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10.2 Attitude Measurement
Mark A. Stedham, Partha P. Banerjee, Seiji Nishfuji, and Shogo Tanaka

In many practical situations, it is important to determine and measure the attitude of a particular vehicle,
such as a ship, an airplane, a piece of mechanical equipment such as a crane lifter, or a spacecraft. For
this reason, many attitude sensors have been developed with advanced computer and semiconductor
technologies. This section first introduces the various attitude sensors with an explanation of their
operating principles and then presents several methodologies for attitude measurement and determina-
tion, including ships and crane lifters, aircraft, and spacecraft applications.

Attitude Sensors for Ships, Aircraft, and Crane Lifters

There are many types of gyroscopes that, corresponding to the physical measurement mechanisms used,
may be classified as two-axes freedom gyro and single-axis freedom gyro using precession, vibratory gyro
using Coriolis’ force, and optic gyro using Sagnac’s effect. Among them, the two-axes freedom gyro has
the longest history. It consists of a high-speed rotating rotor around a spin axis supported by two
orthogonal axes. This type of gyro is generally classified as either a free gyro, a vertical gyro (VG), or a
directional gyro (DG).

The single-axis freedom gyro has only one output axis in addition to the spin axis. Depending on the
specifications (in which) the gyro is designed, there are two types of gyros, the rate gyro and the rate
integrating gyro. Related to these rotating-type gyros is another type of gyro known as the electrostatic
gyro, which makes use of a high-speed rotating sphere in a vacuum cavity. Because of its resistance-free
property, the electrostatic gyro has the highest accuracy among existing gyros. There are also rotorless
gyros. The first one is a vibratory gyro that uses Coriolis’ force as the measurement principle. The second
type is an optical one. Among optical gyros, there are two types: the ring laser gyro and the fiber optic
gyro. Both rely on the Sagnac effect in their measurement mechanisms. The performance of gyros is
evaluated by their drift rates, and the performance of various gyros is shown in Table 10.2, for reference,
with their primary usages.

Recently, with the development of computer technology, many types of three-axes gyros have been
developed that can measure not only the tilt angles but also the angular velocities and the accelerations
along the three axes by combining several gyros and accelerometers. Accelerometers are often coupled
with gyros to provide flight and ship navigation systems as well as attitude sensors for dynamic objects
such as crane lifters. Examples include the attitude and heading reference system (AHRS), inertial navi-
gation system (INS), inertial measurement unit (IMU), and gyro compass (GC), as well as the VGs and
DGs discussed above [1].
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TABLE 10.2 Performance of Different Types of Gyros

Type of the gyro Degrees of freedom Quantities to be detected Accuracy (° h™')
o 2 Angle 1

f/:'iigl gyro 2 Declination from horizontal plane 1

Directional gyro 2 Shift from reference direction 1

Rate gyro 1 Angular velocity 10

Rate integrating gyro 1 Angle 0.001-1

Ring laser gyro ! Angular velocity 0.003

Fiber optic gyro ! Angular velocity 0.01

Electrostatic gyro 2 Angle 0.00001-0.01

The principle of a servo-type accelerometer is explained below (see Figure 10.8). As soon as the shift
of the beam caused by the acceleration ot is detected by the deflection pickup, the current i is generated
by the servo-amplifier, which produces a torque to keep the beam at the principle axis of the sensor.
Since the torque and the current that generates the torque are proportional to o, the acceleration can be
measured using the current. The measurement process forms a closed-loop system, so that the sensor is
not only robust to disturbances, but also achieves a high measurement accuracy (see Table 10.3).

Similarly, an inclinometer is another inertial sensor that measures tilt angle to provide attitude infor-
mation (see Figure 10.9). The principle of servo-type inclinometers is the same as that of the servo-type
accelerometer, except that the beam in the accelerometer is replaced by a pendulum suspended from the
supporting point in the sensor. When the sensor is placed on the inclined static surface of tilt angle B,
the pendulum takes the angle 8 against the principle axis of the sensor, assuming the sensor has no force
other than gravity acting on it. The sensor can, however, generate a torque T, = mg;sinf} = mg,P to keep
the pendulum at the principle axis, then the tilt angle B can be accurately measured using the torque
(and consequently the current producing the torque), where m and [ are the pendulum mass and length
of the pendulum to its mass center, respectively. One must note, however, that such a sensor is essentially
designed to measure the tilt angles of static inclined surfaces. Thus, when applied to dynamic inclined
surfaces, the accelerations will affect the torque, making the sensor unreliable. An intelligent attitude
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FIGURE 10.8  Servo-type accelerometer.
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TABLE 10.3  Specification of a Servo-Type Accelerometer

Measurement range +5¢
Resolution Less than 5 jig (dc)
Sensitivity 2V gt

560 Q

Output resistance
Torquer current

Case alignment
Frequency response
Temperature range
Power source
Consumption current

