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2. GPS BASED SPACECRAFT ATTITUDE AUTONOMOUS DETERMINATION
2.1 Basic Principle

This paper first discusses two groups of baselines aligned in two-dimensional plane, among which I;l_z is the longer one
and 5,.3 , which is shorter than half of the carrier wave, is the other one. It is shown in Fig. 1. @ is the angle between

51.3 (or l;,vz) and the reference line AC. Each antenna has same satellite clock error considering these antennas share a

same GPS receiver. In addition, propagated error of every antenna is approximately equal due to the distance between
every two antennas which can be neglected relative to that between antenna and GPS satellite, and then the single-
difference carrier phase (SDCP) measurement equation can be given by the following expression

a 1 =, -
Sia = B )Ny )

The subscript “/,2” denotes the baseline i formed by antennas “/,2”, */” denotes the jth satellite, 3¢, = ¢/, -3¢/, is
1,2

SDCP associated with the baseline ; and the jth satellite, »,; = M - M is the single-differenced integer ambiguity

b,
associated with the baseline i and the jth satellite, 5 is the wavelength of the GPS L2 carrier signal, and g/ is unit
1,2

vector of the antennas to GPS satellite j. comparing with the distance between a GPS satellite and a antenna, the length
of baseline can be neglected, so unit vector formed every antenna to the GPS satellite j is all denoted by ..

In the process of attitude determination, &¢’,, can be measured, A is known, and E’ can be determined uniquely

according to GPS satellite ephemeris and the position of spacecraft. Obviously the determination of N’ , is the key to

obtain 51'2 5

Fig. 1 Schematic of the Baseline vectors l_).,,z and 51‘3
2.2 The Determination of Integer Ambiguity and Baseline Vector 51'2
Then, we will determine the integer ambiguity of baseline 5,_2 by means of the shorter baseline Ex,: .
The SDCP measurement equation of 51.3 can be introduced as follows
5,y = %@ By)- N, @)
Owing to the length of E,', shorter than half of the carrier wave, so

|B9e85] - < 4 ©)
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By substituting (3) in Eq. (2), we obtain

1 ‘ ; 1
) <N +6¢ 5 < 2 @
By rounding in Eq. (4), we have
Im(ij,s + 5(0/1,3) =0 ®)
And then
N’ =0 ©)

That is, the integer ambiguity of baseline 1;,'3 whose length is shorter than half of the carrier wave is identically
vanishing.
The following equation can be obtained by considering Egs. (2) and (6) according to Fig. 1
S5’ s oA

.|

0 = arcsin

)

Till then the azimuth angle of 1;,.3 can be determined uniquely.

But actually, the azimuth angle € obtained by Eq.(7) has a deviation relative to its actual value because of various
measurement errors included in 8¢’ ;. Obviously, Eq. (7) shows that there is a positive correlation between precision of

attitude determination and the length of baseline when carrier phase measurement errors are the same. Consequently, a
new strategy is proposed by combining the advantages of shorter baseline which has no integer ambiguity and longer
baseline which results in high precision. The detailed algorithm is as follows.

The following equation can be given by considering Egs. (1) and (7) according to Fig. 1

) ) |1;,2 | sind
0p’\ , + N\, = 1 ®
Then the following equation can be obtained
T Il;ulsin e 5
=mt(————
12 = nt( 2 &)
The integer ambiguity of 51_2 is determined.
The precise value of azimuth angle of 51‘2 can be given by considering Egs. (1), (7) and (9) according to Fig. 1
) b, ,| 60!
A(é‘qo,{z im 129 "d T’"’ J
6" = arcsin B (10)

2]
In order to improve precision, four observed GPS satellites with minimum Geometric Dilution of Precision (GDOP) are
selected to determine the precise attitude of I;,‘z , the observation equations are as follows

Proc. of SPIE Vol. 7651 76512U-3



- 1 - -
WJL;; = '/T{El 4, ."Nlu

(e

= I =5 -
Sy, = ‘;“Ez'bl.I )- N5

Then the baseline vector 5, can be obtainéd from Egs. (11) by least-squares pseudo inversion

algorithm

Where

1 (11)
3@, =—(E*h,)- N,
2= . !
R | -
‘)‘3’41,2 = 7(54'5’1,2)“ N41,2
b,=AE"EY'E"B,, (12)
El
5| B2
E= 2 (13)
E4
3¢, +N',
o 2 2
3 + N
P i (14)

. 3
; 2
1)!’[’3Lz +1\1 1,2
o 4 4
o, +N 12

Obviously, only yaw angle 6, and pitch angle 6, of spacecraft can be determined by 51,2 , in order to determine roll

angle 6, baselines 51.4 and ELS are arranged as Fig. 2.

In Fig.2, the length of 13115 is shorter than half of the carrier wave, 1;] 4 is longer baseline. And then the azimuth angle of

51.4 can be obtained by the above method.

