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Angular Velocity and Partial Angular Velocity

Summary

This unit focuses on the matrix-based calculation of vector components of angular velocity and partial
angular velocity matrices. The calculations are performed using fixed frame and body frame components and
are based on absolute and relative coordinates. Both orientation angle derivatives and angular velocity
components are used as generalized speeds. Algorithms are developed for the efficient calculation of these

quantities for multibody systems.
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Introduction

As presented in Unit 1 of this volume, the degrees of fireedom of a multibody system can be represented by
absolute coordinates, relative coordinates, or both. As defined herein, absolute coordinates are measured relative
to a fixed frame, and relative coordinates are measured relative to other bodies in the system. This unit focuses
on matrix-based calculations of angular velocities and partial angular velocities in terms of both absolute and
relative coordinates. The vector components are resolved in both fixed frames and body (rotating) frames. Both

angle derivatives and angular velocity components are considered as generalized speeds.
Angular Velocity & Partial Angular Velocity Using Absolute Coordinates
Angular Velocity Using a 1-2-3 Body Fixed Rotation Sequence (6’ 51-95,0 33)

To describe the orientation of rigid body B :( e,,€,,€ 3) of a multibody system relative to a fixed reference

frame R: (Jyl,zyz,zy3) using a body fixed orientation angle sequence, a set of intermediate reference frames

R:(N,N;,N;) and R":(N/,N5,N;) can be defined as shown in Unit 5 of Volume I. These intermediate

reference frames can be used to calculate the angular velocities of bodies. For example, using a

1-2-3 body fixed rotation sequence, the angular velocity of body B can be written as follows.

R

R R’ R" . A ’ A "
Op="0Op+ Op+ Og=0pN,+05,N,+0,N; (1)

If [RRR,] is the transformation matrix that describes the orientation of frame R’ relative to frame R and [R'RRH]

is the transformation matrix that describes the orientation of frame R" relative to frame R’, then the following

equations can be written relating the unit vectors in each of the frames.

N N, Ny N N,
N, =|:RRR’:| N, | and |3 N} =[R’RR”:| Ny =|:R'RR":|[RRR':| N,
NG Ny N3 NG Ny

1 0 0 Cpy 0 =Sp
|"Re =0 Cyp S| |[FRe]=| 0 1 0
0 —S, Cy Sgpr 0 Cpy

Cp, 0 =Sp |1 0 0 Cpy SpSzp  —CpSp
|:RRR"i||:RRR'] = 0 1 0 0 s Sm|=| 0 Cp S 1
SBZ 0 CB2 0 _SBI CBI SBZ _SBICBZ CBICBZ

Here, S, and C,, (i=1,2,3) represent the sines and cosines of the angles 8, (i =1,2,3).
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The fixed frame components of N, are given by the second row of [RR R,} , and the fixed frame components

N? are given by the third row of [R'R Rn}[RR R,] . Hence, the fixed frame components of the angular velocity

vector of body B can be written in matrix form as follows.

@ p 1 0 S
@py =05 700+05,4Cp 1 +0539-85Cp,y
@ g3 0 S g CpCpy

@y, 10 Ssa Oy
Wgy t =10 Cp —=S5Cpy |105, ¢| (fixed frame components of “w,) @)
Wp3 0 Sz CyCh || s

Note that the first column of the coefficient matrix holds the fixed frame components of N, , the second column
holds the fixed frame components of N, , and the third column holds the fixed frame components of N7 .

The same approach can be used to determine an equation for body frame components. In that case, write

R

_ R R’ R" . ' 0 " 0
Wp="Op+ Op+" @p=0yN +03N)+0s ¢,

If [R'RR”} is the transformation matrix that describes the orientation of frame R" relative to frame R’, and

[R”RB] is the transformation matrix that describes the orientation of body frame relative to frame R", then

NY € N NY €
" T , . T , , T on T
N; =[RRB:| ey | and |3V, =[RRR”:| N3 =|:RRR”:| |:RRB:| €
NY €; N N €;
Here,
Cps —Sp 0
" T
[RRB] =| Sz Cps
0 0 1
CB2 0 SBz CB3 _SB3 0 CB2CB3 _CBZSBS SBz
R Trg r
[ “Re | [¥Ry[ =] 0 1 0 |ISy Cp 0|=| Sy C s 0
_SBZ 0 CBZ 0 0 1 _SBZCB3 532533 CBz
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, Tropr AT
The body frame components of N are given by the first row of [RR Rn] [R R B] , and the body frame

" T
components of N, are given by the second row of [R R B] . Hence, the body frame components of the angular

velocity vector in matrix form can be written as follows.

@'y Cp,Cps Sps 0

@'y, =931 —C 3,5 p3 +932 Cps +933 0

W'g3 S pa 0 1
Or,
wp, CpoCpy Spy O 931
Opy ¢ =| —CpySp; Cpy 0|26, (body frame components of “@,) 3)
Wps Sp 0 1]|6s

Note that the first column of the coefficient matrix holds the body frame components of N/, the second column
holds the body frame components of N, and the third column holds the body frame components of ¢, .

The results of Equation (3) can also be found in Appendix II of Kane, Likins, and Levinson, Spacecraft
Dynamics, McGraw-Hill, 1983. The text has results for many other body fixed, orientation-angle sequences as

well.

Partial Angular Velocities Using Orientation Angle Derivatives as Generalized Speeds

Using the time derivatives of the orientation angles as generalized speeds, the partial angular velocities of

body B of the multibody system are the partial derivatives of “@, with respect to 0 5 (1=1,2,3). Specifically,

R I  C
06, - 06y,

GR@B _
80, !

_ A"
=N

These results can be conveniently expressed in fixed frame or body frame components. The fixed frame

components of the partial angular velocity vectors can be written as follows.

1 0 S
R R R B2
—869.@3 - {Ra)B, o, } =<0 %9@3 N {RQJB, 9“} =<Cyp %e@B N {RwB,ém} =1-84Cs,
Bl 0 B2 SBI B3 ‘

CBICBZ

These results can be expressed in a single matrix equation as follows.

R
[ Dp 6, J s 0 Cp —S5Chp
0 SBI CBICBZ
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Here, [Ra)B’ QJ is the partial angular velocity matrix of body B with respect to the angle derivatives expressed

using fixed frame components. This is the same as the coefficient matrix in Equation (2). Regarding notation,
note that the notation “,8,  in the subscript indicates partial differentiation with respect to the time derivatives

of the orientation angles of body B .
Using the same process, the body frame components of the partial angular velocity vectors can be written as

a single matrix as follows.

CpCps Spz O
|:Ra);3,9'3 ] s —CpySp; Cpy O (body frame components) (5)
Sz, 0 1

Here, [Ra);’ 0, } is the partial angular velocity matrix of body B with respect to the angle derivatives expressed

using body frame components. This matrix is the same as the coefficient matrix in Equation (3). A prime

(ie., “

Finally, using Equations (2) and (4), the fixed frame angular velocity components can be written in terms of

@' ) has been used to indicate body frame components.

the partial angular velocity matrix as follows.

Wpy 10 Spa éBl
{wB} = @z, 1 =10 Cp —S5Cp, 9_32 2 [RC"B, 0, J{HB} (fixed frame components) (6)
Wps3 0 Sz CypCyy ||k

Similarly, using Equations (3) and (5), the body frame angular velocity components can be written in terms of

the partial angular velocity matrix as follows.

Wp, CpoCpy Sp; O éBl .
(O} 2w, = —C5yS5, Cpy 0 O 2 [Ra);’éB ] {493} (body frame components) (7)
Wp3 Spa 0 1]|6;

1. Because each column of the partial angular velocity matrices [

!

Ra)B, 93} and [Ra)& 9'3} represent the

components of partial angular velocity vectors, the entries of the matrices depend on the choice of

reference axes. Fixed frame and body frame components are presented here.

The entries of the partial angular velocity matrices [Ra)B J } and [Ra); 6 ] also depend on the orientation
»Up »Up

angle sequence. Results for a 1-2-3 body fixed orientation angle sequence are presented here. Results for

other body fixed orientation-angle sequences can be derived using the same process.
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Partial Angular Velocities Using Angular Velocity Components as Generalized Speeds

Consider now using angular velocity components as the generalized speeds for abody B . Using fixed frame

components of ch 5 as the generalized speeds, the partial angular velocity vectors are as follows.

R
0wy _
. 1Y

0y,

aR@B =N 8RQ)B =N
Owp, -! Owg, -2
The
1
|:Ra)Bst i|3><3 - [[] 3x3 = 0
0

S = O

- O O

corresponding partial angular velocity matrix is the 3x3 identity matrix.

(fixed frame components) (8)

Using body frame components of Ra) 5 as the generalized speeds, the partial angular velocity vectors are

R
0 Wy

—8 €3
Wps3

R R
The
1
[R”é,w; ]M =[1],, = 8

(=

—_ O O

corresponding partial angular velocity matrix is again the 3x3 identity matrix.

