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“You can’t connect the dots looking forward; you

can only connect them looking backwards. So

you have to trust that the dots will somehow

connect in your future. You have to trust in

something - your gut, destiny, life, karma,

whatever."
— Steve Jobs

“With regard to performance, commitment,

effort, dedication, there is no middle ground.

Or you do something well or not at all."
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Abstract

Seeking for a more sustainable world, society is increasingly exploring the use of sys-

tems that have a lower environment impact. The electric vehicle has a great potential

to reduce urban pollution and recently has gained prominence in automotive engineering

research.

The differential plays an important role for vehicles. In multi-drive systems the motor

controllers must additionally be configured to provide an electronic differential effect.

Electronic differential is a device which controls the electric machine’s rotational speed

and provides the required torque for each driving wheel, allowing different wheel speeds.

It is used in multi-drive systems due to current vehicle velocity, steering wheel angle and

accelerator pedal position.

This work analyzes the possibility of using an electronic differential in a Formula SAE

vehicle. In order to do so, a system composed by an electronic central unit, sensors, signal

conditioners, drivers and electric machines, is proposed for verification of the differential

effect in electric vehicles.

In this system, tests have been carried out: steering wheel angle sensor, accelerator

pedal position, PWM pulse width comparison for electric machines speed control and

electric machines rotational speed. Also, data was collected in order to characterize the

device.

The results present an expressive similarity according to simulations, validating the

system, thus enabling the possibility for electric machines control in multi-drive vehicles.

Keywords: Electronic Differential, Electric Machines, Electric Vehicles,

Fuzzy Controller, Fuzzy Logic, Multi-Drive Systems, Powertrain Control.
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Résumé

À la recherche d'un monde plus durable, la société étudie de plus en plus l'utilisation

de systèmes ayant un impact moindre sur l'environnement. Le véhicule électrique a un

grand potentiel pour réduire la pollution urbaine et a récemment gagné en importance

dans les recherches en ingénierie automobile.

Le différentiel joue un rôle important pour les véhicules. Dans les multi-drive systèmes,

les contrôle des machines electriques doivent être configurés pour fournir un effet diffé-

rentiel électronique. Le différentiel électronique est un dispositif qui contrôle la vitesse de

rotation des machines électriques et fournit le couple requis pour chaque roue motrice,

permetent différentes vitesses de rotation. Il est utilisé dans le multi-drive systèmes en

raison de la vitesse actuelle du véhicule, de l’angle du volant et de la pédale d'accélérateur.

Ce travail analyse la possibilité d'utiliser un différentiel électronique dans un véhi-

cule de Formule SAE. Pour ce faire, un système composé d'une centrale électronique, de

capteurs et leurs circuits, drivers et machines électriques, est proposé pour vérifier l'effet

différentiel dans les véhicules électriques.

Dans ce système, des tests ont été effectués avec : le capteur d'angle du volant, position

de la pédale d’accélérateur, étude de la largeur du pulse PWM pour le contrôle de la vitesse

des machines électriques et la vitesse de rotation des machines électriques. De plus, des

données ont été collectées afin de caractériser le dispositif.

Les résultats présentent une expressive similarité selon les simulations, validant le

système, permettant ainsi la possibilité de contrôler les machines électriques dans les

multi-drive véhicules.

Mots-clés :Commande du groupe motopropulseur, Différentiel électronique,

Multi-drive systèmes, Machines électriques, véhicules électriques, logique Fuzzy.
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1 Introduction

Seeking for a more sustainable world, electric vehicles are helping to generate a cleaner,

more energy-efficient future. Considering recent years, this sector has been growing expo-

nentially, not only by the increase in market demand, but also for technological develop-

ment and the growing policy of reducing pollutants emission, reinforcing world community

environmental awareness.

In road transportation systems, differential plays an important role for vehicles. It

contributes to a different wheel torque distribution while the car is turning or being

driven in irregular terrain. There are two distinct categories: single−drive system and

multi−drive systems. The first one, mechanic differential, is mostly used in internal

combustion engine vehicles. Whereas, in multi-drive systems the motor controllers must

additionally be configured to provide an electronic differential effect.

Furthermore, electric vehicles are not particularly suitable for those who use separate

drives for both rear wheels. The electronic differential system (EDS) constitutes the latest

technological developments in the design of electric vehicles, adding better control and

balancing of a vehicle in curvy roads [1].

Electronic differential is a device which controls electric machines rotational speed and

provides the required torque for each driving wheel, allowing different wheel speeds. It is

used in place of the mechanical differential in multi-drive systems due to current vehicle

velocity, steering wheel angle and accelerator pedal position. When a vehicle is turning,

due to wheels turning radius, the inner and outer wheels rotate at different speeds so

them were supplied with the torque they need. Considering our vehicle, three packages

of sensors were placed in order to collect these values, side by side with control circuits,

to collect current car data and send it to an electronic control unit. ECU is connected

to an inverter, the interface between power source and rotating machinery which has the

amount of energy and power needed to drive a race car, establishing an expected and

reliable operation.

Several applications of this technology have proven successful and have increased

vehicle performance. Dynamic characteristics of each mechanical system influence the

performance of traction control/stability capability. The proposed electric machine based
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differential system based traction control/stability presents a significant improvement

compared to conventional systems due to fast torque response in electric machines [2].

Additionally, electronic differential has some advantages over a mechanical differential:

allows distributed regenerative braking options, faster response times, accurate knowledge

of traction torque per wheel and gives the possibility to include new features according to

driver’s preferences. Also, it avoids gearbox and other mechanical parts and contributes

to better traction and stability control.

Following the previous statements, this thesis’ main objective is to evaluate a new

electronic differential control system and consequently an electric vehicle powertrain man-

agement. First, it is proposed to complete a study based on existent topologies and tech-

nologies. Subsequently, simulations will be carried out in order to analyze the response

of proposed system, always focusing on future development and easy device tuning, ac-

cording to EV determined settings. That electronic control unit will achieve data from

sensors and translates it into a signal that could be used by inverters to electric machines

speed control.

In order to characterize the electronic differential system for an electric vehicle, driven

by two electric machines attached to the rear wheels, using direct torque fuzzy control,

multiple simulations have been carried out: electronic differential effect and fuzzy acceler-

ator. These tools have also been used to design the electric circuits, software programming

and the system design. The simulation platform is validated experimentally as an accurate

representation of the prototype and its performance in terms of realistic vehicle dynamics.

The results will be presented in order to allow a future development for the vehicle of

UFRGS ePower Racing team.
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2 Literature Review

In this chapter we will discuss a review of electric machines basic concepts, a vehicle

mathematical model, instrumentation, electronics and power electronics. These ideas will

be approached according to the proposed area for application of this work, that is to say,

electronic differential applications in an electric vehicle. Also to be presented are sensors,

methods and work results already done in respective area of interest.

2.1 Electric vehicles general properties

In a world where electric cars have been identified as being a key technology, several

devices should be developed to improve cars reliability and safety.

Considering electric cars, the biggest discrepancy compared to vehicles powered by

internal combustion engines are: transmission, energy storage, power-train and drive-

train systems.

• Batteries:

Batteries are used to power the propulsion of EV. Observing the different types of

batteries available on market, we can mention: Lead-acid, Nickel metal hydride and

Lithium-ion.

Lead-acid batteries have their benefits , and as a result, have been widely adopted

for current internal combustion engine (ICE) vehicles, for a specific purpose. Lead-

acid batteries have a long shelf life, are inexpensive, reliable, easily recyclable, and

are safe when properly handled and maintained [13].

Nickel-metal hydride (NiMH) battery is another rechargeable battery widely pro-

duced for commercial applications in EV. NiMH batteries were used to supply energy

to the electric motor because they offered a higher specific energy than lead-acid

batteries and had a much better energy density (watt-hours per liter) compared

to lead-acid batteries. NiMH batteries are also highly reliable, and safe similar to

lead-acid batteries. Also, they are composed of non-corrosive substances resulting

in safer handling and recycling.
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e-Power race car utilize lithium-ion batteries to supply enough energy needed for

electric machines. Observing it, large quantities of battery cells are needed, which

means that the battery system is one of the heaviest components of the car. It is

very important for a race car to have a low weight, hence Lithium Ion battery is

chosen as tractive system accumulators for its high energy density.

The main factors that should be considered before selecting the battery are: specific

energy and its maximum discharge current [14].

Figure 1 demonstrates the impact of battery pack cost for electrical cars.

Figure 1. Cost estimation of an EV.

Source: Technology - Synthesis Partners, LLC (2011) [15]
.

• Drive-train system:

While an internal combustion vehicle has a multi-speed gearbox with numerous

ratios, nearly every electric car has a single-speed transmission. This occurs because

an electric motor delivers its maximum torque at zero RPM. Unlike an internal

combustion engine, it doesn’t need a system to disconnect it from the drive-train to

allow it to idle while the vehicle is stopped.



Electronic Differential 2018 19

Additionally, most of electric motors have a much larger RPM range than the typical

internal combustion engine. Unlike a gas or diesel engine, an electric motor makes

its best power output over an incredibly RPM range. Therefore, designers of electric

cars just pick a gear ratio that provides a good compromise between acceleration

and top speed. The typical electric motor is capable of sustaining high revolutions

per minute, so the top speed often is not even a limiting factor.

When a multi-drive configuration is selected, the presence of an electronic differential

is mandatory for drive-train system.

• Power-train system:

Electric vehicle power-train is composed of different types of electrical machines

and electric components. There are four types that have been adopted for this

kind of car, namely the DC machines, induction, switched reluctance machine and

permanent magnet brushless machine. PT is usually selected due to size, power

and proposed application. For example, Tesla Model S has a three-phase, four pole

AC induction machine, rear mounted. Also, this power-train provides regenerative

braking power of more than 60 kW which reduces both energy consumption and

improves brake lifetime.