3.5 mA g
Less than +1°

450 Hz (+£3 dB)

=25 to +70°C

+15V (dc)

Less than 15 mA

Size 28.4 mm X 24.5 mm

Mass 46 g (including the cable 10 2

Note: g: gravitational acceleration (according to the type TA-
25D-05 by TOKIMEC).

sensing system that overcomes such difficulty will be introduced later. Although application i« 1+
to static inclined surfaces with minute tilt angles, a dielectric-type inclinometer employin l]s limiteg
and a bubble kept in an electrolyte can achieve high accuracies on the order of 10z42) § electrodes

Attitude Sensors for Spacecraft Applications
Attitude measurement for spacecraft usually requires two or more sensors for detecting the referen
sources needed to satisfy attitude requirements. The choice of which sensors to employ is prim ariIC;

influenced by the direction the spacecraft is usually pointing as well as the accuracy requirements for
2]. Table 10.4 summarizes some performance parameters for these sensors as

attitude determination [

well as typical manufacturers.
Inertial measurement units generally consist of gyroscopes coupled with accelerometers, which

together measure both rotational and translational motion. These IMUs may be ejther gimbal mounted
(movement about a gimbal point, independent of the spacecraft) or a strapdown system (rigidly mounted
to the spacecraft body), where expansive software is used to convert sensor outputs into reference frame
measurements. IMUs tend to suffer gyro drift and other bias errors and, when used for spacecraft attitude
measurements, are often used with one or more of the sensors discussed below,

Sun sensors detect the visible light from the sun, measuring the angle between the sun’s radiation and
the detector’s photocell. The sun is a commonly chosen attitude reference source since it is by far the

bubble

outer electrodes

common electrode

FIGURE 10.9 Dielectric-type inclinometer (front view).
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TABLE 10.4 Spacecraft Attitude Determination Sensors

Mass
Sensor Accuracy (kg) Typical vendors
MU 1to5x10¢g 3to25  Northrop Grumman, Bendix, Kearfott,Honeywell, Hamilton, Standard,
Litton, Teledyne
Sun Sensor 102 to 3° 0.5to2  Adcole, TRW, Ball Aerospace
Horizon Sensor 10! to 1° 2t05 Barnes, Ithaco, Lockheed Martin, Lockheed Barnes
Star Sensor 107 to 107 3to7 Ball Aerospace, Bendix, Honeywell, Hughes
Magnetometer 0.5 to 3° ~1 Schonstedt, Develco

Adapted from Larsen, W. J. and Wertz, J. R., Eds., Space Mission Analysis and Design, Torrance, CA: Microcosm Inc.
and Dordrecht, The Netherlands: Kluwer Academic Publishers, 1992, p.360.

visually brightest object in the sky, having a total radiation per unit area of 1353 W m™ at Earth
distances [3]. Also, it is generally accepted as a valid point source for most attitude applications, having
an angular radius of 0.25° at Earth distances. Increased measurement accuracy can be obtained by deter-
mining its centroid. Even though sun sensors are quite accurate (0.01° to 3.0°), they do require clear fields
of view, and sometimes suffer periods of eclipse from both the Earth and the moon [4]. Also, sensitive
equipment (such as imaging devices) must be protected from the powerful radiation of direct sunlight.
When the sun is available, the angle between it and the sensor’s primary axis is referred to as the sun angle.

For spacecraft in near-Earth orbits, the Earth is the second brightest object in the sky and covers as
much as 40% of the sky. Earth horizon sensors detect the interface between the Earth’s edge (or limb)
and the space background. Horizon sensors can detect either of the Earth’s visible limb (albedo sensor),
infrared limb, or air glow. The infrared limb is the edge between the warm Earth and the cold space
background. The air glow is a region of the atmosphere around the Earth that is visible to the spacecraft
when it is on the night side of the Earth. Accuracies for horizon sensors are in the 0.1° to 1.0° range:

Increased accuracy requires Earth oblate spheroid modeling [4]. Some problems associated with albedo

detection include the distortion effects of the Earth’s atmosphere, falsely identifying the day/night ter-

minator crossing as the true Earth limb, and the considerable variability of the Earth’s albedo in the
visible spectrum (varies from land, sea, ice).

