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ABSTRACT 
I 

Uncertainty in the attitude (roll, pitch, and yaw) of the Nimbus 

spacecraft introduces errors in the geographic gridding of HRIR data. 

The rate of spacecraft roll can be determined if one of the horizons is 

detectable in the HRIR data. An equation expressing spacecraft yaw as 

a function of roll rate is developed based on the behavior of yaw attitude 

control system. Two geographic grids are prepared for a photographic 

map of HRIR data from Nimbus I and· one from Nimbus II. One grid is 

computed assuming no spacecraft yaw and the other incorporates the 

yaw values determined by the equation. The placement of geographic 

features on each grid is compared with the geographic features visible 

on the HRIR maps to demonstrate that the yaw corrections improve the 

grids. 

1. Introduction 

To use photographic maps of HRIR data properly, accurate geographic gridding must 

first be accomplished. If the subpoint, the height, the heading, and the attitude of the space

craft are known, gridding is a relatively simple problem in spherical trigonometry. (For a 

detailed discussion on HRIR data and some of the technical terms, see Volumes I and II of 

the Nimbus I High Resolution Radiation Data Catalog (1965, 1966) and Users' Manual (1966); 

and SMRP Research Paper No. 40, "Resolution of the Nimbus High Resolution Infrared Radio

meter" by T. Fujita and W. Bandeen [1965]). The satellite subpoint, height and heading can 

be obtained from NASA, but the spacecraft attitude is not always accurately known. Design 

objectives called for perfect earth orientation (satellite always looking straight down) with 

attitude errors due to pitch and roll, not to exceed :Tl 
0

• In addition, the scan plane of the 

1Tue research reported in this paper was sponsored by NASA under Grant NsG-333. 
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HR.IR scanner was to be perpendicular to the orbital plane of the satellite. Yaw errors, 

which would change the angle between scan and orbital planes, were also not to exceed !1°. 

Actual performance showed pitch and roll errors near the design criteria and not exceeding 

±2° and ±3°, respectively. However, yaw errors approach ts0 to 10°. Error rates do not 

exceed to. 25° /sec, (Press, 1965). 

If pitch, roll, and yaw are asswned to be zero in grid calculations, errors are often 

introduced. For instance, at a height of 500 km a pitch error of 2° from the vertical will 

cause an error in the geographic grid of approximately 10 minutes of great circle arc length. 

At a height of 1000 km this error is 19 minutes of great circle arc length. If the values of 

pitch and satellite height are constant, the error introduced in the grid can be corrected 

adequately by a parallel shift of the grid to accomodate any visible land marks. What is 

more likely to be the case, however, is that both pitch and satellite height are changing with 

time, making corrections very difficult, if not impossible. 

Roll error, on the other hand, can be corrected adequately if a horizon is visible on 

the HRIR jilotograp:iic maps. Knowing the height of the satellite, the scan angle of the 

horizon canoe determined. Using the horizon as a reference point, other scan angles can 

be determined making the effects of small roll errors negligible. 

Finally, yaw errors, like those of pitch, introduce corresponding errors in grid 

calculations which cannot readily be corrected. Figure 1 shows the error introduced into 

the geographic grid for a satellite at 500 and 1000 km heights by a yaw of s0
• The error is 

zero at the perinadir, but it increases at a scan angle of 50° from the perinadir to nearly 1° 

and 2° for 500 and 1000 km heights respectively. If yaw can be expressed as a function of 

time, it could be introduced into the grid calculations and much of the error illustrated in 

Fig. 1 would be eliminated.- This pa.per deals with the problem of determining spacecraft 

yaw as a function of time and thereby improving the calculated geographic grid. 