Figure 2. Tesla Motors Model S base

Source: Oleg Alexandrov (2014) [16]
.
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2.1.1 Advantages and disadvantages

Production and utilization of EV bring many benefits and differences when compared

to combustion models. These differences causes environmental impacts, changes in the

operation costs, efficiency and power grid lines adaptation.

Environmental: Conventional cars with internal combustion engines (ICE) are a

major source of air pollutants such as carbon dioxide (CO2.), nitrogen oxides (NOx),

black carbon (BC). From an environmental point of view, the replacement of ICE cars

by electric vehicles, (EV) may be beneficial for the climate because of the reduction of

greenhouse gas emissions, particularly CO2. On the other hand EV are not 100% clean.

When EV are charged, the electricity needed, is produced by a wide range of different

power plants which may also be sources of air pollution [17].

Electric grids: EVs may be considered as active loads, increasing the demand on the

network during charging, and as generators, when operating in regeneration mode. Due

to this, large deployment of EVs is expected to lead to potential problems for existing

power networks. Under certain operating conditions, they may also lead to power quality

problems and voltage imbalance. EV interface devices may be designed to minimize or

even eliminate the effects of EVs on the network. In fact, with appropriate control and

communication with the grid, EVs could be designed to operate as part of a ‘smart grid’

to provide services such as supply/demand matching and voltage/frequency control [20].

Furthermore, current electricity infrastructure may need to cope with increasing shares

of variable-output power sources. This variability could be addressed by adjusting the

speed at which EV batteries are charged.

Operating cost: According to Shisheng Huang, it appears that the first generation

EVs will not be economically competitive with conventional and hybrid vehicles, even with

government incentives. Its competitiveness is further hampered by the current structure

of the electricity pricing structure. The high costs of electricity compromise EVs ability to

replace gasoline with electricity in a cost-efficient manner. Developing new technologies

and consequently lowering EVs prices, vehicles will become competitive and look more

interesting to the market.

Efficiency: EV efficiency is about a factor of 3 higher than internal combustion

engine vehicles. Energy is not consumed while the vehicle is stationary, unlike internal
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combustion engines which consume fuel while idling. However, looking at the efficiency

of EVs, their total emissions are closer to an efficient gasoline or diesel in most countries

where electricity generation relies on fossil fuels [22].

2.1.2 Formula SAE electric race vehicle

This work’s main objective, will be to build and validate a Formula SAE car electronic

differential. FSAEE has some specific characteristics and rules to compete, which are

certified by Society of Automotive Engineers.

FSAE e-Power UFRGS car is currently at project phase and it was entirely developed

by university students. The main purpose of this project is to develop the electric machine

itself and its controls (including electronic differential) that will be put to test in FSAEBR

championship.

An open-wheels electric car has some particular characteristics, as shown in the fol-

lowing table:

e-Power Racing car overview
Brakes 4-wheel hydraulic disc brakes
Suspension Double wishbone with coils springs, oil damper
Power-train Two PMSM electric machines
Drive-train Electronic differential, inverters and sensors
Steering system Rack-pinion system
Fairing Fiberglass

Table 1. UFRGS electric vehicle general properties

At first, the vehicle design was made with only one electric machine, using a mechanical

differential as torque transmission for wheels. However, it was identified that component

would bring excessive weight to the car, so an application of electronic differential, the

purpose of this project, has become a major improvement solution.

The developed vehicle is an electric mono-post, with electric motors of up to 80kW, fed

by a pack of batteries. Some of the events that test the car are: design, manufacturing,

cost and business estimations, acceleration and endurance. Figure 3 presents an example

of FSAEE car.
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Figure 3. Unicamp E-Racing electric vehicle prototype

Source: Unicamp e-team media (2017) [18]
.

2.1.2.1 Traction control and vehicle stability

Vehicle stability is subdivided into lateral stability, yaw stability and roll stability. Vehicle

stability control assists in reducing under steer, over steer, instability around yaw axis and

roll over conditions. Vehicle research shows that active front steering and rear steering

provides improvement in stability control capability [5]. Electric machine differential

provides an additional degree of control due to the independent wheel torque control

capability. Furthermore an electric machine provides a faster torque response.

Figure 4. Under steer and over steer movements.

Research has shown that 20 - 25% of car accidents resulting injuries or fatalities were
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due to spinning cars. In other words, it presents the fundamental importance of control car

systems in passenger safety. To solve and improve turning issues, an electronic differential

was created for multi-drive systems control, where a mechanical differential configuration

is not adequate for torque management.

Fuzzy logic control optimizes the slip rate on specified limit. Fuzzy based ED with

third harmonic voltage integration is highly suitable for the two in wheel motor drive

electric vehicle which gives high range of stability with improved efficiency [12]. This

logic will be implemented in our electronic differential to motor control as well as improve

traction control and stability.

2.2 Vehicle Differential

A differential is a device, usually but not necessarily employing gears, capable of trans-

mitting torque and rotation through three shafts, almost always used in one of two ways:

in one way, it receives one input and provides two outputs - this is found in most auto-

mobiles - and in the other way, it combines two inputs to create an output that is the

sum, difference, or average, of the inputs. In automobiles and other wheeled vehicles,

the differential allows each of the driving road-wheels, for most vehicles, supplying equal

torque to each of them [3].

Basically, considering vehicles, the differential allows the outer drive wheel to rotate

faster than the inner drive wheel during a turn. This is necessary when the vehicle turns,

making the wheel that is traveling around the outside of the turning curve roll farther

and faster than the other [4]. An increase in the speed of one wheel is balanced by a

decrease in the other. During a corner, when the car is turning left, left wheels have a

lower angular velocity than the other ones from right side. Figure 6 presents the difference

between vehicle wheels.

The Ackermann-Jeantand model discovered by Rudolf Ackermann in the 19th century

is used for EDS design [7]. When an electric vehicle is driven on a curved road, this model

is generally preferred at low speeds due to the effect of centrifugal force and centripetal

forces. The derived equations from the Ackerman-Jeantand model are as follows:
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Figure 5. Vehicle model proposed system in left turning maneuver.

Source: EMD For Vehicle Traction Control And Stability Control [6]
.

δ1 = arctan

[
L · tan(δ)

L+ ((K/2) · tan(δ))

]
(1)

Outer steering wheel angle of the front wheel

δ2 = arctan

[
L · tan(δ)

L− ((K/2) · tan(δ))

]
(2)

Inner steering wheel angle of the front wheel

According to Ackermann-Jeantand, where K is the right and left kingpins distance,

to have an estimation of each wheel speed, the turning radius of inner and outer wheels

could be presented as following equations (3), (4), (5), (6):

R1 =
L

sin(δ1)
(3)

R2 =
L

sin(δ2)
(4)
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R3 =
L

tan(δ)
− dr

2
(5)

R4 =
L

tan(δ)
+
dr
2

(6)

where dr is the distance between rear wheels.

Figure 6. Right and Left kingpins distance (K).

Source: Design of EDS with In-Wheel Motor [8]
.

where K is the distance between the left and right kingpin, L is the distance between

the front and rear wheel.

The radius of the center of gravity Rcg of an EV is:

Rcg =
√

(R3 + (dr/2))2 + (lr)2 (7)

where lr is the distance between the rear wheel and center of gravity [8].

According to that mathematical modeling, it is possible to express angular speeds of

inner and outer wheels:

ω1 =
V ·R1

Rcg · r
(8)

ω2 =
V ·R2

Rcg · r
(9)

ω3 =
V ·R3

Rcg · r
(10)
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ω4 =
V ·R4

Rcg · r
(11)

where r is the radius of the wheel and V is the vehicle speed in m/s.

Also, steering angle signal indicates turning angle:

δ > 0 turning right

δ = 0 going straight

δ < 0 turning left

The difference between angular speed of wheel drives is expressed by equation 12,

where ω is the vehicle center of gravity angular speed [32].

∆ω = ω1 − ω2 =
d · tan(δ)

L
· ω (12)

Equations 13 and 14 represents, respectively, the left and right rear wheels angular

velocity in rad/s.

ωLeft = ωv ·

[
L+ ((D

2
) · tan(δ))

L

]
(13)

Left rear wheel angular velocity

ωRight = ωv ·

[
L− ((D

2
) · tan(δ))

L

]
(14)

Right rear wheel angular velocity

Equations from Ackermann-Jeantand will be used to set and apply vehicle parameters

for Formula SAE EV and simulations.
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2.2.1 Mechanical Differential

Differential plays an important role for vehicles. It contributes to a different wheel torque

distribution while the car is turning or driving in irregular terrain. Mechanical differ-

ential is mainly used by internal combustion engine vehicles, most wide-spread type of

commercial cars.

The modern differential was invented in 1827 by Pecquer and was first used on steam

traction engines for the same reason that it is still used-cornering with the drive wheels

mounted on a single shaft (spool) requiring a tire slip, especially on tight turns [9].

Furthermore, when pivots have no friction and the torque split must be even the lever

is rotated due to differences in output velocity [9].

Figure 7. Lever analogy to different gear actions.

Source: Race car vehicle dynamics [9]
.

In most cases, the mechanical differential are the following types: Open differential,

limited slip differential (LSD), locking differential and spool.

Open differential: An open differential architecture gear cleverly allows the sum of

the outside and inside wheel rotational velocities to equal a constant while allowing one

wheel to speed up and the other to slow down. Also, it allows the vehicle to go around

corners without dragging the outside wheel. Another result of the differential mechanism

is that torque is split equally between the two sides [9]. In addition, OP is the most

common type among differentials and also the least expensive.
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Limited slip differential: Limited slip differential’s purpose is to limit or prevent

the wheel with less traction to spin and the higher traction to remain immobile. Torque is

transmitted to the wheel with less grip, to equalize the different speeds of rotation of the

wheels on each side of the axle when the vehicle makes a turn. An example is presented

in figure 8.