(body frame components) )

As above, the fixed frame and body frame components of “, can be written in terms of these partial angular

velocity matrices as follows.

o] [1 0 0][awg

{wg} 21w 1=0 1 0|, é[Ra)BwJ{a)B}
@p3] |0 0 1]| @
oy [1 0 0]

(@} 210 t=10 1 0wp, é[Rcol'ng{a)g}
@z ] |0 0 1|

(fixed frame components) (10)

(body frame components) (11)

1. Comparing Equations (6) and (7) with Equations (10) and (11), it is obvious that using angular velocity

components as generalized speeds simplifies the partial angular velocity matrices.

2. The partial angular velocity matrices of Equations (10) and (11) are not dependent on which method is

used to describe the orientation of the body. Any set of orientation angles or Euler parameters can be

used.
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Angular Velocity and Partial Angular Velocity Using Relative Coordinates
Angular Velocity Using a 1-2-3 Body fixed Rotation Sequence

Consider now the two-body system shown in the diagram. It may be

N.

convenient at times to express the angular motion of body K relative to ~3

another body in the system such as body J. To this end, let the angles

0, (i =1, 2,3) be the orientation angles of body J measured relative to A
R

the fixed frame R, and let the angles ém (i =1, 2,3) be the orientation = ~J .

l
(8]

angles of body K measured relative to body J. Here, the “hat” on the angle
A

~1

@ indicates the angles are measured relative to another body.

The reference frame in which the motion of a body is measured is referred to herein as the base frame of
that body. So, the fixed frame is the base frame for body J, and the body J frame is the base frame for body K.
The terms fixed frame, base frame, and body frame are used in the sequel.

Given that the body J frame is the base frame for body K , it is convenient to use the summation rule for

angular velocities to find the angular velocity of body K relative to the fixed frame.

R

O = R@J + J@K (12)

If the vectors ch x and ch , are written using fixed frame components and the vector ch x 1s written using body

J frame (or base frame) components, then Equation (12) can be written in the following matrix form for the

components.

{COK}:{wJ}+[RJ]T{JwK}é{a)]}_'_[RJ]T {0 } (13)

Here, {a) J} and {a)K} represent the fixed frame components of the angular velocities of bodies J and K relative
to the fixed frame R, and {c?)K} represents the body J components of the angular velocity of body K relative to

body J. The transformation matrix [R g ]T converts body J components into fixed frame components.

As noted in Equation (2), when using a 1-2-3 body fixed, orientation-angle sequence, the base frame (fixed

frame) components of the angular velocity of body J relative to the fixed frame can be written as follows.

1
{o,}=|0 C,; -S,C), (9 , ¢| (base frame (fixed frame) components) (14)
0

Similarly, the base frame (body J frame) components of the angular velocity of body K relative to body J can be

written as follows.
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10 S, 1%
{Ja)K} 2{dg}=|0 Cyx —SxCxs |46k, | (base frame (body J frame) components) (15)
0 Sy CxiCro éKS

The transformation matrix [R J] that converts fixed frame components into body J frame components can be

calculated as follows. Its transpose converts body J frame components into fixed frame components.

C, S,; 0)|C,, 0 =S5,]1 0 0
[R]=[ "R, || “Re- ][ *Re ]=| =S € 0ff 0 1 0 |[0 ¢ s,
0 o 1S, 0 C, |0 =S, C,
_CJ3 Sz 00|Cry SuSp, =CuSp,
=-S5 C; 0 O Ch S
1 SJ2 _SJICJZ CJICJZ

CCrs CuSp+818,C 818, =CnSpnCys
= [RJ:I = =CSss CnCrs=818,283 SnCrs+CpiS5S83 (16)
Sy =5,C), ChCrr

The results in Equations (14) through (16) can now be substituted into the right side of Equation (13) to

calculate the fixed frame components of chK the angular velocity of body K relative to the fixed frame.

Using this approach, the angular velocity components {a) J} of body J relative to the fixed frame R are

expressed in the fixed frame, and the angular velocity components {d) K} of body K relative to body J are

expressed in the body J frame. In each case, the angular velocity components are expressed in the same frame in

which the body orientation angles are measured, that is, they are expressed in the base frames of the respective
bodies.

Alternatively, the angular velocity components could be expressed in the same body frames. For example,

{w}{} the body K components of ch ¢ can be written as follows.

(o} =R |{@) } +{o;} (17)

Here, {a)}} represents the body J components of the angular velocity of body J relative to the fixed frame R, and
{(?)fK} represents the body K components of the angular velocity of body K relative to body J. The transformation

matrix [JR K] converts body J components into body K components.

As noted in Equation (3), when using a 1-2-3 body fixed, orientation-angle sequence, the body J components

of the angular velocity of body J relative to the fixed frame can be written as follows.
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CnCp S 0 gJ !
{co",} =-C,S,; C,;5; 0 0 ;5 ¢| (body J frame components) (13)

Similarly, the body K frame components of the angular velocity of body K relative to body J can be written as

follows.
CirCs Sz O] 7K1
(@} =| =CySxs Cys 0]46¢, | (body K frame components) (19)
See 0 1|

The transformation matrix that converts body J frame components into body K frame components can be

calculated as follows.

Cxs Sgs 0f|Cxy 0 =Sk |1 0 0
J [ r R’ R _
R J=| "R || "R || "Re |=|=Sks Cxs Off 0 10 |[0 Cpy Sy
0 0 1|Sxk2 0 Cxy ||O0 =Sy, Cpg
_CK3 Sks 0| Cxa SxiSka CriSxr
= SK3 K3 0 0 CKl SKI
L 0 0 1 SKZ _SchKz CKICKZ
CirCrs CiiSks +Sk18k2Cxs SkiSks — CxiSkaCris
= [JRK:I= —Ci2Sks CriCrs =SkiSkaSks SkiCrs + Ci1iSkaSks (20)
SKz _SKICKZ CKICKZ

Using this approach, the components of ch , the angular velocity of body J relative to the fixed frame R are
resolved in the body J frame, and the components of chK the angular velocity of body K relative to the fixed

rame are resolved in the body K frame. The components of ‘o, the angular velocity of body K relative to J are
~ K

also resolved in the body K frame. In each case, the angular velocity components of body J and body K are
resolved in their respective body frames.
Notes:
1. Relative coordinates are often used because the motions between adjoining bodies of a system are more
naturally described in terms of relative coordinates.

2. Unfortunately, the equations associated with the kinematics of the system are usually more complex when

written in terms of relative coordinates.
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Partial Angular Velocities Using Orientation Angle Derivatives as Generalized Speeds
Using Equations (13), (14), and (15), the fixed frame components of the partial angular velocity matrices for

each of the two bodies can be written as

1 0 S,
|:R0)J, 4, ] =10 Cp =5,Cp [Rw ) ] =[0 ]3x3 (fixed frame components) (21)
0 SJ] CJICJ2 '
1 0 S,
[Ra)Kﬂ-J } = [wa,éj ] [Ra)K’éK } =[R,]'|0 Co ~SaCrs (fixed frame components)  (22)

0 SK] CKICKZ
Using Equations (21) and (22), the fixed frame components of the angular velocities of the two bodies can be

written as follows.

o, [1 0 S, 1|0n] [0 0 0]k
{0} 210, =|0 C; =S,C), Q'JZ +10 0 046k,
W), 0 S, C,Cphll0: 0 0 0 éK3 (fixed frame components) (23)
AR ; R A
o wj,éJ}{e,}+[ w}{a}
Wk
{COK}é W
W3
i | 5
1 0 S, 0, 1 0 Skr K1
. T A
=10 Cp =5,Cp ‘?Jz +[RJ] 0 Cxi —SkiCkz |1bk2 (fixed frame components) (24)
0 Sy CuChpn]|bs 0 Sx CxiCk, Ors
[ r ; R A
] wK’é]}{ej}+[ “’K,(;J{QK}
_R . R A
:_ COJ’H'J:|{HJ}+[ wK’éK}{HK}

Using Equations (17), (18), and (19), the body frame components of the partial angular velocity matrices for

each of the two bodies can be written as follows.

CJZCJ3 SJ3 0

[Ra)j],éb ] =1 =CnSy; €3 O RCO;’ i } =[0],, (body J components) (25)
S, 0 1 -
CJ2CJ3 SJ3 0 - CKZCK3 SK3 0
[Ra’%,é, } = [JRK:| —C2S;3 Cp3 O RCU; P } =| —Cx,Sx; Cx; 0] (body K components) (26)
s, o 1| — Se, 0 1
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Using Equations (25) and (26), the same-body components of the angular velocities of the two bodies can be
written as follows.

