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To Control a Differentially Steered Autonomous Vehicle
Nathan Studer
Abstract—Two robust hierarchal control systems for an autonomous differentially steered vehicle are discussed and developed.  The two systems developed vary in the type of controller used.  A traditional approach is used to develop the PID controller, and then after a short introduction to the topic of Fuzzy Logic a FLC is developed for the control system.  These two systems are then simulated and compared.  Both systems produce equivalent results, but the fuzzy logic system tends to allow for easier implementation of customized response.   The traditional control system techniques and the fuzzy logic techniques produce similar sufficient results, but the customizations provided by the fuzzy logic response make it the more desired system controller.  This ability to be customized, the ease with which it can be implemented, along with its impressive results make it a great choice for the steering of a differentially steered fully autonomous vehicle.
I.   Nomenclature

FLC

Fuzzy Logic Controller
GPS

Global Positioning System

IGVC

Intelligent Ground Vehicle Competition

MF


Membership Function
PID


Proportional Integral Derivative

RPM

Rotations per Minute

RS232

Recommended Standard 232

USB

Universal Serial Bus

WAAS
Wide Area Augmentation System
FWD

Front Wheel Drive

2WD

Two Wheel Drive

II.   Introduction

A
 Senior design team at Calvin College seeks to design and construct a fully autonomous ground vehicle, and use this vehicle to compete in the IGVC.   To successfully participate in this competition the vehicle will need to demonstrate navigational ability as well as intelligent obstacle avoidance behavior.  The max speed that the vehicle is allowed to travel is 2.23 meters per second and reasonable accommodations must be made to the vehicle in regards to safety.  These include, but are not limited to: an emergency stop button located on the vehicle itself and an emergency stop button located on an external remote control.  This paper describes the navigational control of the vehicle and briefly touches on the facets of obstacle avoidance.

III.   Navigation Overview
 
The design team is composed of four electrical engineers and one computer science major.  Because of this composition the team wanted to focus on navigational solutions which had as few mechanical elements as possible.  This focus led the team to choose a 2WD FWD differential steering scheme over a mechanical steering linkage. This reduces a complex turning operation into simply speeding up one motor and slowing down the other.  To control these motors from a computer a motor controller which accepts commands from an RS232 serial port will be used.

Two navigational systems will be used to provide some redundancy.  Encoders and a Digital compass will compromise the dead reckoning navigation, while a WAAS GPS unit will be used as the other navigation source.  These two outputs will be combined using a Kalman Filter to eliminate some of the inherent inaccuracies in these technologies.  
The control system to be designed is a simple control system with two feedback loops (see Fig. 1.).  The outer feedback loop is to be controlled in discrete time by an onboard computer.  The feedback inputs of this outer loop come from the afore mentioned navigational units.  From these inputs software on the computer will determine the desired increase or decrease in motor output.  This change in motor output will be translated into motor controller commands and then communicated to the controller.  The motor controller will provide control of the inner loop with feedback from a set of optical encoders or a set of tachometers.  The motor controller will be purchased and as such we will have no control over the design of this section.  However we are aware that the feedback loop in this control system is motor speed controlled. This configuration will help to eliminate the pole caused by the lag response of the motors, and will provide a quicker response time than the computer alone could achieve.
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Fig. 1.  Control System Block Diagram

  The computer will sample the navigation hardware of the vehicle at a rate of 20 Hz.  The GPS unit to be used in this application has a sampling rate of 5 Hz, so 15 control system inputs will come from the intermediate dead reckoning navigational signal. The vehicle will be moving relatively slow so these values should be sufficient.
The control system of the vehicle needs to control the translational speed of the vehicle as well as the turning motion of the vehicle.  To aid in the safety of the system it is desired have an additional input to the control system to allow the vehicle to slow down in the case that extreme obstacles arise.  This input is generated independently of navigational control, and seeks only to reduce the output of the control system when necessary.  Most of the time this value will be a constant, and for our purposes can simply be ignored. To simplify control system design, both in the traditional and fuzzy logic implementations of the control system a hierarchical control system is used.  

