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4-Wheel Independent Pivot-Wheel Drive describes a 4wd drive-train in which each of the
(4) wheels are independently driven and may be independently pivoted for steering
purposes. The design offers the potential for excellent drive-train performance and a
solution to conventional (tank) drive-train design constraints. The design also brings
some clear design and control challenges.

This arrangement provides the possibility to operate in several different modes. One of
these modes is Crab mode. In Crab Mode, all wheels steer together and drive at a
common speed thereby steering the robot in any direction on the 2-d playing surface (true
2-d drive). As described above, this mode does not allow overt control of chassis
orientation.

Gary Deaver, a Team 1640 Mentor, made the case that a Pivot Drive robot with 4
independently driven and steered wheels was not intrinsically constrained to typical Crab
behavior and that it should be feasible to overtly control chassis orientation.
Furthermore, from a human interface standpoint, a 3-axis joystick which includes a twist
axis as the 3™ control axis would provide an intuitive means of human control over a
Crab twist function.

The ability to control chassis orientation in Crab Mode provides an obvious operating
advantage.

This paper addresses how to accomplish such “twist” behavior from a Pivot and Drive
standpoint.

The Basic Crab Chassis

The Basic Crab Chassis is shown in Figure 1. There are 4 Pivot Wheels set on an
| X w wheelbase. Wheel numbering here is consistent with the earlier
“Programming a Pivot-Wheel Drive” paper of 9-August-2009. A chassis Center-
Point (CP) may be defined in the geometric center of the wheelbase. Each wheel
(and each pivot) is h distance from the chassis CP, where:

112 2
h:IT+W eq.l

Direction of Travel is not necessarily aligned with the wheelbase. The difference
between the chassis orientation and the direction of travel is y. It is important
than yis known. Right-hand-rule applies to angle measurements with the thumb



on the z (up) axis. All angle calculations will be carried out in radians. All
angular values expressed here will be in radians unless otherwise noted.

Normally in Crab Mode, all wheels will be aligned with the direction of travel and

all drives will be equally powered (or, ideally, all driven at the same speed, which

is not necessarily the same thing). All wheels would therefore be pivoted at
a=2mry eq. 2

from “straight ahead”.

The orientation of each pivot/wheel from the chassis CP may also be defined
relative to the direction of travel, y (i = 1-4).

FIGURE | — Basic Crab Chassis

Crab Modes

There are two logical ways to control Crab Mode. There are also two logical
ways to twist in Crab Mode. Each of the two twist modes fits intuitively (also



logically and philosophically) with its own Crab Mode. We will describe the two
Crab Modes before describing the Twist Modes.

Crab Mode 1 — Anchored to the chassis

In this mode, the direction of the joystick’s deviation from neutral
corresponds directly to the chassis’s direction of travel, relative to the
chassis’s orientation. Pushing the joystick straight ahead moves the
chassis straight forward (y = 0). Throwing the joystick directly right
moves the chassis towards the chassis’s right side (y = 372). Pulling the
joystick straight back moves the chassis backwards (y= 7). A good mode
if chassis orientation means something.

It is not clear that the drive motors would ever reverse in Crab 1.

Crab Mode 2 — Free form (but | know where | am, really!)

I am certain this is how Team 118 worked in 2007 (except maybe the
knowing part).

In Crab 2, y-direction joystick movement runs the drive motors (forward
or reverse). x-direction joystick movement runs the steering motors (left
and right). A neutral x-position means that the robot continues on its

current heading regardless of that heading’s orientation with the chassis.

x-direction joystick movement changes heading, without regard to chassis
orientation.

There is a presumption here that one wheel will be the master and the
other three slaves. One wheel must set the heading. The other three need
to point in the same direction.

This could be very intuitive for a driver (looking for movement without
having to pay and attention to chassis orientation). Visually, we are
directly attuned to movement. Attention to orientation requires thought,
slowing the process.