@)y CpCrs Sy 01[6) 0 0 0"k
(@)} 210, 1= =C)yS;3 Cpy 0 ‘?Jz +10 0 0496k,
@' S, 0 1||6, 0 00 éKs (body J components)  (27)
Al R {e }+ R 0"
= %re, N\ 6, [19%
wy 0 Cy,C S 0 éKl
K1 J1 k2Ck3  Pk3 .
(o} =) ok, :[JRK][Q’},QJ Oy (+| ~CiaSks Cixs 0176k,
Oy 5 0,, So 0 1 ém (body K components) (28)
alR ; R A
2 wKal}{ej}+[ “’K,HJ{QK}

Extension to Multiple Body Systems

The process described above can be extended to systems with many bodies. To do this, consider bodies J and

K to be two bodies within a larger system with J = £(K), that is, with body J as the lower numbered body of

body K. Next, for a system of N bodies, define the system column vector of relative angles as follows.

A n A n n n A n n A n A T
{0}3Nx1=[‘911 Oy O3 - 0, 0 O3 - Oy Oy Oz - Oy Oy 91\/3] (29)

Each set of three angles describes the orientation of a body relative to its lower numbered body. The first set of
angles describes the orientation of body / (system reference body) relative to the fixed frame.
Then, using Equation (13) with base frame components of the relative angular velocity vectors, write the

fixed frame components of R@K the angular velocity of body K as follows.

1
{a’K} = [RCOK,&] {‘9} - {a’J} + [RJ ]T {GA)K} - [ij,é}{é} + [RJ ]T 0 Cxi —SxiCxs éK2 (30)
0 .

Note that ch ), the angular velocity of body J does not depend on éKi (i = 1,2,3), because body J is the lower

numbered body of body K. So, [Ra)K’ P L w the partial angular velocity matrix of body K can be built as follows.
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1. First, set
[RwKﬂJZ»@N =[wa=9}3x3zv (1)

2. Then, set the three columns associated with 0, (i=1,2,3) as follows.

10 S,
K (2,10 Co —SiCro (i=1,2,3; j=1,2,3 k =3K -3+ ) (32)
O SKl CK1CK2 i

For body /, only Equation (32) applies giving the following result.

1 0 Skr
|:Ra)K,5’:|ij =10 Cx —S¢Cka (i =123, j=1,2,3, K= 1)
0 SK] CKICKZ ij

All other entries are zero.
Using Equation (17) with body frame components of the relative angular velocity vectors, write the body

frame components of R@K the angular velocity of body K as follows.

CxCry Sg3 0 ‘Kl
{a);(}=[Ra);<ﬂ.]{é}=[JRK]{a);}+{cb;<}=[JRK][Ra);ﬂ.]{9}+ ~Ci,Sis Crs 040, (33)
Se 0 14

Noting again that “@, the angular velocity of body J does not depend on 9y, (i=1,2,3), R P ]3 ,, the partial

angular velocity matrix of body K can be built as follows.

1.

First, set

R
[ “’K,el

3x3N

IEAl

R 1
70 133N

2. Then, set the three columns associated with 0, (i=1,2,3) as follows.

CKZCKS

R _1 _
[ a)K,élk_ —Cx25k3

SK2

Sk3
Cks
0

0

0 (i=123; j=1,23;k=3K-3+))

1

ij

Again, for body /, only Equation (35) applies giving the following result.

CKZCKS

SK2

SKS

[Ra);f,élj: —Cx>Sk3 Cxy 0

0

0

1

ij

All other entries are zero.
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Partial Angular Velocities Using Angular Velocity Components as Generalized Speeds

Using Equation (13), the fixed frame components of the partial angular velocity matrices for each of the two

bodies can be written as

1 00

[Ra) ), J =0 1 0 [Ra) iy ] = [ 0 ] 23 (fixed frame components) (36)
0 0 1
1 00

[Ra)K’wj J =0 1 0 [Ra)K, ” ] = [R . ]T (fixed frame components) (37)
0 0 1

Using Equations (36) and (37), the fixed frame angular velocity components of the two bodies can be written as

follows.

a)Jl _1 0 0 a)Jl O O 0 AK]
(0,}20,=0 1 0|Ja,t+[0 0 0|{d
w;)] 10 0 1], 0 0 0|y, (fixed frame components) (38)
é[RwJ’wx wJ}J{ 6, |10k}
o] 1 0 0](w, o
(0} 2o, b=[0 1 0y, r+[R,] {d,
O3] |0 0 1]l Dy
= [Ra)K,w, ] {“)J} + [ R“’K,@K }{ AK} (fixed frame components) (39)
:[RwJ,w,]{wJ}Jr[RwK,m _‘{ AK}

Using Equation (17), the same-body components of the partial angular velocity matrices for each of the
bodies can be written as

1 0 0
[Rw}’w} ] =010 [Ra)}, o } =[0],, (body J components) (40)
0 0 1
1 00
[R(o}{ » ] = [JRKJ [Ra),'( i } =0 1 0 (body K components) (41)
0 0 1

Using Equations (40) and (41), the same body components of the angular velocities of the two bodies can be
written as follows.

oy [1 0 0]{w),] [0 0 0][d
(o)} 2{@),t=|0 1 0|{a),+|0 0 0],
@) 0 0 1|, 0 0 0|, (body J components) (42)
2[%a, o)+ 00, Jlek)
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! !

Wy ', 1 00
{0f} 240k =] "R [J)y (4]0 1 0 [k,
00 1

~!

Ay (body K components) (43)
Wk 3

! !

W3 W3

>

[Ra);(’w} ]{a)}} +[

Extension to Multiple Body Systems

The process described above can be extended to systems with many bodies. To do this, consider bodies J and

K to be two bodies within a larger system with J = £(K), that is, with body J as the lower numbered body of

body K. When using base frame relative angular velocity components for a system of N bodies, define the system

column vector of relative angular velocity components as follows.

. . . . - . . . . . . ~ 1T
{w}3zvx1=[a’11 Wy W3 o @Oy WOy @Oy ot Wgp Oy Wgz 0 Oy Oy a’N3] (44)

When using body frame relative angular velocity components for a system of N bodies, define the system column

vector of relative angular velocity components as follows.

. T
_ A ! A . A ~r A o A A A . ~ A A
{a)}3N><1 = [a’n Wy, O Wy @Op W Wk Wgy Wgs WOy Wy a’N3] (45)

Each set of three components in the two column vectors describes the angular velocity of a body relative to its
lower numbered body. The first set of components describes the angular velocity of body / (system reference
body) relative to the fixed frame.

Using Equation (13) with base frame components of the relative angular velocity vectors, write the fixed

frame components of R@K the angular velocity of body K as follows.
{og } = [RwK,w]{a’} ={o,}+ [RJ]T {0 | = [ij,w]{a)} + [RJ]T {0 | (46)

Note that @ , the angular velocity of body J does not depend on @y, (i =1, 2,3), because body J is the lower

numbered body of body K. So, [Ra)K,w ]3 i the partial angular velocity matrix of body K can be built as follows.

1. First, set

[RwK’“’nyv :[ij’“’]mzv (47)

2. Then, set the three columns associated with @; (i =1,2,3) as follows.

[%K,a,lk:[RJ]TU (i=1,2.3; j=1,2,3 k=3K -3+ ) (48)

For body /, only Equation (48) applies giving the following result.

[fors), =l1],| (=123 =123 K=1)

All other entries are zero.
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Using Equation (17) with body frame components of the relative angular velocity vectors, write the body

frame components of "o, the angular velocity of body K as follows.
(o) =] "ol 1o} =[ "R J{o)) +{ax) =| "R ]| "0h.0 {0} + {5 (49)

Noting again that “@, the angular velocity of body J does not depend on @y, (i=1,2,3), [Ra)}{’w ]3 ,y the partial

angular velocity matrix of body K can be built as follows.
1. First, set

R N I3 R (50)

2. Then, set the three columns associated with @}; (i =1,2,3) as follows.

oo ] =[], (=123 j=123k=3K-3+) (51)

Here, [1 ] is the 3x3 identity matrix.

Again, for body /, only Equation (51) applies giving the following result.

[Ra;;wlj - [1]U (i=1,2,3; j=1,2,3 K =1)

All other entries are zero.

Examples
Example 1
The system shown consists of two connected bodies — the x@ T
vertical frame F and the disk D. Frame F rotates at a rate of Clﬁ S2(
¢5: Q2 (rad/s) about the fixed vertical direction (annotated by the (
unit vector k). Disk D is affixed to and rotates relative to ' at a rate 2
of =w (rad/s) about the horizontal arm of F' (direction annotated o
by the rotating unit vector e, ).
Reference frames: (all frames align when ¢ =0 =0) .
R:(i, j, k) (fixed frame) Frame, F

F:(e, e, k) (rotating with frame F)
D:(n,,e,,ny) (rotating with disk D)

Complete the following. Use { ﬂ} as the column matrix of angles ¢ and €. Expressing all results in matrix form.
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a) Find {a) D} the fixed frame components and of the angular velocity of disk D in R and [ ) D.j ] the matrix

of fixed frame components of the partial angular velocity vectors associated with the angle derivatives.

