terms.
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Figure 11. Bias Errors (Scenario III)

The only initial condition errors present were on the bias terms. Results showed that this filter is comparable
to the full version scenario where initial condition errors in the relative position and relative velocity were
added. The use of one beacon was insufficient for producing accurate estimates, while the results of the two
beacon case showed the same intermediate covariance increase seen in previous simulations. Overall, the
derived filter has been shown effective in a variety of scenarios. The use of three beacons allows accurate
estimates to be achieved for any set of testing conditions.
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