Most sensors used to detect the Earth’s horizon are scanning sensors with narrow fields of view that
measure the time between horizon crossings. In general, two horizon crossings occur per sensor scan
period: one .crossing when the sensor scans from the space background onto the Earth, followed by 2
second crossing when the sensor scans from the Earth back to space. The combination of horizon crossing
times, scan rate, and spacecraft altitude allows for the computation of the Earth’s apparent angular radius.
The apparent angular radius will be smaller than the real (or physical) angular radius if the spacecraft is
tilted away from the Earth nadir vector. The nadir vector is defined as the vector connecting the center
of the spacecraft to the. center of the Earth. To see this effect, one needs to compute the Earth’s thSic
radius p, which for a given spacecr:aft al.titl.xde h (in kilometers), is given by p = sin"![(6371)/(6371 + h)-

If the SPﬂCffC"_aft honzo.n sensor Is pointing exactly nadir, then the apparent angular radius as measure
by the sensor will agree with the PhYSlCﬂl radius given by the above relation for p. However, if the horizo?
sensor is pOinted away from nadir, the horizon crossing times will be smaller than when pointing exactly
nadir. This results in an apparent angular radius. that is smaller than the physical radius by an amount

Proportional to the angle between the sensor axis and the nadir vector. This angle is referred to as the
nadir angle. ;

Star sensors are used ;Nhen extrem.ebaccgracy_ requirements are necessary. This high degree of senso
accuracy (0.003° to 0.01 ) can be atL” uted mainly to t.he point source nature and precise fixed locatio”
of stars in space. Star sclle()l'b: may De categon;efd as el'ther star trackers or star mappers. A star tracker
utilizes a wide field of view 1 o.rder to search for a given star 9f SPeci.ﬁc brightness. A star maPPerl:;
similar to a tracker, exc§pt that 1t sczzln:;i Oc\llztran‘:]??g tS}tlarts,f recording their relative positions and ang;a ﬁ
ceparations. By comparing the recor at from a star catalog (database), exact space
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orientation can be obtained. The angle between the stq, line-of.

referred to as the star angle.
The accuracy of star sensors is obtained with higher costs, however. Sta
and consume more power than other types of attitude sensors, In additiop, l;:;,eﬂsors are genera]]
to stray light sources such as sunlight reflected from the Spacecraft o th; Eal;:]:nsors are quite
from dust particles and jet exhausts [4]. Most rely on optical shielding ¢, reduce than(; Sunlight SCattered
Magnetic sensors (called magnetometers) measure both the Magnitude 55,4 di:e:tfz;ts (;f ;tray light,

Ot the Eartpg

magnetic field. The difference in orientation between the measured field and true field tpap

. . . 3 ra i
attitude determination. Magnetometer accuracies (0.5° to 3.(?") are usually Jegs than the otrll]seftes into
types because of the uncertainty in the Earth’s true field, which tends to change ¢ shift over tir;ensro :
€. In

addition, the Earth’s magnetic field decreases with increasing altitude, and Magnetometep i
limited to altitudes of about 6000 km. For this reason, magnetometers are ofter, used with ope o7 th:

other sensor types already discussed for improved measurement accuracy [2].

8 tan P marv ax.
S1 ll d the Se“sol S pri 1S is

y heavier
Sensitjye

Automatic On-Line Attitude Measurement for Ships and Crane Lifters

For on-line attitude measurement for ships and crane lifters, the first thing that comes to mind js to yge
might not pe

gyros. However, because they often suffer from drifts, accurate attitude measurements
do not utjlize

achieved using the gyros. Accordingly, one uses attitude on-line m.easur;mt:}t ts}i':tems that
gyros but servo-type accelerometers and inclinometers. The philosophy Mmeasurement systerns

introduced here is to make the best use of the system dynamics of the object and the sensors and to apply

. . C £,
Kalman filters or adaptive filters to achieve high measurement accuracy.

Attitude Measurement for S i t in exact search of the seabed
On-line accurate measurement of a ship’s attitude is extremely importan

. P i i d f th
patterns with sonars [5,6]. It is also required by high-performance ships like hovercrafts from the

i i : fa ship’s attitude can usually be reduced
il Ofsuppressing Seltas e S m(‘:asuremem : urement, a heave sensor has been
to that of the heaving, rolling, and pitching of the ship. For such a meas 5 . _
used, whose output 1gs givengby double integration of the.outp'ut of an actc::f;(::itei:):jet;t;c:;llznc]l:;icvtfg
with a gyroscope. However, since the initial values of h.eavmg dlsplac'cmen % ) }he B
the output will contain a bias that increases with time, and the Accurr;f:y et
considerably. From this viewpoint, one introduces a strapdown-type on-line y:

adequately processes the outputs of the two servo-type inclinometers and one accelerometer mounted

on the ship [7].

Location of Sensors and Outputs
at the
The two servo-type inclinometers and one servo-type accelerometer are located on the deck (at

point A) of vertical distance L from O, the intersection of rolling and pitching axes (see Figure 10. 10)'.Ti]e
two inclinometers are set in such a way that the rolling and the pitching angles are mez%sured respect.xve y
The accelerometer s et upward to the deck to obtain the information on the ‘he.awr?g. Because incli-
nometers were originally developed for the measurement of the tilt angles of static u?clmed surfaces, t}}:e
rigid pendulum inside the sensor is considerably affected by the ship’s acceleration otherl Itl’lalnt.t e
gravitational one. Applying Lagrange’s equations of motion [8,9] to rigic.i pendulums and calcu ?;f?g
the torques to keep their deflections from the principal axes almost zero yields the sensor outputs [7]:

Zl(f)=9(t)—§é(t)+vl (1) (10.45)

(10.46)

zz(t)=p(t) —;171 }3(t)+v2(t)
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axis
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i e QUiEBLE e
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7/
stern 75
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FIGURE 10.10 Location of sensors.

where z(t), z,(1), 8(t), p(1), and g denote, respectively, the outputs of the two inclinometers, the rolling
and the pitching angles, and the gravitational acceleration (v,(f) and v,(1): noises of the outputs, including
the approximation errors in deriving the outputs).

