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Chapter 1

Introduction

This document presents a thorough summary of vector, quaternion, and matrix
math used in spacecraft applications, in both flight and simulation. It presents a
standard notation, shows recommended usage, and provides references to other
treatments of these topics as appropriate.

We start with a discussion of basic concepts; rotations, translations, poses,
rates, wrenches, mass and inertia. Then we discuss various algorithms used in
spacecraft software.

Each section is composed of four subsections; Reference, Coding, Examples,
and Derivations. Reference gives the definitions and equations for the section.
Coding points to the software source code implementing the section, and dis-
cusses any software design issues, in particular variable naming conventions. We
present two naming conventions; the SAL naming convention, and the GN&C
naming convention adopted by the Goddard Guidance, Navigation and Con-
trol branch. Examples gives numerical examples to illustrate the equations;
accompanying Ada code implements the examples. Derivations motivates the
definitions in the Reference subsection, discusses how they relate to similar equa-
tions in other works, and derives the equations from first principles. In many
cases, Derivation refers to Macsyma code that provides the detailed algebraic
manipulations.

The SAL software library does not assume the SAL naming convention. This
is because the library supports left and right multiply rotations, and active and
passive rotations. It also allows using the library with other naming conventions
(such as GN&C). The Coding sections of this document define the SAL naming
convention for each choice of left /right, active/passive, and show how it relates
to the SAL software library.

All equations are presented in vector notation, with the coordinate frames
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clearly indicated.



Chapter 2

3 Degrees of Freedom

The main math of interest in 3 degrees of freedom is rotating vectors.

There are many representations of rotations. The two most important for com-
putation are unit quaternions and orthonormal 3-by-3 matrices; these can be
multiplied to combine rotations, and used to rotate vectors. On the other hand,
the most intuitive representation is angle axis; it is usually easy for people to
visualize a rotation as an angle about an axis.

In many situations, the actual representation of a rotation is not important; we
can think of an abstract rotation R. So we first present notation for abstract
rotations, then discuss angle axis, quaternions, rotation matrices, and other
representations that have special purposes.

In general, a position vector represents a displacement from a base position
(usually the origin of a frame) to an object position, expressed in a coordinate
frame. We use the notation ngerobj, where ref is the frame the vector is
expressed in, base is the origin of the vector, and obj is the position.

Note that negating a vector reverses the direction:

bby Thase = = peseTobj (2.0.0-1)

Typically, base is the origin of ref, and we drop ref.

5
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2.1 Abstract rotations

2.1.1 Reference

An abstract rotation is denoted by R. The inverse rotation (same axis and
magnitude, opposite direction) is denoted R~1.

There are two different but similar rotation operations that change the frame
of a vector:

b b
Tob; = Raarobj

b a b
Tob; = Tobj aR

We call 'Ry, a left-multiply operator, and R a right-multiply operator. [A]
uses left-multiply rotation matrices and right-multiply quaternions. [6] uses
right-multiply quaternions and left-multiply rotation matrices.

In this document, we present algorithms for both left and right multiply oper-
ators. The derivations are usually done in full for left-multiply operators; the
right-multiply can be obtained simply by substitution.

The distinction between left- and right-multiply only matters for quaternion
and matrix representations, which have multiplication operators. We will see
below that ,R® =*R; .

Left-multiply

Rotations can either change the reference frame of a vector, or rotate the vector
into a new vector:

gaserl = bRa gaserl (211—1)
Zaser2 = aRl*Q gaserl (211—2)

b . . . .
hasel1 is the same physical vector as {, .. ri, but expressed in a different ref-

erence frame. This is called a passive rotation. The two labels on the rotation
are two frames: “Ry changes the frame of a vector from a to b; the rotation is
also expressed in frame a.

On the other hand, . ro is a different vector. It is not parallel to ¢ . .ri, but
it is expressed in the same frame; this is called an active rotation. On an active
rotation, the pre-superscript labels the frame the rotation is expressed in, the
post-subscript 1 — 2 identifies the start and end orientations; it rotates from
orientation 1 to orientation 2. Often the orientations are also frames.

We could use a different notation for the active rotation. For example, “Ro_; §,..T1
or §Ry §,..r1 would make it slightly easier to match the start orientation label
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to the vector position label. However, the first option is confusing, since we
normally read left-to-right. The second option is hard to correlate with code
notations. The chosen notation works slightly better for right-multiply rotations
(see below).

Since a rotation does not move the base position of a vector, we can usually
drop the base position from the notation.

Note that the notation for a passive rotation gives two frames, while the notation
for an active rotation gives one frame and two orientations, which may also be
three frames.

The notation helps get the frames and usage correct; when changing reference
frames of vectors (passive rotation), the post-subscript must match the pre-
superscript for the equation to make sense. On the other hand, when physically
rotating vectors (active rotation), all the pre-superscripts must be the same.
This convention is especially useful when more than one rotation is present:

‘R, = °‘Ry’R, (2.1.1-3)
‘ri = °‘Ry’R,%r (2.1.1-4)
“Ri_3 = “R; "Ry 3 (2.1.1-5)
ir3 = 9Rg 3Ry %1 (2.1.1-6)

Note that the inverse of a rotation is obtained by swapping labels:

“‘R,' = 'R, (2.1.1-7)
“RyY, = Ry, (2.1.1-8)

Note that this holds for combined rotations:

‘R, = C°R,'R,
‘R;' = 'R;IR;
= “Ry'R.
aR,
“Ra-3"Ri_2
aRfls = aR:2aR2:13
“Ra-1"R3_2
“R3_2

5
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There are two passive rotations related to an active rotation:

Ry = “Rap
'R, = ‘R, (2.1.1-9)
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Note that for these equations to make sense, the reference frame of the active
rotation must be either a or b. We will see in how to change the reference
frame of an active rotation quaternion.

Rotations are not commutative; RyR, is not the same as R,R;. However,
rotations are associative; (R.Rp)Rs = R.(RsRa).

Right-multiply

The notation for right-multiply abstract rotations is:

bp, = % R
r, = “r; 12R*
RY = R',R
gy = ¢ ,RY,RC
173Ra = 172Ra 273Ra
“r3 = “r; 1_oR?* 5 _3R? (2.1.1-10)
WR* = R
R = LR (2.1.1-11)

Note that the order of the two orientations (in the subscript) in active rotations
is not changed between left and right multiply notations.

Note that we do not have a different notation for vectors in equations when
using right-multiply rotations, even though we do in code.

2.1.2 Coding

We summarize the coding conventions for translation vectors, quaternions, and
matrices here, to have them all in one place.

In the SAL coding naming convention, a variable representing the abstract left-
multiply passive rotation Ry, is written A_Rot_B. The equivalent right-multiply
passive rotation ,R® is written B_Rot_A; the order of the labels reflects the order
in the notation.

The type SAL.Gen_Math.Gen_DOF_3.Cart_Vector_Type implements Cartesian
vectors.

When using left-multiply rotations, a vector “r; is written A_Tran_1; when
using right multiply rotations, the vector is written 1_Tran_A. Thus ZII]) is
written:

B_Tran_1 := B_Rot_A * A_Tran_1
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and the right rotation equivalent is written:
1_Tran B := 1_Tran_A * A_Rot_B

However, Ada names cannot start with numbers, so care must be taken to use
position and orientation labels that start with letters.

Since a single program should only use either the right-multiply or left-multiply
convention, the notation should not become confusing.

The left-multiply active rotation “Rq_5 is written A_Rot_1_To_2. Thus (ZTI=2)
is written:

A_Tran_2 := A_Rot_1_To_2 * A_Tran_1
and the right multiply equivalent:
2_Tran_A := 1_Tran_A * 1_To_2_Rot_A

In the SAL naming convention, the notation for quaternions is the same as for
abstract rotations, with Quat instead of Rot. Similarly, for matrices the SAL
naming convention uses Rot_Mat instead of Rot.

In the GN&C convention (which dictates more than just naming), rotation
matrices are always passive left-multiply, and rotation quaternions are always
passive right-multiply. The left multiply matrix ®M, is written Dcm_AToB; the
right-multiply quaternion ,Q? is written Quat_AToB. A position vector for obj
expressed in frame a is written Pos_A_0bj. Thus @TI) is written:

Pos_B_0bj := Dcm_AToB * Pos_A_0Obj
and the quaternion right multiply equivalent is written:
Pos_B_0bj := Pos_A_0Obj * Quat_AToB

Thus for rotation matrices, the frame order in the names is swapped between
SAL and GN&C naming conventions - the left-multiply passive rotation matrix
aMb is :

“M;, = A_Rot_Mat_B = Dcm_BToA (2.1.2-1)

However, for rotation quaternions, the frame order in the names is the same be-
tween SAL and GN&C naming conventions - the right-multiply passive rotation
quaternion Q% is :

»Q% = B_Quat_A = Quat_BToA (2.1.2-2)

When using the GN&C convention, left and right multiplies are mixed in the
same program, which will be confusing. To reduce the chances for error, left
multiply matrices should only be used as user inputs; they should be immedi-
ately converted to right multiply quaternions before being used. In addition,
the matrices should be named using the GN&C naming convention, while the
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quaternions should use the SAL naming convention. The conversion is given
by:

»Q% = (to_unit_quaternion(“M,)) ™" (2.1.2-3)
B_Quat_A := SAL.Math_Double.Dof_3.Wertz.To_Unit_Quaternion (Dcm_BToA)

where to_unit_quaternion is given by [ZZI=H).

Note that

SAL.Math_Double.Dof_3.Wertz.To_Unit_Quaternion combines the inverse with
the conversion to quaternion, preserving the frame order in this pair of variable
names. This is because of the implicit conversion from left to right multiply,
and it helps avoid mistakes in user code.

There is no Ada type corresponding to an abstract rotation. However, similar
operations for the concrete rotation types are coded in similar ways, to make it
easy to change the rotation type in applications.

It is tempting to define two different Ada types for quaternions (or matrices);
left-multiply and right-multiply. Then the compiler would guarantee they never
got mixed up. However, that would mean any higher-level types that had quater-
nion components would also need left and right versions. In addition, code for
operations that do not depend on the choice of left or right-multiply must be
duplicated. This is too heavy a burden. Instead, the SAL math library pro-
vides one package defining rotation quaternion and rotation matrix types, and
all the operations on them that do not depend on the choice of left or right
multiply. Then there are two child packages providing the operations that do
depend on the choice. One provides left-multiply quaternion and matrix oper-
ations. The other, following [6] and [3], supports right-multiply quaternion and
left-multiply matrix operations. For higher level packages that use rotations, a
similar package structure is used.

In any case, careful attention must be paid to whether rotations are active vs
passive, to the signs of angles, and to the order of operands in multiplication.

2.2 Angle Axis rotation representation

2.2.1 Reference

Every active rotation can be expressed as an angle about an axis. If 1_5 is the
angle from vector “ry to vector ®rg about axis ®A (using the right-hand rule for
the sign of 61_5), then

Ry = (012, “h) (2.2.1-1)



2.2. ANGLE AXIS ROTATION REPRESENTATION 11

Note that n has magnitude 1:

ni+n,+nl=1 (2.2.1-2)

The “right-hand rule” is: hold the right hand with the thumb extended and the
fingers loosely curled. Then the right thumb is aligned with the axis of rotation,
and the fingers curl in the positive direction of the rotation.

Note that the same rotation can be represented by negating both 6;_s and ®n:

TRy = (—01_o, —h) (2.2.1-3)

So generally we can choose 0 <= 6;_5 <= m. The Ada code does not enforce
this in general, but it does take advantage of it when converting from other
rotation representations to angle axis.

The inverse rotation is:

‘Ro_1 = (—91_2,“1?1) (221-4)
= (0271; U«ﬁ)

The active rotation is computed by:

“ry = %ricosbi_o — “r1 X “Nsindy_o + “0ry - “0(1 — coshy_3) (2.2.1-5)

Note that if we have two rotations (612, 1) and (f2_3, fig), there is no simple
way to find the equivalent total rotation. Rotation quaternions or matrices
provide that operation.

We now consider the passive rotations that are related to this active rotation.
Since this involves changing frames, we use letters to label the two orientations
involved in the active rotation. Then the passive rotations that change the
frame of vectors from b to a and vice versa are:

‘Ry = (0a—p,"n)
"Ro = (—fas,“0) (2.2.1-6)

An important case is obtaining the minimal rotation that takes one vector into
another. Given two unit vectors “n; and “ny expressed in a common frame f,
the active rotation that moves *n; to be parallel to “ns is:

‘v = aﬁl X aﬁQ
s = ||
c = afll . aflg

012 = atan2(s,c)
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if s =0 then
“n = (1.0,0.0,0.0)
else
‘A = “v/s (2.2.1-7)
end if

2.2.2 Coding

The type SAL.Gen_Math.Gen_DOF_3.Mag_Axis_Type implements the angle axis
rotation representation. Operations are provided for scaling and conversion to
quaternions and rotation matrices. SAL.Gen_Math.Gen_DOF_3.Rotate imple-

ments ([(ZZTH).