In the process of spacecraft’s attitude Euler angles solution, GPS receiver antennas can be arranged as follows: antenna 1
is located at spacecraft mass center, antenna 2 and 3 are located along longitudinal toward spacecraft’s head. Antenna 4

and 5 are located along lateral axis perpendicular to 51,2 .

20

le; -O
1 5 4

Fig. 2 Deployment diagram of the antennas
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3. SPACECRAFT ATTITUDE CONTROL
3.1 The Attitude Motion Equation of Spacecraft

The attitude kinemics and dynamics equations are respectively as follows

6, = ®, - w,cos8, tanb, + w,sind, tand,

cos0 sin@

. L, 1 (15)
cos0, cos0,

—

0, = ©,sind, + w,cos0,

. b= 1
@, = ZJ. 2 w,0, +71(LI +£)
. J,—-J 1
Ja, = 3,]2 L o,o, +J—2(L2 +£) (16)
. J = 1
2 ='J—32w,a)2+J—3(L3+f3)

Where 6,, 0,, 6, are respectively spacecraft’s roll, yaw and angle. o,, w,, , are corresponding respectively angle
velocity. J,, J,, J, are respectively spacecraft three-axis inertia moment. L, L,, L, are control torque, and f,, f,,

f; are outer disturbance torque.

3.2 Design of Outer Loop Controller

Defining roll angle, yaw angle and pitch angle command are respectively 6., 6, and 6,_, attitude angles tracking error
can be given by
’el =q-6,
18 =66, a7
‘?3 = & -6,
The tracking error dynamic characteristics are designed as follows
é +ume =0
é + e =0 (18)
é+ e, =0
Where, u,, u,, 4 are all positive constants, the following equations can be obtained by considering Egs. (15), (17) and
(18)
o, ==14(6, - 6,) — 11,(6, — 6, )sin 6,
@, =—11,(0, — 6,,)cos 6, cos 0 — 11,(6, — 6,.)sin 6, (19)
@, = 14,(0, — 6,.)sin G, cos G; — 1;(6; — 6,.) cos b,

Let @, ®,,®, from Egs. (19) be the attitude angle velocity commands, that is

o, =0
w,, =, (20)
@y, = Wy

3.2 Design of Inner Loop Structure Adaptive Controller

Switching functions and reaching law are designed as follows

Proc. of SPIE Vol. 7651 76512U-5
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{a @ =~ @,
15w -w, @1
l%é@—%

S, = ~k;s, = & sgns;

s, =—k,s, — &, sgns, (22)

83 = —kys; — &y sgns,
L =Jz, - (J, - J)@,0 - f,
L, =J,z,-(J; - J)oyo, - f (23)
Ly=Jyz,-(J, - J)mw, - f;
7 2@, ks -Gy

1222 @y — sy - Gsan s (24)
’23 = @y, —kys;— Sy sgn s
L =.}lzI —(j2 -J,)w,0, —f’,
L =J,z,-(J,-J)ow - f, (25)
L =Jz, -, -J,)ow -7,
Where &, k, ,k,, &, &,,&, are all positive constants.
The control torque can be given by the following expressions by considering Eqs. (16), (21) and (22)
Where
Jy, Jy, Jyand f;, f,, f; in Egs. (23) are all uncertain, thus control law introduced in Egs. (23) is difficult to realize,
therefore, we substitute the estimate jl, jz s j3 s f, s fz s f; for J,, J,, J5, fi, £, /5, and then the control law can
be written as follows

The following equations can be derived from Egs. (16), (21), (24) and (25)
[ = -
85 +ks, +& sgns, =J—(J,z| =J,0,0, + J,0,0, = 1)
1

S, +kys, + &, sgns, =%(],m,(o, +J,z,-Joe -1, (26)

2

i 1 s . = -
Sy +kysy + &;sgnsy =7(‘“ (3@, +J,00, + 32y - )

=

Where
FAL-J
dy By dy
«%f%—% @7
KEA-4
hth-1
hEA-1

denotes estimate error.

Defining

Proc. of SPIE Vol. 7651 76512U-6



8 2 (5.8.5) (28)

A U]
K20 b 0 (29
0 0 kK
Jo 0 0
a
JE10 J, 0 (30)
g 0 0
2210 & ¢ 31)
0 0 &
z —@yay  ayay -1 ¢ O
W 2| am z, -y 0 -1 0 (32)
-y Z3 6 ¢ -
PR Syt b LY (33)
Then, Egs. (26) can be written as matrix type
S+KS+&sgnS=J"'WP (34)
Consider the Lyapunov function as follows
V= %STJS +%I377'1f-’ (35)
Where y is an arbitrary (6x6) symmetric positive definite matrix, for simplicity, we design » to be a diagonal matrix
[y, 0 0 0 0 0]
0O 0 0 0 O
0 0 » 0 0 O
"o 0 0 54 0 0 s
0 0 0 0 »% O
00 0 0 0 |