2. Nimbus Attitude Control System 

2. 1 Reference Axes 

Before we begin to discuss the attitude control system, it would be good to define 

reference axes. First we shall define the orbit axes system as a set of three orthogonal 

axes centered at the center of gravity of the spacecraft. The z axis is directed through the 
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local vertical and is defined positive downward. The x axis is coincident with the velocity 

vector of the spacecraft and hence it always lies in the orbital plane. They axis is perpen

dicular to the z and x axes and is defined positive to the right of the direction of spacecraft 

movement. The orbital axes system is illustrated in Fig. 2 • 

The second axes system of importance is the spacecraft system. It is defined by the 

sensing elements of the spacecraft attitude control subsystem. It consists of a set of three 

orthogonal axes having the same center and sense as the orbit axes, but they are fixed in 

the spacecraft. The spacecraft axes are illustrated in Fig. 3. In the spacecraft system the 

axes are labeled R, P, and Y for roll, pitch, and yaw axes respectively. 

When the Nimbus is properly oriented in space, the x, y, z axes of the orbital system 

coincide respectively with the R, P, Y axes of the spacecraft system. It is easy to see that 

in order to maintain proper attitude, the spacecraft must have a negative pitch rate as it 

moves in its orbit. Also, any roll causes the P and Y axes (spacecraft system) to move 

away from the y and z axes (orbital system). Similarly, a yaw causes the Rand Paxes to 

move away from the x and y axes. Ideally, the spacecraft should have a pitch rate required 

to keep Y and z axes coincident, and its roll and yaw should be zero. 

2. 2 Pitch Attitude Cont;rol 

Pitch errors are sensed by two infrared horizon scanners. One has its spin axis 

pointing along the positive r9ll axis and the other along the negative roll axis (Fig. 4). When 

the spacecraft has zero pitch both the front and rear scanners provide earth scans of equal 

length. If the length of the earth scans differ an error signal causes an acceleration of a 

flywheel mounted within the spacecraft. The flywheel has its spin axis parallel to the pitch 

axis, and any change in its rotational speed is reflected by a torque applied to the spacecraft 

body in the opposite sense.· This method of momentum -interchange enables the spacecraft 

to maintain a proper pitch rate. 

2. 3 Roll Attitude Control 

Roll errors are sensed and corrected in a manner very similar to the pitch attitude 

control system; however, the measurement of roll error is made with only one horizon 

scanner. As the horizon scanner crosses the satellite vertical, a reference pulse"is 

generated. If there is no roll error the lengths of the earth ·scan on either side of the 

reference pulse will be equal. If they differ, an error signal activates a momentum exchange, 



similar to that described above, to correct the sensed roll error. 

2. 4 Yaw Attitude Control System 

4 

The yaw attitude control system uses a rate gyroscope to detect yaw errors. The 

working of the rate gyroscope can best be described after defining the three orthogonal axes 

associated with it. The gyroscope's rotor spins about the spin axis. The rotor is encased in 

a cylindrical float that is pivoted on bearings at each end. An axis through the cylindrical 

float, bearings, and rotor center is the output axis. The third axis, the input axis, is 

orthogonal to the spin and output axes, see Arnold and Maunder (1961) page 345. For the 

Nimbus spacecraft, the input axis of the rate gyroscope is the roll-yaw plane (satellite system) 

and inclined at 12° from the positive roll axis in the direction of the negative yaw axis. The 

gyro spin-axis is parallel to the spacecraft pitch axis. The output axis is in the roll-yaw 

plane inclined at 12° from the negative yaw axis in the direction of the negative roll axis, 

see Barcus (1964). Figure 5 illustrates these axes. 

The basic physical behavior of the gyro is readily appreciated by considering a constant 

angular velocity applied to the input axis. The predominant angular momentum of the instrument 

is about the spin axis and when it is forced to precess about the input axis it develops a torque 

about the output axis. This torque is proportional to the rate of the forced precession. 

When there is no spacecraft yaw, the gyro input axis lies in the orbital plane of the space

craft and the angular velocity about it is zero. If yaw occurs, the gyro input axis moves out of 

the orbital plane and it then experiences a component of the spacecraft pitch rate equal to the 

product of the pitch rate, the sine of the yaw angle , and the cosine of 12° ( ~psin Bycos 12°). 

This angular velocity about the gyro 's input axis developes a torque about the gyro's output 

axis. An electrical error signal proportional to the torque is then generated. The error 

signal activates a momentum exchange between an onboard yaw flywheel and the spacecraft 

itself. As the yaw flywheel accelerates, the spacecraft begins to yaw in the opposite sense. 