In the SAL naming convention, angle axis rotations are always active. See
P32 and for functions related to converting angle axis to quaternions and
matrices.

2.2.3 Examples

Some simple numerical examples. See spacecraft_math_examples.adb, Angle_Axis
block for Ada code implementing these.

First, an active rotation of a vector in the x-z plane in a positive direction about
the y axis.

basep, = (2.0,0.0,1.0)
baseR1_2 _ (91_27 baseﬁ)
= (0.1,(0.0,1.0,0.0))
basey., (2.08984, 0.00000, 0.79534)

Note that the x component increases, and the z component decreases; the end
point of the vector is moved closer to the x axis.

Now a spacecraft example; the direction of the z axis of the spacecraft. Assume
the Sun is at the origin of the base frame, and the spacecraft is positioned on the
negative z axis of the base frame. Initially, the z axis of the spacecraft frame
is pointing at the sun. Then we rotate the spacecraft in a positive direction
about the y axis. Frame sc0 gives the initial orientation of the spacecraft; it is
parallel to frame base. Frame scl gives the final orientation of the spacecraft.
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Unit vector ***fi .. gives the direction of the z axis of the spacecraft in the

base frame in the initial orientation; ***¢f..; in the final.
baseq .o = (0.0,0.0,1.0)
baseR co—se1 = (0.1,(0.0,1.0,0.0))
P15 e = P Rieo—se1 " Rgezo

= (0.09983,0.00000,0.99500)

In the base frame, the z axis of the spacecraft has moved towards the positive
X axis.

Now consider the direction from the spacecraft to the Sun; we know what it is in
the base frame, and we need to find it in the spacecraft frame. The unit vector
Nge—sun gives the direction from the spacecraft to the sun, in a given frame.

ba%¢h e oun = (0.0,0.0,1.0)
DA sun = (0.0,0.0,1.0)
e S baseR;C%)isCl
= (=0.1,(0.0,1.0,0.0))
Mgemsun = “"Rico®* e sun

(—0.09983, 0.00000, 0.99500)

In the spacecraft frame, the direction to the sun has moved towards the negative
X axis.

2.2.4 Derivations

First we show that [ZZI=) is correct. Let frame a be fixed to the non-rotated
vector “ry; frame b is fixed to the rotated vector “ry. We denote the axes of
frame a by (Xq, Ya; Za). For simplicity, we use r, to denote the x component of
vector r in either frame; similarly for y and z. By definition:
Iy = 1R + 1y "Ye + 1%, (2.2.4-1)
Because “rs is a rotation of “ry, it has the same values for its components in b
as “ry has in a, so we can write:
“rg = 1%+ ’I”yayb +r,%2 (224—2)
Without loss of generality, we can let the axis of rotation “A = ?z = 2z (this
just defines the two frames uniquely). Then the axes of the frames are related
by:
%y, = cosbi 2%, + sinfy 2y, (2.2.4-3)
Yy = —sinbi_2"%X, + cosb 2%y, (2.2.4-4)
“Zy = Y24 (2.2.4-5)
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Note that when 61_5 =0, b = a.

Substituting (ZZ43)), [(ZZZ4) , @ZZZT) into (ZZZ2):

vy = (rgcosbi_g — rysindi_2) X, + (rysindi_g + rycosbi_2)*y, + %%,

(2.2.4-6)

Expanding [ZZZTH), we have

Trot = T2c0501_2"Kq + 1yC0501_2°Y 4 + 150080122, — (2.2.4-7)
(—72%Ya + 1y Xa)sinb1_o +
72(1 — cosb1_2)2,
= (rgcosbh_g — rysinbi_2)*Xe + (rysinbi_a + rycosbi_2)*y +1,%,
(2.2.4-8)

which is the same as [ZZZ=H). Repeating this analysis, picking “A = %%,y
shows that (ZZI=H) is correct.

2.2.5 Comparison to Kane

E&ZT1) corresponds to [, eqn 1.1(1)]. The derivation here follows Kane’s.

2.3 Quaternion rotation representation

2.3.1 Reference

A rotation quaternion consists of four numbers, where the sum of the squares
is 1:

Q = (QI)Q:WQZvQS) (231_1)
I = Q+Q+Q2+Q2 (2:3.1-2)

This is a unit quaternion; in general, non-unit quaternions (magnitude not re-
stricted to 1) are also useful, but we do not consider them here.

Given an active angle axis rotation, the active left-multiply unit quaternion
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equivalent is given by:

“Ra—b (Oa—p, “10)
“Ra—b “Qa-b
“Qa-b (sin(0,—p/2)"0, cos(0q—p/2))
Qx sin(0a—p/2)ny
Qy sin(0a—p/2)ny
Q- sin(@q—p/2)n,
Qs = cos(0a—p/2) (2.3.1-3)

Rz, Qy, Qz are called the vector components; (), is called the scalar component.

The related passive rotations are:

‘Qp = (sin(f,—p/2)0, cos(0a—p/2))

°Q, = (—sin(fa_p/2)"0,cos(04_1/2)) (2.3.1-4)
Negating all elements of the quaternion represents the same rotation:
aRafb - (_Qx7 _an _sz _Qs) (231‘5)
The inverse of a quaternion is given by:
Qo =1Q;" = (-Qu, —Qy, —Q=, Q) (2.3.1-6)

To obtain the active angle and axis (6,—p, “01) from a left-multiply active quater-
nion *Qq_p:

if Qs < 0 then
Q = (_Qza _va _QZ7 _Qs)

end if
if s > 0 then
Oa—py = 2atan2(s,Qs)
‘D= (Qa/5,Qy/5,Q:/5) (2.3.1-7)
else

“h = (1,0,0)
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end if

Note that the resulting 8 is in the range [0.0,7]. Given an angle axis with 6 in
[—7,0.0], conversion to quaternion and back will negate the unit vector.

To multiply a vector by a quaternion :

r = Qr

a = (QyTZ - QzTya Q:rz — Qu7s, Qz"”y — Qy’l”x)
le = 2(Q5a’$ + anz - Qzaly) —+ 7
r,’llj = 2(Qsay + Qzam - Qmaz) + Ty
T‘; = 2(Qsaz + Qway - Qua:ﬂ) + 72 (231—8)

If Q is an active quaternion (ie, it represents an active rotation), r’ is a rotated

vector:
I‘I = aI‘Q = an_gal‘l (231—9)

If Q is a passive rotation, r’ is r expressed in a different frame:

r =’r; =%Q,r; (2.3.1-10)
To multiply quaternions:
Q = QiQ2
Q3;E = QlyQ?z - leQ?y + leQQw + Q11Q2s
QBy = _leQQZ + leQQy + leQQm + QlyQQs
QSZ = leQ?z + Q11Q2y - QlyQ?w + Q12Q2s
Q3s = _Q12Q2z - QlyQ?y - Q11Q2LE + QISQQS (231_11)

If the quaternions are active, this represents two successive physical rotations:

Qi3 = “Q2-3"Qi-2
aI‘g = aQ2,3GQ1,QGP1 (231—12)

If the quaternions are passive, this represents two successive coordinate trans-
forms:

CQa CbeQa
‘ri = “Qy’Q,%r; (2.3.1-13)

The passive quaternions related to an active quaternion, when the reference
frame of the active quaternion is either the start or end frame:

aQb = aQafb
Q. = “Q;Y, (2.3.1-14)
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To change the reference frame of an active quaternion:
be*C - anaQbfcbqgl (231—15)

To convert an active quaternion to a passive quaternion when the reference
frame of the active quaternion is arbitrary:

ch ananjch;I

(2.3.1-16)

Successive passive quaternions related to successive active quaternions:

aQafc — aQbfcaQafb
an = abeQc
‘Qq ‘Q’Qa (2.3.1-17)

Given two unit vectors, find the minimal rotation that takes one into the other:

‘v = afll X aflg
s = |*|
c = afll . aflg
if s =0 then
“Q_» = (0.0,0.0,0.0,1.0)
else
1-c
2 =
° 2
1+c
2 =
¢ 2
52
“Qi2 = (—%V,c2) (2.3.1-18)
end if
E3T=1]) defines the function units_to_quat for left-multiply.
Right-multiply
For right-multiply quaternions, we have:
bR = ,Q°
»Q” Q! (2.3.1-19)
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Active quaternion and active angle axis:

1,2Qa = (—Sin(91,2/2)aﬁ,608(91,2/2)) (231—20)
r = rQ
a = (_Q;TZ + Q,/zrya _Q;Tw + Q;Tzu _Q;ry + Q;rm)
T/z = 2(@;&1 - Qlyaz + leau) + 7y
Tyl; = 2(Q/say - Q;aac + Q/zaz) +ry
o= 2(Qia. — QLay + Qaz) + 72 (2.3.1-21)
1-3Q% = 12Q" 2 3Q" (2.3.1-22)
aI‘3 = al‘l 1_2Qa 2_3Qa (231—23)
Passive quaternions:
b Q* a—b Q"
aQb = a—anil
an = aQb ch
‘r, = 1 ,Q",Q° (2.3.1-24)

To obtain the active angle and axis (f1_2,n) from a right-multiply active
quaternion 1_5Q%:

if Qy < 0 then
Q= (_Qma _va _Qza _QS)

end if
s =/Q7 + Q) + Q2
if s > 0 then
012 = 2atan2(s,Qs)
‘ny, = —(Qu/s,Qy/s,Qz/9) (2.3.1-25)
else

12 = 0
aﬁb = (17050)

end if
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Changing the frame of an active quaternion, and successive rotations:

Q' = QT (2.3.1-26)
_1 a
b—ch = aQb b—cQ aQb (231—27)
Q= Q1 ,.Qt Q) (2.3.1-28)
a—cQa = a—an b—cQa
cQa = ch an
aQC = aQb bQC (231—29)
Function units_to_quat:
v = Ny X Ny
s = %]
C = afll . aﬁg
if s =0 then
“Qi_o = (0.0,0.0,0.0,1.0)
else
9 1—c
2
0 - 1+c
2
s2
“Qi2 = (——%W,e2) (2.3.1-30)
s
end if

2.3.2 Coding

The type SAL.Gen_Math.Gen_DOF_3.Unit_Quaternion_Type implements the
quaternion rotation representation. The child package
SAL.Gen_Math.Gen_DOF_3.Gen_Left provides left-multiply operations, the child
package SAL.Gen_Math.Gen_DOF_3.Gen_Wertz provides right-multiply quater-
nion and left-multiply matrix operations.

It is up to the user to decide whether the quaternions are passive or active, when
using these packages. In particular, in the conversions between quaternions and
angle axis, the quaternion and angle axis are either both active or both passive.

In the SAL convention, a variable representing the passive left-multiply quater-
nion “Qp is written A_Quat_B; a right-multiply quaternion ;Q® is written
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B_Quat_A. An active left-multiply quaternion “Q;_o is written A_Quat_1_2;
a right-multiply quaternion 1_5Q% is written 1_2_Quat_A. Any single program
should use only left or right multiply, so this convention should not be confusing.

In the GN&C software naming convention a variable representing the passive
right-multiply quaternion ,Q® is written Quat_BToA. The GN&C software nam-
ing convention has no notation for left-multiply or active quaternions.

2.3.3 Examples

See spacecraft_math_examples.adb, Quaternions_Left block for Ada code
implementing these. Some of these examples are the same as in EZZ3 but using
left-multiply quaternions. We duplicate the descriptions here for convenience.
The Ada code also shows the right-multiply equivalents.

First, an active rotation of a vector in the x-z plane in a positive direction about
the y axis.

ba56Q172 = to_unit_quaternion(6;_o, b‘”eﬁ)

= to_unit_quaternion(0.1, (0.0, 1.0, 0.0))
(0.00000, 0.04998, 0.00000, 0.99875)
baser, = (2.0,0.0,1.0)

basey, —  (2.08984,0.00000,0.79534)

Note that the y component of the quaternion has the same sign as the angle.
Note that the x component of ***¢ry increases, and the z component decreases;
the end point of the vector is moved closer to the x axis.