On the other hand, the accelerometer output is expressed as:

zs(t)=(g+(x(t)) cose(t) cosp(t)+v3(t) (10.47)

where ou(f) and v,(f) represent, respectively, the heaving acceleration and the accelerometer noise.

Dynamics of Attitude Signals

It is well known that each of the heaving, rolling, and pitching in inshore seas has two dominant waves
in a short interval. That is, a sinusoidal wave of long periodic length (in the range of 6 sto 10 s) and a
sinusoidal wave of short periodic length (in the range of 2 s to 3 s) [10-12]. Thus, one model each of

the signals in a short interval by a composite wave of the two dominant sinusoidal waves. For the heaving
(in a short interval), the displacement is modeled by:

x(t)=al sin((z)lt+(pl)+a2sin(m2t+(pz) (10.48)

with the ATAeters {a}, {¢}, and {0} unknown. From the 4th-order differential equation satisfied by
the x(t), we obtain the linear dynamic equation [7]:

0 1 0 0

gt 0 0 1 0
x| t]|= Ax|¢t), A= 10.49
e o

—ofo} 0 —(ol+el) 0

where x(8) = (%1 X X5 x,)" (x, = d'x/dt™ (n= 1, ..., 4)). On the other hand, the rolling and pitching

angles can be modeled by:

x(t):alsin((x)lt+(p1)+azsin(w2t+(p2)+b (10.50)

because there are usually some biases associated with them. From the Sth-order differential equation
which Equation 10.50 satisfies, we get the similar state variable representation of the model as
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Equation 10.49. In practice, the heaving, rolling, and pitching signals have many nondominant sinusoidal
waves in addition to the dominant ones. Therefore, Equation 10.49 is modified by introducing a white

Gaussian noise w(t) with zero mean and adequate variance 62 as follows:
x(t)=Ax(t)+I"w(t) (10.51)

where I" = (0,1,0,0)" for the heaving and T = (0,1,0,0,0)" for the rolling and pitching. The higher the
order of the models, the better the measurement accuracy will be. If we consider the on-line measurement
of the signals, Equation 10.51 will be sufficient.

On-Line Attitude Measurement

The observation Equations 10.45 and 10.46 are expressed using their own state vector x(#). The obser-

vation equations in a discretized form are:

yk =ka+vk (1052)

where H = [1,0,-L/g0,0] and y,, x,, and v, respectively, denote (1), x(¢), and »(1) of the corres;?onding
signals at the k-th sampling instant [7, 9]. The discretized form of the dynamic Equation 10.51 1s:

X, =Fx, +w, (10.53)

where

FEd)(t) (10.54)

=
s oft)=1L ‘{(SI—A) }
and the sampling period. The

Here, L' and AT, respectively, denote the inverse Laplace transformation - Ph
: : o : : ; i variance:
discretized transition noise w, becomes a white Gaussian noise with zero mean and €O

W=02J-AT(D(AT—’C)I“FT¢T (AT—t)d'c (10.55)
0

The measurement of the rolling and pitching can thus.be reduced to fthe State:u:: g s piven
discrete dynamic systems (Equations 10.52 and 10.53), if the angular' rec'luen.cl hi;ved by 2 Kalman
and v, is assumed to have a white Gaussian property. Thef'statelestimation 15 4¢ f the two angular
filter [7, 13]. However, difficulties in implementing the ﬁlt.er are that the exact va]uej'?ﬁculty e
frequencies are a priori unknown and also time variant. To overcome the al1 ; ﬁlt)ers e
candidates {(®/, ®,); 1 < i< M} for the parameters {w,, ®,} are set and a bank °f¥< e follows:
Then, the final estimate is obtained as the conditional expectation of the state estimate as

M
RO S i
xk/k =2pkxk/k
i=l

where %}, represents the state estimate %, for the i-th candidate Q =(
conditional posteriori probability of the i-th candidate calculated based on t

ation of the linear

(10.56)

i o ' the
o, o)), and P denot‘es
he Bayesian theorem:

b P(Yk/Qva_')PL—I (10.57)

P —
k Zzlpl{_lp(yk/ﬂj,yk—l)
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Here, p(%/€2;,Y*") represents the conditional Gaussian probability d.ensity function of y, under €, and
Y*! = {y; j < k- 1}, whose mean and variance are calculated recursively [7]. :

The proposed measurement system can adaptively and automatically select the most appropriate
candidate versus time. It thus enables an accurate on-line measurement of the rolling and pitching whose
dominant angular frequencies vary with time. The first, second, and third components of the final
estimate X, represent, respectively, the estimates of the displacement, velocity, and acceleration. The
proposed system thus has an advantage in that it can measure not only the displacements, but also the
velocities and the accelerations of the three signals. In order to improve the measurement accuracy of
the rolling and pitching, one should place the inclinometers near the intersection O of the rolling and
the pitching axes.