This is as far as I care to judge Crab 1 & 2 without data. They are different,
though. Fortunately, through the magic of programming, we can (in principle)
accommodate both.

Twist Modes

Twist 1



Crab 1 locks joystick orientation with chassis drive direction. Twist 1
should be consistent. This can be accomplished by incorporating a Snake
Mode turn into a Crab Mode 1 Twist. Such a turn is shown schematically
in Figure 2.

Through the turn, the orientation of the chassis relative to the direction of
travel () never changes. Chassis orientation does change relative to the
field, and does so in an overt, controlled manner.

Twist 1 is really a turn, not a twist, but it is a Snake turn performed in
Crab Mode.

FIGURE 2 — Twist 1 Schematic

1) Before twist:
all wheels aligned
all drives at same power

Path of Chassis CP

3) After twist:
all wheels aligned
all drives at same power

Twist 2

In Crab 2, steering is relative to the chassis’s current heading in relation to
the field. There is no fixed relationship between joystick position and
chassis heading (). In Crab 2, it would make sense for Twist to rotate the
chassis without (if possible) changing the heading relative to the field.
This would necessarily change .



So Twist 2 is a real twist and not a turn. Twist 2 is shown schematically in
Figure 3.
FIGURE 3 - Twist 2 Schematic

Fast side of the twist

Slow Side of the twist

Twist 2 introduces a new steering regime to 1640 — dynamic steering.

Up to this point (including Twist 1), steering can be considered static.
That is, once the human controls are set, this determines a robot response
(steering angle & drive speed, in this case) which does not change until the
human controls change.

Twist 2 is different. In order to rotate the chassis while retaining a
constant bearing (relative to the field), steering and drive speed need to be
dynamic. Steering angle and drive speed changes continuously for each
wheel as a function of % (for given human interface values). This will
provide a unique challenge for the team.

Twist 3
Did I say 2 twist modes? What was I thinking? There’s a caveat.

If the robot is stationary, a 3" twist is logical. This simply sets all of the
wheels tangent to the circle that they describe and turn the chassis like a
turret. Ken Au has already programmed this as an independent mode.
This is also the logical limit of a Snake Mode turn (but in Snake the
“inside” pivots turn an extra ). See Figure 4.

In the configuration shown, it would be necessary to run two motors in
reverse to rotate the chassis.

We will see that Twist 3 is logically incorporated in Twist 2 without a
special effort.



FIGURE 4 - Twist 3 (Stationary Chassis Rotation)

The Math behind Twist 1

Twist 1 is a generalized approach to Snake Mode.

Figure 5 defines the basic geometry behind Twist 1. The chassis is represented by
a circle of radius h about a chassis CP. There is an angular bearing of travel
relative to the nominal chassis orientation of . There are n (n =4 in our case, but
this is not important here) wheels distributed around the circle’s radius (only one
is shown), each at a known, fixed orientation (%°) relative to the physical chassis,
but at a variable orientation relative to the direction of travel (), so that:

Vi=r+7 eq. 3

Care needs to be taken to check that » remains in the range 0 - 2r (add or subtract
27 to if necessary).

When driving in Crab Mode (without twist), all wheels are oriented at & = 27—
relative to the chassis’s “straight ahead” orientation.



As with the earlier Snake Mode analysis, it is useful to imagine a “reference
wheel” on the centerline relative to the direction of travel. This reference wheel is
located h distance ahead of the chassis CP. The centerline reference wheel would
respond directly and proportionally to the joystick z-axis input and therefore
determine the turn radius (Rc) as a function of reference pivot angle (daci). The
nomenclature o« is adopted here because it is an additional steering change on top
of the Crab steering angle «.

FIGURE 5 - Twist 1 Geometry
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Jacy 1s assigned proportionally from the joystick z-axis input. For the
sake of simplicity, I limited the maximum Jac values to the range £m/4.
This limitation keeps the turning centerpoint from coming inside the
chassis circle. In Snake Mode, the limitation is £n/2. The chassis turn
radius Rcp is calculated:

h

tana,

Rep eq. 4



A turn radius for each wheel (R;) can be calculated.

