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Annotation

The design of the robot chassis and the choice of the layout is a matter of
choosing the right compromise. In compact robots, the chassis is usually made
with two independent drive wheels and two passive wheels or balls, while the turn
Is carried out like a tank (also known as a "side turn”, hereinafter we will call it by
the more popular term "tank") - rotation of the drive wheels in different directions,
which allows you to turn over the smallest possible area, usually limited (from
below) by the length of the robot. "Tank™ turn is now used in serial 4x4 electric
vehicles, where each wheel has its own electric motor. But in robots, for example,
the number of chassis motors is often limited, including by the rules of
competitions, and by the fact that the number of motors in simple robots (for
example, based on Lego) is limited. So we have to come to a compromise - for a
tank turn, it is necessary that the driven (passive) wheels (possibly these will be
wheel balls) provide minimal resistance to lateral drift during a turn, but when
moving straight, these wheels should maximally support rectilinear motion. It turns
out to be a contradiction - wheel balls provide minimal resistance during lateral
movement, but a robot with passive balls has a noticeable yaw even to the eye, and
wheels that maintain a straight line maximally provide great resistance to drift,
which leads to drift of the entire robot during a turn. By the way, yaw is not
harmless - if we move along a gyroscope, then frequent yaws are integrated into
the gyroscope and lead to an increased noise level and, thus, an incorrect
determination of the yaw angle. We proposed and implemented a scheme with a
"Fifth Wheel" - a wheel that extends only during a turn, perpendicular to the
longitudinal axis of the robot, lifting the passive wheels for a turn. We designed,
tested and built a robot using a 5-wheel scheme and won by a large margin in the
FIRST ROBOTICS CHAMPIONSHIP robotics competition (former FLL Lego
championship (1)) in the Moscow Region. Note that we have not encountered such
a scheme in literature or in technology; it is not included in the description of robot

and rovers schemes (2).



Relevance of the project

The tasks of precise robot movement with autonomous navigation on the
terrain, or (as in our model example) on the field for the "Robot Game", where the
robot must move without external control and navigation systems using external
sources of orientation can be solved by several methods (as well as their
combination): binding to the terrain (movement along a line, surface color
analysis), orientation by physical contacts (via guides, end sensors, etc.) and
precise movement along the field. The latter, in general, is an obligatory part of
any navigation. Movement by binding has a significant drawback - even in the
simplest case, movement along a line, we are forced to move at a speed below the
maximum (to have a reserve for adjustment, for example, by the proportional-
integral-differential control method) and apply complex algorithms for recognizing
line branching. With physical contacts, we are severely limited by a small number
of possibly connected sensors, so the accuracy of movement comes to the fore. In
this case, the movement consists of turns and movement in a straight line, at least
any route can be divided into these components. So the accuracy will be
determined by two elements - straight line movement and turning. We can control
both of these elements using an autonomous gyroscope, but the accuracy of the
gyroscope is not absolute. For example, in Lego Inventor or Education, when
moving along a closed (by yaw angle) trajectory, the gyroscope drift can reach 7°,
which is due to a large number of small yaws when moving even in a straight line.
And of course, the task of making the movement as accurate as possible is relevant
not only in robot games, but also when moving real robots, where, as in Lego, the
computing power of the processor, the accuracy of the gyroscope and detailed
maps of the area are not always enough.

Project goals and objectives

1. Conduct a literature search for a solution to the problem of precise course

maintenance by mobile robots.



2. Analyze existing solutions and, if possible, propose and consider our
original solutions (or solutions), based on the data we have obtained on
controllability, accuracy, and turning ability of various types.

3. Show that our solution - the "Fifth Wheel" is implementable in hardware

4. Assemble a model robot that implements our "Fifth Wheel™ solution on
the robot playing field

5. When designing, take into account other requirements for mobile robots

- stability, low center of gravity, drive type, axle weight distribution..

Current methods of mobile robot orientation and their pros

and cons

Movement along the line

To follow a line, reflection sensors are usually used to record the light
reflected from the field. And we immediately encounter problems - in Lego, for
example, the frequency of sensor polling is low, so we cannot implement a direct
digital algorithm for following a line, but are forced to resort to inertial control
methods, in particular (and almost always) to the proportional-integral-differential
control method, which forces us to significantly (by 30-50%) reduce the speed of
the robot. We should also note that the accuracy of following a line is very
dependent on the distance between the leading wheel pair and the sensors, so in a
compact robot the accuracy is low. And this leads to the fact that the robot moves
in zigzags and to the fact that at the exit from the line the deviation angle can also

be large. In addition, zigzag movement leads to the accumulation of gyro error.

Movement along mechanical reference points

End sensors and force sensors allow orientation only at some points where
there are real relief reference points. Also, the inertia of the mobile robot leads to
the robot not having time to brake without slipping, and this leads to impacts

(which disrupts the operation of the gyroscope and can even take it beyond the



measurement limits) and loss of the angular position of the robot. However,

mechanical guides will not hurt.