Express the results in terms of the angles ¢, &, and their time derivatives.

b) Find {a)'D} the disk frame components of the angular velocity of disk D in R and [Ra)'D ﬁ] the matrix of

disk frame components of the partial angular velocity vectors associated with the angle derivatives.

Express the results in terms of the angles ¢, @, and their time derivatives.

Solution:
a) The fixed frame components of the angular velocity of D in the fixed frame R can be written as follows.

o [C, =S, 0lro) [-S,6| [0 -S,]. .
(o, ={#}+[R, ] {0} =104+|s, €, o[id}=1c,ot=]0 C, {Z}
4] 1o o 1][0 ¢ 10
0o -s,].
=fleni=o < {Z}é[%&ﬂ}{ﬁ} (52)
10

b) The body frame components of the angular velocity of D in the fixed frame R can be written as follows.
Cyo 0 =S5,01C, S; 0ff0 0
{obh=[Rp |{#}+{0}=] 0 1 0 ||-5, C, 0]{0(+{6
Se 0 Cy 0 0 1|¢ 0

Or,

-y Sy 0] .
= o)} = 9'. -1 0 1{2}%%5,5]{5} (53)
c,d| | Cc, 0

Note that the rotation of F'in the fixed frame R does not alter the results of Equation (53), because the unit

vector k is fixed in both the rotating frame F and the fixed frame R.
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Example 2

The orientation of an aircraft 4 can be defined

using a 3-2-1 body fixed rotation sequence. As before,

the body axes A4: (Zgl,lgz,lg3) are initially aligned with

the fixed frame axes R: (1y1,1y2,1y3) . It is common to

refer to these angles as v, @, and ¢. For small angles

9«6

they are equivalent to the “yaw”, “pitch”, and “roll”

angles of the aircraft. Complete the following

expressing all results in matrix form. Use { p } as the

column matrix of angles y , @, and ¢.

a) Find {a) A} the fixed frame components of the angular velocity of A relative to the fixed frame R and
[Ra) 4 ﬂ] the matrix of fixed frame components of the partial angular velocity vectors associated with the

angle derivatives. Express the results in terms of the angles y , 8, ¢, and their time derivatives.

b) Find {a);} the body frame components of the angular velocity of A relative to the fixed frame R and

[Ra);’ ﬂ] the matrix of body frame components of the partial angular velocity vectors associated with the

angle derivatives. Express the results in terms of the angles v, @, ¢, and their time derivatives.

Solution:

a) Given a 3-2-1 body fixed rotation sequence, the angular velocity of the aircraft can be written as follows.

R, =y Ny +ON, + N/

In matrix notation, the fixed frame components of ch , can be calculated as follows.

0 0 (9] (o 0 ¢
(o) =0 e meT jop([“Re ]l me ] o1 = o[ e T 101 0T [T {0
v 0 ol | 0 0
o) [¢, =S, 0]f0) [C, =S, 0][Cy, 0O S,](g
=:0¢+[S, C, 0 +S, C, Ol 0 1 00
v o o 1]0 0 0 1||=Sy 0 Cyf[0
-s,0] [c, =S, 0] C,é
=<C,0¢+S, C, 04 0
7 0 0 1|[|—Se¢
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-S,60+C,C,¢
= {a) A} =1 C, 0+S »C 9;/5 (fixed frame components)
Y

Here, the reference frames R’ and R" represent the intermediate reference frames defined as part of the 3-

2-1 rotation sequence. Hence, matrix [RR R,] represents a transformation matrix associated with a “3”

rotation, and matrix [R'R R”] represents a transformation matrix associated with a “2” rotation. See the

development of Equations (2) and (3) above. Using this result, the fixed frame components of the partial

angular velocity matrix can then be identified as follows.

—S,/,é+q,,ceé 0 =5, GG W .
{a)A}= C,0+8,Cofp =10 C, §,Cy |10 é[RwA’/?]{’B

——

(fixed frame components) (54)

'~ Sy 1o -5, ||4

b) Given a 3-2-1 body fixed rotation sequence, the angular velocity of the aircraft can also be written as
follows.

R, =y N;+ONy + b,

In matrix notation, the body frame components of “@ , can be calculated as follows.

0 0] [¢
{0, ) =[ "R, ][ "Re |30+ "R, 107440
i g ol |o

0 0][Co 0 =S,T(0) [1 0o olf0) [4

=0 C, S, 0 1 0 [K0(+[0 C, S,[0p+50
0 =S, Cy|lSe 0 Co[l¥] |0 -5, C,|10
0 0 |[-Sy¥ é
=10 C, S,|3 0 (+iC,0
0 =S, C,|CoV | |-S,0
_Sel/)"‘&
= {0} = C9S¢1//+C¢Q (body frame components)

Here, matrix [R R R”] represents a transformation matrix associated with a “2” rotation, and matrix [R R A]

represents a transformation matrix associated with a “1” rotation. Using this result, the body frame

components of the partial angular velocity matrix can be identified as follows.
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~Spy + ¢ Sy 0
{0} =1CS+C,01 = C,Sy  C

2 [Ra)’ : ]{ ,B} (body frame components)  (55)

Example 3

The figure shows an eight-body system numbered
using the numbering scheme presented in Unit 1. Body
1 is the system reference body, and the rest of the bodies
are numbered in ascending progression outward along
the branches. As structured, the lower-numbered body

array for the system is as follows.
£(1,...,8)=(0,1,2,2,1,1,1,7)

The orientation of body 1 is defined relative to the fixed

frame R:(]y N, N 3) , and the orientations of all the

RN, Ny Ny

other bodies are defined relative to their adjacent, lower-

numbered bodies. Using base frame components of the relative angular velocities of the bodies as generalized
speeds, complete the following.

a) Define the fixed frame components of the angular velocities for all bodies in the system.

b) Combine the relative angular velocity components into a single 24 x1 system matrix {a)} ol

c) Define the fixed frame components of the partial angular velocities for all the bodies in the system.

d) Define a 3x24 partial angular velocity matrix for each body in the system.

e) Write the fixed frame components of the angular velocity of each body in terms of the system angular

velocity matrix defined in part (b) and the partial angular velocity matrices defined in part (d).

Solution:
a) {a)K} (K =1,.. .,8) are 3x1 vectors of the fixed frame components of the angular velocities of the bodies.
{c?)K} (K = 1,...,8) are 3x1 vectors of the base frame components of the angular velocities of the bodies

relative to their base frames (lower-numbered bodies).

‘o=, {o)={a)=[on dn an]
‘o ="ordy  |[or)={o)+[R ] {5]
‘o= "0, 10 |{o)={0]+[R:] (03]
‘oy="0,+ 0y |0 ={m)+[R] {a,)
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fo;="o+0; (o) ={a}+[R ] {45}
“wo="0+0,  |{o={o}+[R] {o]
‘o= 0 d; o) = o) +[R ] {6
“og= "o dy o) ={o)+[R,] {oy)

b) Define the 24x1 system relative angular velocity component matrix as follows.

Oha=[(0), (a), (@), (a), (3), (@), - (&), (&), (&),]

, is the 3x3 identity matrix, and [0], | is the 3x3 zero matrix.

¢) In the results given below, [/]

Body I: || "oy, |=[0] . (K#1) o, |=[1],,

Body 2: || "oy, |=[ "@is, | (K#2) 0 ] -[&]..,
Body 3: :Ra)g,(;,K : =[R602,50K} (K #3) :Ra’s,cas: - [RJ;
soty s Foe ] Pon] 29 [ ]loo]
Body 5: :Ra)s,(;,K: = :Ra)l,ch : (K #5) :Ra’s,ass: = I:Rl:r;xf’;
Body 6: :Ra)é,(;,K : = :Ra)l,(bk : (K #6) :Ra’é,as(,: - [Rl];
Body 7: :me = me (K#7) me =[R1]2}3
Body 8: :Ra)g,d,K: = :wak } (K =8) :Ra’s,é)g: - [RJ;

d) Define eight 3x24 partial angular velocity matrices [Ra) K’w} K=1,.. .,8) for the system as follows.