Figure 8. Eaton drivetrain limited slip differential

Source: Race car vehicle dynamics [9]
.

Locking differential: It is able to lock the two drive wheels on an axle together. The

advantage is that both wheels have power at all times. The disadvantage is that turning

is much more difficult since both wheels must turn at the same RPM. So most lockers

must be disengaged when making sharp turns [10].

Spool: An open differential in which the axles have been mechanically fastened to-

gether. This does not allow either wheel to go faster or slower around corners. It is cheap

and adds little or no weight to the vehicle, but is usually limited to off-road.

2.2.2 Electronic Differential

Electronic differential is a device that controls the electric machines rotational speed and

provides the required torque for each driving wheel, allowing different wheel speeds. It is

used in place of the mechanical differential in multi-drive systems due to current vehicle

velocity, steering wheel angle and accelerator pedal position. In addition, cars equipped

with electronic differential save weight and reduce drive-line complexity, a considerable

improvement when we are considering high performance vehicles.
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ED equips an unique platform for vehicle stability control, improving passenger com-

fort and range extension of an electric vehicle (EV). Less torque causes deceleration of

the wheel resulting in re-adhesion and hence better traction is achieved. Also, the invest-

igation is extended to an optimal slip ratio control. A road condition estimator is utilized

to estimate the best slip command for the optimal slip ratio controller.Simulations show

that lateral motion stabilization can be achieved with slip ratio based control on a four

wheel driven electric vehicle by implementing slip ratio control [40].

Furthermore, based on extensive research led by Fujimoto, the battery life of an electric

vehicle is a critical factor in evaluating the performance of an EV. Miles per charge of

an EV estimate the battery pack capacity of it. Limitations in battery capacity is one of

the foremost obstacles that engineers are facing, when an electric vehicle competes with

the driving range capability of a gasoline based automobile. Researchers confirm a 3%

reduction in energy loss by implementing a range extending traction control algorithm

[41].

Figure 9 displays the ED block diagram and electronic control unit sensors schema,

respectively.

Figure 9. Electronic differential block diagram

Electronic control unit is responsible for analyzing the provided information and using

a method to treat data of: steering wheel angle sensor, current vehicle speed and acceler-

ator pedal pressure. Thereafter, Fuzzy method is applied to these variables and enables

PWM outputs for inverter control.
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Fuzzy logic, unlike the usual boolean logic, allows undetermined states to be treated

by control devices. Thus, we could evaluate non-quantifiable concepts. For example, it is

possible to estimate temperature (hot, warm, cold).

Control systems generally contain four elements - sensor, controller, actuator and

system under control. ECU controller is usually a micro-controller which generates control

signal in the form of PWM.

ED comprises many advantages and possibilities in comparison to mechanical differ-

ential. Fundamental advantages are the following [45]:

• Efficiency due to electric power train

• Ability to alter differential behavior with a control algorithm change

• Fast dynamic behavior due to electric machine

• Ability to implement traction control algorithms and ESP algorithms
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2.3 Modeling the Electronic Differential

The usual configuration of electrical or non-electrical vehicles involves two wheels, driving

one traction motor and a differential gear. In this work, we will adopt a structure with

two independent wheel driving.

The in-wheel motor allows packaging flexibility by eliminating the central drive motor,

associated transmission and driveline components in vehicles, including the mechanical

differential.

The Electronic Differential consists of two electric machines, two driver units and a

central control unit. Initially, ED design is for a rear wheel drive vehicle. An ECU

controller is also interfaced to an accelerator pedal and a steering wheel input to provide

information on driver’s intent. Since the two rear wheels are directly driven by two

separate motors, the speed of the wheel at the outer position of the curve will need to be

greater than the speed of the inner wheel during curved steering (and vice versa). Also,

this prevents the tires from losing traction when the vehicle is turning [32].

Figure 10. Electronic differential design model
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Figure 10 demonstrates the electronic differential design model for a vehicle structure

where M1 and M2 are electric machines, δ∗ steering wheel angle, ω∗
v current electric

machines rotational speed, ω∗
mR

and ω∗
mL

the right and left electric machine’s angular

velocity, respectively.

This ED system architecture permits the development of an electronic differential to:

over a straight trajectory the two wheel drives roll exactly at the same velocity and in a

curve trajectory the difference between the two wheel velocities assure that the vehicle is

turning.

When a vehicle is cornering, due to the wheels’ turning radius, the inner and outer

wheels rotate at different speeds so they are supplied with the torque that they need.

Considering a vehicle, two packs of sensors were placed in order to collect these values,

side by side with control circuits, to obtain current car data and send it to an electronic

control unit (ECU). It is connected to an inverter, the interface between power source and

rotating machinery, having the power needed to drive a race car, establishing an expected

and reliable operation. Also, several applications of this technology have proven successful

and increase vehicle performance [2].

Input - Output ECU system overview

ED system Function

Input Steering wheel angle sensor

Accelerator pedal position sensor

Output PWM to control left rear electric machine

PWM to control right rear electric machine

Table 2. ECU I/O system overview

Often, an electronic control unit basically receives those sensor signals, processes all

data and with that produces two PWM outputs, one for each inverter or driver.
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2.4 Fuzzy Logic

Fuzzy logic is an approach to computing based on "degrees of truth" rather than the usual

"true or false" (1 or 0) Boolean logic on which the modern computer is based. Among all

the suggested methods for reactive navigation, fuzzy logic controller has been found to

be the most attractive. The theory of fuzzy logic systems is inspired by the remarkable

human capability to operate on and reason with perception-based information.

Fuzzy logic can be conceptualized as a generalization of classical logic. Modern fuzzy

logic was developed by Lotfi Zadeh in the mid-1960s to model those problems in which

imprecise data must be used or in which the rules of inference are formulated in a very

general way making use of diffused categories. There are not just two alternatives but a

whole continuum of truth values for logical propositions [24]. Also, applying a set of rules

to determine output based on input values. Figure 11 presents a graphical representation

of a conventional set (usual "true" or "false") and fuzzy logic set.

Figure 11. Graphical representation of a conventional set and a fuzzy set

Source: Introduction to fuzzy logic [25]
.

In diffused statements, concepts like “fast” and “slow” are imprecise but easy to inter-

pret in a given context. In some applications, such as expert systems, for example, it is

necessary to introduce formal methods capable of dealing with such expressions so that

a computer using rigid Boolean logic can still process them. This is what the theory of

fuzzy sets and fuzzy logic tries to accomplish.
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Figure 12 shows membership functions for the concepts of speed. Based on membership

degree, for example, a vehicle could be very slow or slow due to road conditions as surface

imperfections or potholes.

Figure 12. Membership functions for the concepts of speed

In addition, fuzzy logic depends on fuzzy rules which are defined as conditional state-

ments. Basically, rules associate ideas and relate one event to another. The result of the

application of a fuzzy rules construction include:

• Choice of process state and control output variable.

• Choice of the rule antecedent and rule consequence.

• Choice of term sets for the process state and control output variable.

• Derivation of the set of rule.

Fuzzy rules also operate using a series of if-then statements. For instance, if X then

A, if Y then B, where A and B are all sets of X and Y. As we have defined the fuzzy

operators AND, OR and NOT, the premise of a fuzzy rule may well be formed from a

combination of fuzzy propositions.

Considering our ED system, fuzzy logic will be implemented as fuzzy accelerator speed

reference controller, using input variable sets as steering wheel turning angle and acceler-

ator pedal pressure. By introducing the notion of degree in the verification of a condition,
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thus enabling a condition to be in a state other than true or false, fuzzy logic provides a

very valuable flexibility for reasoning, which makes it possible to consider uncertainties.

Figure 13. Fuzzy logic surface example

2.4.1 Defuzzification

Defuzzification is the process of producing a quantifiable result in FL and inverse of

fuzzification, given fuzzy sets and corresponding membership degrees. It is typically

needed in fuzzy control systems as an electronic differential control. Also, defuzzification

is interpreting the membership degrees of the fuzzy sets into a specific decision or real

value.

A fuzzy controller can use one of several mathematical methods to perform defuzzi-

fication: Center of Area , modified Center of Area or Mean of Maximum. Selecting a

defuzzification method depends on the context of the design you want to calculate with

the fuzzy controller.

2.4.2 Neuro-fuzzy system

Neuro-fuzzy systems were introduced in the thesis of Jyh-Shing Roger Jang in 1992 under

the name “Adaptative-Networks-based Fuzzy Inference Systems” (ANFIS) [26]. They use

the formalism of neural networks by expressing the structure of a fuzzy system in the

form of a multilayer perceptron.
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A multilayer perceptron (MLP) is a neural network without cycle. The input layer

is given a vector network and the network returns a result vector in the output layer.

Between these two layers, the elements of the input vector are weighted by the weights of

the connections and mixed in the hidden neurons located in the hidden layer. Figure 14

illustrates an example of a neural network [25].

The fuzzy model implemented in the NFS determines the fuzzy rules format, which

forms the fundamental knowledge part structure in a fuzzy inference system. However, the

relevance function formats influence degrees of pertinence associated with each variable.

In addition, triangular and trapezoidal shapes are the most used for the advantage of

being computationally simple.

Space partition of input and output (I / O) variables internally defines fuzzy regions of

space, which are related through the fuzzy rules [27]. Thus, division of the output space

is usually simpler because it is associated with rules consequences. After doing fuzzy rule

set evaluations, real value of the fuzzy rule set NFS is determined by the defuzzification

method chosen. Basically, figure 14 describes all steps of fuzzy logic: initial variables,

fuzzification, fuzzy rules, defuzzification and output, respectively.