R, = \/hz cos’ 7, +(Rgp —hsiny, )’ eq. 5

As well as a twist steering angle (o). (Note: the following equation may
need to be negated or otherwise modified based on joystick input specs).

oa; = [joystick 7 sign]x sin”™' heosy,

The wheel drive velocity factor for each wheel is the ratio:

Vi =—— eq. 7

where Rpax 1s the greatest turning radius for the wheels.

A worksheet for Twist 1 calculations was developed.

Twist 1 Pivot Model

! Min Yellow Field - Model Input
w 21in BOLD - System Constants
h 18.72 in
v° 3.737 2546 0.595 5.688
¥ 0.524 i 4261 3.070 1.119 6.211
hsiny | -16.84 134 1684 -1.34
hcosvy| -8.17 -1867 8.17 1867
RCP R\ (II'I) Rmax 80’-\ Vi
z O : e
in 1 2 3 4 in 1 2 3 4 1 2 3 4
-1.0 | -0.785 -18.7 8.4 27.4 36.5 255 365 | 1.345 0749 -0226 -0821) 023 0.75 100 0.70
-0.9 | -0.707 -21.9 986 29.8 39.6 27.8 396 | 1.015 0676 -0.208 -0737| 0.24 0.75 1.00 0.70
-0.8 | -0.628 -25.8[ 121 329 43.4 30.7 434 | 0741 0603 -0190 -0653| 028 076 100 0.71
-0.7 | -0.550 -30.6| 16.0 37.0 48.1 34.7 48.1 0.538 0.530 -0171 -0569( 033 0.77 100 0.72
-0.6 | -0.471 -36.7 215 42.4 54.2 40.0 542 | 0.390 0456 -0.151 -0485| 0.40 0.78 1.00 0.74
-0.5 | -0.393 -45.2( 295 501 62.6 47.7 626 | 0281 0382 -0131 -0403| 047 080 100 0.76
-04 |-0.314 -57.6| 416 61.8 74.9 59.3 749 | 0.198 0307 -0.109 -0320| 056 0.83 100 0.79
-0.3 | -0.236 -78.0| 61.7 81.5 95.2 78.9 952 | 0.133 0.231 -0.086 -0239| 065 0.8 100 0.83
-0.2 | -0.157| -118.2 101.7 121.0 1353 1183 | 1353 | 0.080 0.155 -0.060 -0.158| 0.75 0.89 1.00 0.87
-0.1 | -0.079| -237.9| 221.2 240.0 2549 2373 2549 | 0.037 0.078 -0.032 -0079| 0.87 094 100 093
0.0 0.000
0.1 0.079 2379 2549 2373 2212 2400 | 2549 |-0.032 -0079 0037 0078 | 1.00 093 087 094
0.2 0.157 118.2| 1353 1183 101.7y 1210 | 1353 | -0.060 -0.158 0080 0.155 | 1.00 0.87 075 0.89
0.3 0.236 78.0] 95.2 78.9 61.7 81.5 952 | -0.086 -0.239 0.133 0231 ] 1.00 083 065 0.86
04 0.314 57.6| 74.9 59.3 41.6 61.8 749 | -0.109 -0320 0.198 0307 | 1.00 079 056 0.83
05 0.393 452 62.6 47.7 29.5 50.1 626 |-0.131 -0403 0.281 0382 ] 1.00 076 047 0.80
0.6 0.471 36.7| 54.2 40.0 21.5 42.4 542 |-0.151 -0.485 0.380 0456 | 1.00 0.74 040 0.78
0.7 0.550 30.6| 48.1 34.7 16.0 37.0 48.1 | -0.171 -0.569 0.538 0530 1.00 0.72 033 0.77
08 0.628 258 43.4 30.7 12.1 329 434 | -0.190 -0653 0.741 0603 | 100 071 028 076
0.9 0.707 21.9] 39.6 27.8 9.6 29.8 396 | -0.208 -0.737 1.015 0676 | 1.00 070 024 075
1.0 0.785 18.7] 36.5 255 8.4 27.4 36.5 | -0.226 -0.821 1.345 0.749 | 1.00 0.70 023 0.75