Due to the 12° tilt of the gyroscope, a component of the yaw rate ( Bysin 12°) is also applied 

to the input axis. The momentum exchange continues until the component of the yaw rate 

applied to the input axis is equal and opposite in sign to the component of the pitch rate. At 

that point the total input is zero and the induced torque and error signal go to zero. Thus 

the 12° tilt of the gyro provides for a ha.lance between yaw position and yaw rate. To further 
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illustrate, it can be said that the yaw attitude control system demands that the sum of the 

input due to yaw position and that due to corrective yaw rate must equal zero. Or: 

• • 
8psin8ycos 12°-Bysin 12° =O 

The negative sign is required with the second term since the gyro input axis is tilted in the 

direction of the negative yaw axis. The corrective yaw rate is thus given by 

• • 
By = 8psin8y cot 12° . 

For example, if the pitch rate were -3° per minute (120 minute orbital period) and the yaw 

error were 90°, the initial corrective yaw rate would be given by 

• 30 30 
8y=--. xsin90°Xcot 12°=-~x4.7046 

mm min 

By= -14.1138/'min . 

The corrective yaw rate decreases as the yaw decreases and approaches zero as the yaw ap

proaches zero. 

2. 5 Effect of Roll Rate on Yaw Attitude Control 

The preceding section mentions two possible inputs to the rate gyro of the yaw attitude 

control system. The first is the component of the orbital pitch rate due to yaw position. The 

second is the component of the induced corrective yaw rate. A third possible input is that of 

spacecraft roll rate. Under ideal circumstances, the roll attitude control system is able to 

keep the roll and roll rate near zero. However, roll and roll rates occur in regions of high 

(cold) clouds, since high clouds in the horizon scanner field of view introduce noise into the 

' computation of roll errors. 

The component of the roll rate applied to the input axis of the yaw attitude control system 

gyro is equal to the product of the total roll rate and the cosine of 12° ( BR cos 12°). The yaw 

attitude control system interprets any roll rate as indication of a yaw error. It then introduces 

a yaw error in an attempt to correct for the fictitious one. This coupling of roll rate and yaw 

in the attitude control system is primarily responsible for the 8-10° deviations in yaw mentioned 

in the opening paragraph. The yaw attitude control system provides for yaw rates nearly five 

times (cot 12°) as great as any angular :velocity imparted to the gyro input axis. 
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3. Correcting for Yaw Errors Caused by Roll 

3.1 Expressing Yaw Rate as a Function of Yaw Position and Roll Rate 

We have seen three possible inputs to the yaw attitude control system. The first is a 

component of the orbital pitch rate. The second is the component of the induced corrective 

yaw rate. The third is the component of the spacecraft roll rate. It can be shown that if the · 

spacecraft first rolls and then yaws, the first of these three components is given by (Appendix 

A) 

• • 
Bpcos 12°cosBR sin By+ Bpsin 12°sinBR 

From paragraph 2. 5 we have the third component given by 

The yaw attitude control system determines the second component. As described in paragraph 

2. 4, it can be said that the yaw attitude control system demands that 

• • • • 
-Bysin 12°+Bp cos 12°cosBR sinBy +Bpsin 12°sinBR +BR cos 12°=0 

Or solving for yaw rate 

By= 8pcot 12°cosBR sinBy +BpsinBR +!JR cot 12° 

Eq. (1) can be simplified considerably if it is assumed, that since !Bpi < 2°, 

l8yl < 10°: 

cos BR~ I 

sin BR~ 0 

sin By ~By 

Then Eq. (1) becomes 

• • • 
By~ Bp8y cot 12° +BR cot 12° 

or 

( 1 ) 

18~ < 3°, and 

( 2 ) 
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• 
where it is assumed that Bp is a constant pitch rate about the pitch axis of the orbital system 

and d BR is the change in the roll angle during the time interval dt. 