Finally, the dynamics of the heaving is given by Equation 10.51 similar to that of the rolling and
pitching. Substituting the estimates é(t) and i)(t) obtained above into Equation 10.47 and subtracting
the effect of the gravitational acceleration, one can derive a linear observation equation for ou(#):

Y =[23(t)— gcosé(t)cos p(t)]‘

=Hx, +v,

L (10.58)

where H, = [0,0,cos0(f) cos p(),0]],—ar
v = V3 (kAT)

Thus, the on-line measurement of the heaving is also realized by executing the same procedure as
described before. The location of the rolling and pitching axes were assumed to be known; however, even
when they are unknown, the attitude measurement system described above is effective, if we introduce
the candidates on the location of the axes adding to the angular frequencies.

Attitude Measurement for Crane Lifters

Dynamics of Attitude Signals

An illustrative diagram of a crane lifter system is shown in Figure 10.11. One of the easiest ways to
measure the attitude of the lifter is to set up a high-resolution camera on the bottom of the trolley and
to track a mark on the top of the lifter. However, it increases the cost and also the difficulty in maintenance.
Furthermore, sometimes the scheme does not work because of shadows and light reflection. As previously
mentioned, for gyros not offering sufficiently accurate measurement, a high-sensitivity servo-type accel-
erometer is used to extract the attitude signals. When setting up the sensor on the lifter, however, there
is a secondary swing signal adding to the primary one, due to the free suspension of the lifter and the
structure of the lifter. Despite its small amplitude, the secondary one has a higher frequency and for this
reason has a large magnitude on the sensor output. The important signal for practical applications, such
as the attitude control of the lifter, is the primary one, which has a larger amplitude with a lower angular
frequency of ® = g/@ (g the gravitational acceleration; ¢: the wire length from the primary supporting
point to the center of gravity of the pulley). If we try to attenuate the secondary swing signal by passing
the output through a low-pass filter, the phase lag is also introduced into the primary swing signal and

the signal can no longer be used for the accurate attitude control of the lifter.

For the above reasons, we introduce an autonomous measurement system that measures both the

primary and the secondary swings b)f modeling the lifter system with a double pendulum and applying
a Kalman filter to it [14]. The dynamics of the trolley-lifter system is derived using Lagrange’s equations
of motion [8, 9].

L e (10.59)
PRLET Rt :
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FLif(u

FIGURE 10.11 A crane lifter system.

dfor) oaT oV _, (i=12) (10.60)
dr\ 6, )~ 26, " 8,

where T and V represent, respectively, the kinetic and the potential energies of the trolley-lifter system,
and 6,, 0, denote, respectively, the angles that the primary and the secondary pendulums take against
the vertical line. The other variables x, u, and a represent, respectively, the location of the trolley, the
driving force, and the coefficient of friction between the trolley and the rail. Considering that 6;, 6; (1 <

i < 2) are small, the dynamic equation of the trolley-lifter system can be expressed as [14]:
x(r)= Ax(r)+bu(t) (10.61)

where x(1) is the state vector x() = X, %, 0, é,, 0,, éz)T. Taking into account the approximation errors in
deriving Equation 10.61, air resistance, friction in the wires, and microscopic swings at the other con-
nection points, it is reasonable to introduce white Gaussian noises w(t) (1< i< 3) with zero mean and
appropriate variances to the dynamic Equation 10.61 as in Equation 10.49 as follows (14]:

k(t)=Ax(t)+bu(t)+Fw(t) (10.62)
where
0 0 0 o]
I=[0 RN ol , m(t):[ml(t), wz(t), w,(t)] (10.62a)
(00 ST
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0 Trolley

FIGURE 10.12 Dynamics of a trolley lifter system.

Sensor Outputs and On-Line Attitude Measurement
When a servo-type accelerometer is set up on the lifter (in the direction of the swing) at the place of the
distance ¢} from the secondary supporting point, the output of the sensor becomes [14]:

At)=—5—08,- 18, g0, (10.63)

where ¢/ is the distance between the primary and the secondary supporting points (see Figure 10.12).
Substitution of Equation 10.61 into Equation 10.63 yields an output expressed in terms of the state vector
x(1), as in Equation 10.52. Using a rotary-encoder to measure the location and the velocity of the trolley,
and then combining these three sensor outputs with the dynamic Equation 10.62 and applying a Kalman
filter enables the state vector to be estimated on-line. Using this approach, both angular displacement
and velocity of the deflections 6, 6, of the two pendulums can be measured exactly.