Movement by gyroscope and encoders of driving wheels
This orientation works satisfactorily with a couple of remarks - the backlash
of the Lego gear motors reaches 5-10°, and the data on the motor rotation angle is
transmitted to the controller (to which there are generally no complaints) not often
enough. But there are still shortcomings of the chassis with driven wheels with
slippage (which is necessary for tank turning) - the robot deviates very much from

the trajectory - a straight line, wobbles, which makes the gyroscope very noisy (3).

Solutions in the automotive industry

An interesting solution that prompted us to think about the "Fifth Wheel" is
in the automotive industry - these are 180° turning drive motor-wheels of electric
cars (3). We do not have the ability to turn each wheel independently, and after
much thought and brainstorming, we came to the idea of the "Fifth Wheel". Later,
we discovered a patent by Brooks Walker from 1931 (4). Brooks Walker came to
the idea of the fifth wheel independently of us, himself. Note that our solution is
fundamentally different from Walker's solution in that we use independent motor-
wheels rotating in different directions together with the fifth wheel, and not just a

passive wheel for parking.

Fig. 1. Car with 180° rotating motor-wheels (5).



Fig. 2. Fifth wheel parking system on a Cadillac, 1953. Based on patent (4).

Our solution and classification of mobile robot chassis types
Our solution - the "Fifth Wheel" chassis - is classified as an adaptive wheel
chassis (2). By the way, it can be added to the classification - you see, there is
nothing like that (yet!)!
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Fig. 3. Classification of mobile robot chassis (2).

Robot design

Selecting parameters and chassis type

Center of mass

For the most stable movement, the robot's center of mass should be located
as low as possible. That's why we placed the heaviest parts - the Lego hub and the
battery - at the very bottom, and then placed the heaviest parts - motors - as low as
possible. We then compared the stability of robots with different heights of the
center of gravity - for example, the model robot of the FLL 2023 MiniMax
championship already starts to tip over at 30% speed, both when starting and when
braking, and our robot does not show a tendency to tip over until the highest
speeds. Slipping begins - but the fact that slipping begins before tipping over is a
plus. A robot with a high center of gravity will not even get to slipping - it will
simply tip over.



Drive type - front or rear?

After testing the model robot, we came to the conclusion that the front-wheel
drive is preferable - with it, the movement is most stable. In addition, when the
robot mechanically acts to perform work, the force is unevenly distributed between
the front and rear axles, more falls on the front axle, the chassis with rear-wheel

drive begins to slip. So our choice is front-wheel drive.

Weight distribution by axles

The robot will have to move both forward and backward (less often, but it
will have to), so a uniform axle load is preferable, which, along with a minimum
center of gravity height, will provide maximum stability. We compared axle
weight distributions for different cars, and the fact that front-wheel drive cars
usually have the same axle weight distribution confirmed the correctness of our
choice. This is a compromise, because if all the weight is on the leading axle, then
movement in start-stop modes is unstable, and if the weight is on the driven axle,
then the friction force proportional to the support reaction (it is equal to the weight

falling on the leading axle) will be small and the robot will slip.

Front axle Rear axle
Toyota Camry 63,00% 37,00%
Mercedes Benz 260E W124 56,00% 44,00%
Toyota Supra 52,00% 48,00%
BMW 750 52,00% 48,00%
Toyota AWD Land Cruiser 48,00% 52,00%
BMW AWD X5 50,00% 50,00%
Mercedes Benz GL W204 53,00% 47,00%

Table 1. Weight distribution by axles of popular cars

Choosing the type of "fifth wheel”
Ideally, the "fifth wheel" should be the leading one, but in the conditions of
the robot championship (1) we are limited by the number of motors, and are forced

to choose only a passive wheel. A ball-shaped wheel is out of the question - it has



sliding friction, we chose a wheel with a solid rubber rim - it rotates smoothly,

without unevenness associated with the tread.

Building a Robot from Lego Kits

For the design, we chose Lego - the Education Spike and Inventor sets have
controllers for 4 peripheral devices, and we were also attracted by the ease of
assembly of ready-made devices. And last but not least, it is also interesting to
compare our design with other types of mobile robots at Lego robot competitions.
The robot frame is based on the Lego Spike hub, it (together with the battery) is the

heaviest part of the robot, so we placed it at the very bottom.

Fig. 4. The robot we designed with a “fifth wheel” (rendering in Lego Studio
(6))-
The robot we designed has the following features:
1. The lowest possible hub provides a low center of mass
2. The "fifth wheel" extended by the motor provides precise turns
3. Driven wheels with a rubber rim provide precision straight-line movement

4. The ability to almost "hot" replace the battery without disassembling the robot



Fig. 5. Robot on the field for the “Robot Game” of the national championship,

regional stage (Moscow region) (1).

U a2 B I
Fig. 6. The "Fifth Wheel" mechanism: 1 - a wheel with a rubber rim, it is

lowered during a "tank™ turn by means of the drive gear 3 and the toothed rack 2,



while the satellite gears 4 and 5 serve to maintain the rack in a vertical position.

The wheels seem inclined due to the short-focus camera.