3. 2 Expressing Yaw as· a Function of Time 

If roll could be expressed as a function of time, Eq. (2) could be integrated to give the 

yaw ·as a function of time. Since the roll is a random function of time dependent primarily on . 

the distribution of high clouds and the horizon scanner's response to them, simple integration 

is impossible; however, Eq. (2) can be approximately integrated. Changes in roll with time 

(d BR) can he measured from HRIR Jiiotographic maps. Given an initial value of yaw, Eq. 

(2) can be employed iteratively to give an approximate value of yaw at any subsequent time. 

In practice the choice of an initial value of yaw poses a problem. This choice can only 

be an estimate. Fortwiately, integration of Eq. (2) over a period of time tends to minimize 

errors introduced by an error in the initial estimate. To illustrate, consider the terms of the 

right hand member of Eq. (2). The second term represents the effect of spacecraft roll on 

the yaw attitude control system. As long as the roll attitude control system is functioning 

properly this term will remain finite and be oscillatory in nature, talcing on both small 

positive and small negative values. The yaw response due to this contribution will remain 

finite and be in the form of a similar oscillation. The first term represents the effect of 

true spacecraft yaw on the yaw attitude control system. To examine the effect of this term 

only we can neglect the second term from Eq. (2) and we have 

• 
d8y ~epBycot 12° dt 

and upon integrating from some initial time, t0 , to some later time, t, we have 

• 
8y(l} ~ 8y(to}e8Pcot 12°Ct-to) ( 3 ) 

• 
Eq. (3) represents an exponential decay in By with time since 8p is always negative. With 

time the distribution of By will be essentially independent of the initial value. Therefore, 

any oscillation in By will converge with time to an oscillation about zero despite the initial 

choice of By· 

To examine this convergent behavior further a random number generator was used to 

simulate spacecraft r oll angles varying randomly with time. The random numbers varied 

from - • 5 to +. 5. The simulated roll was given by: 
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where r is the random number. This allows for a maximum excursion in roll of "'!: 3° as 

mentioned in the opening paragraph. Values of roll were determined at two-second intervals 

for 480 seconds (8minutes). The rate of change and the acceleration of the roll were cons

trained to be less than or equal to :o. 25° /sec and to. 25°/sec
2 

respectively. With this 

simulated roll as input, Eq. (2) was then employed iteratively to determine an approximate 

distribution of yaw with time. First the initial yaw value was assumed to be +10°. A.second 

time, for comparison, it was assumed to be o0
• The left hand side of Fig. 6 represents the 

first 240 seconds of these iterations. The right hand side of Fig. 6 is the second 240 seconds. 

After 240 seconds the yaw curves, initially ten degrees apart, differ by less than five degrees. 

After 480 seconds their difference is less than two degrees. As expected, the initial choice 

of yaw angle does not appear critical when employing Eq. (2) iteratively. 

4. Using Predicted Values of Yaw in Calculations of Geographic Grids 

HRIR data from Nimbus I, Orbit 194, provide an excellent opportunity for checking pre

dicted yaw values determined from Eq. (2). The data is shown in Fig. 7. It is a daytime pass 

over the Caribbean. The figure is made up of over 400 small horizontal lines. Each is the 

representation of the HRIR data of a single scan as the spacecraft moves from the bottom to 

the top of the figure. Since this is a daytime pass, most of the energy that affects the scanner 

is reflected solar energy rather than terrestrial radiant energy. Land masses and highly 

reflective clouds appear dark and water appears grey. Hurricane Dora (1964) is centered 

over northern Florida. The ink line near the picture center is the perinadir track and its 

wavy character indicates the spacecraft roll. The dashed line on the graph to the right 

illustrates the expected yaw computed from Eq. (2). The yaw was first assumed to be zero in 

determining a grid of latitudes and longitudes. Geographic _features were located on the grid, 

then superimposed on the HRIR data and they appear as the heavy ink outlines. 

Yaw is a rotation about an axis through the perinadir, hence gridding errors introduced 

by neglecting spacecraft yaw in calculations are opposite in sense on each side of the perinadir. 