Aircraft Attitude Determination

a ; o b S ; l ; surement of angles about three independent l)()(ly
axes. These angles are the IOll, pitCh, and yaW aIlglCS. Illexe are two primar’y means el l 1 t 1 F

; tY W : ;It : ; : re the roll and pitch angles, and a DG to
measure the ya angle. he second method, more commonl it : | = o i
el : s : i S it orrect for vertical drift errors in the IMU.
BOth methOdS are deSCribed b610w.

Vertical and Directional Gyro Analysis

A VG is a two degree-of-freedom gyro with its spin axis mounted nominally vertical. It employs two
specific force sensors mounted nominally horizontal on the inner gimbal. The two angles measured by
the VG — roll and pitch— require nearly identical analyses [1]. Consider the situation shown in
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Local =f
Vertical

FIGURE 10.13 Vertical gyro analysis.

Figure 10.13, depicting an aircraft with a roll angle of ¢ with respect to the local vertical. The sensed roll
angle ¢, is given by the difference in the actual roll angle and the gyro roll drift error ¢,

o, =0-0, (10.64)

In order to compensate for this drift error, gyros employ a specific force sensor such as an electrolytic
bubble device, which senses drift error. This correction device senses the angular difference between the

specific force vector f acting on the aircraft roll axis and the gyro axis, as shown in Figure 10.13. Thus,

¢B=tan-l[(fq,/fv)_%]g(};/ﬂ)_% (10.65)

where f, is the side horizontal component of f and f, = force of gravity is the ver
similar analysis for the pitch angle 0 yields:

tical component. A

0.=0-6, (10.66)

s

eu=tan"[fé/fv'9A]EJ%/ﬁ-9A (10.67)

by:
component of f. Next, define the gyro angular momentum vector by

where f; is the back horizontal
T 10.68)
ch.'—_[]xq)A’]YeA’_h] :
: : dition,
where J, and J, are the sensor moments of inertia and h is the gyro spin angular momentum. In additi

define the inner gimbal axes angular velocity vector as:

i (10.69)
R )
Finally, define the gimbal torque vector by:
(10.70)
QVG = [ch it le’ Qcy r Qdy’ 0]
where
(10.71a)

Q. = gimbal roll control torque=—k 9
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Q,, = gimbal pitch control torque= k., (10.71b)

Q,, = gimbal roll disturbance torque= —k, ((bA —-(j))+ random torques (10.71c¢)

Q, = gimbal pitch disturbance torque= —k, (QA —Q)+ random torques (10.71d)

and the k. and ky are constant scaling factors related to each torque component.
Using the vectors defined in Equations 10.68 through 10.70, the gyro equations of motion are given by:

%(H\,G)+(m\,c><H\,G)=Q\,G (10.72)

Taking the Laplace transform of the expansion of Equation 10.72, with the assumption that J, = J = J,
yields the following gyro equations of motion in the Laplace domain:

J 8 +kys —(hs+ kc) ¢A(s) | k8 +kdsq)(s)+ random torques

sk ]y52+kd5 BA(S) T (kc/g)fq,(s)+kdse(s)+random torques (10.25)

For normal gyro operation, J, = J, = 0 and k,/h « 1; so these factors may be ignored in Equation 10.73,
Thus, solving for the desired roll and pitch angles under these assumptions gives [1]:

b o o>k /h
T (10.74)

0 o>k /h
Q= c
s 10.75
{9 ~filg  o<k/h L
: A DG .is a two degree-of—freedom gyro with its spin axis mounted nominally horizontal and pointing
in the direction of magnetic north. It employs a single specific force sensor mounted on the inner

gimbal [1]. Tl'.1e I?G measures }he third required aircraft angle, yaw, generally denoted by y. The sensed
yaw angle \, is given by the difference in the actual yaw angle y (angle between the aircraft z-axis and

true north) and the gyro heading angle drift error W, (angle between the gyro axis and true north):

N ST (10.76)

Define the gyro angular momentum vector by:

Hy, =[I,9A, IR —h] (10.77)

and the inner gimbal axes angular velocity vector as:

Wpg =[GA":VA’0] (10.78)
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and the gimbal torque vector as

QDG=[Q(,+Qdy»Qa+de’0] (10.79)

Here, the torque vector components are given by:

Q, =’<c(MA —WA) (10.80a)
Q,=-k6, (10.80b)

Q= =k (éA —é)+ random torques (10.80c¢)
Q,, =—k, (\j/A ——\j/)+ random torques (10.80d)

where M, = magnetic compass heading error (from true north). Therefore, the DG equations of motion
are given in Laplace domain as:

ks ok ][ 8u(e)]  [tale)+hsols) random dorues)

hs+k, J,s +kys \VA(S) | k0, + kdsly(s) + random torques

The desired yaw angle measurement for the DG is thus given as [1]:

v W o>k /h (10.82)
Tly-M, w@<k/h

proximately 1°. An improvement

f both VGs and DGs are ap
which are

As indicated in Table 10.2, the accuracies 0 ) :
’ d through the use of inertial measurement units,

of over 2 orders of magnitude can be obtaine
described next,

Inertial Measurement Units (IMUS)

Inertial measurement units consist of gyroscopes and accele
attitude measurements. Most are mounted on stable gimba
via torquing devices. An IMU aboard an aircraft cannot measure
that the specific force acting on the aircraft has a horizontal compo
since the vehicle is moving with respect to the inertial reference frame,
be determined precisely [1].