Figure 14. Structure of a neuro-fuzzy system

Source: Introduction to fuzzy logic [25]
.
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NFS has the advantages of fuzzy systems, showing huge potential for applications that

combine qualitative knowledge with robustness and provides a high-level, fast-computing

and user-friendly interface to program, allowing the specialist to focus on functional ob-

jectives instead of mathematical details. However, neural-fuzzy system works with a

reduced number of entries, due to exponential growth of combinatorial rules. A system

with many inputs demands a great computational effort.

2.4.3 MISO Fuzzy control

The majority of process industries are nonlinear, Multi-Input Single-Output (MIMO)

systems. The control of these systems is met with a number of difficulties due to process

interactions, dead time and process nonlinearities. The difference between MISO systems

control and single-input single-output (SISO) systems control is based on an estimation

and compensation of the process interaction among each degree of freedom [33].

Fuzzy and neural control, in particular, have had an impact in the control community

because of their simplicity to use control knowledge for control problems. The integration

of fuzzy logic with neural network techniques has resulted in what is commonly referred

to as neuro-fuzzy systems.

2.5 Electric machines for EV

Electric vehicles are powered by electric machines. Different types of EM are designed for

automotive traction applications. Some of the requirements to improve traction applica-

tions are [11]:

• High instant power

• High efficiency

• High torque at low speed

• Reliability and robustness

• Wide constant torque region

• Efficient regenerative breaking

• Wide speed range region

• Reasonable cost

Many types of electric machines are currently been developed by manufacturers,

mainly focused on performance and efficiency. Considering it, we have several EM con-
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ceptions which are chosen depending on the application. The most important are three

phase electric machines, which are: Induction Motor, PMSM and synchronous brushed

motor.

Induction motor: The three phase induction motors are simple in construction, low

cost and easy to maintain. They run at a constant speed from no-load to the full load.

Also, Tesla is the only large electric cars manufacturer to use induction motors (IM) in

their vehicles.

Permanent magnet synchronous motor: In PMSM the rotor permanent magnets

(PM) provide the excitation field of the rotor. The stator is essentially similar to induc-

tion machines and the applied 3-phase voltage creates a rotating magnetic field. As the

induction machine rotor was dragged by the rotating magnetic field, in the synchronous

machines the rotor speed synchronizes with the rotating stator field and thus it is the

same as synchronous speed [36].

Switched reluctance motor: Switched reluctance motor (SRM) has many attractive

characteristics that makes it a good option for EV traction motor. SRM provides high

efficiency over wide speed range at a low cost and a simple control [37].

Cost of the electric machine, efficiency/loss and long term return on investment are

major concerns in selecting an electric machine for a traction application. Also, permanent

magnet machines and induction machines are widely used as traction motors due to their

unique advantages [5].

Correlating induction and synchronous machines, we see that the last one is easier to

cool, because the rotor generates less heat.

Zeraoulia [11] also made a comparison between electric machines, which one ranks:

induction motor the highest, permanent magnet machine the next and switch reluctance

machine and DC machine as the least preferred. An additional selection criterion is

the market acceptance degree of each motor type, which is closely associated with the

comparative availability and cost of its associated power converter technology.

This project focuses on a future real electronic differential application using Permanent

magnet synchronous motor (PMSM) which is the one that e-Power UFRGS Racing has

selected.
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2.5.1 Permanent magnet synchronous motor (PMSM)

Synchronous machines have in their rotors two or more permanent magnets that generate

a magnetic field which enters in the stator core (radial, axial or transverse directions)

and interacts with flowing currents inside the windings, to produce the torque between

rotor and the stator. A permanent-magnet synchronous motor uses permanent magnets

embedded in the steel rotor to create a constant magnetic field.

The torque produced by PMSM is generated with two different components, which are

PM torque and reluctance torque. The magnitudes of these components are dependent

on the rotor structure and different rotor topologies that are shown in figure 15.

Figure 15. PMSM rotor structures: a) Surface mounted. b) Surface inset. c) Interior
radial. d) interior circumferential.

Source: Modern Electric Vehicle Technology [38]
.

Considering the two different torque components, the torque produced is according to

torque equation, given by:

T =
3

2
∗ p[ψmIq − (Lq − Ld)IqId] (15)

PMSM torque equation

Where p is number of pair poles, ψm stator winding flux linkage due to the PMs, Lq

and Ld the q-axis and d-axis stator winding inductances, respectively, and Id and Iq the

d-axis and q-axis currents, respectively [38].
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2.6 Inverter and control

Inverter is an electronic device that changes the direct current (DC) to alternative current

(AC). It is responsible for transforming batteries accumulated energy - or grid power - in

order to control electric machines rotational speed or torque.

In electronic power converters and motors, pulse-width modulation (PWM) is used

extensively as a means of powering alternating current (AC) devices with an available

direct current (DC) source or for advanced DC/AC conversion. Variation of duty cycle

in the PWM signal provides a DC voltage across the load. A specific pattern will appear

to the load, as an AC signal, or can control the rotational speed of machines that would

otherwise run only at full speed.

The output is controlled by changing the input DC voltage. In most cases, the DC

voltage is changed by a controlled rectifier or DC chopper. The rms value of the AC

voltage can be changed between 0 and a maximum value, as defined by the square-

wave operation. This is a very simple method, in which the switching frequency of the

semiconductor elements is equal to the output frequency. Therefore, it is the preferred

method used in converters with high-frequency output. Modern inverters use insulated

gate bipolar transistors (IGBTs) as the main power control devices. Besides IGBTs, power

MOSFETs are also used especially for lower voltages, power ratings, and applications that

require high efficiency and high switching frequency [28]. Figure 16 presents a three-phase

inverter topology containing IGBT drivers to control PWM output frequency.

Figure 16. Topology of a three-phase inverter
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Usually an inverter consists of:

• Rectifier: AC/DC converter if the power source is AC.

• Power Inverter: composed of controlled semiconductor gates that form a control

signal which generate pulses for the load.

• Control: Microcontroller responsible to acquire sensor data, generating appropriated

control signals.

• Surge protection device (SPD): protecting device for excessive current and supply

electric machines voltages.

Figure 17 shows the typical output of a three-phase inverter during a startup transient

into a typical motor load. The upper graph shows the pulse-width modulated waveform

between phases A and B, whereas the lower graph shows the currents in all three phases.

The motor acts a low-pass filter for the applied PWM voltage and the current assumes the

wave-shape of the fundamental modulation signal with very small amounts of switching

ripple.

Figure 17. Typical waveforms of inverter voltages and currents

Source: Power electronics: Inverters [28]
.



Electronic Differential 2018 42

An inverter allows the control of a electric machine rotational speed, establishing a

connection between AC three-phase motor, energy supply and electronic control unit. ED

output is formed by two pulse width modulation waves which vary their frequency and

grant inverter gates control.

2.7 Sensors application

Electronic differential is a device which controls electric machines rotation speed and

provides the required torque for each driving wheel. For that, two sensors were used in

order to obtain this data, side by side with control circuits, to collect current car data

and send it to an ECU.

The accelerator pedal pressure also can estimate how much pressure the driver is

applying to it, sending a signal to the controller. In addition, steering wheel sensor is

responsible for collecting SW angle and identify if the car is turning to the left or right.

2.7.1 Accelerator pedal position sensor

The accelerator pedal position sensor is fixed to the electronic accelerator body which

has a functional principle that involves conversion of the accelerator pedal movement into

a voltage signal. This sensor is responsible for providing information about accelerator

pedal position. Also, it is used to estimate driver’s applied pressure during driving.

The APP was used in Formula 1 initially by the McLaren team. This system makes use

of an electronic assembly (pedal position sensor, motorized throttle body and the ECU) to

accelerate the engine thus eliminating the old and problematic throttle cable. In addition,

this system guarantees greater driver comfort and is multifunctional. Besides acceleration,

it allows the possibility to analyze acceleration pedal position by the electronic central,

eliminating additional sensors.

These sensors use potentiometers that work as voltage dividers. Voltage dividers use a

resistive element and a wiper arm to "divide" an input voltage (called a reference voltage).

They then send this "divided" voltage to a computer, which uses it to adjust the position

of the throttle.

Figure 18 helps illustrate the basic principle behind how a voltage divider works. The

resistive element, also called a carbon track, is basically a piece of graphite.
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Figure 18. Potentiometer diagram

Moving the arm across the resistive element effectively alters the resistance on either

side of the arm (R1 and R2). Moving the wiper clockwise increases R2 and decreases R1

and moving it counterclockwise does the opposite. Where GND is ground, Vcc is reference

voltage source and Output is the output voltage. The exact relationship between the

output voltage, reference voltage, and position of the wiper arm can be written as an

equation:

Vout = Vref ∗
R2

R1 +R2

(16)

Furthermore, to keep potentiometer input voltage more stable, several devices that

produce reference voltage are usually utilized and thereby decrease the variations in the

input and output voltages of the circuit, making signal acquisition more reliable and

accurate.

2.7.2 Steering wheel angle sensor

The steering wheel angle sensor is a critical part of the ECU system that measures the

steering wheel position angle and rate of turn. A scan tool can be used to obtain this data

in degrees. SWAS is located in a sensor cluster in the steering column. Cluster sometimes

has more than one steering position sensor for redundancy to confirm data.

Steering wheel angle sensor is usually based on the magneto-resistance principle, that

is, the property of a material changes its electrical resistance depending on applied mag-

netic field. When the steering wheel is turned, it normally rotates a gear and drives two
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other smaller gears which are provided with magnets. Magneto-resistors then record the

angular position of the magnets. So measurement combination makes it possible to cal-

culate the total rotation angle. The reason for multiple sensors is redundancy, accuracy

and diagnostics. Multiple sensors are required since the steering angle is critical for the

stability control system, and any discrepancy could mean the difference between making

it around a corner or hitting another vehicle.