Now we apply a second active rotation, and show that quaternion multiplication
is associative:

baseQ, 5 = to_unit_quaternion(r/2, (1.0,0.0,0.0))
(0.70711, 0.00000, 0.00000, 0.70711)

base, 4 = baseQ, reQ,
= (0.70622,0.03534, 0.03534, 0.70622)
baser, _ baseqy, jbaser
= (2.08984,—0.79534,0.00000)
basep,  — baseq basen

= (2.08984,—0.79534,0.00000)

Now a spacecraft example; the direction of the z axis of the spacecraft. Assume
the Sun is at the origin of the base frame, and the spacecraft is positioned on the



2.3. QUATERNION ROTATION REPRESENTATION 21

negative z axis of the base frame. Initially, the z axis of the spacecraft frame
is pointing at the sun. First we rotate the spacecraft in a positive direction
about the base y axis, then about the base x axis. Frame sc0 gives the initial
orientation of the spacecraft; it is parallel to frame base. Frame scl gives the
orientation of the spacecraft after the first rotation, sc2 after the second. Unit

vector "®5¢h,..o gives the direction of the z axis of the spacecraft in the base

frame in the initial orientation; Y**¢f.,; after the first rotation.

PSR ezo (0.0,0.0,1.0)
base Q) co—se1 to_unit_quaternion(0.1, (0.0, 1.0,0.0))
(0.00000, 0.04998, 0.00000, 0.99875)
basep .1 = (0.09983,0.00000,0.99500)

In the base frame, the z axis of the spacecraft has moved towards the positive
X axis.

Now we apply a second rotation, about the base x axis.

basCR .1 w2 = to_unit_quaternion(r/2,(0.0,1.0,0.0)))
= (0.70711,0.00000,0.00000,0.70711)
baseq o = (0.09983, —0.99500, 0.00000)

Now consider the direction from the spacecraft to the Sun; we know what it
is in the base frame, and we need to find it in the spacecraft frame. The unit
vector Nge_supn gives the direction from the spacecraft to the sun, in a given
frame. We use the same two rotations as above; we need passive quaternions
for this, so the result of converting from active angle axis is inverted.

AR e sun = (0.0,0.0,1.0)
SOf e sun = (0.0,0.0,1.0)
IQpase = (to_unit_quaternion(0.1,(0.0,1.0,0.0)))~*
= (0.00000, —0.04998, 0.00000, 0.99875)
g wum = (—0.09983,0.00000,0.99500)

In the spacecraft frame, the direction to the sun has moved towards the negative
X axis.

Now we apply a second rotation, about the base x axis. We show the angle axis
equivalent to each quaternion, since that may be easier to visualize. The Ada
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code also shows that quaternion multiply is associative.

“IQuei—sez = *"Qiase™ Que1—sc2* ' Qpie
= (0.70357,—0.00000,0.07059,0.70711)
IR ez = (157080, (0.99500, —0.00000,0.09983))
CQuet = Qo2
= (-0.70357,0.00000,—0.07059,0.70711)
2R = (L.57080, (=0.99500,0.00000, —0.09983))
2 e sun = (0.00000, 1.00000, 0.00000)

2.3.4 Vector Scalar formulation

The equations for quaternion times quaternion and quaternion times vector can
also be expressed in pure vector notation, without reference to any Cartesian
frame.

First, we denote the vector and scalar parts of a quaternion by:

Ql = (qhn le) (234-1)
Then Z3I=1T]) becomes
Qs = QiQ:
= (Q2'UQ15 + qva2s + qiv X q2v,
QISQQS — Qv q2'u) (234-2)

This illustrates that there is a frame involved in a quaternion that is not shown
in the quaternion notation; the reference frame of the vector part. However,
the vector part is an eigenvector of the rotation (it is parallel to the axis of
rotation), so it does not matter whether it is expressed in a or b.

To actively rotate a vector in this formulation, form a quaternion (not a unit
quaternion) from the vector by setting the scalar part to zero. Then Z3I=0)
becomes

‘ro = “Qi2'n (2.3.4-3)
= “Qi-2("r1,0)°Q7_, (2.3.4-4)
where “Qj_, is the conjugate quaternion, and is the same as “Ql__12. The

multiplication operator in (Z3Z=) is given by Z3I=,); in 32, it is given
by [Z323).

Expanding and applying vector and trig identities, this reduces to [ZZI=H). See
derive_vect_scalar_quat.maxima for details.
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Similarly, for a passive rotation, ([Z3I=I) becomes

bI‘l = anarl

= "Qu("r1,0°Q; (2.3.4-5)

When combining rotations, as in (2T, this is:

cQa - chan
‘ri = “‘Qqu('r1,0)°Qy
ri = ‘QpbQq(°r1,0)°Qr°Q; (2.3.4-6)

Right-multiply

For right-multiply quaternions, the non-conjugate quaternion is on the right:

‘ro = “r11-2Q"

= 1-2Q"("r1,0) 12Q" (2.3.4-7)
bI‘1 = 1 aQb

= Q" (r,0) .Q (2.3.4-8)
Q° = .Q",Q°
ri = oQ7("r1,0) .Q°
‘ri = Q% .Q"(r1,0) Q" 1Q° (2.3.4-9)

This is the motivation for the names left-multiply, right-multiply for quaternions.

2.3.5 Derivations

E313) is simply the definition of an active left-multiply rotation quaternion.

E3T=2) is obtained from (Z3I=3) by substituting —6;_o for 61 _».

To see that ([Z31=H) gives the same rotation, note that @Q; always occurs in
pairs in [Z331=8). Thus changing the sign of all ); has no effect on the rotated
vector. Also compare this to [(Z2ZI=3).

Note that we could restrict Qs >= 0. However, enforcing that condition in
every quaternion operation is inefficient; instead we only enforce it where it is
useful, such as in conversion to angle axis.

E3T0) is derived from ZZTA) and Z3T=H). We negate the vector compo-

nents of the quaternion rather than the scalar component, because then the
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inverse operation is the same as the conjugate operation, used in the vector-
scalar formulation of quaternion times vector (see ZZ37l).

E31=0) is derived from Z3T=) using the trigonometric identity 6 = atan2(sin(6), cos(d)).
Qs is forced positive to ensure that 6 is in the range [0, 27); otherwise it would

be in the range [0,47). Care is taken to ensure that conversion from angle to

axis to quaternion and back is identity for the angle in [0.0, 7).

E31=0) is singular when s is zero. To see how to handle the singularity, consider
the quaternion (¢, 0,0, 1), where € is the largest number such that 1 + e =1 to
machine precision. Note that this satisfies [Z3.1=2), since 1+ ¢? = 1. Note that
s = ¢, and (Z3I=0) is well-behaved. Thus there is only a problem when s is
identically zero. In that case, the magnitude of the rotation is zero, and the
axis is undetermined, so we simply pick the x axis.

To prove that [(Z3I=8) is the equation for rotating a vector, substitute Z3I=3)
into (Z31=8), and compare to ZZT=H). See derive_quat_times_vect.maxima
for the details. Note that the temporary variable a provides a significant opti-
mization; this was first published in [5].

To prove that ZZI=TT) is the equation for combining rotations, we evaluate
(QaQpb)r and Qa(Qpr) using ZITTT) and Z3I=F), and show they are the

same. See derive_quat_times_quat.maxima for the details.

To prove [Z3ITH), start with a vector rotation, and change the frame of the
vectors:

rg = “Qp_.'r;
arl — b(g;lbr1
bI‘2 = anaI‘Q

b

QaaQb—carl
"Q."Qu-'Q; 'ry
befc = anaQbfch;l

E3T=10) is derived from Z3I=TH) and Z3I=T4), simplifying the inverses:
CQb _ be—jc

("QuQp-"Q )"

_ ananjcb ;1

To prove [Z3I=T1), start by simply inverting the active quaternions:
aQafc = aQbfcaQafb

ay—1 _ a1 an—1
a—c T Qafb b—c

CQa = anaQb_,lc
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To proceed from here, we need to get the second term into the form of [Z3I=1H).
So we insert *Q;1*Q,, which is identity, and regroup:

CQa = an(bQ;lea)aQb__lc(nglea)
= anngl(anaQ;_lch;l)an
chan

Right-multiply

The right-multiply equations [Z3I=20) thru Z3T=29) are obtained from the
corresponding left multiply equations by consistently negating the vector com-
ponents of the quaternions, and reversing the order of multiplied quaternions.

2.3.6 Comparison to Kane

H] calls quaternion components ‘Euler parameters’, with symbol €. Set @, =
€1,Qy = €2,Q, = €3,Qs = €4 to obtain our notation.

E3T) is equivalent to [ eqn 1.2(1)-(2)]; both are active rotations.

E319) is equivalent to [l eqn 1.3(21)]. See derive_quat_times_vect_kane.maxima
for details.

E3T=1D) is the same as [ eqn 1.6(12)].

2.3.7 Comparison to Wertz

For historical reasons, this section compares left-multiply quaternions to Wertz.
It was in the process of doing this comparison that I recognized the existence
of right-multiply quaternions, and finally understood the origin of the sign dif-
ference between Kane and Wertz quaternions.

E3Z2) is the same as [0, eqn (D-8)], with

¢ = Qs
g = Q
¢ = Q

[E323) is equivalent to [, eqn (D-11)], with U’ = ’r;, U = %ry, ¢ = *Q L

a
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Thus (D-11) is equivalent to (Z3I=I0), if we set:

Q: = —q
Qy = —Qq
Q. = —a3
Qs = @ (2.3.7-1)

See derive_quat_times_vect_wertz.maxima for detailed proof.

Now consider combining passive rotations, as in ([Z32=d). In Wertz’s notation,
this is:

¢ = q
U// — q//#< Uq//
U/I — ql* q*qul

Thus, in our notation, °Qy is the second passive rotation, and is on the left,
while in Wertz, ¢’ is the second passive rotation, and is on the right. This
corresponds to whether the non-conjugate is on the left or the right in [Z3Z=1);
Wertz uses the right-multiply convention.

E3T13) is equivalent to 6l eqns (12-11a) - (12-11d)], with @371 and ¢ = 6.
Note that Wertz does not carefully define the direction of ¢.

2.4 Matrix rotation representation

2.4.1 Reference

A rotation matrix is a 3 by 3 orthonormal matrix, with determinant +1.

The inverse of a rotation matrix is given by the transpose:

Mt = MT (2.4.1-1)

The active rotation matrix *M_s equivalent to the active angle axis rotation
defined in (ZZI=) is given by:

‘My_o = (2.4.1-2)
cosf_o + nivers@l,g —n,sinbi_g + ngnyverst_o Ny sinti—_g + nyn,verst_o
n,sinbi_g + nynyverst_o cosf_o + n?/versﬂl,g —ngsinfi_o + nyn,versf_s
—nysinbi_o + ngn,verst_o Ngz8infi_o + nyn.verst_o cosfi_o + nfvers@l,g

where versfi_o =1 — cosfi_o.
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To obtain the angle axis from an active rotation matrix:

\/(MCEU - MU1)2 + (Mzw - sz)2 + (M'UZ - sz)2

a =
2
b — My + Myy + Mzz —1
2
612 = atan2(a,b)
if @ > 0 then
Mz_Mz 7Mzm_szuM;E _M;E
g — My v v = Mye) (2.4.1-3)
2a
else
“n = (1,0,0)
end if

To obtain the active rotation matrix “M;_s equivalent to the active unit quater-
nion *Qq_s:

1-20Q2 -2Q7  2Q.Qy, —2Q.Q. 2Q.Q.+2Q.Q,

aM1—2 = 2QSQZ + 2QmQu 1- 2Q§ - 2@% 2Qsz - 2Qst
2QxQz - 2Q5Qy 2Qsz + 2Qst 1- 2@3 - 2Qi
(2.4.1-4)

To obtain the active quaternion *Q;_» from the active rotation matrix *M;_o:

= Myy+ Myy + M.,

= My — Myy — M.

—Myy + Myy — M.

= —Myy — My, + M.. (2.4.1-5)

QU o o L
I

if @ > maz (b, max(c,d)) then

e = 2V1+a

M., — M,
Qw — MUeMy
0 Mmz;Mm
o - T
Q. = ¢
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elsif b > max(a, maz(c,d)) then

e = 2V1+b
e
o
zy T T
Qy — MyeMy
zz T Mz
Qz = ; eM
Q. - Mol

elsif ¢ > max(a, maz(b,d)) then

e = 2vl+c
_ My + My,
Qe = c
€
Qy = Z
_ MUZ+MZU
Q. = .
sz_Mzac
Qs =
€
else
e = 2V14+d
MIZ—"_MZI
Qz =
e
M,, + M,
Qy — Y . Y
e
Qz - Z
Qs = -
end if

It may be desireable to normalize the quaternion after applying ZZI=H), to
eliminate roundoff errors, or small orthogonality errors in the original matrix.

