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APPENDIX A

WHEEL-GROUND CONTACT ANGLE ESTIMATION

A.1 Left Side

A.1.1 Left Bogie

Figure A.1: Left Bogie on uneven terrain

¢! cos(pl 7 .ul) =V COS(p2 [ lul) (A1 )
v sin(p, — 1) = v, sin(p, — 1) = L, 41, (A.2)
From (A.1)
- cos(pl —#l)
: COS(pz —,Ul)
From (A.2)
v, sin(p, __ﬂl)_ Y cos(pl _ﬂl)sm(pz _lul) y. LB/“‘]
cos(p, _:ut)
: 3 b, Lt
sin(p, — ) cos(p, — p4,) —cos(p, — p,)sin(p, — y,) = :ﬂ cos(p, — 14,)
- Ly,
sm[(pl i /1|) _(pz =2 .ul)] = cos(p2 i .ul)
1
i, = _p)=Leh =
sin[(p, — ) + (1, - p,)1= s coulth =0,) (A.3)
1
Define
5|=p|_lu| E=H— P,
o= lath s
1 vl
From (A.1)
cosd, = b, cosg, (A.4)
From (A.3)

sin(d, + €,) = a, cos ¢,

sin 0, cos €, +€os , Sin &, = a, COs €,
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Substitute into (A.4)
sind, cos ¢, + b, cos €, sin g, = a, cos g,
(sind, +b, sing,)cos e, =a,cosé, (A.5)
sind, + b, sin¢, =a,

b sing, =a, —sind,

b'sin’¢, = a! —2a,sind, +sin’ 5, (A.6)
From (A.4)
cos o,
cosg, =——1
b,
2
Y. cos25l

b,

2
sin g, =12 & (A7)

Substitute (A.7) into (A.6)

2
bf(l —Eos—zé‘-] =a’ -2a,siné, +sin’ 5,
b

1
b} —cos® S, = a] —2a,sin g, +sin’ &,

b’ = a} —2a,sin g,

'y
siné, _a=b
2a,
: a; -b}
sm(pl-#,)=T
1

Estimated contact angle of front left wheel

2_ K2
PI=M +arcsin[ s J
2a,

From (A.4)
cosd, =b, cos¢,
1-sin® §, =b] cos’ ¢,
sin’ §, =1-b] cos’ ¢, (A.8)
From (A.6)
sin’ 6, = b] sin’ ¢, + 2a,sin 6, — a;
Substitute by (A.8)

1-b] cos’ g, = b sin’ g, + 2a,sin 5, — a]

1=5b +2a,siné, —a}

2. i3:8
sin &, lta b
2a,
: 1+a’ -b}
S, — i )

2a

1
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Estimated contact angle of middle left wheel

. [1+a,2 —b,’]
Py =t + arcsinl — —-

a,

A.1.2 Left Bogie joint
¢,

Figure A.2: Instantaneous center of rotation of the left bogie

L, A n

sin(p, - p,) _sin(90+p,— )  sin(90- p, + p1,)

= L,sin(90+ p, — 11,)
sin(p, - p,)

e L,sin(90—-p, +u,)
Sin(pl 1) pz)

From robot geometry
A= arctan(g) =33.8
127
d =152.82 mm

ry =1y +d* =2rdcos(90+p, - 4, — A)

Ty = Jrzz +d* -2r,dcos(90+ p,— p, — 1)
T d

sin(90+p, — 44, ~4) _ sin7,
dsin(90+pz—y,—i)}

r

n = arcsin[
B

Py =P tM,




62

Estimated bogie joint velocity

A.1.3 Left Rocker

Figure A.3: Left Rocker on uneven terrain

Vs, COS(pBl _Tl) =Y COS(p3 - T|)

Vs,
cos(p,~17,) = 'v_cos‘(p)zcl =%;)
3

Estimated contact angle of left back wheel

v
P, # a:ccos[—”‘ cos(p,, — r,)}
V.