In Fig 2. the division of the control is displayed.  Two separate control systems are provided: one to control the translational motion of the vehicle and another to control the turning motion of the vehicle.  These outputs, as well as the emergency constant are summed together to determine the overall change in motor output.  For simplicity only one motor is shown and considered in the control system derivation to follow, but control of the second motor proceeds in the exact same manner except that the output from the angular control is a direct inverse of the other motor.  
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Fig. 2.  Hierarchical navigational control system
Not only does this type of configuration greatly reduce the number of fuzzy rules which describe the system, but as a whole it is much easier to understand.  The concept can easily be explained to people who do not understand control system theory, and aids in the transparency of the design.  Briefly stated the translational control seeks to keep the vehicles center of mass traveling at 2.3 meters per second; the angular control reduces or increases this output to make the vehicle turn; and the emergency constant can reduce the output to slow down the vehicle.  This approach also considerable simplifies the PID system design.
  To navigate the vehicle will be given series of waypoints.  From these waypoints a desired path will be derived.  Software will use this information along with the current path and position coming from the navigational units to compute the control system feedback loop.  Velocity will be used as the feedback signal to the translational control.  Angular velocity will be used as feedback in the angular control of the vehicle.

IV.   Obstacle Avoidance Overview

Inline with the keep it simple mentality of the design team navigation control is concerned with only itself.  This may seem selfish, but the alternative is too complicated to even begin to tackle.  For simple reactive obstacle avoidance this alternative is feasible and much simpler than the method to follow.  In actual driving conditions however, obstacles and responses to these obstacles are so varied and nuanced that to even attempt to let navigation handle them all would take significant time and effort.  Instead separate software running on the same computer will be used to detect and avoid obstacles.  
Two USB web cameras will be mounted on the vehicle to provide visual recognition of obstacles and the course ahead.  These cameras will photograph the course ahead of the vehicle and then process these pictures.  With the appropriate transforms and filters obstacles and their position will be derived.  Using this information the obstacle avoidance software will then do a few things.  First it will determine whether or not a collision situation exists.  If not obstacle which will cause a collision exists then nothing significant will happen, but if an obstacle is in the collision path of the vehicle the software must do at least two things to make the vehicle avoid the obstacle(s).  First this software will generate the emergency constant used in navigational control if it is determined that the vehicle needs to slow down to avoid collision with the obstacle(s).  The software then determines the safest path for the vehicle to travel past the obstacle(s).  It translates this path into virtual navigation waypoints which it then inserts into the data structure which holds the navigation waypoints.  This operation may also remove navigation waypoints if necessary to avoid a collision.  Because navigation is only concerned with itself it is completely oblivious to this operation.  It is not aware that anything is different than before as it continues to travel waypoint to waypoint.  The elegance of this approach is intuitively better than the alternative.
V.   Plant Derivation and system requirements
The plants in this system deal with a moving vehicle that resembles a car and are therefore very hard to discern.  However, with the small scale of this vehicle it is safe to neglect many of the factors that would come into account in a full size vehicle for simplifications sake.  Equations for the forces in the remaining simplified system can then be easily written.  Because the system is hierarchical their will be two separate plants in this system, one for the translational and the other for the angular.
  The translational control of the vehicle is concerned with keeping its center of mass traveling at consistent translational velocity.  The input and output of the control system are therefore in terms of velocity.  The plant of this control system is much like a standard simplified cruise control plant.  The force acting on the vehicle to push it forward is the torque of the motors, while the force opposing motion is the friction of the wheels.  The platform of the car is yet to be determined, but it is already known that the weight of the vehicle will be around 120 kg or less.  With this weight it is safe to ignore the friction force opposing motion, but we approximate it as a small number for thoroughness.
The requirements of the translational system are also in line with that of a common cruise control system.  The rise time must be quick but smooth in order to provide clean vehicle acceleration.  There must be no overshoot or the vehicle risks being disqualified, and there is to be as little steady state error as possible.  If there is any necessary steady state error it is in our best interest to err on the side of caution and keep the steady state value below the desired value.  This will prevent the vehicle from exceeding 2.3 meters per second and will keep the team from being disqualified.
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Fig. 3.  Translational force diagram
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The angular plant is a different, but still with the appropriate simplifications the plant is quite easy to derive using standard physics and differential equations.  This angular control of the vehicle is concerned with keeping the heading at a specified angle.  The input and output of the control system are therefore in terms of angle position.  For this system let us only consider an angular adjustment made from a stand still.  This turning situation eliminates the translational motion of the car and completely separates its derivation from the translational one.  During this turn one motor will be propelling one side of the vehicle in reverse while the other will be propelling the other side of the vehicle forward.  These two forces will combine to create a moment about the vehicles center of mass causing it to turn.  This moment is resisted by the friction of the wheels just like the previous plant derivation, and once again its value will be assumed to be a relatively small number for the time being.  Assuming the center of the vehicle’s mass is located in the very center of the vehicle the plant derivation is straightforward.  (This is a very bad assumption, but it will have to do until the vehicle design is finalized)
The requirements of this control system are basically the same as the translational system.  The rise time must be quick but smooth in order to keep the centrifugal force on the vehicle low.  There must be no overshoot or passengers of the vehicle may become ill, and there is to be almost no steady state error.  This steady state requirement is strict because if it is not met the vehicle may oscillate from side to side due to the drift of the vehicle.
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Fig. 4.  Angular force diagram
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The introduction stated that the control system will be implemented in software and so the system plants must be transformed into their discrete counter parts.  Assuming a zero order hold system and using the navigation sampling rate of 15 Hz the continuous plants are transformed to their discrete counterparts. 
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Fig. 3.  Final translational control system
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Fig. 5.  Final angular control system
These two control systems must eventually be combined in the hierarchal structure, and so some simple transformations must be done to make sure they are combined using similar units of measure.  The eventual output of the computer must be in terms of motor torque.  Using an approximation of the torque vs. RPM equation of the motors we can easily transform velocity into a motor torque.  This is good because one of the system outputs is already in terms of velocity and all that remains is to transform the other into these terms.  Using the geometry of the vehicle and some calculus the output of the vehicle can be translated into velocity.  After this transformation the velocities of the two control systems are combined.  This combined value can then be transformed to a motor torque value and sent to the motor controller.
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VI.   PID Control