To rotate a vector using a rotation matrix, use normal matrix multiply:
r = Mr (2.4.1-6)

If M is an active matrix (ie, it represents an active rotation), r’ is a rotated
vector:

I‘/ = aI‘Q = alegarl (241—7)
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If M is a passive rotation, r’ is r expressed in a different frame:

r’ =br; ="M, (2.4.1-8)

To multiply rotation matrices, use normal matrix multiply:
M.=M,M, (2.4.1-9)
If the matrices are active, this represents two successive physical rotations:
rg = “Mo_3"M;_s%r; (2.4.1-10)
If the matrices are passive, this represents two successive coordinate transforms:

°r; = °M* M, r, (2.4.1-11)

Right-multiply

Since the SAL math library does not provide right-multiply matrices, we do not
present them here.

2.4.2 Coding

The type SAL.Gen_Math.Gen_DOF_3.Rot_Matrix_Type implements the orthonor-

mal matrix rotation representation. The child packages SAL.Gen_Math.Gen_DOF_3.Gen_Left
and SAL.Gen_Math.Gen_DOF_3.Gen_Wertz both provide left-multiply rotation

matrix operations. Right-multiply rotation matrix operations are not provided.

A variable representing the passive left-multiply rotation matrix *IM,, is written
A_Rot_Mat_B.

In the GN&C convention the passive left multiply matrix “IM} is written Dcm_BToA.

SAL.Math_Double.Dof_3.Left.To_Unit_Quaternion implements ([ZZIH);
SAL.Math_Double.Dof_3.Wertz.To_Unit_Quaternionimplements (ZZI=H) with
an additional inverse, so that the result represents the same rotation (the left
multiply quaternion is the numerical inverse of the right multiply quaternion).

2.4.3 Examples

See spacecraft_math_examples.adb, Rot_Matrix block for Ada code imple-
menting these. This example is the same as the first one in EZ33 but using
left-multiply rotation matrices. Since the primary use of rotation matrices is to
convert them to quaternions, the other examples are not relevant.
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An active rotation of a vector in the x-z plane in a positive direction about the
y axis.
ba56M1,2 = to_rot_matrix(Hl,g, baseﬁ)
= to_rot_matrix(0.1, (0.0, 1.0,0.0))

0.99500  0.00000 0.09983
= 0.00000  1.00000 0.00000
—0.09983 0.00000 0.99500

baseQy, 5 = to_unit_quaternion(****M; _»)
= (0.00000,0.04998,0.00000, 0.99875)
beser, = (2.0,0.0,1.0)
basen  _  basepp basep

= (2.08984,0.00000,0.79534)

2.4.4 Derivations

E&ZT11) is simply the definition of matrix multiplication.

EZT13) is the correct way to combine rotations, because of the associativity of
matrix multiply.

EZT3) is derived from [ZZIH) by finding the coefficient matrix for “ry; see
derive_angle_axis_to_rot_matrix.maxima for details.

To derive (ZZI3), start with (ZZI=J), take various combinations of M;;, and
use ni—i—ni—i—nf =1

Myy — My, = 2n.sin(0) (2.4.4-1)
M.y — My, = 2nysin(0) (2.4.4-2)
My, — M., = 2ngsin(f) (2.4.4-3)
My + My, + Mzz = 3cos(6) + (n2 + ni + n?)vers(0)
1+ 2cos(0) (2.4.4-4)

Now we can find 6 from ZZZ), EZZ12), ZI13), and ZIIA):
\/(Mwu B MU1)2 + (MZ;E - Mmz)2 + (Myz - sz)2

sin(0) = 5
My + M, Mzz—1
cos(f) = + yy2+ 2z
0 = atan2(sin(0),cos(d)) (2.4.4-5)

Note we have chosen sin(f) >= 0, so we have 0 <= 6 < 7. The axis n is found
by:
(Myz - sz7 Mzz - Mzm sz - Mym)

- @) (2.4.4-6)
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This is singular when sin(d) = 0. Consider § = e€; then cos(theta) = 1,
sin(theta) = €, and [ZZZ=6) becomes:

. 2n,€,2n,€, 2n €
n = (2n v 23 (2.4.4-7)
2¢
This is well behaved unless sin(f) is exactly zero. In that case, the axis is indeter-
minate, so we simply choose the x axis. See derive_rot_matrix_to_angle_axis.maxima
for details of the above derivation.

To derive [(ZZIA), start with [Z3I=8), and find the coefficients of each vector
component; see derive_quat_to_rot_matrix.maxima.

To derive [ZZAI=H), start with the diagonal elements of AT, and E3T12);

this gives us four equations in the four unknowns Q7. We solve for one of them
(call it Q;); then we can take various combinations of M;; and divide by Q;
to find the remaining ;. We want the largest magnitude divisor, to avoid
singularities. So first we need to decide which divisor is the largest.

1 = Q+Qi+Q,+@Q?
_ 2 2
M;E;E = 1- 2Qz - 2Qy
M, = 1-2Q2-2Q2
_ 2 2
M.. = 1-2Q)-2Q2 (2.4.4-8)
To solve for Qg:
Moy + Myy + M., = 1-2Q7-2Q; +
1-2Q2 —2Q7 +
1-2Q7 —2Q3
= 3-4Q2+Q) +QY)
= 3-4(1-Q2)
= —14+4Q?
L+ Mgy + My, + M.,
Qs = \/ ki +4 w (2.4.4-9)
To solve for Q,:
Mzz - Myy - Mzz = 1- 2@3 - 2Q72J -

1+2Q% +2Q2% -
1+2Q7 +2Q2
= —14+4Q2

1+ M,, — My, — M.,
Qs = \/+ 1 . (2.4.4-10)
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@y and @ are similar. Thus to pick the largest magnitude divisor, we find the
maximum of the four combinations of M,;:

a = My, +My,+M,,

b = My —Myy— M,

¢ = —Myy+ My, — M,

d = My, — My, +M,. (2.4.4-11)

Now we can take various combinations of M;; and divide by ;. For example,
to find (), when we have Q):

sz - Myz = 2Qsz + 2QSQ1 - (2Qsz - 2@5@1)

4Q:Qx
M., — M,.
Qe = 77!4@5 . (2.4.4-12)

Similarly for the other @;. Note we can save some computations by first com-
puting 4Q); instead of @);. See derive_rot_matrix_to_quat.maxima for full
details.

2.4.5 Comparison to Kane

EZT1]) corresponds to [, eqn 1.2(9)]:

B’U _ A’U AOB

However, Kane uses the right-multiply convention for matrices. Thus ACP is

related to our notation by *M, = 4C5.

EZT13) corresponds to [ eqn 1.2(23)-(31)]. However, Kane’s C is a passive
matrix corresponding to an active angle axis rotation, using the right-multiply
convention, while “IM, is an active matrix using the left-multiply convention.
These two differences cancel, and we have *M;, = C.

EZT=3) is similar to [ eqn 1.3(6)-(14)]. However, Kane’s C is a right-multiplying
passive matrix, while our M, is a left-multiply active matrix. The quaternions
are the same. Thus we have C = *Mj,,.

EZ13) is similar to [, 1.3(6)-(14)]. In addition to the differences in the matrix
convention, Kane does not consider the singularity.

Similarly, (ZZI=1T) is similar to [4, eqn 1.6(4)].



2.5. ROTATION VECTOR REPRESENTATION 33
2.4.6 Comparison to Wertz

EZ1R) is the same as [6l eqn (12-4)]. Note that Wertz’s notation does not
include frames.

EZT3) corresponds to 6, eqn (12-7a)], with ¢ = 6;_5, except that Wertz’s
A is an active left-multiply matrix (see figure 12-2), so the matrix is inverted
(transposed).

EZT1=3) is similar to [6, eqn (12-9) - (12-10c¢)], but Wertz does not consider the
singularity.

EZT=3) is equivalent to [0, eqn (12-13a)], with @37Z=1)). Note that Wertz’s
q is right-multiply, while our *Qy is left-multiply; the matrices are both left-
multiply.

EZT1=3) is equivalent to [6 eqns (12-14a) - 12-14d)], with Z3=1)), and we have
slightly optimized the handling of the singularity.

2.5 Rotation vector representation

2.5.1 Reference

A rotation vector combines the magnitude and axis information into one vector:
6 =06n (2.5.1-1)

where 6 is the magnitude of the rotation, and n is the rotation axis. This
is useful mainly for differential rotations, since then the rotation vectors can
simply be added.

To find the rotation vector from a quaternion or rotation matrix:

(0, 1) = to_angle_axis(R)
— bh (2.5.1-2)

where to_angle_axis is either (Z31=1) or ZZI13).

To find a quaternion or rotation matrix from a rotation vector:

0 0]

n = 6/0

Q = to_unit_quaternion(f, n) (2.5.1-3)
M to_rot_matrix(¢, nn) (2.5.1-4)
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where to_unit_quaternion is given by Z3ZI=J), and to_rot_matrix is given by

EZ13). ERTI=) defines the function rotvect_to_quat.

An important case is obtaining the rotation due to a rotational velocity acting
over a finite time; see section EXG.11

2.5.2 Coding

The type SAL.Gen_Math.DOF_3.Cart_Vector_Type is used for the rotation vec-
tor representation; there are functions to convert between rotation vectors and
quaternions.

A variable representing the active rotation vector 61 _s is written A_Rot_Vect_1_2
when using the left-multiply convention, 1_2_Rot_Vect_A when using the right-
multiply convention.

2.6 Rate

2.6.1 Reference

The time rate of change of the position of an object is called the “translation
rate” or “velocity” of an object. It is defined by the time rate of change of
the position of a point fixed in the object (normally the origin of the object’s
coordinate frame). The translation rate is measured relative to a base frame,
and is expressed in a coordinate frame. To indicate all these frames, we use the
notation gg‘s’gdvobj.

Often we need to deal with velocities measured in frames that are moving with
respect to each other. Assume frame b is moving with velocity ¢v;, with respect
to frame a; frames a and b are parallel. The velocity §v,s; with respect to frame
a given the velocity with respect to frame b is computed by:

aVobj = b Vobj T aVb (2.6.1-1)

However, if the velocities involved are a significant fraction of the speed of light,
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this must be replaced by the Lorentz transform:

bVobj “aVb 4

a
bVobjl| = 2 aVb
5|
a _ a a
pVobjL = pVobj — pVobjl|
|av, |2
a
Y o= 1-
o2
“ aVb T b Vobj|| T b VobsL
oVobj = — (2.6.1-2)
14 b Vobj aVb
C2

see section L1l for one use of this.

The time rate of change of orientation of an object is called the “rotation rate”
of an object. It is defined by the time rate of change of an object frame (rigidly
attached to the object). An object rate is measured relative to a base frame,
and is expressed in a coordinate frame. To indicate all these frames, we use the
notation Zzge“’obj' w is called a “rotation velocity vector”. Usually, the base
frame is an inertial frame, and is not specified.

In order to integrate the rotation position of a body over time, or to compute
the rotation rate from a sequence of rotation positions, we need to show how to
relate w to the time derivative of the orientation of an object.

In the SAL convention the orientation of an object is represented by a passive
quaternion that transforms vectors in the object frame to the base frame:

basera _ baseQObjObjra (261-3)

In the GNC (right-multiply) convention, the orientation of an object is repre-
sented by baseQ"bj.

If the rotation rate of the object Objwobj is constant over a finite time, the
resultant active rotation of the object from time t; to time t9 is:

Obj0t17t2 = Objwobj (tQ — tl) (261—4)

Left-multiply

A passive left-multiply quaternion equivalent to the active rotation °*78;, 4, is

(see ZLI)):
1Q;, = rotvect_to_quat(®8y, ,) (2.6.1-5)

Note that the reference frame of the rotation vector must be the object frame
at time t1 or t2 for this operation to be valid; see ([Z3I=TH).
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A series of finite passive rotations can be combined to give a sequence of object
orientations:

heeQ, = MQ,,"Q, (2.6.1-6)
basthS _ basth2t2 th (261-7)

Then we can compute the rate % wopj from the sequence:
Mlwey; = quat_torotvect(** Q' PQy,)/(ta —t1)  (2.6.1-8)

w behaves like a vector under coordinate transforms:
b, = “le “We (2.6.1-9)

Note that since frames a and obj are both rigidly attached to the same object
at the same point, we can simply change the label on *w;.