3

A.2 Right Side

A.2.1 Right Bogie
In the same way to left side, we can estimate contact angle of the wheels on the right

side as follow:

&/

W

o

Figure A.4: Right Bogie on uneven terrain

L v,
2= B2 b2=5

Vs
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Estimated contact angle of the right front wheel

Rl
P.=M,+ arcsin[u]

a,

Estimated contact angle of the right middle wheel

1+a; —b;]

2a,

Ps =M, + arcsin(

A.2.2 Right Bogie joint
P L,sin(90+ p, — u,)
sin(p, — ps)
s L,sin(90-p, +4,)
sin(p, - p)

From robot geometry
A= arctan(is—) =338
127

d =152.82 mm

T, =‘/r?+d2 —2rdcos(90+ p, — pu, — 1)

dsin(90+p5—,u2—ﬂ.)}

T,

n,= arcsin|:
B,

Py, = Pst1,

90+ ps—p, -4

Figure A.5 Instantaneous center of rotation of the right bogie
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Estimated bogie joint velocity

=M,

A.2.3 Right Rocker

Figure A.6: Right Rocker on uneven terrain

Estimated contact angle of right back wheel

\4
(Y ::u'ccos[i2 cos(p, ~ ‘rz):|
v6




APPENDIX B

FORWARD KINEMATICS

B.1 Coordinate Assignment

Define :
pitch angle between robot body and horizontal
B : angle between left rocker with respect to body
=B angle between right rocker with respect to body
% ; angle between left bogie with respect to left rocker
|2 : angle between right bogie with respect to right rocker
T, : angle between left rocker with respect to horizontal
7 : angle between right rocker with respect to horizontal
I, : angle between left bogie with respect to horizontal
U, : angle between right bogie with respect to horizontal

From Robot’s geometry :

/4 : 168 mm L 2 85 mm
/4 ; 109 mm L : 293.5 mm
A : 115 mm A . 200 mm
l, : 127.5 mm A : 127 mm
Then
T,=p+p n,=¢p-p

m=p+B+y, ,=0-pF+y,



Figure B.2 Right coordinate frames

B.2 Forward Kinematics
Define :
a, ; the distance from Z,, to Z, along x,

Q : the angle between Z,, to z, about %,

d, : the distance from x,, to %, along Z ,

66
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C) : the angle between x,_, to x, along z,,

0 D 0 -90 0 0
D B, I, 0 4 B
B, $, I 90 0 y,
s, 4, 0 -90 o4 v,
B, 4, af 0 0 y,
D 5, = 90 I B
S, A, 0 -90 & v,

B, 1 180 g B
B, § L -90 0 y.
5, 4, 0 90 4 V.
B, A, 4. 0 0 %
D S L 90 o <
8 4, 0 90 4 4 .

Table B.1:Denavit-Hartenburg parameters

Transformation from a coordinate frame i to coordinate frame j can be written as

ce, -9Ca, 50Sa, aCO,

J

S8, COCa, -COsa, a0,

& 0 Sa, Ca, d,
0 0 0 1
1 0 00
i 0 010
10 -10 0
| |
CB -SB 0 ICB
g S CBp 0 LSp
sl - L S T
0 0 0 1
Cy. 0. Sy 1Cy
T = Sy, 0 -Cy, LSy,
< T O NS N 0
0 0 0 1



Cy, 0 -Sy, 0
Sy, 0 Cy,
We i

5

R S 1

[Cy, -Sy, 0 -1,Cy,

i Sy iCy 0 —I,Sy,]

s | SNSRI 0

Ko S Ui SR |

[cp 0 S -ICP

Sp 0 -C8 -1SB
SR - D I,
60 0 1
[Cy, 0 -Sy, 0
Sy, 0 Cy, 0

WA il 0 -1
00 0 1

p | SEBI<L,CB
88— CB 0 N=LSB

TD,B, 7
0 AN o AN
0 0 0 1
Cy, 0. -8y, I4C72

Sy, 0., Cy, LSy,

T..l =
M54 BT E) 0 0

0 0 0 1
Cy, 0 Sy, 0
Sy, 0 -Cy, 0

T ——
DRIV I 1
C}'z _S}’z 0 —lscyz_
r |3 € 0 =i5y
o e T
-8 6. 3o
CB 0 -SB -1CB]
|- 0 -cB ISP
Ml
B 4 D 1
Cy, 0 Sy, O
T - Sy, 0 =Cwy; 0
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B.2.1 Contact Coordinate Frame

Wheel 1, 2, 3 Wheel 4, 5, 6

Wheel 1: @ =y, —p,
Wheel 2 : &=y -p,
Wheel 3: & =1,-p,
Wheel 4 : @ =y, - p,
Wheel 5 ® =y, — p,
Wheel 6: & =7, —p,
Figure B.3: Contact Coordinate Frame