Let's move on to comparing the running and operational qualities of our

robot compared to robots of a conventional configuration (2 drive wheels plus

passive wheels of various types).

Comparative tests of the robot with the "Fifth Wheel".

Robot for comparison - MiniMax

As a sample robot for comparison, we chose the Super Powered robot
designed by Zachary Trautwein, proposed for the FFL championship. It
has 4 motors - two running, two for actuators, and two reflection sensors

(7), Fig. 7. In doing so, we examined 6 types of driven axles:

2. 1. Lego 4185 plastic wheels

3. 2. Lego 4185 wheels with a rubber rim
4,
5
6
7

3. Lego 56902 wheels with a rubber tread

. 4. Two balls in a hinge on the sides of the robot
. 5. A ball in a hinge in the middle at the back of the robot

. 6. Our chassis with a "fifth wheel".

Further on in the drawings and tables we will indicate these designations.



Fig. 7. A typical representative is MiniMax by Zahary Trautwein. The intersection

of the lines (marked with a red ellipse) is the position of the robot’s center of mass.

Movement in a straight line

When moving in a straight line, robots with passive ball-type chassis
(to a lesser extent, but still to a significant extent, and on one ball) wobble
very much, both in the constant power mode and even in the constant
speed mode. The PID controller is still inertial and does not have time to
track the friction force of the balls, which is why such an indirect
trajectory is obtained. In addition to the deviation (and in the constant
power mode the deviation can reach 10 cm per m of trajectory) as such,
these wobble lead to another problem - the gyroscope becomes noisy. The
wobble of a robot on plastic wheels is less, and the wobble is even less on

wheels with a tread.



Tank turn

Obviously, the best readings (the smallest drift of the center of the

driving axis) are those of a robot with balls - the friction force in the

direction perpendicular to the longitudinal axis of the robot is the same as

in the direction parallel to the axis. But it is not zero and still it is sliding

friction, not rolling friction. With rubber and even plastic rims the

situation is worse - the drift during a tank turn of 180° can reach 10 cm.

Test results

We made a qualitative analysis of the accuracy by 4 parameters: movement

in a straight line, tank turn accuracy, radius (essentially drift of the center of the

leading axis) of the turn and the accuracy of the axis after the turn. The accuracy of

the axis is not the same because when turning, for example, passive wheels with a

rubber rim, we experience jerking, which affects the accuracy of the gyroscope, the

yaw axis drift can reach 7 °.

No (from Straight Turning Turning Axis

the list line accuracy radius accuracy

above) movement after
turning

1 + + + -

2 ++ -- -- --

3 ++ -- -- --

4 -- + + +

S - + + +




6 ++ -- -- --

Table 2. Data on the accuracy of robots with different driven running

gears

The situation is very complicated - you need to choose either the accuracy of
driving in a straight line, or the accuracy and compactness of the turn. We solved
this problem by introducing into our robot the famous proverbial "fifth wheel",
which is perpendicular to the running wheels and which extends only during a turn.
That is why we came up with our version with the 5th wheel - when driving in a
straight line, we use the advantages of a rigid passive pair with a rubber rim, and
when turning - very low friction (essentially rolling friction) allows you to turn
accurately and without drifting the center of the drive axle. It remains to check
whether such a complication of the chassis mechanism is justified. Measurements
of driving performance (accuracy) are shown in the graph at different speeds of
driving motors, with @56 mm wheels. Deviations (by module) were obtained
during the following maneuver of the robot "movement by a meter - turn by 180 ° -

movement by a meter back", Fig. 8.
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Fig. 8. Robot deviation (by module) after two 180° turns and 100 cm forward and

1
100

backward movement. Designations: Bal — ball suspension, BIWhs- two plastic
wheels, Resin — wheel with rubber rim, BIOne — one plastic wheel in the middle,
5thA — wheels with rubber rim plus the fifth wheel, which is extended only during
turns.

Thus, the accuracy of movements, including turns and straight sections, in our
robot (all other things being equal — the same motors, the same controller,
everything from Lego) is the best. But this is in laboratory conditions. But soon we
had the opportunity to test our robot in a robot game at a robotics championship —
and we proved that our ideas work — we took first place, and with a significant gap
— 30 points out of 285 from second place and 40 points from third place. So the
results of the tests must be considered very, very successful!
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Pe3ynbTaThl Halllero NpoeKTa.

We analyzed the existing chassis solutions for mobile robots and
selected some for implementation on models

We made models with different chassis mechanisms and tested their
operation

We proposed, designed and built a robot on a fundamentally new chassis
scheme - two driving wheels, two driven wheels plus a "fifth wheel" used
exclusively for tank turns

When designing the robot, we also applied the results of our tests, so our
robot differs from existing solutions on the Lego platform in that it has
the lowest center of gravity, the ability to almost "hot" replace batteries
We conducted test trials of robots with different chassis and our robot
and showed that the robot's motion parameters - turning accuracy, course
holding, stability of maneuvers - are the best for our robot.

We posted the code and design of our solution on the popular github

depository.
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