The translational velocity of a point on the rotating body is given by:

iy, = iy, x ry (2.6.1-10)

This can be expressed as a left-multiply matrix operator:

“vi = “rixw,
0 T —Ty
‘rix = -r, 0 7y (2.6.1-11)
Ty —Ty 0
Right-multiply
SAL convention:
Q" = rotvect_to_quat(°8y, ,) (2.6.1-12)
t2Qbase — t2Qt1 £ Qbase (261—13)
biwgy; = quat_to_rotvect( , QP tlQbase_l)/(tg —t1)
(2.6.1-14)
GNC convention:
4 Q" = rotvect_to_quat(—°%0,, ,,) (2.6.1-15)
basth2 - bu,seczt1 t1 Qt2 (261-16)
Objwobj = —quat_to_rotvect( basthlfl basthz)/(tQ —t1)
(2.6.1-17)

Since “ri« is a left-multiply matrix, and the SAL library does not provide right-
multiply matrices, there is no right-multiply version of ®r;.
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2.6.2 Coding

A variable representing fmmewobj is written Frame_Rot_Rate_0bj in the left-
multiply convention, Obj_Rot_Rate_Frame in right-multiply.

A variable representing §297%v,;,; is written Coord_Vel_0Obj_Wrt_Basein the left
multiply convention, Obj_Wrt_Base_Vel_Coord in right-multiply. “wrt” means
“with respect to”.

The function SAL.Gen_Math.Gen_DOF_3.Lorentz_Transformimplements [ZGEI1=2).

2.6.3 Examples

See spacecraft_math_examples.adb, Rotation_Rate_Left block for Ada code
implementing these.

To clarify the difference between active and passive rotations, we relate all
rotations to the boresight of a star tracker mounted on a spacecraft. First we
present the example using SAL convention left-multiply quaternions, then SAL
and GNC orientation conventions for right-multiply quaternions. Note that
the boresight vector, and the spacecraft rate vector, are the same for all three
representations, but the quaternions are different.

We use the International Celestial Reference Frame (ICRF) as the base frame
for this example. In the star tracker frame st, the boresight **fiy,,.. is a constant.
Assume the initial star tracker orientation is 1¢%F Qst,1; a passive quaternion.
Then rotate it by 0.1 radians about the X axis in 0.5 seconds (an active rota-
tion), to orientation {“FF Qg 42, and compute the boresight in ICRF in both



38

orientations:

st~
Npore

ICRFQSt)tl

ICRF »
Nyore,t,

Ad

(t2 —t1)

st

ICRF
Qst,t1 —tg

ICRFQst,tg

ICRF »
Nyore,ts
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= (0.0,0.0,1.0)

= (0.04998,0.00000, 0.00000, 0.99875)
= ICRFQst,tlstﬁbore

= (0.00000, —0.09983,0.99500)

= 0.1

= 05

= (A6/(t2 —t1),0.0,0.0)

= (0.20000,0.00000,0.00000)

= rotvect_to_quat(*wg(ta —t1))

= (0.04998,0.00000, 0.00000, 0.99875)
= shh Qst ts

= ICRFQst,tISt’tl Qstts

= (0.09983,0.00000, 0.00000, 0.99500)
= ICRFQSt,tQ Stﬁbore

= (0.00000, —0.19867,0.98007)

Now we have two ways to compute the rate; from the two boresight unit vectors,
and from the two orientation quaternions:

shh Qst
)

st Qst

st

tg,a

Jt2,b

ICRF
Qst,t1 —tg

. ICRF ICRF
units_to_quat( Npore, t; 5 Npore,ts)

(0.04998, 0.00000, 0.00000, 0.99875)

ICRF~—1 ICRF
Qs t Qst b

(0.04998, 0.00000, 0.00000, 0.99875)
quat_to_rotvect(*"' Qgr.1,)/(ta — t1)
(0.20000, 0.00000, 0.00000)
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SAL right-multiply:

e = (0.0,0.0,1.0)
s, QIR = (-0.04998, 0.00000, 0.00000, 0.99875)
TORE ety = “"pore st.t, QTORF
= (0.00000, —0.09983,0.99500)
stwe = (0.20000,0.00000, 0.00000)
St’tl_tQQICRF = rotvect_to_quat("bjwobj(tg—tl))

= (—0.04998,0.00000,0.00000,0.99875)

= st QSt"tl
st,tzQICRF = st,thSt"tl st,ty QICRF

= (—0.09983,0.00000,0.00000, 0.99500)

TORE g ety = “Mpore st.,QTEEF

= (0.00000,—0.19867,0.98007)
st,tg,aQSt’tl = stt1—to QICRF

= units_to_quat(‘“F hppre T Rpore.t,)

= (—0.04998,0.00000, 0.00000, 0.99875)
st,tz,bQSt’tl = stto QICRF st,ty QICRF_l

= (—0.04998,0.00000,0.00000, 0.99875)

Stwy = quat_torotvect( s, Q%) /(t2 —t1)

(0.20000, 0.00000, 0.00000)

GNC right-multiply:

pore = (0.0,0.0,1.0)
rcrrQ" = (0.04998,0.00000,0.00000, 0.99875)

ICRFﬁbore,tl = Stﬁbore IC’RFCISt)t1 -
= (0.00000,—0.09983, 0.99500)

Stwg = (0.20000, 0.00000, 0.00000)
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sttr—t, QIO = rotvect_to_quat(®w e (ta — t1))
= (—0.04998,0.00000, 0.00000, 0.99875)
= styts Q"
crrQ? = [orrQTT 4, QTR
= (—0.09983,0.00000,0.00000, 0.99500)
TORE Qe = *"pore 10RFQE
= (0.00000, —0.19867,0.98007)
stitn,a QT = s, QIORF
= units—to—quat(ICRFﬁbore,tl ) ICRFﬁbora,tg)
= (—0.04998,0.00000, 0.00000, 0.99875)
st b QT = [orrpQH" - 1crrQ"
= (—0.04998,0.00000, 0.00000, 0.99875)
Slwy = quat_torotvect( s, Q%) /(t2 —t1)

(0.20000, 0.00000, 0.00000)

Now we demonstrate using the rotation rate to find the translation rate of the
lens of the star tracker, and show how both change under coordinate rotation.
First we transform the rotation velocity to the ICRF frame. This is a special
case, since the axis of rotation of the body is also the axis of rotation in this
transform. There are two ways to compute the translation velocity in the second
frame; rotate the velocity from the first frame, and use [ZGI=I0). We show that
they give the same results.

rgt_tens = (0.00000,0.00000,0.20000)
Niens = (0.00000, —0.04000, 0.00000)
ICRE 4 v = (0.20000,0.00000, 0.00000)
ICRFVlens,tl,a = ICRFQst,tl Stvlens
= (0.00000, —0.03980, —0.00399)
TOREy o tens = (0.00000,—0.01997,0.19900)
ICRFVlens,tl,b = ICRFwst,tl XICRFrstflens

= (0.00000, —0.03980, —0.00399)

For a more general case, we introduce the spacecraft frame sc. For this example,
the star tracker is rigidly attached to the spacecraft at the spacecraft frame
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origin; see for the case where translation is included.

“Qst = To_Unit-Quaternion(r/2, Z)
= (0.00000,0.00000,0.70711,0.70711)
Scws. = (0.00000,0.20000,0.00000)
Viensa = ““Qst™ Viens
= (0.04000,0.00000,0.00000)
*rst—tens = (0.00000,0.00000,0.20000)
Viensp = ““Wse X *Tgt_iens

= (0.04000, 0.00000,0.00000)

2.6.4 Derivation

E5I=T0) is just classical velocity transformation; see any basic physics textbook.
E5I2) is the special relativity velocity transform; see an advanced physics
textbook. For an accessible reference, see
http://en.wikipedia.org/wiki/Velocity-addition_formula.

To prove [ZEI=]), start with [ZHI=3)) and invert rotvect_to_quat:

biw,y,; = —quat_torotvect(2Qy,)/(ta — t1)
to Qt1 _ basthgl base Qt1
Plway; = —quat_torotvect(***Q; " Q) /(t2 — t1)

For another derivation relating quaternion difference to rotation rate, see Wertz,
section 16.1.1.

See derive_rate_transform.maxima for detailed proof of ZLI=T).


http://en.wikipedia.org/wiki/Velocity-addition_formula
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Chapter 3

6 Degrees of Freedom

The 6 degrees of freedom of a body (position and orientation) can be represented
in one object called a “pose”.

Similarly, the force and torque are represented by an object called a “wrench”.

3.1 Poses

3.1.1 Reference

Just as rotations can be either active or passive, translations can be as well. An
active translation moves an object to a new position, relative to the same base
position; a passive translation changes the base position. All translations are
expressed in the same frame f:

o= - n (3.1.1-1)
Irg = Iri+ Irio (3.1.1-2)

Note that negation reverses the direction:
Irg = —Ir, (3.1.1-3)

Left-multiply

In the SAL convention, the pose of an object relative to a base frame is rep-
resented by the passive transform b‘“eTobj that transforms poses in the object

43
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frame to the base frame:
baseTa _ baseTobjobjTa (311_4)

The base frame is also the reference frame for expressing the components of the
transform. When used in this way, the transform is also called a pose.

The GNC convention does not define poses.

A pose consists of a translation part and a rotation part:

“Ty = (“ry; “Ry) (3.1.1-5)

Transform and pose multiplication is defined by:
aTc - (arc; aRc)
= “T,'T.
= (“rp + ‘Rylr.; “RyPR,) (3.1.1-6)

The inverse transform is given by:
aTb—l _ bTa
= (bra; bRa)
(—"Ry " 2ry; "Ry 1) (3.1.1-7)

An important optimization is multiplying a pose by the inverse of a second pose:

IITC J— bT—l bTC
= (R;'r. —"'r.);"R; ' 'R,) (3.1.1-8)

A differential pose can be represented by a dual Cartesian vector; the differential
unit quaternion is converted to a rotation vector. The conversion of a pose to
a dual Cartesian vector is represented by the function pose_to_.DCV, and its
inverse by DVC_to_pose:

basepobj = pose_to_DCV(baseTobj)

= ( fa2tron;i quat_torotvect(**“Ropy))  (3.1.1-9)
basep i = DVC_to_pose(***“poy;)

= (fazeroyivotvect toquat(*"**0,,5))  (3.1.1-10)

Right-multiply

The notation for poses when the rotation part is a right-multiply operator is:

ObjTTef — (baserobj; obijase) (3.1.1—11)
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Transform and pose multiplication is defined by:
cTa = (“rc; cRa)
e o
= (pre )R*+ fry; [RY,RY) (3.1.1-12)

BII=0) and BIIR) become:

bTa—l — aTb
= (="rp yR*7; R (3.1.1-13)
s K (O U
— ((*re—"'rs) R ; R , R ) (3.1.1-14)

3.1.2 Coding

The type SAL.Gen_Math.DOF_6.Pose_Type implements the pose representation.

The child package SAL.Gen_Math.Gen_DOF_6.Gen_Left provides SAL conven-
tion pose operations using left-multiply rotations, the child package
SAL.Gen_Math.Gen_DOF_6.Gen_Wertz provides SAL convention pose operations
using right-multiply rotations.

For left-multiply, a variable representing T}, is written A_Pose_B.

For right-multiply, a variable representing ,T¢ is written B_Pose_A.

3.1.3 Examples

A typical use of poses is with articulated mechanisms (see H). Suppose we
have an antenna mounted on a single gimbal joint. We know the pose of the
joint relative to the spacecraft frame BesF T yimbal, » and the pose of the antenna
relative to the joint is gimbalo T gimbai, ; this includes the joint rotation about the
X axis of the joint frame, and the translation from the joint to the antenna tip.
Then the pose of the antenna tip relative to the spacecraft frame is:

BesErp ibate = ((0.0,2.0,0.0), To_Unit_Quaternion(r/2.0,Y))
= ((0.0,2.0,0.0), (0.00000, 0.70711, 0.00000, 0.70711))
gimbalorp vt = ((1.0,0.0,0.0), To_Unit_Quaternion(r/2.0, X))
= ((1.0,0.0,0.0), (0.70711,0.00000, 0.00000, 0.70711))
Bcsfw_[\m,mbal1 _ BcsFTgimbalOgimbaloTgimball

= ((0.00000, 2.00000, —1.00000), (0.50000, 0.50000, —0.50000, 0.50000))
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Right multiply:

gimbalo TEE = ((0.0,2.0,0.0), To_Unit_Quaternion(w /2.0, Y"))
= ((0.0,2.0,0.0), (0.00000, —0.70711, 0.00000, 0.70711))
gimbal, TIMP40 = ((1.0,0.0,0.0), To_Unit_Quaternion(r/2.0, X))
= ((1.0,0.0,0.0), (—0.70711,0.00000, 0.00000, 0.70711))
gimballTBcsF _ gimbaloTBcngimballTgimbalo

((0.00000, 2.00000, —1.00000), (—0.50000, —0.50000, 0.50000, 0.50000))

3.1.4 Derivations

Left-multiply

To prove (BIILI=R), substitute BII=) into BII=0):

aTc _ bT—l ch
(—bR;1 bra + bRgl brc;bRgl bRc)
(bRgl(brc _ bra)7 bRa_l bRc)
(“re; “Re)

Right-multiply

Similar to left-multiply.