Transform using Z-X-Y Euler Angle
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Cp/Cr,—Sp,Sq,Sr;,  CrSp,+Cp,Sq,Sr,  —Cq,Sr, 0

T = = Cq,Sp, Cp iqu Sq, 0

4"\ CrSp,Sq,+Cp/Cr, ~CpCrSq,+5p,Sr,  Cq,Cr, 0

0 0 0 1
J i P q r
4, o8 —_——r) 90 0
4, G, mi4am) 90 0
Aa CJ —(Tl ] pa) 90 0
A, Cs (u,-p,) -90 0
A G (4, = ps) -90 0
A4, G U ~p) -90 0

Table B.2: Parameters for Contact Coordinate Frame

Transformation Matrices

Cu, - p) eV
) 0 0 1 @
i _S(/ul —p|)+C(/u| _pl) —C(/l, _p‘) 00
0 0 01
C(u, - p,) -S(u,—p,) 0 0
TA:-Q:
-8t~ p)+C(=p)) ~Clp=p,) 0 0
0 0 01




Cz,-p,) ~S(t,-p,) 0 0
0 0 120
TA)-CJ i
=8(r,-p)+C(r,=p;) -C(z,=p;) 0 0
0 0 0 -3
i C(/"z —'pc) S(:uz —pA) 0 0-
0 0 -1 0
T&'CA =
_S(#z_p4)+c(ﬂz_p4) C(luz_p4) 0 0
0 0 0 1
C(.uz —ps) S(luz _ps) 0 O_
0 0 -1 0
TAs-Cs =
_S(.uz _ps)+c(/uz _ps) C(iuz _ps) 0 0
i 0 0 0 1
C(z, - py) S(,-p) 0 0
0 0 =10
Tﬂsxco =
—S(Tz —pa) +C(Tz —pe) C(Tz _ps) 0 0
0 0 021

B.2.2 Wheel Motion Frame

Figure B.4: Wheel Motion Frame
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a a d ®
C->M, -R6, 0 <P 0
C,—>M, -R0, 0 =P 0
C,oM, -R0, 0 -R 0
C,oM, -R0, 0 R 0
C, > M, -R6, 0 i 0
C,oM, -R6, 0 -R 0

Table B.3: Parameters for Wheel Motion Frame

Transformation matrices for all wheels can be written as

S o G L B

D,B, 7 B,S T Si.A4 T 4G TGM,

To M,
T

s T TO,DTD.B| TB. L TA; G TCz My

0,
Tos, = TooT05, T4 Tac, Teyan

RS, R O

4 \D T D.By T By, Sy T SyAy T A4Cy T Cy M,y
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To,M5 = TO,DTD‘B, TB,,A, TA,.Q Cs.Ms

| ] I LG P L 1

D,Ss " Sg1As ~ Ag.Cs ~ Co:Me

In order to obtain the wheel Jacobian matrix, we must express the motion
of the robot to the wheel motion, by applying the instantaneous transformation TM as
follows

P =TT

0,0 oM, " M;,0

T. is found to have the following form

0,0

0 —-¢ p x

T(jo= ¢ O A y
: =pysr 0 2z
0 Y20 1

where
¢ : yaw angle of the robot
p: pitch angle of the robot

r: roll angle of the robot

Once the instantaneous transformations of each wheel are obtained, we
can extract a set of equations relating the robot's motion in vector form

[x y z ¢ p #I tothejointangular rates.

The results for wheel 1 (Left front wheel) and 4 (Right front wheel) are

found to be
j#]1 44 o B L]
y| |b 0 E F[§
¥l 16 0 H L1§
Z.= i i i ﬂ l=1,4
¢l |0 0 0 J |y
pl |0 -1 -1 o]y,
7] L0 0 0 K|

The results for wheel 2 (Left middle wheel) and 5 (Right middle wheel)

are found to be
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[x] [4 o0 B]

)./ C. 0.0 -‘9;

TR B i=25
o 1o o of’

R

7] Lo o o]

The results for wheel 2 (Left back wheel) and 5 (Right back wheel) are

found to be

f&] (4. 9 B

A N

: EI 0 F, i

Gl aV; i=36
¢l |0 0 G|

& T 3. mY

(7] 10 ON\BH

4, to H, are in terms of wheel-ground contact angle p,to p,and joint

angle, suchas g8, y and v .

Itis seen that these set of equation are in the general form

u=Jg i=1-6

where J, is the Jacobian matrix of wheel i, and gq,is the joint angular

rate vector.
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