To the left of the perinadir track, looking in the direction of spacecraft motion, a positive yaw 

causes the scanner to view an area on the earth further ahead (further north in the case of 

Fig. 7) of the spacecraft subpoint than if yaw were zero. The effect is opposite to the right 

of the perinadir track. 
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Near 1656 UT the predicted yaw is positive in sign. At the same time the computed 

grid, determined assmning the yaw to be zero. places the southern coast of Costa Rica (point 

1) too far north. To the right of the perinadir, Lake Maracaibo (point 2) is located too far 

south. 1hls is the type of error that would arise by neglecting a positive spacecraft yaw in 

the calculations of the latitude and longitude grid. At 1658 UT the predicted yaw is again 

positive. At the left of the picture the computed grid places the Gulf of Tehuantepec (point 3) 

too far north, and on the right. Jamaica and the island of Hispaniola (point 4) are located too 

far south. Near 1700 UT the predicted yaw is negative and the sense of the gridding error 

reverses indicating that the spacecraft is yawed negatively. To the left of the perinadir the 

grid locates the northern portion of the Yucatan Peninsula (point 5) too far south. To the 

right, Andros Island (point 6) is too far north. The computed grid places the southern coasts 

of Texas and Louisiana (upper left) too far north, which again corresponds to the predicted 

positive yaw at that position. 

Fig. 8 is again HRIR data from Orbit 194. For this figure the grid of latitude and 

longitude was determined by including the predicted yaw in the calculations. The location of 

geograpiic features as determined by this new grid are outlined in heavy ink. Though not 

perfect, it is clear that the coincidence of these features and the HRIR data is much better 

t;han that of Fig. 7. Gridding errors are reduced to a few minutes of great circle arc length. 

Fig. 9 is HRIR data from Nimbus II, Orbit 1423. Again the heavy ink outlines of land 

masses were located on a latitude and longitude grid calculated assuming no yaw. This is a 

nighttime pass so that the energy sensed by the radiometer is radiant energy rather than 

reflected solar energy. Warm water areas appear ·dark , relatively cool land masses are 

grey. and cold clouds appear white. Coastlines are not as distinct as in Figs. 7 and 8, and 

cloud bands associated with Hurricane Faith (1966), which is centered in the upper right hand 

corner. cover some of the landmarks so that the predicted spacecraft yaw is not as readily 

checked as in the previous case. It can be seen, however. that the grid locates the Bay of 

Campeche (point 1) below the position indicated by the HRIR data. In this figure the motion 

of the spacecraft is from top to bottom and this gridding error can be explained by the 

negative yaw predicted by Eq. (2). The grid also locates Lake Nicaragua (point 2) too far 

south, but since this error occurs right at the perinadir, yaw corrections will have no effect. 
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Predicted yaw values were used to locate the geographic outlines drawn in Fig. 10. The 

outline of the Bay of Campeche is in better agreement with the HRIR data. As is expected, the 

gridded location of Lake Nicaragua still does not correspond with the HRIR data. This error 

can be explained either by wrong positioning of the spacecraft or by a small spacecraft pitch 

away from the vertical. 

5. Distortion Caused by Yaw Rate 

The emphasis in the previous paragraph has been on location errors caused by yaw and 

the use of Eq. (2) to correct for them. It should also be noted that yaw rate distorts the shapes 

of the clouds viewed by the HRIR scanner. For APT or AVCS pictures a simple rotation of the 

computed grid can correct adequately for yaw errors (National Weather Satellite Center, 1965). 

These pictures are taken at one point in time and thus at a single yaw angle. In contrast the 

HRIR data consists of many scans taken at successive time intervals. When the yaw rate is 

large successive scans may be affected by considerably different yaw angles. 

The photographic maps of HRIR data are presentations of the analog radiometer signal on 

a sigma-t chart (Fujita, 1964; Fujita and Bandeen, 1965). One coordinate is proportional to 

sigma, the scan angle of the scanning radiometer, and the second coordinate is proportional to 

t, the time of the scan. Each scan is presented as a horizontal line on the photograph (time is 

assumed to be constant for one complete scan). When the spacecraft has a positive yaw rate 

clouds to the right of the direction of the spacecraft movement will be stretched while those to 

the left will be compressed. For negative yaw rates stretching occurs to the left and compres

sion to the right. To illustrate this, consider a small cloud to the right of a spacecraft which 