In addition, most sensors are packaged together in a single unit. When combined, the

two signals can provide a more accurate reading on the positions of the wheels and how

fast the position is changing. The two signal outputs are checked against each other to

ensure accuracy. Usually, this sensor is mounted just behind the steering wheel on top of

steering column and is a rotating sensor measuring the absolute steering angle.

As the steering wheel is turned, the SWAS produces a signal that usually toggles

between 0 and 5 volts as the wheel is turned 360º. It is possible to observe the 0- to 5-volt

signal with meters connected to the two SWAS sensors. Most vehicles produce a positive

voltage turning right and a negative voltage turning left.

Figure 19. Steering wheel angle sensor

Source: General Motors steering wheel position sensor [31]
.

Precise and reliable detection of the steering angle is an important challenge in the

modern vehicle. This data is used not only for Electronic Power Steering (EPS) and

Electronic Stability Control (ESC), but it is also necessary for lane keeping assist and other

advanced driver assistant systems. These are the first steps toward partial autonomous
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driving.

2.8 Control applications

Control application is very important to many processes based on a technology by which

a process or procedure is performed without human assistance.

Fundamentally, there are two types of control loop; open loop control and closed loop

feedback control. In the open loop control, control action is independent of the "process

output" (or "controlled process variable"). On the other hand, for closed loop control,

the control action is dependent on the process output. A closed loop controller therefore

has a feedback loop which ensures the controller exerts a control action to give a process

output the same as the "Reference input" or "set point". For this reason, closed loop

controllers are also called feedback controllers.

2.8.1 PI Implementation

A proportional-integral controller (PI controller) is a family of controllers. They are the

solution of choice when a controller is needed to close the loop and gives the designer

a larger number of options. Those options mean that there are more possibilities for

changing the dynamics of the system, in a way that helps the designer. A PI controller

calculates an "error" value as the difference between a measured process variable and a

desired setpoint. The controller attempts to minimize the error by adjusting the process

control inputs. It takes the in wheel encoder values as feedback and will check it again

and again in closed loop to reduce the error [2].

PI controllers can be viewed as two terms - a proportional term which provides an

overall control action proportional to the error signal through the all pass gain factor, and

an integral term, reducing steady state errors through low frequency compensation by an

integrator.

In electronic differential, PI control will be implemented as an input ED speed control

to minimize errors and improve system stability and safety.
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2.9 Controller Area Network

Controller Area Network (CAN bus) is a defined serial communications bus originally

developed for the automotive industry to replace the complex wiring harness with a two-

wire bus. The specification calls for high immunity to electrical interference and the

ability to self-diagnose and repair data errors [42].

There are four types of CAN messages: Data Frame, Remote Frame, Error Frame

and Overload Frame. The data frame is the standard CAN message, broadcasting data

from the transmitter to the other nodes on the bus. A remote frame is broadcast by a

transmitter to request data from a specific node. An error frame may be transmitted by

any node that detects a bus error. Overload frames are used to introduce additional delay

between data or remote frames [43]. Also, many short messages like temperature or RPM

are broadcast to the entire network, which provides for data consistency in every node of

the system.

Figure 20. Standard CAN

Source: Introduction to the Controller Area Network (CAN) [42]
.

The meaning of the bit fields of Figure 20 are [42]:

SOF: this bit marks the start of a message, and is used to synchronize the nodes on

a bus after being idle.

11-bit identifier: establishes the priority of the message. The lower the binary value,

the higher its priority.

RTR: A bit that is dominant when information is required from another node. All

nodes receive the request, but the identifier determines the specified node.

IDE: means that a standard CAN identifier with no extension is being transmitted.

r0: reserved bit.

DLC: contains the number of bytes of data being transmitted.
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Data: bits of application data.

CRC: contains the checksum (number of bits transmitted) of the preceding application

data for error detection.

EOF: marks the end of a CAN message.

A fundamental CAN characteristic shown in Figure 21 is the opposite logic state

between the bus, the driver input and receiver output. Normally, a logic-high is associated

with a one, and a logic-low is associated with a zero but not so a on CAN [42].

Figure 21. Standard CAN
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3 Electronic Differential Development

The usual configuration of electrical or non-electrical vehicles involves only one traction

motor driving two wheels, using differential gear. This thesis demonstrates the capacity

of work of a rear multi-drive vehicle prototype , controlled independently by an electronic

control unit. ED was created mainly to solve the turning issues for electric vehicles.

3.1 Drive-train proposed system

The drive-train proposed system permits the development of an electronic differential to

assure that over a straight trajectory the two rear wheels rolls at same velocity and in

curve trajectory, it assumes the difference between wheel velocities, satisfying the desired

curved path.

Usually, a data communication channel is implemented between the central controller

and each drive unit to command wheel speed and wheel torque. ECU controller is also

interfaced to an accelerator pedal and a steering wheel input to provide information on

drivers intent. In this project we developed a CAN (controlled area network) communic-

ation network, the most used in automobile industry.

For our drive-train system, ECU carries out the following basic tasks:

1. Reads the calibrated steering angle sensor and based on this it then calculates the

steering wheel angle and also determines which direction the vehicle is moving.

2. Reads the throttle potentiometer voltage and estimates the accelerator pedal posi-

tion.

3. Using the two readings above, calculates the speed reference applying fuzzy logic

control.

4. Adopting a PI controller strategy and based on the above information, estimates

the PI desired output speed and sends it to ED unit.

5. Calculates the ratio of the two speedsWL/WR using appropriate Ackermann-Jeantaud

equations.

6. Applies a separate Pulse Width Modulated (PWM) signal is then applied to each

of the two motors in accordance with the required speed ratio.
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3.2 Vehicle Model application

According to project objectives, we need to develop a drive train system for Formula SAE

e-Power UFRGS vehicle which has some specific characteristics and dimensions presented

in table 3:

e-Power UFRGS Racing vehicle dimensions
Dimension Value (m)

Distance between front and rear wheel (L) 1.530
Distance between axis gauge (D) 1.300

Wheel radius (W) 0.531

Table 3. UFRGS electric vehicle dimensions

Applying the vehicle dimensions in Ackermann-Jeantand model to calculate each elec-

tric car angular wheel speed, we have the following results:

ωWheels = ω ·

[
L± (D

2
· tan(θ))

L

]
(17)

Left and right wheels angular speed

Where θ is the steering wheel angle, ωRight and ωLeft are the right wheel angular speed

and left wheel angular speed, respectively, according to the numerator sign.

Therefore, for electronic differential applications and vehicle dimensions we have:

ωLeft = ω ·
[

1.530 + (0.650 · tan(θ))

1.530

]
(18)

Model application left wheel angular speed
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ωRight = ω ·
[

1.530 − (0.650 · tan(θ))

1.530

]
(19)

Model application right wheel angular speed

3.2.1 Model simulation

In order to evaluate the performance of this proposed approach, Ackermann-Jeantand

model was simulated in MATLAB to verify that the equations were consistent with car

dimensions and the respective angular velocities of each wheel. For this, a constant vehicle

displacement speed was set by 20 m/s, fluctuating the steering wheel angle in a -30 to 30

degrees range in order to match to FSAE UFRGS race car project.

Figure 22. MATLAB wheels angular velocities x steering wheel angle simulation

As expected, the angular velocities of right and left wheels for angles possess the same

values but opposite sign, having identical magnitudes as presented in table 4.

SWA (°) Left Wheel Speed (rad/s) Right Wheel Speed (rad/s)
-25 15.101 22.563
+25 22.563 15.101
-15 16.688 20.976
+15 20.976 16.688

Table 4. Steering wheel angle vs. Angular wheel speed
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3.3 System Overview

The proposed block diagram for electric vehicle drive system delivers two PWM signals

to control in-wheel motor rear wheel drives, as illustrated in figure 23.

Figure 23. System blocks diagram overview

This system is responsible for generating the desired output speed for each motor drive.

A fuzzy controller is applied in order to manage the accelerator speed reference through the

accelerator pedal position and steering wheel angle. With that, proportional-integral (PI)

controller produces an output speed for electronic differential based on accelerator speed

reference and current vehicle speed. Furthermore, ED system balances the differential

speed between wheels and thus, the microcontroller sets two PWM signals that correspond

to right and left wheels output speed.

The wheels’ speeds are the same when steering wheel angle is 0 degrees, so vehicle is

traveling in a straight path. Therefore, turning or not, left and right speed average is the

prototype current velocity.

3.4 Electronic control unit

Electronic control unit (ECU) controls many electrical system or subsystems in a vehicle.

A microcontroller, designed for embedded applications, is in charge of retrieving sensor

data, processing information, generating the requested signals for our vehicle. It is com-

prised of a fuzzy controller, PI controller, electronic differential system (ED system) and

a communication system (CAN module).
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Selected device microcontroller was a Microchip - ATMEGA328 due to its capacity

of processing, its ability to change parameters with ease and its intuitive programming

language. It has many digital and analog inputs/outputs which allows further project

evolution as other vehicle sensors are attached to CAN bus. Figure 24 displays all available

pins on the controller development board.

Figure 24. Controller board pinout

For the electronic differential system, its sensors and communication, the following

pinout was used to connect the analog and digital outputs, in order to offer a better wire

arrangement. The pinout diagram is presented in table 5.

Pinout Port Function
A1 Analog APP sensor signal

GND1 Analog Board and drivers ground
D8 Digital Driver module IN1
D7 Digital Driver module IN2
D6 Digital APP Fuzzy speed reference
D45 Digital PWM left motor driver
D46 Digital PWM right motor driver

Table 5. Board pinout
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Pinout Port Function
GND2 Analog CAN module ground
PWR1 Analog CAN module power supply
D2 Digital CAN module interrupt
D53 Digital CAN module CS
D52 Digital CAN module SCK
D51 Digital CAN module SI
D50 Digital CAN module SO

Table 6. Communication board - module pinout

3.4.1 Software

Software that controls the electronic central unit was designed to be user friendly, sim-

plifying the development and changing of parameters, electronic differential tuning and

accelerator pedal fuzzy control according to pilot or team preferences.