3x24 (
For each body K there is a 3x 24 matrix whose columns are the components of the partial angular velocity

vectors associated with the elements of the angular velocity component matrix {a)} Using the results

24x1 "
of part (c), the partial angular velocity matrices for the system can be written as follows. The matrices [/]

and [0] are the 3x3 identity and zero matrices, respectively.
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N

k=1 -»[Z1 [0] [0] [0] [0] [0] [0] [0] ]
k=2 »[[I1 [RT" [0] [0] [0] [0] [0] [O]
k=3 »|1 [R]" [R,]" [0] [0] [0] [0] [O]
k=4 5|1 [RT" [0] [R] [0] [0] [0] [0]
k=5 »|[/1 [0] [0] [0] [R]" [0] [0] [O]
k=6 -1 [0] [0] [0] [0] [R]" [0] [O]
k=7 »|] [0] [0] [0] [0] [0] [R]" [O]
k=8 »|[/1 [0] [0] [0] [0] [0] [R] [R,]"]

Note that the coordinate transformation matrices are constructed using the individual relative transformation

matrices. For example,
[R,]= [le][R1]

e) {a)K}M:[Ra)K,mLXM{a)}ml (K=1,...,8)

Example 4

Consider again the eight-body system of Example 3. Using body frame components of the relative angular
velocities of the bodies as generalized speeds, complete the following.

a) Define the body frame components of the angular velocities for all bodies in the system.

b) Combine the angular velocity components into a single 24 x1 angular velocity system matrix {a)'}2 il

c) Define the body frame components of the partial angular velocities for all the bodies in the system.
d) Define a 3x24 partial angular velocity matrix for each body in the system.
e) Write the body frame components of the angular velocity of each body in terms of the system angular
velocity matrix defined in part (b) and the partial angular velocity matrices defined in part (d).
Solution:

a) {wg} (K =1,.. .,8) are 3x1 vectors of the body frame components of the angular velocities of the bodies.

{ }} (K = 1,...,8) are 3x1 vectors of the body frame components of the angular velocities of the bodies

relative to their base frames (fixed in their lower-numbered body).

R_1 _ ~t 2 Y2 N B At A
@, =@, {a)l}_{a)l}_[a)ll @, a’n]
R _ R A rl |1 ' At
W, = 0 +@, {a)z}—[Rz]{a)l}+{a)2}

Yo, ="0,+d, {a)g}:[zR3J{a)’2}+{c?)'3}
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Yoy = "0, + dy {a)g}::7R8]{a)'7}+{a3é}

b) Define the 24x1 system relative angular velocity component matrix as follows.

(o} =[(30),_(00), (00), (o) (@), (at), - (a0), (a0), (@), ]

c) In the results given below, [7],,, is the 3x3 identity matrix, and [0],,, is the 3x3 zero matrix.

Body I: || "4 |=[0],, (K#1) ol | =[],

Body 2: [ "), |=[ %, (k22 [[Fors]-11]

Body 4: Ra);,@k_: ’R,

I |
Body 3: _ng,ayK: =_2R3][Ra’,2 - (K¢3) _Ra)g,d)’s]:[l]m
I |

Body 5: _Ra);,wk_ :_IRS__%'WK_ (K #5) _Ra); o | =115
Body 6: :Ra"é,w'x_::IRe:Rw'l,w;: (K #6) :Ra’%,aa;:z[l]gxs
Body 7: :Ra’é,wkiz:l&:%l,w;: (K#7) :Ra"7 w7::[ Js
Body 8: ([ “al s, |=["R][ "t | (K28)  [[Feis =[],

d) Define eight 3x24 partial angular velocity matrices [Ra)l'(’wi (K = 1,...,8) for the system as follows.

3x24
For each body K there is a 3x24 matrix whose columns are the components of the partial angular velocity

vectors associated with the elements of the angular velocity component matrix {a)’} Using the results

24x1°

of part (c), the partial angular velocity matrices for the system can be written as follows. The matrices [/]

and [0] are the 3x3 identity and zero matrices, respectively.
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[Ra)'K’“"Lxm( =1.....8)
N
K=1 >[ [] [0] [0] [0] [0] [0] [0] [O]]
k=2 - ['R] [ [0] [0] [0] [0] ([0] [O]
K=3 >|[’R]['R,] [*R;] [1] [0] [0] [0] [0] [O]
K=4 >[[’R['R,] [°R,] [0] [/] [0] [0] [0] [O]
K=5 > ['R]  [0] [0] [0] [Z] [0] [0] ([O]
K=6 -»| ['R]  [0] [0] [0] [0] [/] ([0] [O]
k=7 -»| ['R,]  [0] [0] [0] [0] [0] [Z] [O]
K=8 ->|['RJ['R;,] [0] [0] [0] [0] [0] ["R] [/]]

Or,
K=1 [ [I] [0] [0] [0] [0] [0] [0] [O]]
K=2 >[['R,] [I] [0] [0] [0] [0] [0] [O]
K=3 >|['R,] [*R] [1] [0] [0] [0] [0] (O]
K=4 >[['R,] [°R,] [0] [1] [0] [0] [0] [O]
K=5 —[['R] [0] [0] [0] [Z] [0] [0] [O]
K=6 —>[['R] [0] [0] [0] [0] [/] [0] [O]
K=7 ->[['R,] [0] [0] [0] [0] [0] [/] [O]
K=8 —[['RJ [0] [0] [0] [0] [0] ['Ry] [/]]

Note again that the coordinate transformation matrices are constructed using the individual relative

transformation matrices. For example,

[le] = R3][1R2]

e) [{&k},, :[Ra),'(,w,]k24 {0}, (K=1...8)
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Exercises
2.1 The antenna system shown has two components, the base

B and the antenna dish D. Base B rotates relative to the
ground about the fixed z (or Z) axis, and dish D rotates

relative to B about the rotating x-axis annotated by the

unit vector ¢,. At any instant, the angle between the y-
axis annotated by the unit vector ¢, and the fixed Y-axis

is @, and the angle between line segment OA and the
rotating y-axis is ¢. The fixed reference frame R: XYZ

has its origin at O. Given the diagram, the dish is oriented

relative to the fixed frame R: XYZ using a 3-1 body-fixed rotation sequence with the “3” rotation about the

—Z axis, and the “1” rotation is about the x axis. When € = ¢ =0 all reference frames align. Complete the
following expressing the results in terms of the angles €, ¢, and their time derivatives. Use { ﬁ} as the
column matrix of angles € and ¢.

a) Find {a)D} the fixed frame components and of the angular velocity of dish D in the fixed frame R and

[Ra) D, ﬂ-] the matrix of fixed frame components of the partial angular velocity vectors associated with the

angle derivatives. Build the angular velocity vector as described in Examples 1 and 2.

b) Find {a)l'j} the dish-frame components of the angular velocity of dish D in the fixed frame R and [Ra)]’) ﬂ]

the matrix of dish-frame components of the partial angular velocity vectors associated with the angle

derivatives. Build the angular velocity vector as described in Examples 1 and 2.

Answers:
0 ¢ 0 c, S, 0]|¢
T
a) [{mp}=10 t+[Ry | 10t=10+(=S, C, 040
-0 0| |-6 0 0 1]|0
CH¢. 0 CH_ 0
{op}=1-Ss01=| 0 -5, {é}é[RwDﬁ:Hﬂ}
-6 | |-1 0 |
0) (4] [1 o o](0) (¢
b) [{ah)=[ "Ry |3 0 f+50p=10 C, S, {0 (+50
-0 0] [0 =S, C,|(-¢] |0
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é 0o 1f,.
(b} ={-5,01=| s, 0 (L2 "o}, ](A

; ¢

2.2 Write a MATLAB script to numerically evaluate the matrix equations you derived in Exercise 2.1 using
the data below. Build the angular velocity vectors first using the process used in Exercise 2.1 and then using
the partial angular velocity matrices.

0 =-30 (deg) ¢ =060 (deg)
6=3(rads)  $=7(rads)

Recall that, as shown in the diagram, the angle € is negative.

Answers:
6.0622 [0 0.86603 ]
a) |{@,}=1 3.5000 | (rad/s) [R%,ﬁ} 0 0.50000
~3.0000 -1 0 |
7.0000 0 1]
b) [{@))=1-2.5981} (radss) [%'Dﬁ}: ~0.86603 0
~1.5000 |—0.50000 0|

2.3 The system shown has three bodies, the vertical column C,
the horizontal arm M , and the disk D. Disk D has radius r

and is oriented relative to M using angle #,. Arm M has

length L and is oriented relative to C using angle 6,.
Column C is oriented relative to the fixed frame (X Y, Z )

using angle @,. The unit vectors &V, (i = 1,2,3) are along the

(X Y ,Z) directions. Given the diagram, disk D is

positioned relative to (X Y, Z ) using a 2-1-3 body fixed

rotation sequence. Using matrix notation, complete the <~ Col o
olumn, C

T
following. Define {e}é[el 0, 93] as the column

vector of the three angles. In each case, find expressions for

any general position where 6, # 8, # 6, # 0. Note that in the
position shown in the diagram, 6, and &, are both zero. When 6, =6, =6, =0 all reference frames are
aligned.

a) Find {a)D} the fixed frame components of the angular velocity of disk D in R and [Ra)D, 9-] the matrix of
fixed frame components of the partial angular velocity vectors associated with the angle derivatives. Build

the angular velocity vector as described in Examples 1 and 2.
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b) Find {a)b} the disk-frame components of the angular velocity of disk D in R and [Ra)b é} the matrix of

disk-frame components of the partial angular velocity vectors associated with the angle derivatives. Build
the angular velocity vector as described in Examples 1 and 2.