Derivative of Lyapunov function and consider Eq. (3_4), the following equation can be obtained
V=-STIKS-S"JEsgn S+STWB+ BTy P G7)
If we choose adaptive law as follows
STWP+ By P=0 (38)
By substituting Eq. (38) in Eq. (37), we obtain V' =-S"JKS-S"J&sgn S <0
And then the adaptive control law for parameter estimate can be derived from Eq. (38)
P=—yW'S (39)

4. NUMERICAL SIMULATION

Numerical simulation research about the integrated attitude close loop composed of determination system and control

system. The attitude angles commands are square wave unit with amplitude 60° and period 10s. White Gaussian noise
substitutes measurement error. The sampling period is set to 0.01s, the simulation time is 50s. Other simulation
parameters are listed in Table 1. the simulation results are shown in Fig. 3~Fig. 6.

Proc. of SPIE Vol. 7651 76512U-7



Table I Simulation parameters

Three-axis inertia
moment
nominal(kg +m?)

Three-axis inertia
perturbed value(kg-m?)

Outer disturbance
torque (kg+m?)

Spacecraft orbital
clements

J', =1200

J', =2200
J',=3100

AJ, =-500

AJ, =-800

AJ, =-1000

Si=L=/=500
Semi-major axis:

a=9x10%(km)

Numerical eccentricity:
e=0.2

Orbital inclination: ;=30°

Argument of perigee:

=30

Longitude of ascending

node: Q=40
Mean anomaly: M, =0’

Geocentric gravitational

4= 3986x10°

37 9
constant (km’/s%)
GPS carrier wave
length (m) 4=024
|B.| =88
IEHI =0.1
Baseline length (m) |b’-4| =iy
|B.s|=0.12
= =n=4
k=k, =k =16
§=6=5=3
N =72=7,=500
¥, =4000
75 =75 = 8000
Mean molar quanti
: o r = 6400

radius of the earth (km)

GPS satellites orbital
elements

Semi-major axis:
ag =2.65x10"(km)
Numerical eccentricity:
e; =0.02
Orbital inclination:
iz =55
Argument of perigee:
w; =30

Proc. of SPIE Vol. 7651 76512U-8



0; 90; 180; 270
20; 110; 200; 290
40; 130; 220; 310
Mean anomaly of GPS 60; 150; 240; 330

P 80; 170; 260; 350
tellites: 5 170; 260;
. 100; 190; 280; 370

Longitude of ascending
node of each plane at 0

o’clock, July 1, 1993 32.8;92.8; 152.8;

212.6; 272.8; 332.8

@)
White Gaussian noise Mean: 0
parameters Variance: o’ =1
O =0y =0, =0
Wy =0y =y, = rad/s )
Jy =1200(kgen*)
N N Jp = 2200Ckgem®)
Initial conditions jzo = 3100Ckg-n®)

fi=fi=f, = 0kgem®

#is)

Fig. 3 The Actual Values and Estimates of Three-axis Inertia Moment

1000 T T T
a z ; —
500 Lo PR e W L L O e ¥
3 -yl H : ——— i
R 4
= 500 i i i
10 20 30 40 50
000 T T T T
: : : —_
® ek foitoisl PO 5 i :
3 TP rprarenorpret] [~ i
™ 2000 i i
0 10 20 30 40 30
5000 - T T
2 § : ‘ —
£ { & 1
Pl bty 'L\1 ey Py it A
= o ey I i ER e e e I
o 5000 : % ' '
Q 10 20 30 40 50

H(s)

Fig. 4 The Actual Values and Estimates of Outer Disthurbance Torque
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Fig. 5 Commands and Responses of Attitude Angles

o
N

Error of Roll(deg)
o

Emor of Yaw(deg)

Error of Pitch

Fig. 6 Attitude Estimation Errors Based on GPS

5. CONCLUSIONS

Theoretical analyses and simulation results indicate that the integrated closed loop composed of determination system
and control system has high precision and strong robustness. The estimate error for uncertain parameters is bounded, and
the three-axis attitude Euler angles commands can be tracked quickly.
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Parameter-estimation-based control for relative attitude of

spacecraft formation flying

GAO You-tao!, LU Yu-ping!?, XU Bo?
(1. College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing Jiangsu 210016, China;
2. College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing Jiangsu 210016, China)

Abstract: A relative attitude model represented by a quaternion is presented for the spacecraft formation flying. This
model can avoid singularities. A self-tuning controller with a neural network estimator is proposed to reduce the measuring
equipment and communications between spacecrafts in a formation flying. It is proved that the control system has good
robustness to uncertainties of system model. Simulation results illustrate that the estimator can successfully estimate the

unknown parameters and the relative attitude can be controlled accurately.
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