A standard control systems technique is the use of propotional integral derivative controllers.  This is the simpler of the two controller techniques and so its implementation is discussed first.  The angular and translational control systems are quite simple so a guess and check methodology can be used instead of a rigourously mathematical one.  The results are presented seperately for the different sections and then combined for the final result.
The translational control system does not have an apparent need for a full blow PID controller so first only a simple PI controller is experimented with.  Playing around a bit with the values of these parameters in Simulink, the requirements of the system are met by this controller when the proportional gain is equal to 225, and the integral gain is equal to fourteen.  These values can be manipulated further to increase or decrease rise time as neccassary, but for now these values will do just fine.  The system is then simulated under the following conditions.  The system starts at rest acclerates to 2.3 meters per second and is then brought to a stop after a couple seconds.  Looking at the simulation results the output velocity does look very much like we hoped it to be.  The vehicle reaches top speed at four seconds cruises for a bit and then is brought to a halt  at around thirteen seconds.
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Fig. 6.  PID controlled translational output
The angular control system will probably need a PD controller, because of the additional factor of s in the denominator.  A PID or a PI controller will make the system unstable or oscillatory, neither of which are desired results.  The values of the PD controller are experimented with for awhile and appropriate values are found for the proportional and differential gain.  These values are eight and three respectively.  These values can be manipulated as neccassary to adjust the rise time of the system, but for our purposes these values will do just fine.  The simulation environment for this system is an ‘S’ curve or more simply a right(or left) turn followed shortly by a left(or right) turn  The simulation results are once again what we would expect.  The system adjusts itself to the proper heading quickly with no steady-state errors or overshoot.
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Fig. 6.  PID controlled angular output
The combined system is then simulated using these same parameters and a similar environment.  During this simulation the emergency constant will remain at zero.  The vehicle starts at rest, cruises for awhile, steers through the ‘S’ Curve,  cruises for awhile longer, and is then brought to a halt.  The combined response of the system looks very good.  The turns are also executed as would be expected.  A sharp initial increase/decrease in velocity followed by a smooth tapering off of the velocity change will provide a quick comfortable turning motion. 
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Fig. 6.  PID controlled combined output

VII.   Fuzzy Logic Control Explained
This paper is written for an introductory undergraduate control systems course at Calvin College.  This paper covers topics researched individually by the author apart from the rest of the class.  As such a brief introduction or reintroduction depending on the reader, to fuzzy logic and fuzzy logic control is required.  