Answers:
0 92 T 0
. T B
{a)D}z 0, +[RC:| 0 +(_CRM][RC:|) 0
0 0,
a) - 7
ol ¢, o 57(6,] Tc, o 571 o o ]fo
=<6,¢+ 0 1 050¢+[ 0O 1 00 C, =S,[<0
-5, 0 Cl_ 0 -8, 0 Cl_ » €, 93
C,0,+8,C,0, | [0 ¢, 5,.C,][6
{CUD}: 91_5293 =1 0 =5, 1o, é[RwD’éJ{H}
-$,6,+C,C,05| |0 =S, C/C,||6,
0 0, 0
{@p)=["Rp | Ry 161 (+][ "Ry [{ 0 1+ 0
0 0] 0
b) )
C; 83 0t o offo] [Cs S5 0][6] [0
=| =S5 €y 000 €, S, |36, (+| =S5 C3 030 410
L0 0 1]lo -5, C,|l0 0 o0 1]|o) [9
C,S,6,+C,0, C,S; Cy 0][6,
{wb}: C2C3€1_S392 = C2C3 _S3 0 92 é[Rere:Hg}
8,0, +6, =S, 0 1][6

2.4 Write a MATLAB script to numerically evaluate the equations you derived in Exercise 2.3 using the data
below. Build the angular velocity vectors first using the process used in Exercise 2.1 and then using the
partial angular velocity matrices.

0, =20 (deg) 0, =40 (deg) 0, =60 (deg)

6, =2 (rad’s) 0,=-3(rad/s) 6, =5 (rad/s)

Answers:
~1.5091 0 093969 0.26200
a) [{@,}=1-12139 (radss) [Ra;D,g]: 1 0 0.64279
4.6253 0 —0.34202 0.71985
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~0.17317 0.66341  0.50000 0
b) [{w,}=1 3.3641 | (radss) [Ra;' }: 038302 -0.86603 0

D,o

3.7144 -0.64279 0 1

2.5 The two bodies shown are part of a multibody system. Body J is

=

oriented with respect to the fixed frame R and body K is

oriented with respect to body J both using 2-3-1 body fixed %

rotation sequences. The angles &, (i=1,2,3) give the K

orientation of body J relative to the fixed frame R, and the angles

(w
7

O, (i=1,2,3) give the orientation of body K relative to body J.

Use the matrices {49 J }3 1 and {9 P }3 | as the column matrices N,

of angles 8, (i =1, 2,3) and 6 ki (z' =1, 2,3), respectively. Complete the following in terms of the angles
0, (i=123), O, (i=1,2,3), and their time derivatives.
a) Find {a) J} the base frame components of the angular velocity of body J relative to its base frame R, and

find [Ra) .6, } and [Ra) .60, } the matrices of base frame components of the partial angular velocity vectors

of body J associated with the angle derivatives. Note that the base frame of body J is the fixed frame. Build

the angular velocity vector as described in Examples 1 and 2. Express the results in matrix form.
b) Find {" @ K} the base frame components of the angular velocity of body K relative to its base frame body
J, and find [‘]a) .6, } and [‘](0 .0, } the matrices of base frame components of the partial angular velocity

vectors of body K with respect to its base frame associated with the angle derivatives. Build the angular

velocity vector as described in Examples 1 and 2. Express the results in matrix form.
c¢) Find {a) K} the fixed frame components of the angular velocity of body K relative to the fixed frame R,
and find [Ra) .0, J and [Ra) .0, } the matrices of fixed frame components of the partial angular velocity

vectors of body K associated with the angle derivatives. Build the angular velocity vector using the

summation rule for angular velocities and the results from parts (a) and (b).

d) Find {a)'J} the body frame components of the angular velocity of body J relative to its base frame R, and

find [Ra)f]’ é,} and [Ra)i]’ 9',(} the matrices of body-frame components of the partial angular velocity

vectors of body J associated with the angle derivatives. Build the angular velocity vector as described in

Examples 1 and 2. Express the results in matrix form.
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e) Find {" a)’K} the body frame components of the angular velocity of body K relative to its base frame (body

J), and find [Ja)'K 91} and [Ja)'K QJ the matrices of body-frame components of the partial angular

velocity vectors of body K associated with the angle derivatives. Build the angular velocity vector as

described in Examples 1 and 2. Express the results in matrix form.

f) Find {a)'K} the body frame components of the angular velocity of body K relative to the fixed frame R, and

find [Ra)'K’ é,} and [Ra)'K’ QJ the matrices of body frame components of the partial angular velocity

vectors of body K associated with the angle derivatives. Build the angular velocity vector using the
summation rule for angular velocities and the results from parts (d) and (e).

Answers:
Note that reference frames JR' and JR" are the intermediate reference frames used to orient body J
relative to the ground, and reference frames KR' and KR" are the intermediate reference frames used to

orient body K relative to body J.

0 0 9]3
. - T , T
{0, =10, 1+ "R e | 0 [ R [ *Roe]) {0
0 0,, 0
a) _ .
0 Cpn 0 8,010 Cpnn 0 Su|[Chpy =S, 010,
=0, v+ 0 1 0 SO0 t+ O 1 0SS, C,, 010
0] [Sn 0 Cy 0] |=Sn 0 Cyull 0 0 1J|0
0 SJI CJICJZ 0]1
(,)=[1 0 s, {6, é[ijéjJ{ej}+[RwJ€KJ{9K}
0 CJ] _SJICJ2 6‘]3 ZCro
0 0 |0
A T ,
{oct2{ox) =106 (+[ R ] | 0 p+([“Ree ][ "Rea]) { 0
5 0
b 0 01{2
) 0 r T T T 1| A
CKl 0 _SKI 0 CKI 0 SKI CK2 SKZ 0 0[(3
=100+ 0 1 0 0+ 0 1 0 Sy, Cxy 040
Sgy 0 C 5 Sy 0 C 0
0| [Pk K1 O« K1 K1 0 0 1
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0 Sy CxiCia éKl
{a)K}= o Ska éK2 é[J“)K,é,J{HJ}J{JwK0KJ{0K}
0 Cxi —SxiCia ém N
o flos)={o}+[R,] {0}

(oc)= {0, +[R] (o) =[P [0} (7T [0, 1)
2\ %, (0,4 "og, |{0r)
O SJI CJICJ2
o, || fe, 5|1 0 s,
O CJI SJICJZ
’ ; 0 SKI CKICKZ
o, [S[R] Pos SR T[T 00 Sk
CKI SKICKZ
0 0 9J3
(@)} =R [ TRy |10 ¢+ R, J3 0 440
0 9]2 0
d) - .
1 0 0 Cn S 0ff0 1 0 0 ([0 03
=10 C,; S,;|-S,, C,, 01R0,,t+]0 C,5 S,;[40 t+10
0 -S,, Cnull 0 0 1]l0o) |0 -5, C,ll0n] |0
I SJZ 0 1 9]1 B
(o} =| € S 01012 %al, [(0,)+] "oy, [{0)
CJ2SJ3 CJ3 0 9]3 Zero
'O 0 ém
(o) {00 =R R o[ ] 0 (o] o
0 0 0
K2
e) _ A
1 0 0 Ckr Sgr O _0 1 0 0 0 Ok
=10 Cxs Si||=Sks Cios 0[50k (+|0 Cxy Sgy|q 0 (+1 0
0 =Su; Cusll 0 0 1| 0] [0 =S¢ Cyslldy, 0
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[ Sk 0 1 ém
{aA)'K}= CixCxs Sz 0|16, =[Jw;<,gj}{9J}+[Ja)}<,gK}{91(}

forc ) =[ R {0} +{a} - [JR ][Rw;e,}{éf}+[%,e,<}{éz<}

f) -
é_Ra)'Kﬁ-J}{éJ}+[ o', K}
1
[RQ)’K,H'J}:[JRK][R 6, | = JR CJ2CJ3 S; 0
~CpSys Cp 0

K2 0
R J
[ a)K,H'Ki|:[ a)K,éKJ: Cx2Cks Sgs O
_CK2SK3 CK3 0

2.6 Write a MATLAB script to numerically evaluate the equations you derived in Exercise 2.5 using the data
below. Build the angular velocity vectors first using the process used in Examples 1 and 2 and then using
the partial angular velocity matrices.