These problems (errors) are minimized by aligning the IMU to be exactly ho
while the aircraft is stationary. Once platform motion begins, the IMU may
sensing changes in the direction of vertical and north, and then applying approp
platform to keep it properly aligned. This realignment is accomplished by integrating _ :
accelerometer outputs to determine the components of horizontal velocity. This data, combined 'Wlt?
the Earth’s rotation rate, yields the desired rates of change in local vertical and true north at the vehicle’s
current latitude and longitude. Performing a second integration of the sensor outputs yields an estimate
of relative position.

rometers that together provide full three-axis
led platforms that remain Jocally horizontal
exactly the local vertical due to the fact
nent due to vehicle motion. In addition,
the Earth’s magnetic pole cannot

rizontal and north pointing
be constantly realigned by
riate torques to the
the two orthogonal
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et al. [1], has shown that the pitch angle (variation in platform horizontal position)
;o in Bryson 3

Analys1s l;e MU sensor output as:
e b
0(t)=== sin(w,t) - = (10.83)
@, 8

drift rate error, b = specific force sensor error, and ®, = Schuler frequency = Jg/R, [g=
5 R = Earth’s radius]. Thus, the platform root-mean-square pitch angle becomes:

e ;
O = {iJ +[—] (10.84)
2 W, g

) typical values for € (=0.015° h), ®, (=0.71°h™'), and b (=0.01) yields an rms pitch angle error
UfSlg i _ 0.01° Thus, it is apparent that under normal operating conditions the IMU provides a two
(;rderr":-of-magnitude improvement in sensor accuracy when compared to the VG and DG.

where € = 8YF

force of gravity:

Spacecraft Attitude Determination

Most Spacecraft attitude deter{nination techniques rely u;?on finding the orientation of a single axis in
space (€8 the spacecraft z-axis) plus. the sp.acecraft rotation about this axis. This provides a full three-
axis attitude solution. In order to achieve this, reference sources that are external to the spacecraft must
be used. Specifically, full three-axis spacecraft attitude determination requires at least two external vector
measurements. Commonly used reference sources for these external vector measurements include the

sun, Earth, moon, stars, planets, and the Earth’s magnetic field. In addition, IMUs are also used to provide
the necessary attitude measurements.

Attitude Determination Methodology

The first step in attitude determination is to determine the angles between the spacecraft’s primary axis
and the two (or more) attitude reference sources. For example, suppose a particular spacecraft is using
the sun and the Earth for attitude reference. The two angles in this case are referred to as the sun angle
B, and the nadir angle T'y. Since the orientation of even a single spacecraft axis is unknown at this point,
these angles establish two cones along which the attitude vector A must lie. Since the attitude vector must
lie on both cones, it must lie along the intersection between the two cones [4] (See Figure 10.14). The
two vectors, notably A; and A, resulting from the intersection of these two cones may be determined by
the following method derived by Grubin [15]. Let S represent the sun vector, E the spacecraft nadir
vector, and A the desired attitude vector, each defined in Cartesjan space as follows:

5=(s,.5,.5,) (10.85)
E=(E, E,, E,) (10.86)
A=(4,4,4) (10.87)

et the vectors S, E, and N define a set of base unit vectors with:
e

SXE

N=>SX—E‘=(NX, N, N,) (10.88)
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e

X

FIGURE 10.14 Relationship betweer

If we introduce a proper set of scaling factors as follows:

[cosﬁS —(S-E)cosFN]
=i

1—(5-15)2
- =[cosFN —(S~E)cosBs]
, 1 (s E)

i =\/1—1x cosBg—1I cosTy

then the two possible attitude vectors A, and A, are found to be:

A= [(I S,+1,E,+I N,),(LS,+ L E+IN,) (LS,

+LE LN,

1 reference vectors and single-axis attitude cones.