The most significant complication of Twist 1 as compared to Snake Mode
is that the calculations depend upon the chassis orientation y, and can

therefore not be easily pre-calculated (unless you parse yand pre-calculate
a 3-d array).

Twist 1 is a static steering system. Once the joystick controls are set, all
steering and drive values are determined and do not change until the
joystick controls change.

Math behind Twist 2

Twist 2 geometry is shown schematically in Figure 6. It’s actually simpler
than Twist 1. It retains the useful concept of the h-radius chassis circle.
This chassis moves at a velocity V (in/s) and rotates, or twists, at a rate of
v (radians/s) [Note: a capital V is used here for velocity to avoid
confusion with v (rotational rate) in equations]. The imaginary Centerline
Wheel concept used in Twist 1 is not useful for Twist 2. We need look at
only one wheel, i (there are n wheels). The wheel has a fixed orientation
relative to the chassis (%° — same as Twist 1). yis the chassis orientation
relative to the direction of travel and is now a function of t (time), where
10) is a known initial condition. Steering twist angle (J¢) is the
deviation from Crab Mode steering angle (@). o = 27z — yis of course also
a function of t ((t)).

FIGURE 6 — Twist 2 Geometry




Twist 2 rotational rate v competes with chassis velocity V. Any wheel
passing % = 31/2 with a positive v (or 5 = n/2 with a negative v) must be
driven at a speed of V + h|v|. Since the maximum drive speed is limited
to Vimax (about 108 in/s), chassis and rotational velocities will need to be
balanced on the basis of y & z-axis Joystick inputs.

The attached Model contains a reasonable allocation between chassis and
rotational velocities. At zero forward velocity and maximum z, the
chassis will rotate at full drive speed. At zero twist (z) and maximum
drive (y), the chassis will drive forward at full drive speed. In the arena of
negotiation, drive speed remains maximized at its peek and the twist and
forward drive play off against each other.
The rotational position of the chassis can calculated:

At) = (0) + vt eq. 8

It is important to keep the value of ybetween 0 and 2.

To calculate the angular positions any for individual wheel i:
vit)=r+7 eq. 9
As above, keep these values between 0 and 2.

x, y and scalar wheel velocities are:

V. (t)=V —hvsiny, eq. 10

V,(t)=hvcosy, eq. 11

YAl

V,(t)= V5 +V) eq. 12

The calculation of de(t) is conditional.

If Vi > 0, then:

_ -1 Vy,i
oq; =tan” —— eq. 13a

X,

If Vyi >0 and y < 712, then:



V.
i

X,i

da; = tan™ eq. 13b

If Vxi > 0 and % > 712, then:

da; =tan” L —7 eq. 13¢

X,i

There is a dimensionless number, h|v|/V, which characterizes the behavior
of Twist 2. If h|v|/V <1, the wheels do not pivot completely around with
each twist revolution (they oscillate). If, on the other hand, h|v|[/V>1,
then the wheels do pivot completely around with each twist revolution.

These equations will work if V = 0. In this case, Twist 2 becomes
effectively Twist 3.

A robust model has been developed based on 1% principles. An earlier
model had been built from the back-end forward, but it broke under the
conditions h|v|/V > 1. Under the conditions h|v|/V < 1, the 1% principles
and back-end models agree exactly. The solution for the new model is
analytical. The worksheet model is shown below.