is yawing in a positive sense. Under normal circumstances the cloud might only be large 

enough to be viewed by one scan. It should be displayed on the sigma-t chart as having the 

width of one scan. With a positive yaw rate this same small cloud can be viewed by several 

scans and thus displayed as having the width of several scans. Under the same circumstances 

a large cloud to the left of the spacecraft might only be viewed by one scan because of a positive 

yaw rate while it is large enough to be viewed by several scans. This phenomenon can have 

serious consequences if, for example, one is examining the symmetry (or asymmetry) 

associated with hurricane rainbands. 
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Figure 11 is presented to further illustrate the distortion introduced by the yaw rate. 

The dotted geographical outlines and the dashed latitude lines (2° intervals) and longitude lines 

(5° intervals) are those determined for Orbit 1423 assuming no yaw, while the solid geographical 

outlines and latitude and longitude lines are those determined assuming yaw values predicted by 

Eq. (2). As the spacecraft scans the Isthmus of Tehuantepec between the Bay of Campeche and 

the Gulf of Tehuantepec its yaw rate is in a positive sense. The Isthmus is to the right of the 

direction of spacecraft movement and hence when the varying yaw angle is neglected in comput

ing the geographic grid the spacing between the latitude lines is underestimated in this region. 

A cloud mass related to the dashed latitude lines is interpreted to be larger than the same 

cloud mass related to the solid latitude lines. This is the case of stretching of clouds to the 

right of a spacecraft that has a positive yaw rate. Similarly, if a cloud mass in the region of 

Lake Maracaibo is related to the dashed latitude lines there it is interpreted to be smaller than 

the same cloud mass related to the solid latitude lines. This is the case of compression of 

cloud to the left of a spacecraft that has a positive yaw rate. As Jamaica is scanned the yaw 

rate is negative. In this region a cloud mass related to the dashed latitude lines is interpreted 

to be larger than if it were related to the solid latitude lines. This is the case of stretching 

that occurs to the left of a spacecraft with a negative yaw rate. Near the horizons a comparison 

of the latitude lines further illustrates how cloud size and shape can be misinterpreted if 

changing yaw values are neglected. 

6. Summary and Conclusions 

Neglecting spacecraft pitch and yaw can introduce considerable error into computed 

geographic grids used in analyses of Nimbus HRIR photographic maps. Away from the peri

nadir, errors caused by yaw normally exceed those caused by pitch. Spacecraft yaw introduces 

location errors and yaw rate introduces distortion. Since the attitude control system links 

roll and yaw, yaw can be determined approximately by measuring the change in roll and 

employing Eq. (2). Yaw can then be included in grid calculations and much of the error is 

then eliminated. 
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LIST OF SYMBOLS 

x, y, z - Roll, pitch, yaw axes in orbital system 

R, P, Y - Roll, pitch, yaw axes in spacecraft system 

By - Yaw angle 

BR - Roll angle 

eP - Pitch angle 
• 
ey - Yaw rate 
• 
8R - Roll rate 
• 
eP - Pitch rate 
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APPENDIX A 

If the pitch attitude control system is functioning properly, the spacecraft will pitch 

about the pitch axis of the orbit axes system at very nearly a constant rate (exactly constant 

for a circular orbit). With zero spacecraft roll, the yaw attitude control gyro will sense no 

rotation and the orbit and spacecraft axes will coincide. In regions of high (cold) clouds, noise 

is introduced into the roll attitude control system and the spacecraft rolls. Now the yaw 

attitude control gyro senses a component of the pitch rate and the spacecraft yaws. To deter

mine the components of the pitch rate in the spacecraft coordinate sys tem after roll and yaw, 

it is easiest to employ matrix theory. Initially it will be assumed that the roll occurs first 

and the yaw second. 

One can express the pitch rate and the input axis of the yaw control gyro as column 

vectors in the spacecraft coordinate system. The spacecraft is then assumed to roll. 

Knowing the direction cosines of the spacecraft axes after the roll with respect to the space

craft axes prior to roll , one can express the pitch vector in the new "rolled" coordinate 

system. Since the gyro is fixed to the spacecraft, _its input axis remains fixed with respect 

to the spacecraft coordinate system regardless of roll and yaw. 