A.   Overview

Since its inception many years ago fuzzy logic has shown to be a valid control systems technique in situations where plant uncertainty or system ambiguity abounds.  Because of its simple yet robust nature fuzzy logic control has gained quick support among the engineering.  Control applications which use fuzzy logic run the entire spectrum.  Some of the products which have used fuzzy logic control in recent years are automated vacuum cleaners, automated parallel parking systems, automated washing machines, and many more.  How is fuzzy logic control different than traditional control?  A fuzzy logic system controller is described using basic logical rules instead of complex differential equations.  These rules which are usually written in if-then statements have a natural appearance and feel.  They usual resemble advice which you would tell a human which was trying to do the same process.  Using only a small number of these rules a fuzzy logic controlled system can perform exceptionally well especially when combined with a neural network.  This controller is not particularly better than a traditional controller such as a PID, but it does provide a good response without the extra effort needed to develop it as with some more difficult systems.  

The logic on which these systems are based has come to be known as fuzzy logic.  A valid question to ask is how this “fuzzy” logic relates to our more traditional understanding of the term.  The words fuzzy and logic seem to not even belong together.  Contrary to this belief however fuzzy logic is not only a form of logic, but our traditional logic is merely a subset of this fuzzy logic. This bivalent logic treats the world in shades of black and white.  If something is not true than it must be not true (false).  Fuzzy logic on the other hand deals with shades of gray.  These values of gray are interpreted as a degree of membership to the appropriate fuzzy set.  If something is not true than it probably is partly true.  It is unlikely that something is completely false, but if it is bivalent logic still holds at the end of the fuzzy spectrum.  The following example will further help explain the differences between the two systems of logic.  This example is best stated in the form of a question.  The question is a simple one originally used by Lotfi A. Zadeh and now seen in many introductory textbooks on the subject of fuzzy logic.  It is simply stated as; who is tall?  Well there are a lot of people who are tall, but let’s rephrase the question.  How tall is tall? Can you graph the set to which all tall people belong?  If someone stands at four feet are they tall, six feet, eight feet, or twenty feet?  Can someone be only a little tall? Is a persons’ “tallness” dictated by subjective factors?  The answers to these questions may seem obvious to some yet particularly jaded to others, but they provide a good place to start thinking of what fuzzy logic is all about.  

B.   Bivalent Logic

Traditional bivalent logic tells us that something is either on or off.  Mr. Spock lived by this bivalent nature, and most modern day computers are based on this concept.  We have done quite well for some time with this type of thinking so it obviously has its merits, but it falls short when answering the question.  With bivalent logic we have only two options.  The person in question either belongs to the set of tall people or he does not.  The person is simply tall or not tall (short).  The question then remains where the dividing line between these two to be drawn is. Well it would depend on who you ask, but for our example let’s claim that six feet is tall.  Using this value a simple graph of the set of tall people can be shown.
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Fig. 7.  Bivalent representation of tall vs. height

A few problems should stick out to anyone viewing this graph.  First off from the graph it can be shown that a seven foot tall man is just as tall as an eight foot tall man, or on a more extreme end a one inch tall man is just as short as a five foot eleven inch tall man.  Anyone can see that these inferences are preposterous and deny common sense all together.  The reason this conflict arises is because tall is a very subjective viewpoint depending on many variables which cannot be so easily ignored.  Bivalent logic has problem resolving these issues, but fuzzy logic is able to bridge the gap quite nicely.

C.   Fuzzy Logic

Unlike bivalent logic, fuzzy logic tells us that everyone belongs to the set of tall men to a certain degree.  This degree is know as the amount to which a person is a member of the set of tall men.  It is safe to say that if someone were twenty feet tall they would belong to set of tall men.  Additionally it would be safe to say that someone who is one inch tall does not belong to the set of tall men.  Fuzzy logic and bivalent logic agree on these obvious points it is the middle ground at which they disagree.  
To make the most appropriate fuzzy model some statistical methods would have to be used, but for the purpose at hand an assumption will do will do.  Let us assume for a minute that we have in our hands the recorded height of everyone in the world, and the sample mean is found to be six feet.  The easiest question to answer first is how tall is a six foot man?  If he was to stand in a room with everyone in the world he would be taller than half of the people in the room, but shorter than the other half. Obviously he is then 50% tall or better stated he belongs to the set of tall men with a degree of .50.  We now know three values in our quest to graph the set of tall men.  Using the same reasoning as before and our hypothetical data we could find the remaining values and develop a simple graph. 
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Fig. 8.  Fuzzy logic representation of tall vs. height