Twist 2 Pivot Model

I 3 in X v 56 in's Yeliow Field - Model Input

w 21 in ¥ 0.7 v BRI BOLD - System Constants

h 18.72 in z 0.3 iV 0.429

at 01s Vinax 108 s
W0y 0524 3.737 2546 0.595 5.888

1 z e Vi Vi V' frainiive) oy o

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

000 | 052 576 46.5 79 1047 733 141 323 141 323 045 ora [VR:1i) 074 030 038 -013 -042| 606 615 563 534
010 | 035 | 593 | 493 &35 1MN9 67 | 190 314 190 -314| 049 083 09 069 | 037 036 -018 -043] 002 0O 575 550
020 | 016 | 611 | 530 &B88 982 624 | 232 206 -232 -296| 054 087 093 064 | 041 032 -023 -044] 024 014 587 566
030 | 000 | 628 | 573 937 939 575 | 267 269 267 269 05 09 090 059 | 044 028 -028 -044) 043 028 600 584
040 | 611 | 017 | 622 980 890 532 | 295 234 295 -234| 064 083 087 054 | 044 023 032 -041] 061 040 613 604
050 | 594 034 675 1017 837 495 34 192 -314 -192| 069 096 na3 049 | 044 019 -036 -037| 078 053 6.2T 6.26
080 | 577 051 730 1M486 782 46 B 323 144 -323 -144) 074 0o ove D45 | 042 014 039 -030( 093 0685 012 o
070 | 560 | 069 | 7B6 1067 726 445 | 323 9.2 -323 82| 09 099 074 042 ) 039 009 -042 020|108 OFF 027 048
080 | 542 | 086 | 841 1078 671 434 | 313 a7 N3 37| 083 100 069 040 036 003 044 -009] 122 090 042 078
090 | 525 | 103 | 894 1079 618 433 | 293 1.9 293 19 087 100 063 040 | 032 002 -044 004 135 102 059 108
100 | 508 | 1.21 | 942 1071 570 441 | 265 -T4 -265 T4 081 08 058 041 | 027 007 -044 047 | 148 144 077 137
110 | 490 138 985 1064 527 458 229 -128 -229 128 | 094 09a 053 D.44 023 -012 041 027 161 126 097 165
120 | 473 155 | 1021 1027 491 485 186 -17.7 -188 1717 098 [ R:T 049 D48 | 018 017 -038 035 1.73 138 1.19 190
130 | 456 | 1.73 | 1049 993 463 519 | 138 -221 138 221 | 09 09 045 052 ) 013 -022 -029 040 18 1.3 144 213
140 | 438 | 190 [ 1069 951 443 561 a5 259 85 259 | 099 09 042 057 ) 008 -027 -019 043 | 198 163 171 233
150 | 421 | 207 [ 1079 904 433 608 3.0 288 30 288 | 100 088 040 062 ) 003 -031 -007 044 | 210 176 200 252
160 | 404 | 225 [ 1079 &52 433 660 | -26 -309 26 joa | 100 0B84 040 067 | 002 -035 006 044 | 222 190 230 268
170 | 386 242 | 070 9.7 442 ns -B.1 =32.1 a1 21 099 080 0.4z 073 | -008 -038 018 0.42 234 204 260 28B4
1.80 | 369 | 259 | 1051 741 461 ] -134 324 134 324 | 098 075 044 047 | 003 041 028 040 247 218 287 299
190 | 352 | 276 [ 1024 686 488 626 | -1863 -6 183 36| 09 070 048 082 )-018 -043 036 037 | 25 233 312 313
200 | 335 ] 2904 | B8 632 524 850 226 2009 226 299 ) 094 065 053 086 | 022 044 041 033 [ 271 250 334 327

This is a dynamic system. Setting the joystick position simply starts the
dynamic process. Steering angles for the above twist are:



Twist 2 Steering Angles

——tl
—-—q2

a4

And relative motor speeds:

Twist 2 - Relative Wheel Speeds

0.0 0.2 0.4 06 0.8 1.0 1.2 1.4
ts

But each system of inputs provides a unique solution.

16 1.8 20