Software programming is divided in three major blocks: variable and pins definitions,

system setup and main functioning. The first one is comprised of some variables, necessary

for electronic differential and communication settings while the second block consists of

setup and variable functions.

The main block is a loop function, that is to say, it works continually when the device

is working, communicating with the accelerator pedal position sensor and steering wheel

angle sensor, generating and managing the vehicle functions and electric machine drivers.

Each motor driver requires three signals to work properly: PWM that controls the

motor speed based on pulse width, and two digital port signals to manage EM rotation

direction.

3.4.2 PI Controller

A PI controller was implemented, in order to do speed adjustments for the electronic

differential. Since this type of controller works according to its pre-set parameters, they

have been set up to increase the system efficiency.

This tuning is done by applying the difference between current car speed and the

speed reference, provided by fuzzy controller, combining the accelerator pedal position

and steering wheel angle. Electronic differential PI-controlled system is less responsive to

real (non-noise) and relatively fast alterations in state, considering P and I parameters.
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One of the techniques for determining a PI controller’s parameters is based on the

closed loop system characteristics. This analyzes the system in frequency domain. The

controller is connected to the process (ED) with integral parameter set as zero and pro-

portional gain is increased until the system starts to oscillate. After it, when the P

parameter is optimal, I parameter is increased until the output of the control loop has

stable and consistent oscillations, to eliminate steady-state error. This technique was used

to regulate controller parameters, set in order to manage the input speed of the electronic

differential.

PI parameters, found through tests described above, are proportional P = 1.25 and

integer I = 1.0. Figure 25 shows the PI controller blocks diagram and its parameters.

Figure 25. PI controller and parameters

3.4.3 In-System Communication Protocol

A vehicle communication system is very important to allow devices to share data, fa-

cilitating communication with each other, without causing any overload to ECU. The

in-system communication protocol is the controller area network (CAN), commonly used

in the automobile industry due to high reliability, long distance range and average com-

munication speed.

This network was implemented in order to bring flexibility when we add or exclude

car sensors. That brings many advantages since the controller area network also has low

signal attenuation.

For this electric system, CAN module selected was MCP2515, it has two acceptance

masks and six acceptance filters that are used to filter out unwanted messages and inter-

faces with microcontroller via an industry standard Serial Peripheral Interface (SPI).
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The module handles all functions for receiving and transmitting messages to CAN bus,

by first loading the appropriate message buffer and control registers, while transmission

is started using control bits via SPI interface.

Figure 26. CAN system implementation

ECU communicates with CAN module via SPI interface logic which presents four

wires: CS, SCK, SI and SO. CS has the chip selected input pin for SPI interface, SCK is

the clock output for SPI while SI is the data input pin and SO, the data output pin. Also,

ECU needs an interrupt (INT) output to share information with module, as established

in MCU software programming. Prototype MCP2515 CAN module and its connections

are presented in figure 27.

Figure 27. Prototype MCP2515 CAN module
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3.5 Fuzzy accelerator application method

In order to slightly cause an electronic stability control effect, fuzzy method was applied

to control the accelerator pedal reference speed for electronic differential. Typically, the

electric machine’s speed control is directly proportional to the accelerator pedal response.

With the fuzzy control, we put the accelerator pedal sensor and steering wheel angle

at the steering column to fit: when the steering wheel angle is high, fuzzy control causes

a slight decrease in the reference speed in order to reduce the chance of sliding on the

track as well as provide a softer driving. Fuzzy accelerator block diagram is exemplified

in the figure 28.

Figure 28. Fuzzy accelerator blocks diagram

3.5.1 Fuzzy accelerator rules

The fuzzy rules associate ideas and relate one event to another. Fuzzy logic control

rules have been defined with the objective of leaving an accelerator reference speed more

proportional to accelerator pedal position when applied small angles to steering wheel,

while for angles more distant from zero, the controller implements a slight decrease into

output reference speed.

For that, seven rules were created for accelerator pedal position and five rules for

steering wheel torsion position. The control requires a combination of all the possibilities

of these rules, thus totaling 35 rules in order to achieve this goal.

Considering accelerator pedal position input, the membership functions are: Zero,

VeryLow, Low, Medium, High, VeryHigh and MAX. They are presented in figure 29.
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Figure 29. Input membership function of APP

For the other input rules, according to steering wheel turning angle, the following

are considered: HighLeft, LowLeft, Zero, LowRight and HighRight. These membership

functions are displayed in figure 30.

Figure 30. Input membership function of SWA

Taking into account that output speed reference is an input variable to electronic

differential, also seven rules are created: Zero, VeryLow, Low, Medium, High, VeryHigh

and MAX.

Figure 31. Output membership function of speed reference
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3.5.2 Accelerator fuzzy-controlled

Fuzzy control was set to work between steering wheel angles from -30 to 30 degrees (steer-

ing wheel angle after steering column transmission) and the accelerator pedal position was

defined at 0 to 100 percent. In this way, it will produce a reference speed that will vary

from 0 to 105 km / h. Accelerator pedal position x speed reference surface are represented

in figure 32.

Figure 32. Fuzzy accelerator: Accelerator position x speed reference

Verifying the fuzzy logic control, a simulation was carried out. All accelerator pedal

positions and all steering wheel steering angles were implemented in the test. Simulations

results are shown in figure 33.

Figure 33. Fuzzy accelerator: Speed reference x Steering wheel angle
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3.5.3 Fuzzy accelerator applied surface

After applying the rules and defining parameters, a multi-input single-output (MISO)

system generates a surface where it is possible to verify system behavior for every associ-

ation, between steering wheel turning and accelerator pedal position. Figure 34 shows the

surface, where yellow and blue, respectively, represent the highest and lowest velocities.

Figure 34. Fuzzy accelerator surface simulation

3.5.4 Accelerator conditioning circuit

For proper control of the electronic differential system, a conditioning circuit was imple-

mented for accelerator pedal position sensor, thus the system was left more reliable and

with less noise. APP sensor is controlled by three connections: 0-5V direct current sup-

ply, output signal for microcontroller and ground. If the output signal is noisy, the sensor

behaves unsteadily, making it impossible to use for precise operations. In addition, noise

is reduced, implementing capacitors between signals. Also, for power supply, a voltage

regulator 7805, shown in figure 35, was used to guarantee a stable 5V voltage.
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Figure 35. Voltage regulator used in APP sensor power supply

Source: 7805 Regulator [46]

.

3.6 SWA sensor

Steering wheel angle sensor is responsible for giving a feedback about steering column

position. The vehicle drive has been designed with the interest of turning the steering

wheel about -130 to 130 degrees. The equations were calculated in order to apply the

angular wheel position, so, steering column has a transmission ratio software-programmed.

Sensor is positioned directly below steering wheel, connected to a steering column, in

charge of approximating the prototype drive to a real vehicle part, rotating ± 150 degrees.

SWA sensor communicates with ECU via CAN module and it has 0.1° resolution. The

device sends a CAN message with the measurement data every 10 ms.

SWAS has four connections: 10 volts power supply, ground, CAN L and CAN H. These

are the communications with ECU and module and the calibration for zero position is

adjustable through CAN command.

3.7 Data acquisition method

To obtain the data of an electronic differential system it is necessary to have a sensors

and calibration devices, aligned to filters that attenuate the noise present in the system,

besides an experimental methodology that brings more reliable results.
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Figure 36. SWA sensor positioning

3.7.1 Calibration

Calibration is the comparison of measurement values delivered by a device under testing

with those of a calibration standard of known accuracy. For system validation tests,

electronic differential prototype must assume that the DC electric machines are rotating

at the same speed when the same acceleration is applied to both motors and steering

wheel angle is equal to zero, that is to say, the vehicle is going in a straight path.

For the angular velocities speed calibration a stroboscopic light was used (producing

regular flashes of light to stop the appearance of rotating motion) allowing to measure

the rotational speed.

First, to calibrate left and right electric motors rotational speed, steering wheel angle

was set to zero degrees and a minimum acceleration was applied on the pedal so as to let

the motors spin. This point was considered zero acceleration, then three measurements of

the rotational speed of each machine were completed. According to results, adjustments

in the PWM pulse that controls the drivers are made and the motor speeds were set

the same. Second calibration was applying maximum acceleration in the APP and also

putting the steering angle equal to zero. Thus, we have the maximum speed of each

motor. Then, they were calibrated so as to set the same maximum speed of rotation in

both electric machines. In this way, we ensure that the maximum and minimum speeds

are the same and they are calibrated for electronic differential tests. Stroboscopic light

prototype calibration is presented in figure 37.
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Figure 37. Stroboscopic light calibration

3.7.2 Procedure

Tests of Fuzzy accelerator, rotational speed of left and right electric motor, steering wheel

angle and validation of the electronic differential system were performed. For every data

acquisition, three repetitions were done to reduce measurement errors and the result of

this arithmetic mean was used. Arithmetic mean formula is presented below:

x =
x1 + x2 + x3

3
(20)

With the obtained results, graphs were generated applying the arithmetic values in

order to compare with previously performed simulations, using they for the electronic

differential prototype system validation.
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3.7.3 Noise reduction

Several devices, both analog and digital, have traits that make them susceptible to noise.

There are many techniques to reduce noise for data acquisition, such as first order filters

and shielded cables. The prototype uses an auxiliary board in order to reduce noise with

conditioning circuits.

Auxiliary board has three buffers combined with capacitors treating PWM left and

right microcontroller signals and accelerator pedal position sensor signal. The board

was built with the intention to make the system more stable, attenuate noise and make

connections easier to identify. Figure 38 provides the schematic circuit of the auxiliary

board.