3.2 Rate

3.2.1 Reference

The time rate of change of pose of an object is simply called the “rate” of an ob-
ject. It is defined by the rate of an object frame (rigidly attached to the object),
measured relative to a base frame, and expressed in a coordinate frame. To
indicate all these frames, we use the notation ggggdpobj = (gg‘s’gdvobj; gg‘s’zdwobj).
Usually, the base frame is not significant or can be inferred from context, and is
not specified. Note that the coordinate frame of the rotation part is not required

to be the object frame.

We need to be able to transform rates in one frame to rates in another frame.
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Left-multiply

To find the rate *py, of frame b attached to rigid body, also expressed in frame
b, given the rate *p, = (“v,;%w,) of frame a on the same body, and *T, =
(“rb; aRb):

P = "Ry (Ve + w, X O1p; "w,) (3.2.1-1)
This operation is called a wvelocity transform, and represented by Tw.:

bl.)b - bTv:u, al.)a (321—2)

This can also be expressed as a left-multiply matrix:

b, = to_rate_transform(“T})
_ [ Ry OR, m
- o ‘Rt (3.2.1-3)

Note that the coordinate frame of the rate must be the object frame for the
velocity transform operation to be defined; the two vectors involved in the cross
product must be expressed in the same coordinate frame. This is why *Ty., is
defined in terms of *T} instead of ®*T,. The notation helps get the frames cor-
rect; the post-subscript of the velocity transform must match the pre-superscript
of the rate for the equation to make sense.

In matrix form, velocity transforms can be combined, using left matrix multiply:

“T. = Ty T.
b
ch:a = ch:b Tv:a
_ —1 — —1 — —1
B bRc 1 aRb bRc 1 aRb araib>< + b]_:{C 1 brbfcx aRb
- 0 bRc_l aR—l
b

(3.2.1-4)

Right-multiply

Since the velocity transform operator is defined in terms of left-multiply matri-
ces, we only define a left-multiply velocity transform. Given a right-multiply
pose, we convert it to a left multiply pose, then convert that to a velocity
transform.

‘T, = to_left(bT“)
(“re;"Rp) = (“ry; sR7Y) (3.2.1-5)
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3.2.2 Coding

The type SAL.Gen_Math.DOF_6.Rate_Transform_Type implements rate trans-
forms; it stores aRb_1 and aRb_1 “rpx as left-multiply matrices.

The child package SAL.Gen_Math.Gen_DOF_6.Gen_Left provides rate opera-
tions using left-multiply rotations and velocity transforms, the child package
SAL.Gen_Math.Gen_DOF_6.Gen_Wertz provides rate operations using right-multiply
quaternions and left-multiply velocity transforms. Only one of these two child
packages should be used in any single program.

A variable representing the translation velocity Zggzdl')obj is written

Coord_Base_Tran_Vel_0bj in the left-multiply convention, Obj_Tran_Vel_Base_Coord
in the right-multiply convention.

Similarly, a variable representing the rotation velocity gg‘;gdv'vob ¢ is written

coord_base_Rot_Vel_objin the left-multiply convention, obj_Rot_Vel_base_coord
in the right-multiply convention.

A variable representing COOTdTV:Obj is written Coord_Rate_Trsf_0bj in the left-
multiply convention, Obj_Rate_Trsf_Coord in the right-multiply convention.

3.2.3 Examples

3.2.4 Derivations

BZ10) is a combination of ZEI=10) and ZEI=T).
BZT3) follows from ZET=T) and EZEI=TT).

We need the following identity:

rix = "Ry rix “Ry (3.2.4-1)

This follows from the definition of ry:

brl _ aRgl arl

aV1 = “wa X aI‘1
= rix%Ww,

bvi = brilw,

-1 —1
= (“R, " “rix ‘Rp)"R;, " “wq
_ aRgl ar1>< awa

_ aRb—l aV1
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BZT=2) follows from [BZI=3) by matrix multiply. We can show it is equivalent
to to_rate_transform of the pose product by doing the matrix multiply and

applying [B2ZZ=Tl):

ch:a - ch:b bTv:a

_ bRgl bRgl brbfcx aRb_l aRb—l arafbx
|0 ‘R;! 0 ‘R,

B r bRc—l aRb—l bRc—l aRb—l aro_bx + bRc_l brb_c>< aRb—l

| 0 'R;! R,

_ r aRgl bRgl aRgl Oy, by + bRgl (alel Ty ox aRb) alel
| O “R;*

_ [ aRc_l bRc_l “Rgl (arafbx + arbfcx)
| O “R;*

B B aRgl aRgl araiC><

- I 0 aRgl

= to_rate_transform(*T.)

3.3 Wrench

3.3.1 Reference
Left-multiply

The wrench on an object is measured at an object frame, and expressed in a

coordinate frame. Wrenches are denoted by Coordwwremh;label.

To find the wrench at frameb, expressed in frame b on a rigid body when given
the wrench in a frame a at another point on the same body, and the transform
T, from frame a to frame b:

bwy, = Ry (U, 0T, + O, X 1p) (3.3.1-1)

This operation is called a wrench transform, and represented by Ts.:

bwy, = T, “We
aRabfllbalrbX afgb—l (3.3.1-2)
Note that the coordinate frame must be the same as the wrench frame for the
wrench transform operation to be defined.
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Wrench transforms can be combined:

aTC — aTbch
CTw:a = Cr]:‘w:bbr:[‘w:a (331—3)

Right-multiply

As for the velocity tansform, since the wrench transform operator is defined in
terms of left-multiply matrices, we only define a left-multiply wrench transform.
Given a right-multiply pose, we convert it to a left multiply pose, then convert
that to a wrench transform.

3.3.2 Coding

The type SAL.Gen_Math.DOF_6.Wrench_Transform_Type implements wrench
transforms.

The child package SAL.Gen_Math.Gen_DOF_6.Gen_Left provides wrench op-
erations using left-multiply rotations and wrench transforms, the child pack-
age SAL.Gen_Math.Gen_DOF_6.Gen_Wertz provides rate operations using right-
multiply quaternions and left-multiply wrench transforms. Only one of these
two child packages should be used in any single program.

A variable representing “°"%w,;; is written Coord_Wrench_0Obj in the left-
multiply convention, Obj_Wrench_Coord in the right-multiply convention.

A variable representing COO’”dTW:Obj is written Coord_Wrench_Trsf_0Obj in the
left-multiply convention, Obj_Wrench_Trsf_Coordin the right-multiply conven-
tion.

3.3.3 Derivations

Similar to the velocity transform; see B2Z41
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3.4 Mass and Inertia

3.4.1 Reference
Left-multiply

The zeroth, first and second mass moments of an object about an inertia frame,
expressed in a coordinate frame, give the total mass mp;, the center of mass
coordy..  rtia—em, and the inertia fgg:fianbj. I is symmetric, so we define the six
elements:

Izz Izy Izz
Iwz Iyz Izz

There is no general formula for how the inertia changes when the mass frame
is changed by a transform. However, if we are given the inertia &I about the
center of mass frame c¢m, we can find it about another frame a (not necessarily
parallel to ¢m) by first rotating the inertia, and then using the parallel axis

theorem:

1 = “Ren O °R.} (3.4.1-2)
ZILELE = ZmeI + m(argm,y + argm,z)

ZIYJYJ = (clmey + m(argm,z + argm,x)

ZIZZ = (clmIZZ + m(argm,m + argm,y)

ZII?/ = ZmIﬂCy - maTCm,warcm,y

ZIzz = Zmlzz - marcm,xa'rcm,z

ZIyZ = (clmlyz - marcm,yarcm,z (341—3)

BZT1=3) is implemented by the function %I = par_axis(m, “repm, %,,I).

We define the mass 3-tuple °M = (m, *rem, %, I) to contain the total mass,
the center of mass relative to the object frame, and the inertia about a frame
located at the center of mass, parallel to the object frame.

Changing the object frame of a mass is given by:
aN = aTbe
= (m,
aTbbrcmu
“Ry %, IR, ) (3.4.1-4)

To add two masses ®M;, *M, together, we need the frame °T, giving the
location of b relative to a. Then the mass of the combined object *M3 is given
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by the function add:

“Ms = add(*M;y, "My, *T}) (3.4.1-5)
= (m1+ma,
(M1“Temy +m2®Ty "Temy, ) /ma,
par_axis (mi, “Tems — “Temy s om, 11) +

3 b b -1
par_axis (ma, “Tems — “Tb Temy, “Ry o, I2 "Ry 7))

(3.4.1-6)
Right-multiply
ng = cml:{ai1 221 emR” (341—7)
aNM = beTa
= (m,
brcmbTau
R T ,RY) (3.4.1-8)

3.4.2 Coding

The type SAL.Gen_Math.DOF_6.Mass_Type implements the mass tuple. The
tuple is extented with the inertia about the object frame, since that optimizes
some operations.

The type SAL.Gen_Math.DOF_6.CM_Mass_Type implements a simplified mass
tuple, where the coordinate frame is always the center of mass (so %r.,, = 0).
Various operations are defined that allow extracting the total mass, center of
mass, and inertia.

The child package SAL.Gen_Math.Gen_DOF_6.Gen_Left provides mass opera-
tions using left-multiply rotations, the child package
SAL.Gen_Math.Gen_DOF_6.Gen_Wertz provides rate operations using right-multiply
quaternions and left-multiply matrices.

A variable representing coord\[, .. is written Coord_Mass_Label in the left-
multiply convention, and Label_Mass_Coord in the right-multiply convention.

A variable representing the scalar mass mep; is written Mass_0bj in either con-

vention; the meaning will be clear from the type of the variable.

A variable representing 9979 1, is written Coord_Center_MOI_Obj in the left-
multiply convention, 0bj_MOI_Center_Coord in the right-multiply convention.
The center frame is left out if it is the center of mass, as for an object of type
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SAL.Gen_Math.DOF_6.CM_Mass_Type. It is also left out if it is the same as the
coordinate frame.

3.4.3 Derivations

See any basic physics book for the parallel axis theorem.
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Chapter 4

Miscellaneous

4.1 Velocity aberration

4.1.1 Reference

Star sensors that determine a direction to a star (for example, star trackers,
guide telescopes, or sun sensors) depend on the velocity of photons from the
stars, which is then subject to the velocity transform ZGI=Tl). When the veloc-
ity of the spacecraft is not parallel to the velocity of the photons, the spacecraft
perceives the star direction as having shifted relative to the true direction. This
effect is called “velocity aberration”.

For star sensors that sense only a single star (guide telescopes and sun sensors),
flight software needs to compute the true unit vector to the star, and a simulator
needs to compute the aberrated unit vector.

Assume the star is fixed in some inertial frame i. Define the moving frame sci

95
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to translate with the spacecraft, but stay parallel to the fixed frame. Then:

P . i~
MNge—star = To Unit_Vector(’ Nsc—star +

K2

7
. “Veri
~ ~ iVsct
scinscfstar X (Scinscfstar X ))

c
= To_Unit_Vector(’ ;Ase_star +

% .
i Vsci

) — VT) (4.1.1-1)

R i oA
scinsc—star (Scinsc—star :

i A . N
teilsc—star = To_Unit_Vector((fisc—star —

%
. . AV
N i i Vsct
insc—star X (insc—star X c ))

. N
= To_Unit_Vector(‘fse_stqr —
i
i i i Vsci
Msc—star (insc—star :

)+ ) (4.1.1-2)

The notation iciﬂsc_stw is a bit confusing; it is a unit vector, expressed in the
stationary inertial frame, giving the direction from the spacecraft to the star as
measured in the moving inertial frame. The two forms for each equation are

equivalent, due to the vector identity a x (b x ¢) =b(a - ¢) — c(a - b).

Star trackers use multiple stars to determine an orientation frame. If the star
tracker knows the spacecraft velocity, it will use to deaberrate each star vector
before combining them to compute an orientation.

However, if the star tracker does not know the spacecraft velocity, then it as-
sumes % Nge—star = :Mge—star, and computes a frame that is slightly rotated
from the true spacecraft orientation. We define the frame ab to be the frame
measured by the star tracker, using the apparent direction to the stars.

If the star tracker field of view is narrow enough, all of the stars are aberrated
by approximately the same amount, and we can approximate either ‘g, gsq, OF
¢ iDse—star DY “Npore, the boresight of the star tracker. This allows us to correct
quaternions output by star trackers that don’t know the spacecraft velocity,
without knowing individual star vectors.