The shape of this graph now looks more like we intuitively think it should look like.  An eight foot man is now taller to a certain degree than a seven foot man, and a one inch man is well shorter than a five foot eleven inch man.  The strength of fuzzy logic does not lie solely in describing some subjective* aspects of real life, but extends into the realm of expert control.  Think of what Mr. Spock could have accomplished if only he was able to grasp this larger logical picture.
D.   Fuzzy Logic Control

  To forego the overhead of another example the explanation of fuzzy logic control will be presented with the example being provided by the actual control system itself.  FLC design is actual quite a simple straight forward process.  This process can be as complicated or as simple as the designer desires, and as before in our case simple will do.  

The three main steps to a fuzzy logic controlled system are as follows:  separate the input set and output set into their proper fuzzy membership functions; connect the input sets to the output sets by rule inferences; extract a concrete value from the rule results. The steps all have many available options in the world of fuzzy.  To keep the design of the control system simple this paper will stick with the unspoken standard in fuzzy logic control.  The fuzzy logic control system will be designed using Mamdani methods and a center of area defuzzification technique. 
E.   Fuzzification
This step deals with the separation of the sets into their fuzzy membership functions and the inferences which connect these sets.  In the steps to follow translational will be considered first followed by angular.  

Thinking on my experiences of driving a car a couple of input sets naturally arise.  These sets come from the three possible conditions concerning speed limits.  The car could be traveling too fast (which is the set where my driving resides); it could be traveling too slow; or it could be going along at the exact speed limit.  What is the proper response in each of these cases?  Naturally if the car is moving to fast the driver should apply the brake or release the accelerator to slow down.  If the car is going to fast the driver should press the accelerator.   If the car is going the exact speed limit, which never happens in real life, the driver of the vehicle should keep the accelerator and brake in their current positions.  These common sense statements will lead to the rule inferences a little while on , but for now they help us develop the output sets.  From the discussion above the input sets of [too fast, just right, too slow] as well as the outputs of [brake, do nothing, hit the gas] should be obvious.  These sets would suit our purposes just fine, but to make the output a little smoother and to give us some customizations we will divide these sets up a bit further.   The inputs sets which we now have are [blazing, too fast, just right, too slow, molasses] and the output sets are [brake, tap brake, do nothing, tap gas, hit the gas].  These membership functions are then related to the input variable (velocity error) and the output variable (motor power) as shown in the figures below.  
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Fig. 9.  Translational fuzzy input sets
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Fig. 10.  Translational fuzzy output sets
Notice that with the fuzzy logic we can do something that we were not able to do with the PID translational system.  This customization involves giving the membership functions which involve speeding more weight.  In this example this is done by pushing the blazing input set very far to the right and compressing the other output sets which relate to speeding.  Traditionally excessively speeding carries a much higher penalty than driving too slow.  Additionally vehicles usually need to brake faster than they need to accelerate, and this is true in our case. For the competition there is no requirement which relates to acceleration, but there is one that relates to braking.  Therefore the reason for weighting this should be obvious.

Connecting the input sets to their output sets should be a common sense procedure.  After a little bit of concentrated thought these logical rules result.