0, =20 (deg) 0,, =40 (deg) 0, =60 (deg)
0,, =2 (rad/s) 0,,=-3 (radls) 6,,=>5 (rad/s)
O =-30 (deg) Oy, =—20(deg) Oy =40 (deg)

ém =—5 (rad/s) ém =4 (rad/s) ém =3 (rad/s)

Answers:
25732 0 034202 0.71985 000
a) [{o,}=152139  (radss) [%MJZ 10 064279 [me[(}: 00 0
41291 0 093969 —0.26200 000
0.44139 000 0 —0.50000 0.81380
b) [{@}2{ ) =1-6.0261F (radss)| [ Yo, |=|0 0 0 [Ja)K’ék}: 10 —034202
4.8736 000 0 086603 0.46985
6.3088 0 034202 0.71985
¢) [{og}=1-0.043696 | (rad’s) [Ra)K’éJJ: 10 0.64279
-8.4492 0 093969 —0.26200

20.0058133 024119 0.91392
oy |=| 038302 089593 0080395
092372 037302 -039785
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2.0220

6.2856 064279 0 1 00 0
d) [{o)}=1-1.8320} (radss) [%(1591}: 038302 086603 0 | *a,, |=l0 0 0
~2.8268 0.66341 0.50000 0 00 0
47101 00 0 2034202 0 1
&) [} 2{ o) =1-1.0281F (ads)| |[“a), =0 0 0 [Ja)’[(’ék}: 0.71985 0.64279 0
6.0843 00 0 060402 0.76604 0
9.1237 0.080395 —-0.061275  0.81380

D |{oh)={-48847 (ads)| | "), |=| 024123 096724  0.094493

-0.96713 -0.24635 -0.57341

~0.34202
| "0, |=| 071985
~0.60402

0 1
0.64279 0
0.76604 O

2.7 Consider again the two body system of Exercise 2.5. As before, body
Jis oriented with respect to the fixed frame R and body K is oriented
with respect to body J both using body fixed orientation angle

==

sequences. The fixed frame and body frame components of ch 7 K
the angular velocity of body J relative to the fixed frame are 16_, 4

J
w;(i=1,2,3) and @, (i=1,2,3), respectively. The fixed frame >

and body frame components of Rq) « the angular velocity of body K N

l
(3]

1

relative to the fixed frame are @y, (i=1,2,3) and @), (i=1,2,3), respectively. The base frame (body J

frame) and body frame components of Jq)K the angular velocity of body K relative to body J are

@y (i=1,2,3) and @), (i =1,2,3), respectively. Complete the following.

a) Find [Ra) o, }, [Ra) 7. @J, [Ja)K,wj and [Ja) K. @K} the matrices of base frame components of the

partial angular velocity vectors of the bodies associated with the angular velocity components

@, (i=1,2,3) and @y, (i =1,2,3). As before, the base frame of body J is the fixed frame, and the base frame

of body K is the body J frame.

b) Find {(o K} the fixed frame components of the angular velocity of body K relative to the fixed frame R,

and find [Ra) Ko, } and [Ra) Ko, ] the matrices of fixed frame components of the partial angular velocity

vectors of body K associated with the angular velocity components @ ,;(i =1,2,3) and @, (i=1,2,3).
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¢) Find [Ra)f,’ wr/}, [Ra)f,’ &, }, [Ja)'K o, } and [Ja)'K &, } the matrices of body frame components of the

partial angular velocity vectors of the bodies associated with the amgular velocity components

a)’Ji(izl,2,3) and é)’Ki(izl,2,3).
d) Find {a)'K} the body frame components of the angular velocity of body K relative to the fixed frame R, and
find [Ra)'K,w'J } and [Ra)'K, &, }the matrices of body frame components of the partial angular velocity

vectors of body K associated with the angular velocity components @', (i =1,2,3) and &, (i =1,2,3).

Answers:
1 0 0|2 ) 29 ore
a) {C‘)J}= 0 1 O} @) :_ijw} @, +[R0)J,{;)K} Dy,
0 0 1 (OF (OF% Zero 031(3
1 0 0]]|®x 2% e
{Ja)K}é{aA)K}z{o 1 0]y, é[JwK,w.,:| @) +[Ja’1<,as,<} D,
0 0 1_ 031(3 Zero (OF c?)m
1 0 0
T
b) {a)K}—{O 1 O{wj}+[RJ] {c?)K}é[Ra)K,wj}{a)J}+[Ra)K,d,J{aA)K}
0 0 1
1 0 0], ) o Wi
) {ws}{o 1 o} 0l (2] *0) 4 [ @0 ] s, |
0 0 1 CO"B (OF% Zero 03’1(3
10 0]|@k| on | D,
{ka}é{@k}{o e R o R L
00 1] d, =T @3 ) D3
1 00
d) e} =["Re {@)}+]0 1 0 {@'K}é[%’,{,w;}{a);}{%g,%]{a};{}
0 0 1
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2.8

b)

d)

Consider now a system with three bodies. As before, body J is

oriented with respect to the fixed frame R. Body K is oriented with

=

respect to body J, and body L is oriented with respect to body K.
Body fixed orientation angle sequences are used to describe the

orientation of all three bodies relative to their base frames. The

fixed frame and body frame components of *@, (B=J,K,L) the

R

(W
angular velocities of bodies relative to the fixed frame are /
oy (B=J,K,L; i=1,2,3) and o}, (B=J,K,L; i=1,2,3), M

respectively. The base frame and body frame components of Jq) x and K w, the angular velocity of bodies
K and L relative to their adjacent bodies are c?)Bl.(B:K,L; i:1,2,3) and c?)jgl.(B:K,L; i:1,2,3),
respectively. Complete the following.

Find [0, | [fo ) o] ["oce ] [Poca ) [Toca ] [fone | [ons . and
[K ;. a”)j the matrices of base frame components of the partial angular velocity vectors of the bodies

associated with the angular velocity components o, (i=1,2,3), &, (i=1,2,3), and @, (i=1,2,3). The

base frame of body J is the fixed frame, the base frame of body K is the body J frame, and the base frame
of body L is the body K frame.

Find {@y} and {@,} the fixed frame components of the angular velocities of bodies K and L relative to
the fixed frame R, and find [RCOK,@,} [Ra)K,@J, [Ra)K,@L}, [RC"L,@,} [Ra)L,@J, and [RCUL,@L] the

matrices of fixed frame components of the partial angular velocity vectors of bodies K and L associated

with the angular velocity components o, (i =1,2,3), &, (i=1,2,3), and &, (i=1,2,3).

: R R R J J J K K K
Find | “),; |, [ @) |- | "o | [ "0k ] [ Y0k | [P0k ] [ "t ] [ “elag |- "0l |
the matrices of body frame components of the partial angular velocity vectors of the bodies associated with

the angular velocity components o', (i=1,2,3), &y, (i=1,2,3), and &}, (i =1,2,3).

Find {a)'K} and {a)'L} the body frame components of the angular velocities of bodies K and L relative to
the fixed frame R, and find [Ra)}(’w}] , [Ra)}(,@k }, [Ra)}(’@ }, [Ra)i’w} }, [Ra)z,@k } , [Ra)i’@ } the matrices
of body frame components of the partial angular velocity vectors of bodies K and L associated with the

angular velocity components o', (i=1,2,3), &}, (i=1,2,3), and &};(i=1,2,3).
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Answers:

L0 0o, | @y S| @,
_ N R - R -
{C‘)J}— 0 1 0|yw,¢= C')J,w,} @) J{ “)J,ca,(} Wpy J{ WJ,@L} @)
- - — A [ER—
0 0 I]la; W3 zero Wk 3 Zero Wy 5

R

Z€ro

J A
@ J{ a)K,asJ Wi o
R A

Z€ro

a5

@3

b) {Q’K}—k (1) (1)]{60,}+[RJT{C?)K}2[ @ , }{a)J}+[Ra)K,w }{a)K}+[RwK@LJ{aA)L}
{wL}=g (1) ﬂ{%}{&f{wK}+[RK]T{wL}
[, T} [ ocs, (o) +[*ors, J(61)

! ~r AT

@ Wy 25
+ R At + R At

Wy W . |\ Pk2 Wy, [1PrL2
L — ~Y | S — ~r

;s zero Wy 3 Zero Wy

~r ~r

Wy 25

Al J J A

_[ wKa) J sz "{ a)Ka) } a)KZ J{ WK,@’L} W,
%/_J %/_J

d)
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2.9 The figure shows a thirteen-body model of the human body numbered
using the numbering scheme presented in Unit 1. Body 1 is the lower
torso, and it is the system reference body. The rest of the bodies are

numbered in ascending progression outward along the branches. As

structured, the lower-numbered body array for the system is as follows.
£(1,...,13) = (0,1,2,3,4,3,6,3,8,1,10,1,12)

The orientation of body 1 is defined relative to the fixed frame

R: (zy Ny, N,y ) , and the orientations of all the other bodies are defined

relative to their adjacent, lower-numbered bodies. Using base frame

components of the relative angular velocities of the bodies as

generalized speeds, complete the following. The 3x1 vectors {a)K}

(K =1,...,13) contain the fixed frame components of the angular B, B,
1

velocities of the bodies. The 3x1 vectors {(?)K} (K =1,...,13) are of

the base frame components of the angular velocities of the bodies

relative to their base frames (lower-numbered bodies).

a) Define the fixed frame components of the angular velocities for all bodies in the system.

b) Combine the angular velocity components into a single 39x1 system matrix {@},, .

c) Define the fixed frame components of the partial angular velocities for all the bodies in the system.

d) Define a 3x39 partial angular velocity matrix for each body in the system.

e) Write the fixed frame components of the angular velocity of each body in terms of the system angular
velocity matrix defined in part (b) and the partial angular velocity matrices defined in part (d).