In flight software, we have ‘fy,.., and we need to find the active quaternion
"Qab—i that rotates the frame measured by the star tracker to the true inertial
frame:

PN %
Npore X ;Vsci

‘Qup_i = rotvect_to_quat(— ) (4.1.1-3)

c

In a simulator, we also have ..., and we need to find the opposite quaternion

Z-(Qifab:

- N N
"Qicap = rotvect_to_quat(M) (4.1.1-4)
c
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Note that in applying [ETI=3) or [EELI=), we must use the active quaternion;
this is mot a simple rotation of frame coordinates. See the example section

ET3) for details.

For an example magnitude, the velocity of the Earth in orbit around the Sun is
approximatly 30_.000.0 meters per second. Then < = 0.000_1, and the maximum
aberration is 0.000_1 radians.

4.1.2 Coding

The function SAL.Gen_Math.Gen_DOF_3.Light_Vector_Transformimplements
ETTD).
The function SAL.Gen_Math.Gen_DOF_3.Gen_Wertz.Light_Vector_Rotation

implements [ETTA).

4.1.3 Example

Consider a spacecraft and star in the geometry shown in figure ET3T We
assume the boresight of the star tracker is pointed towards the star; ‘Npore =
(0.0,0.0,1.0).

star

i

. i Vphoton
Z
o«

iy

sci Y photon

i
spacecraft Ve

Figure 4.1.3.1: Star tracker aberration velocities

The magnitudes of the velocity vectors are not to scale, and the angle of aber-
ration is grossly exaggerated, for clarity.

! .iVphoton is the apparent velocity of the photon in the moving spacecraft frame.

sct
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i A Sab
7 a
inscfstar

,L’ A
scillsc—star

7: A
Ngcvel

~_|

eab

PN RN
sciphoton Xphoton

Figure 4.1.3.2: Star tracker aberration unit vectors

04 is the effective rotation angle due to aberration; ‘s, is the aberration vector.

Now we put in some numbers, using right multiply quaternions, and compute
teillsc—star four different ways. See spacecraft_math_examples.adb, section
Aberration, for the corresponding Ada code.

Nphoton = (0.0,0.0, —299792456.199999988)
ﬁﬁsc,star = To_Unit_Vector(—ﬁvphoton)
= (0.0,0.0,—1.0)
ivee = (30000.000000000,0.0,0.0)

First we use the classical velocity transform ZGI=1):

icivphoton,l = ;:Vphoton - ;:Vsc
= (—30000.000000000, 0.0, —299792456.199999988)
iciﬁSC*Stm”-,l = To_Unit_Vector(—icivphot(m)

= (0.000100069, 0.0,0.999999995)

Now we use the full Lorentz transform ZG1=2):

icivphotonz = Lorentz_Transform(ﬁVp;wton, —ﬁvsc)
= (—30000.000000000, 0.0, —299792454.698961556)
iciﬁSC*StmﬁQ = To_Unit_Vector(—icivphot(m)

= (0.000100069, 0.0,0.999999995)
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Now we use [EELI=2):
iciﬁscfstar.ﬁ = Light_Vector_Transform(éﬁsc,star, _icivphomn)
= (0.000100069, 0.0,0.999999995)

Now we use [EELTA):

fpore = (0.0,0.0,1.0)

Q= Light_Vector_Rotation(iﬁbore, évsc); active

= (0.0,—-0.000050035,0.0,0.999999999)
Z;ciﬁsc—stu,r,él = ﬁﬁsc—star i—abQi (413'1)

(0.000100069, 0.0,0.999999995)

Note the frame labels in . ¢, fge_star is not ®Phge_siar; by definition, ®hg._spor =

%flsc,smr, which is why the ab frame is wrong in the first place.
All four computations give the same result for £ fige_star-
Finally, we compute the aberration vector ‘sgy:

7 I [N
Sab =  geillsc—star — jNsc—star

= (0.000100069, —0.000000000, —0.000000005)

Now we show that photons at other angles to vy, are also bent towards the
velocity direction (“fNpere is adjusted to point towards the star):

M star = (0.707106781,0.0,0.707106781)
t e war = (0707156810, 0.0,0.707056748)
isep = (0.000050031,0.0, —0.000050035)

Mo star = (—0.707106781,0.0,0.707106781)
ilse star = (=0.707056741,0.0,0.707156818)
‘s, = (0.000050038,0.0,0.000050035)
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4.1.4 Derivation

To derive (L), we express the photon velocity with respect to the two frames
1, sci as ¢ times a unit vector pointing from the spacecraft to the star. We also
represent the spacecraft velocity similarly:

;:VphOtOﬂ = —C Z:ﬁsc—star
Zgcivphmfon = —C Zgciﬁsc—stu,r
3 = |§Vsci|

B C
EVSCi = Cﬂ Eﬁvsc

These velocities are related by the Lorentz transform [ZGI=2). Keeping only
terms to first order in 3, and solving for ‘fis._ssar, this reduces to @ILI). We
renormalize the unit vector, because some precision is lost in keeping only terms
to first order in beta. See

derive_velocity_aberration.maxima for details.

ETT) is found from EII) by symmetry; the Lorentz transform works in
both directions. Swap ¢ and sci post and pre subscripts, and negate ;v;.

ETI=]) is found from letting ©; Ase—star = “Dpore in @), applying the vector
identity a x (b X ¢) = b(a - ¢) — ¢(a - b) and finally applying units_to_quat:

gvsci )

i i i i
MNse—star = Npore + Npore X ( Npore X

7;V i Z.V i
RN . in i i i vsct ivVsct
MNsc—star = Nyore + nbore( Npore * ) - c

‘Qup—i = units_to_quat("Npore, Mo star) (4.1.4-1)

where units_to_quat is given by [Z3I=IY) (for left-multiply) or EZ3I=30 (for
right-multiply). Expanding and once again keeping only first order terms in
2, this reduces to EII=J). See derive_velocity_aberration.maxima for
details.

ETT=) is again found by symmetry.

ETI) agrees with Wertz eqn 5-52, which is:
A9 = Zsin(o)
¢

where Af is the aberration magnitude, and 6 is the angle between ‘v, and
S“'flsc,smnab. Note that Wertz does not carefully define the sign of the aberra-
tion angle.

More importantly, (L) and ETI=3) agree with the Galileo star tracker, which
performs velocity deabberation in the star tracker, and has been tested in space.
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4.2 Propellant tank inertia

The fuel or oxidizer (collectively called “propellant”) in a tank contribute sig-
nificantly to the mass moments of a spacecraft. In addition, since the propellant
is expelled as thrusters are fired, the mass moments change over time.

Modeling the exact mass distribution of propellants in free-fall is very difficult;
they slosh around in the tank as different thrusters are fired, and are influenced
strongly by surface tension when thrusters are not firing. Generally there are
anti-slosh structures in the tank that also influence the shape.

The important aspects for real-time simulation are that the total mass be correct
(since that affects the acceleration due to thrusters), the center of mass be
nearly correct (since that affects the moment arm for torque from thrusters),
and the moment of inertia be reasonable (it is usually small compared to the
total spacecraft moment of inertia). Thus it is usually sufficient to approximate
the propellant shape in the tank by some simple shape.

Typically we know the total mass of the propellant by integrating mass flow thru
the thrusters, and need to compute the shape from that and the tank geometry.
We also need to compute the center of mass and moments of inertia, about the
center of mass of the propellant. See B4l for more on the math of masses.

A simple shape to compute is a sphere. One advantage of this approach is it
requires no knowledge of the actual shape of the tank.

A more accurate shape that can be computed is a spherical section. When a
single thruster is fired for a long time, with sufficient force to overcome surface
tension, the propellant in a spherical tank will settle into a spherical section (if
the anti-slosh device allows this). Computing the height of the spherical section
requires complex arithmetic; the center of mass and moment of inertia are more
straight-forward.

4.2.1 Reference

For a sphere, given a total mass m and propellant density p, the radius r and
moment of inertia I.,, about the center of mass of the sphere containing m are:

3m 1

ro= (4@)3 (4.2.1-1)
2

Iew = gmr2 (4.2.1-2)

The center of mass is at the center of the sphere. Note that this makes no
assumption about the shape of the tank. The center of mass and moment of
inertia about some point on the tank can be found via the parallel axis theorem

smne)
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For a spherical section, we assume the tank is oriented with Z the axis of sym-

metry EZTT).

N>

»>

Figure 4.2.1.1: propellant tank spherical section geometry

Given tank radius R, the height of the propellant h above the bottom of the
tank is given by:

V3i 1

¢ = 373
A = V3iyvm/]4m R3p—3m]
N 2mp
B 27 R3p—3m
2mp
U = (B+A)
R2( U
= U + Z +R (4.2.1-3)

where ¢ is v/—1, and ( is a complex cube root of —1; evaluating this equation
requires complex arithmetic. h will always be real, of course.

U will never be zero for a real mass. However, the argument of the square
root in A may be slightly negative due to round off error when the tank is full
(h = 2R); thus we take the absolute value to ensure it is positive.

Given h, the height of the center of mass above the bottom of the tank is:
h (8R—3h)

Zem = m (4.2.1-4)

The moments of inertia about the center of mass are:
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371 (20R? —15h R+ 31h%) p

emp., = 4.2.1-5
h3 (20R2+15h R —9h?
oy, = T ) p (4.2.1-6)
60
M = "I, (4.2.1-7)

= bOtImc — mzzm (421—8)

4.2.2 Coding

The package SAL.Gen_Math.Gen_Tank implements these equations. For the
spherical section complex arithmetic, Ada.Numerics.Generic_Complex_Types
and Ada.Numerics.Generic_Complex_Elementary_Functions are used.

4.2.3 Derivation

The mass of a sphere of radius 7 is:
4

m = —mprd

3
(EZTD) is obtained by solving for . The moment of inertia of a sphere can be
found in any basic physics textbook.

We present an outline of the derivation for the spherical section here; for details,
see derive_spherical_section_moi.maxima.

The mass m(h) of a spherical section of height h is found by integrating thin
disks with mass mg(z) along the z axis. First we find the radius r(z) of a disk
at height z above the bottom of the sphere:

h
m(h) = /Omd(z)(z) dz
mr(z)?

)P

r(z) = V2Rz-— 22

71'(3h2R—h3)p
3

h is found by solving this cubic equation using Cardano’s method (wikipedia).
See derive_spherical_section_moi.maxima for details; Maxima’s solve im-
plements Cardano’s method. Simple experimentation shows that Maxima’s first
root gives h in the range 0 to 2R.


http://en.wikipedia.org/wiki/Cubic_equation
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To show that U is never zero, consider B + A:

. ﬁi\/ﬁ\/4wR3p—3m+ 27 R3p—3m

2mp 2mp

Since the first term is imaginary, and the second real, this can only be zero if
both are zero simultaneously. That would require:

o 47 R3p
3

o 27 R3p
3

which is clearly impossible.

The center of mass z., (h) is the integral of zmy(z), divided by the total mass:

h
zmg(z) dz
Zcm(h) = fO
m(h)
The moment of inertia about the z axis is the integral of the moment of inertia
of disks about the z axis:

mg(z) *r(2)?

chzz—disk (Z) = 9

h
CmIzz - / (lezzfdisk (Z) dz
0

The moment of inertia about the x axis at the bottom of the tank *°I,., (not
the center of mass) is the integral of the moment of inertia of disks about the
x axis "' I, _gisk(2), using the parallel axis theorem ([EZI=3). Then one more
application of BZI=J) gives the moment of inertia about the x axis at the
center of mass ™ [,,:

ma(z) r(2)?

P L po—disk(2) = —— tma(2)
h
bOthw = / (bOtImm—disk (Z)dZ
0
mTLIzz _ boiEIzz _ sz

cm

The last computation is not worth expanding.

4.3 Firing thrusters

When integrating equations of motion for the spacecraft, the spacecraft mo-
mentum is one of the state variables being integrated. Therefore we need to
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compute the change in spacecraft momentum due to firing thrusters. In this
case “spacecraft” includes all the propellant still on board the spacecraft, but
not the propellant that has been expelled; the mass of the spacecraft changes.

When thrusters fire, there are two effects on the momentum of the spacecraft.
One is due to the reaction force of the escaping gases (the nominal thruster
force), the other is due to the portion of total momentum carried by those
gases.

4.3.1 Reference

The rate of change of spacecraft linear momentum and angular momentum due
to firing a thruster is given by:

VPrem = —11 Y Vo + Y fons (4.3.1-1)

SccmLsc - Sysrsccmfthr X Sysfthr (431‘2)

where fi, is the force exterted by the thruster on a test stand, 77 is the rate
at which propellant mass is expelled, and V¢, is the velocity of the spacecraft
center of mass in an inertial frame.