  Rule Format

IF velocity 


THEN result

IF blazing 


THEN brake

IF too fast 


THEN slow down

IF little fast 


THEN tap brake

IF just right 

THEN do nothing

IF little slow 

THEN tap gas

IF too slow

 
THEN speed up

IF molasses 

THEN full bore

The angular situation is just as simple to walk through except that we must deal with polar coordinates and a derivative term.  As before three cases quickly come to mind.  The car could be heading in the right direction; it could be heading to the right in the wrong direction; or it could be heading in the left in the wrong direction.  The responses to these conditions are once again obvious, but the difficulty is introduced when the vehicle is correcting for the error.  If the vehicle does not slow down enough while approaching the desired heading it will overshoot and oscillate.  In order to correct this undesired behavior it is necessary to add a mechanism to allow for finer control based on the derivative of the heading of the vehicle.  To do this we create a fuzzy input set based on this rate of change, and integrate this set with the former by rewriting the rules.  Here we arrive at the following input and output sets, but connecting these sets together with fuzzy rules is a bit difficult to understand.
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Fig. 9.  Angular fuzzy input sets (position)
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Fig. 10.  Angular fuzzy input sets (position velocity)
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Fig. 11.  Angular fuzzy output sets
There are no special cases in this situation as with the other.  The only caveat is the rare condition of going the exact wrong way.  This condition must be solved by the input to the control system depending on the direction the complete turnaround should be carried out.  Once again the rule inferences are easily figured out with some common sense.  One will notice how few rules were actually used to describe the control environment and how good the control system performs.  This is the strength of fuzzy logic control.










Rule Format
IF
(position

AND
positionVelocity)

THEN
output

IF
(okay)













THEN
nichts
IF
(right)













THEN
brake

IF
(left)














THEN
brake

IF
(okay


AND
positive)




THEN
soft right
IF
(okay


AND
negative)




THEN
soft left
    The value of the hierarchal control system with regards to fuzzy logic control can now be discussed.  This one decision is what made the sets and rules above so easy to derive.  The reason for this is that the logical decision for the final speed increase has decoupled the translational decision from the angular decision.  Let us consider the coupled system for a moment to appreciate what this method of control does for the system.  
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Fig. 12.  Non-hierarchal control system block diagram
The input sets remain the same, but the output sets must now be changed.  Obtaining a combined result without the above simplification for this system has now also become much more difficult.  To accomplish the same results as in the previous case proper rule inferences must be established.  This is however no longer an easy feet.  There are now many difficult and different cases (more than 27 altogether) which need to be considered.   Compare this number to the number for the hierarchal system (less than 12 altogether) and its advantage is clear, especially when we consider that some of them are probably not needed.  The entire fuzzy control system could probably have been constructed using as little as seven to nine rules.   

Rule Format
IF velocity 
(AND position 
AND
position velocity)




THEN
(velocity result

AND
position result)

IF blazing 
(AND left 
AND
negative)




THEN
brake
AND
hard right
IF molasses (AND left AND
positive)




THEN
(full bore
AND
soft right)

IF just right (AND okay AND
none)




THEN
(nothing
AND
soft right)

…
F.   Defuzzification
This deals with obtaining a concrete value from the output sets according to the value of the input to the system.  All defuzzification methods must deal with the defining the output of a rule and retrieving a concrete value from this output set. The most common and simplest way of defining the result of a rule is the max-min inference method.  This method gives the output set the truth value generated by the premise.  Because an input may belong to more than one input set multiple output sets may remain.  The center of area defuzzification technique takes the union of these remaining sets and uses the center of area as the output.  The simplicity of this technique is what has made it so common in fuzzy logic control.

G.   Results

The same simulation situations are used in the testing of the fuzzy logic controlled systems as were used in the PID controlled systems.  The results of the two are almost the same if we ignore the customization which was done to the fuzzy rules of the translational system.

[image: image28.png]



Fig. 13.  Fuzzy Logic Control translational output
Similarly the same angular situations are used in the simulation of this control system, and once again promising results are reached.  The result is a control system which reaches the proper heading a lot slower than the previous PID system, but this difference is just splitting hairs.  With some slight gain adjustments this control system would match the PID system with ease.  
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Fig. 14.  Fuzzy Logic Control angular output
The combined test also behaves quite well if not to say better than the PID simulation.  The slow gradual turn first viewed as a disadvantage gives a result which is more akin to proper driving technique.  While the combined PID system ramps up to speed immediately and decelerates through the turn; the fuzzy logic combined system accelerates through the initial part of the turn and decelerates as it nears the correct heading value.  With some tweaking this system could easily duplicate a properly executed turn, the art of which seems to have been lost by American drivers many decades ago. 
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Fig. 15.  Fuzzy Logic Control combined output
VIII.   Conclusion

The example was simple but it can be easily extended to more complex systems.  The comparison has shown that fuzzy logic controlled and PID controlled systems provide similar results in spite of their very different approaches.  Fuzzy logic controlled systems however are able to be customized in a way that may prove difficult in a traditional control system.  This ability to be customized, the ease with which it can be implemented, along with its impressive results make it a great choice for the steering of a differentially steered fully autonomous vehicle.
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