The spacecraft then yaws. Again, knowing the direction cosines of the "rolled and 

yawed" axes with respect to the "rolled" system, the pitch vector can be expressed in the 

"rolled and yawed" coordinate system. By taking the dot product of the pitch vector and the 

vector expressing the yaw attitude control gyro input axis, one can detennine the rotation 

sensed by the gyro. 

The spacecraft coordinate system as defined in the text will be designated by R, P, Y. 

The pitch rate is, initially, parallel to the P axis. Hence it can be represented by a column 

vector: 

Similarly the gyro input axis can be considered a unit vector and can be represented by: 

cos 12° 

0 

-sin 12° 

A-1 

A-2 



The minus is associated with the sin 12° s ince the gyro input axis is inclined toward the 

negative yaw axis. 
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The coordinate system is first rolled (a rigid rotation through an angle 8R about theJ 

R-axis). The direction cosines of the "rolled " coordinate system (R , P
1 

, Y
1 

) with respect 

to the coordinate system prior to roll (R, P, Y) are given by A with appropriate subscripts. 

They can be assembled in a matrix as follows 

AR'R AR'P ARY 

Ap'R Ap'p Ap'y 

Ay'R Ay'p Ay'y 

Multiplying A-3 by A-1 gives 

0 0 

0 cos BR sinBR 

0 -sin8R cos BR 

I 

0 

0 

0 0 

cos8R sin8R 

-sin8R cos8R 

0 

Bp cos8R 

-Bp sin BR 

A-3 

A-4 

The column vector from A-4 represents the pitch rate expressed in the "rolled" coordinate 

system . 

The spacecraft then yaws (a rigid r otation through an angle 8y about the Y axis). The 

direction cosines of the "yawed" (and rolled) coordinate system (R°' , P" , y'' ) with respect to 

the coordinate system prior to yaw (R.' , P' , Y
1 

) can be assembled in the following matrix 

AR"R' AR11P1 AR11Y1 cos8v sin8y 0 

Ap"R Ap"p' Ap"y' - -sin8y cos8y 0 A-5 

Ay"R' Ay"p' Ay"y' 0 0 

Multiplying A-5 by A-4 gives 

• 
cos8y sin8y 0 0 8p cos BR sin8v 

• • 
-sin8y cos8y 0 8pcos8R - 8p cos8R cos8y A-6 

• • 
0 0 -8psin8R -BP sin8R 

A-6 gives the components of the pitch rate in the "rolled" and "yawed" spacecraft coordinate 

system. 
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To determine the component of the pitch rate sensed by the yaw control gyro, the 

vector represented by A-2 is dotted with that given by A-6. The result, I, the input, is 

given by 

• • 
I= 8pcos 12° cos8R sin8y + 8p sin 12° sin8R A- 7 

A-7 expresses the component of the pitch rate sensed by the yaw control gyro if the space

craft first rolls and then yaws. One can also consider the case where yaw occurs first and 

the roll second. Assume the coordinate system is first yawed (a rigid rotation through an 

angle 8y about the Y axis). The direction cosines of the "yawed" coordinate system 

(R , P
1 

, Y
1 

) with respect to the coordinate system prior to yaw (R, P, Y) are assembled in 

a matrix as follows 

ARR' A ftp AR'Y cos By sin8y 0 

Ap'R Ap'p Ap'y = -sin8y cos8y 0 A-8 

Ay'R Ay'p Ay'y 0 0 

A-8 multiplied by A-1 gives 

• 
8p sin8y 
• 
8p cos8y A- 9 

0 

The spacecraft then rolls (a rigid rotation through an angle 8R about the R axis). The 

direction cosines of the "rolled" (and yawed) coordinate system (R
1 

, P" , Y11
) with respect to 

the coordinate system prior to roll (R , P
1 

, Y
1 

) can be assembled in the following matrix 

AR11R1 AR11
P

1 AR11Y1 0 0 

Ap"R' Ap"p' Ap"y' 0 cos BR sin BR A-10 

Ay"R' Ay"p' Ay"y' 0 - sin8R cos BR 

Multiplying A-10 by A- 9 gives 

• 
8p sin8y 
• 

8p cosBR cos8y A-11 

• 
- 8p sin8R cos By 



I-

I. 
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Taking the dot product of A-2 and A-11 we have the component of the pitch rate sensed by the 