Note that we define m to be positive for a thruster firing.

4.3.2 Example

To see the two effects, consider a simplified model consisting of two solid masses;
my representing the propellent that will be expelled, m the remaining space-
craft mass. Initially, both are moving with some velocity Vseemo (figure EXZ);
this will typically be the orbital velocity, which is large compared to the change
in velocity due to thruster firings. Then we fire an imaginary thruster for a short
time, which separates the two masses; they are now moving with velocities v,

Vseem1 (figure E32).

Vscem0

Figure 4.3.2.1: simplified spacecraft and propellant
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/vsccml
‘\Vpl

mp ms

Figure 4.3.2.2: simplified spacecraft and propellant after firing

Now put in some numbers. Assume Vg, is initially in the x direction, and the
thruster is fired in the y direction.

Mscemo = 500 kg
Vseemo = (1000.0,0.0,0.0) m/s
fin = (0.0,500.0,0.0) N
m = 0.5kg/s
At = 10 seconds

We integrate [EZI) over the thruster firing, assuming the thruster force is
constant over that time, and assuming the change in spacecraft velocity is small
compared to the initial velocity. Doing the integration numerically without
these assumptions gives very similar results.

APsccm - (_mvsccm + fthr)At

Computing AP and Veema:

AP,. = (—0.5%(1000.0,0.0,0.0)+ (0.0,500.0,0.0)) * 10.0
= (=5000.0,5000.0,0.0)

P.o = (500000.0,0.0,0.0)

P... = (495000.0,5000.0,0.0)

Mser = 495

Vseem1 = (1000.0,10.10,0.0)
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Note that the spacecraft velocity in the x direction does not change, as ex-
pected. The momentum in the x direction does change, because the mass of the
spacecraft changed; the “missing” momentum is carried away by the expelled
propellant.

If we had left out the mvgeem, term, we would have had:

AP, (0.0,500.0,0.0) * 10.0
= (0.0,5000.0,0.0)
P..o = (500000.0,0.0,0.0)
P..; = (500000.0,5000.0,0.0)
Mse1 = 495
Vseerm1 = (1010.10,10.10,0.0)

which is clearly wrong; the velocity in the x direction has changed with no force
applied in the x direction.

4.3.3 Derivation

The integration of linear momentum is performed in an inertial frame not located
at the system center of mass; the initial velocity of the spacecraft cannot be
taken to be zero.

If we take the system to include both masses, there are no external forces acting
on the system, so momentum is conserved, and we can solve for vscem1:

Ptotal—O = (mp + ms)vsccmo

Ptotalf()

Ptotalfl
= MpVp1 + MsVsceml
MsVscem0 + mp(vsccmO - Vpl)

ms

Vsceml =

Now compute the change of momentum of the spacecraft:

PscO - (mp + ms)vsccmo
Pscl = MgsVsceml
A]?sc = Pscl - PscO

MsVseceml — (mp + ms)vsccmo
MsVscem0 + mp(vsccmo - Vpl) - (mp + ms)vsccmO

= TMpVpl

We can write v,; as the sum of two components; the initial velocity, and the
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change due to firing the thruster:
APsc = _mp(vsccmO + Vthr)

The first term is the portion of initial spacecraft momentum carried away by
the expelled propellant; the second term is the nominal force due to firing the
thruster.

To convert this to a differential equation, divide by At, and let At => 0:

Psc = _m(vsccmo + Vthr)

. sys
= —MVgeemo + Y fthr

A note on terminology. Since MmVgeemo has the dimensions of a force, we could
call it a “force”. However, that goes against the common notion of forces. For
one thing, the magnitude of " Vvg..mo depends on the choice of inertial reference
frame; if we switch to a second frame that is moving with respect to the first,
Vscemo changes.

So we avoid calling this a force, and simply make sure it is included in the
integration code.

Since we cannot find a reference that describes the mvgeemo, we need to do a
similar analysis for angular momentum, to see if there are any similar terms
there.

The integrator state variable is the angular momentum of the spacecraft about
its center of mass. The integration is performed in the spacecraft center of mass
frame. Figures 331l and show the relevant variables.

Because the integration is performed in the spacecraft center of mass frame, we
can use an inertial reference frame located at the system center of mass for this
analysis. The spacecraft is initially at rest in this frame, since the spacecraft is
the only mass present.

There are three frames of interest:

e the system frame sys, which is inertial, located at the system center of
mass, and moving with respect to sys

e the spacecraft frame sc, which is fixed in the body of the spacecraft, and
moving with velocity *¥*v,

e the spacecraft center of mass frame sccm, which is moving with velocity
SYSv4eem, rotates with sc, but translates relative to sc as the thruster is
fired

Note that *¥*vg..p, is not equal to *¥*vy., since the spacecraft center of mass is
moving in the sc frame as the propellant is expelled.
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Wsco
scemy o
sc
C_msco
>
cm
s Vscem0 = 0

Figure 4.3.3.1: spacecraft angular momentum before firing

Wscl
scemy
mp scl
Vp1 . C.mscl
CMsys Vsceml > 0

Figure 4.3.3.2: spacecraft angular momentum after firing
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The total system angular momentum, taken about the system center of mass,
before and after firing is:

SySLtotalfo _ ScchscO sccmwsco

sYs __ scem scem

Y Ltotalfl - Iscl Wsel +
mp vy X Yy 4+

SYs SYs
Msecl Y Vscem1 X Y Tsceml
The total system linear momentum is:
SYSs SYSs
Y Ptotalfo = Msco Y Viscem0
SYSs SYSs SYSs
Y Ptotalfl = My Y Vp1 + ms Y Vsceml
Since *Y9vgeemo = 0, setting these equal gives:
syYs _ sYs
myp Y Vp1 = —Mg Y Vsceml

= "VlneAt

The location of the thruster on the spacecraft *¥°rg.cm_inr is:

sy

sys s sys
Y Tsceml—thr Tpl — Y Tsceml

Then we can write ¥*Liytq;—1 as:
sys __ scem
Y Ltotal—l = Iscl Sccmwscl +
sYs sYs
At %Y fthr x Y Tsceml—thr
Setting *Y*Liotai—1 = *Y*Liotar—0, we have:
SCmnIscO Mgy = Scmn:[scl SCMwge1 +

sys sys
At %Y fthr x Y Tsceml—thr

seem . 5w, is the angular momentum of the spacecraft about the spacecraft
center of mass *““"Lg.. The change in this momentum is:

scem scem scem
A Lsc = Lscl - LscO
sys sys
= At¥ Tscem—thr X Y fthr
scem sYs sYs
Lsc = Y Tscem—thr X Y fthr

Which agrees with standard physics texts; no surprise terms.
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Articulated Mechanisms

An articulated mechanism is a single open chain of joints connected by rigid
links. The joints can be rotational or translational.

Given the joint positions, we are interested in computing the pose of the last
link and the mass moments of the mechanism; this is the forward kinematics
problem.

5.1 Specifying Geometry

We need to be able to compute the transform from each joint to the next, and
ultimately from the base of the mechanism to the tip. This requires specifying
the joint geometry (how it moves), and the link geometry (the rigid connection
between joints).

Joints may be revolute (rotating) or prismatic (sliding linearly).

In the robotics literature, joint and link geometry is usually specified by Denavit-
Hartenberg (D-H) parameters ([2], [1, section 3.3]). They allow a single parame-
terization format to specify the geometry of arbitrary joints. The SAL software
uses D-H parameters for articulated mechanisms in general.

However, the spacecraft community does not typically use D-H parameters.
Therefore we define a different parameterization, corresponding to common us-
age at NASA Goddard Spaceflight Center.

71
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5.1.1 Reference

Denavit-Hartenberg Parameters

There is a coordinate frame ¢ attached to each link. Unfortunately, there is
disagreement about where to locate this frame; [2] places it at the end of the
link farthest from the base, [I] places it at the end closest to the base. We follow
[[]. The link frame origin is on the joint axis, at the point where that axis is
closest to the next joint axis. Note that this may be outside the physical link.
The joint motion is along or about the Z axis of the link frame. The X axis
points to the next joint. The transform from one link frame to the next is given
by 5 parameters for joint i:

Name Description

ai—1 translation along x;_1 from z;_1 to z;
(a7 rotation about )A(l',l from ii,1 to 21
d; translation along z; from %X;,_1 to X;
0; rotation about z; from X;_1 to x;

For revolute joints, 6; is the joint position. For prismatic joints, d; is the joint
position.

Joints are typically numbered starting at 1, but some situations may require
other numberings.

Denavit-Hartenberg places restrictions on the orientation of the base frame rel-
ative to the first link frame; it can only be a rotation about %X. So we define
an additional parameter base . where base is the desired arbitrary mechanism
base frame, and dh is the base frame required by Denavit-Hartenberg.

We also define a final arbitrary frame tool specified by the parameter lastp, .
In spacecraft, the “tool” will typically be an antenna or solar panel.

The first and last links in the chain need special attention.

The first link (closest to the base) has no previous link, so we define the previous
link frame to be the dh frame. Typically, the dh frame is located at the first
joint, and parallel to the first link frame when the joint is at 0.0, so aq, and agp
are 0.0.

The last link (farthest from the base) has no second joint, so djgs: and 645 are
set to 0.0.

The mass of each link is specified in the link frame; *M;. We allow for a separate
tool mass; in robotics applications that can change often.
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Left multiply To compute *~1T;:

Ty
Ty
Tz

Qu

Qy

Q:

Qs

A

—sin(a)D
cos(a)D
sin(a/2)cos(6/2)
—sin(a/2)sin(6/2)
cos(a/2)sin(0/2)
cos(a/2)cos(6/2)

Right multiply To compute ;T¢ !

Tx
Ty
Tz
Qu
Qy
Q-
Qs

Base at Nominal Parameters

A

—sin(a)D

cos(a)D
—sin(a/2)cos(0/2)
sin(a/2)sin(0/2)
—cos(a/2)sin(0/2)
cos(a/2)cos(6/2)
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(5.1.1-1)

(5.1.1-2)

In spacecraft usage, joint and link geometry is typically specified by giving the
axis of motion and the offset to the axis of motion of each joint relative to the
base frame of the mechanism, when the mechanism joints are at some nominal

position (typically, but not always, 0.0).

Only revolute joints are currently

supported. In that nominal position, the link frames are all parallel to the base

frame.

We call this the “base-at-nominal” parameterization. The parameters are:

Name Description

baser. translation from the mechanism base to
joint i, with all joints at G,0m

Axis  axis of rotation for joint i; +-X, +-Y,

or +-7

Onom  nominal position of joint i

In practice, because the axes are all at right angles to each other, and typically
some intersect, it is easy to convert this parameterization to Denavit-Hartenberg

manually. So we do not present an algorithm for that process.
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The mass moments of each link are specified in the base frame. They must be
transformed to the Denavit-Hartenberg link frames. This is a different transform
for each link, but it is usually simple to derive.

5.1.2 Coding

The package SAL.Gen_Math.Gen_Den_Hart implements the Denavit-Hartenberg
parameters. The child package SAL.Gen_Math.Gen_Den_Hart.Gen_Wertz pro-
vides To_Pose for right-multiply quaterions; SAL.Gen_Math.Gen_Den_Hart.Gen_Left
for Wertz.

5.2 Mechanism pose, mass

5.2.1 Reference

Given the Denavit-Hartenberg parameters, the pose of the tool frame relative
to the base frame ?*5°T,,,; is given by multiplying all the link transforms.

Similarly, the total mass moments of the mechanism ®***M;,;q; are found by
adding the mass moments of each link. Since this requires ***¢T;, we can com-
pute the pose and the mass in the same loop.

Left multiply

baseTl _ baserhthl
baseMtotal _ baser]:wlllv_[1
for i in 2 .. 1last loop
baseTZ_ _ baseTiiliflTl_
P Miorar = add(" M, "***Miotar, "**T;)

end loop

b b last

aseTtool = aseTi @3 Ttool

baseMtotal - add(tOOlMtoolv baseMtotalv baseTtool) (521‘1)
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Right multiply

1Tbase _ 1Tdhthbase
b 1 b
“Miotar = My T
for i in 2 .. 1last loop
inase _ Z.r:[wi—li_lr:[wbase
P Myorar = add(" M, "***Miorar, i T***°)
end loop
toolTbase — toolTlaStinase
b tool b b
aseMtotal - add( o0 Mtool; aseMtotal; toolT ase) (521‘2)

5.2.2 Coding

The packages SAL.Gen_Math.Gen_Manipulator.Gen_Left,SAL.Gen_Math.Gen_Manipulator.Gen_Wertz
implement these equations.
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