(10.89a)

(10.89Db)

(10.89¢)

(10.90)
In Equations 10.88 through 10.90, S x E represents the Cartesian vector product, and S - E represents

the Cartesian scalar product. The radicand in Equation 10.89c may be negative, thus producing imaginary

<>

10-31
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FIGURE 10.15 Method of trace averaging for resolving ambiguous attitude solutions.

values for I, whenever the two cones do not intersect. Such occurrences are usually attributed to sensor
error or random noise fluctuations. In this case, one can add a predetermined sensor bias to both sensors
in order to “broaden” the cone angles, thus forcing the cones to intersect. i

It should be noted that for most applications involving spacecraft attitude determination, the prinaplf
coordinate system used is the celestial sphere coordinate system. This coordinate system has the Z'a’_“s
aligned with the Earth’s polar axis, and the x-axis aligned with the intersection of the Earth’s equatorlal
plane and the Earth’s orbital plane around the sun (i.e., aligned with the vernal equinox). In this coordinat’e
system, all vectors are considered unit vectors and the two principle measurements describing a vectors
position are the right-ascension and declination angles, denoted Q and A, respectively. Thus, the sun
vector § and the Earth nadir vector E used in Equations 10.85 and 10.86 will, in general, be given as

right-ascension and declination angles that can be converted to Cartesian coordinates via the following
set of transformations:

x= cos(Q)cos(A); y= sin(Q) cos(A); 7= sin(A) ( 10.91a)

Q-—'tan_l()’/x); A=sin"(z) (10-91b)

The final step in measuring three-axis attitude is to determine which attitude solution is correct, A
or A,, and then measure the rotation about this axis. The two ambiguous attitude solutions may beé
resolved by comparison with a priori attitude information, if available, or through the use of trace
averagiﬂ‘g [4]. Trace averaging is a method of plotting each attitude solution on a right-ascension versus
declination plot and choosing the area of greatest concentration as the correct solution, as demonstrated
in Figure 10.15. Since the attitude is assumed to change more slowly than the attitude sensor’s sample
rate, over short time intervals the data for the correct solution usually form a “cluster” near the correct
attitude; the data for the incorrect solution are usually much more scattered.

Once the correct attitude vector has been obtained, the orientation of the remaining two orthogon."11
axes may be found by measuring the rotation, or phase angle, of the spacecraft about the preferred o
Any sensor measurement that provides this phase angle may be used. An example of this techniqu® 1St
provided by the panoramic annular lens attitude determination system (PALADS), described in the n'ex
section. This imaging system uses a unique “three-dimensional” lens that provides simultaneous detec.nolr;

of two (or more) reference sources [16]. This information, combined with the orientation of the sin8
axis, uniquely determines three-axis attitude.
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‘Optical Axis
; PAL Image Plane

FIGURE 10.16 Panoramic annular lens ray diagram.

The three a
Of the three g
Attitude go),,

ngles derived above, which are commonly referred to as Euler angles, define the orientation
Pacecraft axes with respect to the chosen reference frame. A more fqrmal treatment of the
i tion usually requires specifying the Compon.ents ‘of the 3'x/3 ‘attxtude matrix A Each
Mponent of the attitude matrix defines the angular relationship between a given spacecraft axis and a
Teterence frame axis. Various methods exist for computing the attitude matrix A (see [4]); the preferred
Method depends op, the particular application at hand.

PALADg

The Primary component of PALADS is the panoramic annular lens (PAL), a sin.gle-elex?]ent lens made
igh index of refraction glass with certain portions of t_he lens c'oated with a r}rlurlrorec'l sur.face.
i > it relies o both refraction and reflection in forming an image (I?lgure 10.16). The lens ¥ umqus
N that j¢ images 5 three-dimensional object field onto a two-dimensional image plane, whereas a no'rmal
e‘ns is Capable of only imaging two-dimensional object space onto an i.mage plane. The comb;r.xatlc;n of
181 index of refraction glass and mirrored surfaces provides the PAL with a field of view e):ten ing ;o:l
aPproxjmatdy 65%to 110° from the optical axis. This 45° field of view covers thfe entlref360 surrotunf :hf
't * OPtical axis (17]. Any ray ori inating from outside the 45° field of \txew will not O'n:] i; P;;fe(: oy
"Mage. The pap. may be };tta)clhedgto any high-quality imaging system using an = i A (ccD),
Curremly configured, the PALADS imaging system utilizes a Sony XC-73 char gled—coup & :
* Plack ang white vide<; camera coupled to the PAL via a Nikon fl1.4 tran;fer :ns. S hle st
¢ Remisphericq] view provided by PALADS allows for smgle-s.el"ISOl‘ sl i1 the
.referenCe Sources, sych as t}l,)e Earth and the sun or moon. The position of each reference source in

i Dlagie translates into a unique azimuth elevation angle between the PALjs 9ptical axis and the

reference Source, Sip > th (I)’AL has a 360° field of view surrounding the optical axis, it may detect several

Teferen e source.s sirlclelxlt;eously. The data points associated with each source are ex'tracte.d from the

ey Blae using digital image processing techniques. Thus, it is easy to see how a single m:lafe fr(i)lr]r;

three.qy:.  NtiNing two or more reference sources) provides the necessary angle data to determ
IS Spacecrafy attitude.
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