Answers:

a)

b) {a)}39x1=|:((?)1)1 (031)2 (031)3 (032)1 (@2)2 (@2)3 (&)13)1 (@13)2 (613)3T
¢) Body 1: [Rwl,d,K}[O]M (K #1) [Rwl,@l}{f]w

Body 2: [Ra)z,@K}z[Ra’La”zK} (K;éz) [RQ)Z,@]:[RJZ@
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Body 3: :Ra’3,a3,(: ::Ra’z,a)K: (K¢3) :Ra)l@z: :[RZJ;

Body 4: :Rw4’cg,K : = :R0)3,@K : (K > 4) :Ra)‘ha”u: - [Rszz

BodyS: "o, |=[“0us, ] (K235)|  |[fous |=[R],

Body 6: :Ra)é,a}K : = :Ra’la”)K : (K # 6) :Ra)(’"‘%: - [RJ;

BOdy T :Rw7,(bK: = :Ra)6,6?11<: (K¢7) :Ra)7’d’7: :[R6:|7;><3

Body 8: :Ra)g,(;,K = :R0)3,@K } (K > 8) :Rm&@x } - [R3JZX3

Body 9: :Ra’9,@K : = :Ra’&d),( } (K i 9) :Ra)" @, } - [RS};

Body 10: :Ra)lo,d)K : = :Rwl,(bK } (K i 10) :Ra)loﬁlo } - [Rl}zxz

BOdy 11 :Ra)“ CUK_ = :Ra)lo,a) :| (Kill) :Ra)“’d’n}z[Rlo:IZA

Body 12 :Ra’lz a)K_ ::Ra’lw } (K¢12) :Ra)llfblz]:[Rl]zxs

BOdy 13 :Ra)13,(f)K : = :Ra)llfbK j| (K # 13) :Ra)l?’aﬂbls j| - ': 12:'2><3

d) [R K»‘”wa ( =L 13)
N

ko o[ [0] [0 [0] [0] [0l [0l [0 [0o] [0 [0] [0] [0]
k=2 o] [RY" [0] [0] [0] [0] [0] [0] [0] ([0] [0] [0] [0]
k=3 |1 [R]" [RI" [0] [0] [0] [0] [0] [0] ([0] [0] [0] [0]
k=4 5|1 [RT (R [RT [0] [0] [0] [o] [0] [0] [0] [0] [0]
k=5 5|U1 [RY [RY [RT [RY [0] [0 [0] ([0] [0] [0] [0] [0]

—

o] [0l [0]  [0]

[
[
[

k-6 »|[[] [RT [RI [01 [0] [R]" [0] [0] [0]
[R,]" [0] [0] [R]" [RI" [0] [0] [0] [0] [0] [0O]
[
[

[
[
[
[
[
[
k=1 |1 [R]
[
[
[
[
[
[

k-5 »|U] [R]" [R]" [0] [0] [0] [0] [”R]" [0] [0] [0] [0] [O]
k-0 »|U1 [R]" [R]" [0] [0] [0] [0] [R] [RJ" [0] [0] [0] [O]
k=10 »([/] [0] [0] [0] [0] [0] [0] [0] [0] [RI [0] [0] [O]
k-1 »|{[{1 [0] [0] [0] [0] [0] [0] [0] [0] [RI" [Re]" [0 [O]
k-2 »|[{] [0] [0] [0] [0] [0] [0] [0] [0] [0] [0] [RI [O]
k=13 »[[/] [0] [0] [0] [0] [0] [0] [0] [0] [0] [0] [R] [R,]"]

As noted in Example 3, the coordinate transformation matrices are constructed using the relative

transformation matrices.

Copyright © James W. Kamman, 2025 Volume I1II, Unit 2 — Angular Velocity and Partial Angular Velocity — page: 35/38



2.10

e) {wK}m:[Ra)K,le”{w}z.oxl (K:L""l?’)

Consider again the thirteen-body model of the human body of Exercise 2.9. Using body frame components

of the relative angular velocities of the bodies as generalized speeds, complete the following. The 3x1

vectors {a)}(} (K = 1,...,13) contain the body frame components of the angular velocities of the bodies.

The 3x1 vectors {&)'K} (K =1,... ,13) contain the body frame components of the angular velocities of the

bodies relative to their base frames (lower-numbered bodies).
Define the body frame components of the angular velocities for all bodies in the system.

Combine the angular velocity components into a single 39x1 system matrix {a)'}wxl .

Define the body frame components of the partial angular velocities for all the bodies in the system.
Define a 3x39 partial angular velocity matrix for each body in the system.
Write the body frame components of the angular velocity of each body in terms of the system angular

velocity matrix defined in part (b) and the partial angular velocity matrices defined in part (d).

Answers:

Copyright © James W. Kamman, 2025

a)

b)

¢) In the results given below, [/], , is the 3x3 identity matrix, and [0], . is the 3x3 zero matrix.

3

Body 1: :Ra’i,a&; } =[0],,, (K=1) :Ra)ll,a)'l } =[1]5,
Body 2: :Ra"z,(sz : = :le: :Ra"l,w,( : (K #2) :Ra)lz,wz 1= []5,
Body 3: | "o, |=[ R ]| "0, | (K #3) g =[]
Body 4: :Ra)lét,(f)’,(: = _3R4: :Rw’lé)K | (K #4) :Ra)’4,a34 1= []5,
Body 5: | ", |=[ 'Rs]| "ls | (K#9) s | =11,
Body 6: || "@} 4 |=[ R || "@hs | (K #6) s, | =1
Body 7: [ "h g, [=[ Ry ][ "l | (K27) o =11,
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Body 8: :Rw;wk}z[%g][%gw} (K #8) :Ra)’gaﬂfg}:[lhX3

Body 9: :Ra)'(,wk}z[gRg][Rw’gw} (K +9) :Ra)’ga}J:[lkX3

Body 10: _Ra)'l()wk_::lRlo] Ra)'lyd,;(] (K #10) _Ra)'w’&,m}:[l]3X3

Body 11: :Ra)lll,a")',(:_ "Ry, |:Ra)’10,a")’,(] (K #11) :R '11,(?)'11:|:[1]3><3

Body 12: _Ra)'uwk_: lRlz]_Ra)'le] (K;tlZ) K '12,&)12}:[1]3@

Body 13: :Ra)IIB,a")'K:::12R13:||:Ra)'12,c?)’,<:| (K =13) :R '13,(2)'13:|:[1]3><3

R _
d) [ foh ] (K=1,13)

N

K=1 [ [I11 [0] [0] [0] [0] [0] ([0] [0] [0] [0] ([0] [0] [O]
K=2 —|['R] [71 [0] [0] [0] [0] [0] [0] [0] [0] [0] [0] [0]
K=3 o |['R] [*R] [11 [0] [0] [0] ([0] [0] ([0] [0] [0] [0] [O]
K=4 —|['R] [*R,] [’R,] [71 [0] [0] [0] [0] [0] ([0] [0] [0] [O]
K=5 —|['R] [*R] [°Rs] [*R] [1] [0] [0] [0] [0] ([0] ([0] [0] (O]
K=6 —|['R] [*R [°Rg [0] [0] [/] [0] [0] [0] ([0] ([0] [0] [0]
k=7 ->|['R] [’R,] [’R,]1 [0]1 [0] [°R,] [Z/] [0] [0] [0] [0] [0] [O]
k=8 —|['R] [*R] [RJ [0] [0] [0] ([0] [Z]1 [0] [0] [0] [0] [O]
K=9 —|['R] [*R] [’R,] [0] [0] [0] [0] [*R,] [/1 [0] [0] [0] [0]
K=10 —|['R¢] [0] [0] [0] [0] ([0] ([0] ([0] [0] [Z] [0] [0] [O]
k=11 —[['"R;] [0] [0] [0] [0] [0] [0] [0] [0] [R,] [/1 [0] [O]
k=12 —|['R,] [0] [0] [0] [0] [0] [0] [0] f[0] [0] ([0] [I] [O]
K=13 —>[['Rs] [0] [0] [0] [0] [0] ([0] [0] [0] [0] [0] [“R;] [I1]

As noted in Example 4, the transformation matrices are constructed from the individual relative

transformation matrices.

! | R _t ]
{a)K}m - [ a)K’w']3x39 {a) }39><1

e)
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