Figure 38. Noise reduction schematic circuit

3.7.4 Vehicle drive-train prototype

To validate the electronic differential system, a prototype was assembled. It contains a

built in wooden structure to fix the sensors and make them easy to operate. The structure

has a base, which has the electric machines and electronic circuits. Located above it is a

steering column, attached to the General Motors (GM) Trailblazer steering wheel sensor

C68049XF, which is then connected to a steering wheel. The accelerator pedal, which

contains the potentiometer position sensor, 6QE721502, is the same as that used in the

Volkswagen (VW) Gol G5.
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Two 6V DC electric machines were used for their low cost and similar operation, from

ECU point of view, to motors. To actuate the EM, two drivers were applied which allows

the direction of rotation but also of its speed, using the two PWM left and right signals

generated by the electronic control unit. Thus, prototype is composed of: DC motors, two

H bridge drivers, microcontroller, CAN module, auxiliary board and connections. Figure

39 shows the device blocks diagram overview.

Figure 39. Device blocks diagram overview

A prototype overview, containing sensors, ECU, electric machines and wooden struc-

ture is presented in figure 40.

Figure 40. Prototype overview



Electronic Differential 2018 65

Prototype frontal view in figure 41 exposes:

1. Accelerator pedal position sensor

2. Steering wheel angle sensor

3. Electronic control unit

4. Auxiliary board and drivers

5. DC electric machines

Figure 41. Prototype frontal view
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System top view in figure 42 shows:

1. Left DC electric machine

2. Right DC electric machine

3. Electronic control unit

4. Auxiliary conditioning board

5. Left PWM bridge driver

6. Right PWM bridge driver

7. Power supply

Figure 42. Prototype frontal view



Electronic Differential 2018 67

A prototype electrical circuit overview, containing sensors, ECU, electric machines,

voltage regulators, buffers and filters is presented in figure 43.

Figure 43. Prototype electrical circuit overview
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4 Results

This chapter will present the experimental method results proposed in this work. It

will initially discuss the obtained results through the fuzzy accelerator control method,

as well as the PI controller input reference speed, comparing the collected experimental

data with software simulations. Then, the control of the electronic differential will be

analyzed according to vehicle current speed and the reference speed provided by the

fuzzy accelerator. Finally, the results obtained in the electronic differential prototype will

be presented and compared with the results seen in the simulations.

4.1 Fuzzy-controlled accelerator

Considering experimental tests, firstly, fuzzy accelerator control system was characterized

measuring the output of accelerator position pedal sensor for different positions. Thereby,

the top and bottom sensor values has been defined as: 0 to 100% acceleration that rep-

resents a minimum value of 0.78 V and a maximum of 4.47 V. The sensor response curve,

demonstrated a linear variation between the maximum and minimum points, as expected

for a linear potentiometer sensor. Figure 44 presents the accelerator pedal position sensor

response for position variations.

Figure 44. Accelerator pedal position sensor output
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Later, the fuzzy control system tests were carried out, based on the accelerator sensor

input and steering wheel angle: SWA was set at 0 degrees and several accelerations were

applied at 5 percent intervals, to check the control system response exclusively in relation

to electronic accelerator signal.

When a small angle is set, the fuzzy accelerator offers a more direct response, be-

cause the probability of losing vehicle control is lower, thus, stability control fuzzy system

presents a low impact. Considering the output fuzzy accelerator speed reference accelera-

tion values represent a minimum of 0.19V or 0 Km/h and also a maximum value of 1.87V

or 104.9 Km/h.

The obtained results are very similar to those presented in the device simulations,

corroborating for the validation of fuzzy accelerator control system. Figure 45 displays

the fuzzy accelerator speed reference results, when steering wheel angle was set at zero

degrees.

Figure 45. Fuzzy accelerator output: SWA 0°

In the second experimental test, steering angle was set at +25 degrees and accelerations

were applied starting at the minimum value, increasing gradually by 5 percent. For a

larger angle, according to the simulations performed, the fuzzy control stability acts on

the system in order to decrease the reference speed.

According to the output fuzzy accelerator speed reference, in this case, values represent
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a minimum of 0.19 V or 0 Km/h and also a maximum value of 1.70V or 94.37 Km/h.

Figure 46 displays the fuzzy accelerator speed reference results for a +25°SWA.

Figure 46. Fuzzy accelerator output: SWA 25°

4.2 Speed Controller

PI controller output speed is responsible for electronic differential speed input. According

to the simulation, when the steering angle is set at zero degrees, this velocity should act

in a more linear way, as can be seen in the figure 47.

Figure 47. PI Controller output speed
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4.2.1 Pulse Width Modulation

The management of the prototype’s speed control is done by two PWM signals generated

by the electronic control unit (ECU). Drivers that control engine speeds have three inputs,

without considering power supply. Two pins to indicate the motor rotational direction

and a PWM pin that controls the speed via pulse width. In this case, when the right and

left pulse widths are the same, the motors should theoretically rotate at the same angular

velocity. Typically, because of internal factors such as parts assembly and power supply,

the motors are not identical, needing to undergo a calibration to leave them at the same

angular velocity via software adjustments, when the steering wheel angle is set at zero

degrees.

Firstly, a constant pressure was applied on the accelerator pedal, so that the accel-

eration is equal to 65 percent. Then, the steering wheel was placed at +2 degrees on

prototype. In this case, the signals have almost the same pulse width, that is, the electric

machines rotates at a very similar angular speed. The figure 48 shows the pulses width

that are generated by the electronic control unit. Yellow and blue signals represent the

pulses for the left and right motors’ control, respectively.

Figure 48. Left and right PWM: +2° steering wheel angle

A second pulse width test was accomplished: a steering wheel angle of -22.9 degrees

was applied, that is to say, vehicle was turning to right. Same acceleration of 65 percent

was maintained to compare with the previous case. Observing the test, it is noticed that

the pulse sent to the left driver has a width greater than the right one , that is, left
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electric machine rotates at an angular speed greater than the right EM, which appears to

be consistent with the carried out simulations. The figure 49 represents the left and right

pulses.

Figure 49. Left and right PWM: -22.9° steering wheel angle

In the final test for this check, the position of accelerator pedal is kept at 65 percent

and a steering wheel angle of +10 degrees is applied. In this way, the prototype would be

turning to the left, that is, the left PWM has a smaller pulse width than the right one.

This situation is confirmed in figure 50.

Figure 50. Left and right PWM: +10.1° steering wheel angle
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4.2.2 Electronic differential effect

In order to validate the electronic differential system and confirm the differential effect

applied to it in-wheels electric machines, tests were executed to analyze the speed of

rotation of each EM, for different situations. The analyses performed after the device

calibration and some circumstances may have influenced the measurement performed

such as: stroboscopic light position, precision and parallax error.

A constant acceleration equal to 65 percent of the APP was employed to compare the

rotational speeds of the two electric machines, modifying the corresponding steering wheel

angle by a range of -5.2 to 5.2 degrees, divided by approximately 1.1 degrees. Figure 51

and table 7 present the results obtained in the test.

Figure 51. Experimental Left and right wheels angular speed

The results corroborate with the simulation done for the same case, showing that when

the steering wheel angle is zero, the two EM rotational speeds are the same. In addition,

for complementary angles, that is, with the same magnitude but opposite signals, the

results are very close when the speeds of the two wheels are evaluated.
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SWA (°) WL Speed (rad/s) WR Speed (rad/s)
-5.2 296.4 312.6
-4.6 297.4 311.0
-3.4 299.2 309.9
-2.3 299.5 306.8
-1.1 301.6 304.7
0.0 303.7 303.7
+1.1 306.8 300.0
+2.3 308.9 298.5
+3.4 311.1 297.4
+4.6 313.1 295.3
+5.2 313.1 294.3

Table 7. Experimental steering Wheel angle vs. Angular wheel speed

Figure 52. Left and right wheels angular speed simulation

To PWM signal average voltage estimation, a constant acceleration equal to 30 percent

of the APP was employed to compare the rotational speeds of the two electric machines,

modifying the corresponding steering wheel angle by a range of -20.0 to 20.0 degrees. It

shows that the output average voltage has a consistent variation of wheels speed ratio,

considering the steering wheel angle and the electronic differential effect. Figure 53 and

table 8 presents the left (yellow line) and right (green line) PWM output average voltage.
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Figure 53. Left and right PWM output average voltage

SWA (°) PWML Voltage (V) PWMR Voltage (V)
-20.0 1.81 2.04
-15.0 1.85 2.01
-10.0 1.87 1.99
-5.0 1.91 1.96
0.0 1.93 1.93
+5.0 1.96 1.90
+10.0 1.98 1.87
+15.0 2.01 1.84
+20.0 2.04 1.81

Table 8. Left and right PWM output average voltage

To better illustrate the velocity variations, the figure 54 demonstrates different cases

of angular velocities. At first, with the angle set at zero degrees, the electric machines are

accelerated until reaching a speed of 303.7 rad/s. Then, in the first case, turn the steering

wheel to the right by changing the angular velocities so that the angular velocity of the

left engine is greater than the right one. After, similar tests are performed, always with

the steering wheel returning to the origin, demonstrating the differential effect of angular

velocities. Considering the obtained data, we can confirm that the system is compatible

with the Ackermann-Jeantand equations for vehicle modeling.
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Figure 54. Left and right wheels angular speed comparison



Electronic Differential 2018 77

5 Conclusions

This project has described the design and implementation of an electronic differential

for an electric multi-drive vehicle. Simulation results show that the structure permits

and ensures static and dynamic performance for electronic differential. The electronic

differential controls the drive wheel speeds with good accuracy on both flat and curved

paths. The absence of the need for a power transmission system is also an advantage.