yaw control gyro if the spacecraft were to yaw first and then roll. Tilis gives 

• • 
I = 8p sin8y cos 12° + 8p sin8R cos8y sin 12° A-12 



. . 
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ERROR INTRODUCED IN COMPUTED GRID BY YAW OF 8 DEGREES 

120" 140" 
SCAN ANGLE-

~ 2" 
a:: a:: 
w 

"' ~ 
::ti 

I 

\ 
" 

220" 240" 

Fig. 1. Error introduced in a computed geograJilic grid which neglects a 
spacecraft yaw of 8 degrees. 

• 

Fig. 2. Orbital Axes System. The z axis is directed along the local 
vertical througti the spacecraft and is defined positive downward. The 
x axis is coincident with the velocity vector of the spacecraft. The y 
axis is perpendicular to the z and x axes and is defined positive to 
the rlgllt of the direction of spacecraft movement. Fig. 2 is taken 
from Nimbus I HRIR Data Catalog and Users' Manual - Volwne 2. ...... 

00 



I -

cp 
y 

Fig. 3. Spacecraft Axes System. The Y or yaw axis passes through the control subsystem housing at 
the top of the spacecraft and the sensory ring at the bottom of the spacecraft. Its origin Is at the center 
of gravity of the spacecraft and it is positive downward. The R or roll axis is orthogonal to the yaw 
axis and is positive In the general direction (depending on yaw) of the spacecraft velocity vector. The 
P or pitch axis Is orthogonal to both the yaw and roll axes, and is positive to the right when looking in 
the direction of positive roll axis. Fig. 3 is taken from Nimbus I HRIR data Catalog and Users' Manual -
Volume 2. 
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FRONT SCANNER CONE OF VIEW (90°) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ·.· . . . . :: .:. : : :: :: : : : : :-;.:-:-:-:-:-:-:-:.:-:-:-:-:-:<·>>">>>:-:- :-:-: . :-: : . : 

G~ M~Ir \ 
. : . : . : . : . : : : . : : : .. : : : : : . : : . : : : : . : : : : .. : : . : . : : : .. : . : ... : . : . ............ ~: :: ... : . : . : . : . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : . : . : . : . : . : . : . : . : : : . : : : 
"":' :':'::·:·:·:·::::::.:.:,:.:_:: .·. :-:-:-:-:-:-:-:-:-:-:··"·>:-:-:-:-:-:-:-:-:-:-:-:-:·.·.<<<·:-:-:-:-:-:-:-::::. 

Fig. 4. Horizon scanner rotation for pitch and roll attitude control. Fig. 4 

is adapted from Nimbus I HRIR Data Catalog and Users' Manual - Volume 2. 
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Fig. 5. The gyroscope of the yaw attitude control system. 
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Fig. 6. Yaw angles with different initial values determined by s imulating roll rates with a random number generator. 
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Pig. 7. Photographic map of HRIR data from Nimbus I, Orbit 194 with geographic features superimposed neglecting s pace
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Fig. 8. Photographic map of HRIR data from Nimbus I, Orbit 194 with geographic features superimposed including predicted 

spacecraft yaw. 
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Fig. 9. Photographic map of HRIR data from Nimbus 11, Orbit 1423 with geographic features superimposed 

neglecting s pacecraft yaw. 
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Fig. 10. Photograi;ruc map of HRIR data from Nimbus II, Orbit 1423 witb geograi:hlc features superimposed 

Including predicted spacecraft yaw. 
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Fig. 11. Geographic features and latitude lines (2° intervals) and longitude lines (5° intervals) for Orbit 1423. The 

dotted geographic outlines and dashed latitude and longitude lines are those determined a ssuming no yaw. The solid 

geogra)ilical outlines and latitude and longitude lines are those determined assuming yaw values predicted by Eq. (2). 
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