Initially, it was proposed to use a speed control system of two electric machines,

responsible for the propulsion of an electric vehicle, commanded by two PWM signals

generated by an electronic central unit in charge for the management and treatment of

signals received from the sensors.

To validate the system, after calibration, we must assume that the DC electric ma-

chines are rotating at same speed when the same acceleration is applied to both motors

and steering wheel angle is equal to zero, that is to say, vehicle is going in a straight path.

Also, tests have been carried out: steering wheel angle sensor position, accelerator pedal

position, PWM pulse width comparison for electric machines speed control and electric

machines rotational speed.

Considering fuzzy accelerator results, when a small angle is set (near 0 degrees), it

offers a more direct response, because the probability of losing vehicle control is minimized.

Thus, stability control fuzzy system presents a low impact.

In order to validate the electronic differential system and confirm the differential effect

it applied to in-wheels electric machines, several tests were executed to analyze the speed

of rotation of each EM, for different situations. Analyzing the obtained data, it can be

seen that the prototype presents a differential effect, compatible with the Ackermann-

Jeantand equations for vehicle modeling and the results present an expressive similarity

according to simulations, validating the system, thus enabling the possibility for electric

machine control in multi-drive vehicles.
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6 Discussion and further work

This section presents some proposed improvements and work development. These chal-

lenges include both aspects of software development and features to implement an elec-

tronic differential in an electric vehicle.

Finding other ways to improve vehicle stability, the study of yaw rate should be con-

sidered because it measures the rotation rate of the car. In other words, the sensor

determines how far off-axis a car is in a turn. This information is then fed into the

microcontroller that compares the data with angular wheel speed, SWA and accelerator

position, and, if the system senses too much yaw, it activates the electronic stability con-

trol. Also, a lateral acceleration sensor could measure the g-force from a turn and send

that information to the ECU. This information, along with the fuzzy accelerator, can

bring about a significant improvement in stability.

For the transmission of sensor signals, shielded cables can be used to reduce noise

caused by other circuits or external factors, causing differences in the information obtained

by the microcontroller.

Concerning the data acquisition, a study of the uncertainties and other acquisition

methods could been done in order to reduce the error, performing a better calibration

of the electric machines speed of rotation, fundamental for the system. To measure the

vehicle real speed, when the system is implemented, it is possible to place four magnetic

encoders to measure the speed of each wheel, creating a redundancy with the speed

measurement provided by the microcontroller, having a more robust system with less

failure.

Further study of the electronic differential speed controller can be done by analyzing

the PI controller and changing its topology to PID, IP or PD. In this way, it is possible

to verify which is the best control method to reach the device reference speed, enhancing

the electronic differential system.
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A

ECU Software

/*

ELECTRONIC CONTROL UNIT (ECU)

ELECTRONIC DIFFERENTIAL CONTROL - e-Power UFRGS Racing Team v1.0

2018 - Formula SAE Electric Vehicle

Author: Carlos BOHM AGUSTI

Date: 09/08/2018

*/

//========= LIBRARIES ==================

#include <math.h> // Math Library

//.......... Fuzzy Libraries ..............

#include <FuzzyRule.h>

#include <FuzzyComposition.h>

#include <Fuzzy.h>

#include <FuzzyRuleConsequent.h>

#include <FuzzyOutput.h>

#include <FuzzyInput.h>

#include <FuzzyIO.h>

#include <FuzzySet.h>

#include <FuzzyRuleAntecedent.h>

//..........................................
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//................ CAN Communication Libraries......................

#include <mcp_can.h> //CAN library

#include <SPI.h> // peripherals library

//....................................................................

//================== PIN DEFINITIONS ===============================

// DC Motor 1

// Digital Pins

#define Encoder_C1 3

#define Encoder_C2 4

#define IN1 8

#define IN2 7

//Analog Pins

#define Pin_ADC A1

#define Encoder_PPR 9

byte Encoder_C1Last;

int duracao;

boolean Direcao;

// PWM Motor Outputs

int Output_Motor_Left = 11; // PWM Motor 1

int Output_Motor_Right = 12; // PWM Motor 2

// DC Motor 2

#define Encoder_C1_2 10

#define Encoder_C2_2 5

//...............CAN DEFINITIONS......................

#define CAN0_INT 2 // Set INT to pin 2

MCP_CAN CAN0(53); // Set CS to pin 10

//===================================================================

//================== VARIABLE DECLARATIONS ==========================

//.............. PID CONTROL ..............
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//double Setpoint, Input, Output;

double WtotalPID;

double VSpeedRef,VSpeedActual, WSpeedED, WSpeedError; //Setpoint, Input, Output

double WSpeedError1;

double Vtotalkmh;

double Setpoint;

double Input;

// Read vehicle actual speed

double VSA;

double speedset;

double Outputteste;

float Wtotal;

float Vtotal;

//.....................................PID

LIBRARY..........................................

class PID{

public:

double error;

double sample;

double lastSample;

double kP, kI, kD;

double P, I, D;

double pid;

double setPoint;

long lastProcess;

PID(double _kP, double _kI, double _kD){

kP = _kP;

kI = _kI;

kD = _kD;

}

void addNewSample(double _sample){

sample = _sample;
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}

void setSetPoint(double _setPoint){

setPoint = _setPoint;

}

double process(){

// Implementacao PID

error = setPoint - sample;

float deltaTime = (millis() - lastProcess) / 1000.0;

lastProcess = millis();

//P

P = error * kP;

//I

I = I + (error * kI) * deltaTime;

//D

D = (lastSample - sample) * kD / deltaTime;

lastSample = sample;

// Soma tudo

pid = P + I + D;

return pid;

}

};

PID meuPid(1.25, 1.0, 0); // KP KI KD // best found

//............... FUZZY LOGIC - SPEED REFERENCE

........................................
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// Instantiating an object of library

Fuzzy* fuzzy = new Fuzzy();

//...... Steering Wheel Sensor...............

FuzzySet* HighLeft = new FuzzySet(-40, -30, -25, -10);

FuzzySet* LowLeft = new FuzzySet(-40, -15,-10, 0);

FuzzySet* ZeroSW = new FuzzySet(-21.6, -2.4, 2.4, 21.6); // Angle Zero Steering

Wheel angle sensor

FuzzySet* LowRight = new FuzzySet(0, 10, 15, 40);

FuzzySet* HighRight = new FuzzySet(10, 25, 30, 40);

//...... Accelerator Position Sensor ........

FuzzySet* ZeroAPP = new FuzzySet(-10, 0, 10, 40); // Position Zero Accelerator

FuzzySet* VeryLow = new FuzzySet(0, 15, 25, 40);

FuzzySet* Low = new FuzzySet(20, 30, 40, 50);

FuzzySet* Medium = new FuzzySet(15, 45, 55, 85);

FuzzySet* High = new FuzzySet(50, 60, 70, 80);

FuzzySet* VeryHigh = new FuzzySet(50, 75, 85, 100);

FuzzySet* MAX = new FuzzySet(60, 90, 100, 110);

//.......................................................................................

//........................VEHICLE DIMENSIONS AND ACKERMANN’S

VARIABLES...................

float L = 1.530; // Distance between front and rear wheels

float D = 1.300; // Distance between axis gauge - bitola

float WheelRadius = 0.531; // Wheel Radius in meters

float Sensor_SW_Output; // Steering Wheel angle sensor output

float Sensor_APP_Output; // Accelerator pedal position sensor output

float Sensor_ActualSpeed_Output; // Actual vehicle speed sensor output

float Sensor_ActualSpeed_Output_Right; // Actual vehicle speed sensor output

right motor
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float Sensor_ActualSpeed_Output_Left; // Actual vehicle speed sensor output

left motor

float Sensor_ActualSpeed_Output_rads;

float PID_Speed_Output; // PID Reference speed for electronic differential

float SpeedReference_Fuzzy;

float V_Speed; // Vehicle speed in m/s

float W_Speed; // Vehicle speed in rad/s

float SW_Angle_Rad; // Steering wheel angle in radians

float R; // Vehicle rotational radius

float SW_Angle_Tangent; // Steering wheel angle tangent in radians

float Steering_Wheel_Angle_Fuzzy; // steering wheel after transmission SW ->

rotation angle

int WSpeed_Left; // Angular velocity left rear wheel

int WSpeed_Right; // Angular velocity right rear wheel

int PWM_Output_Left_map; // PWM Output Left mapping

int PWM_Output_Right_map; // PWM Output right mapping

//.....................................................................................

//.............................ACCELERATOR PEDAL POSITION VARIABLES

INITIALISATION..................

//Conectar saida do TL082 na porta analogica A1 do Arduino.

//Conectar ground do Arduino.

//Potenciometro 1: 0.78 a 4.64V, Alimentacao: fio amarelo; Aterramento: fio

vermelho; Sinal: fio branco;

//Potenciometro 2: 0.39 a 2.31V, Alimentacao: fio preto; Aterramento: fio azul;

Sinal: fio laranja;

//Potenciometro 1:

const int potenciometro1_Accelerator = A1; // Pino A1 do arduino.

int valorLido = 0;

float minimo_Accelerator = 161;

float maximo_Accelerator = 962;

float percentual_Accelerator;

//Potenciometro 2:
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/*const int potenciometro2 = A2; // pino A2 do arduino.

int valorLido2 = 0;

float minimo2 = 82;

float maximo2 = 479;

float percentual2;

*/

//..................... Variables ..............................................

enum RotationState // DC Motor rotation state

{

kClock,

kCounterClock,

kStop

};

volatile enum RotationState rotation_state_Left;

volatile enum RotationState rotation_state_Right;

volatile bool c2_state;

volatile bool interrupt_flag_left; // Interruption

volatile bool interrupt_flag_right; // Interruption

volatile bool c3_state;

uint16_t potentiometer_value;

// Encoder 1

//uint8_t pwm_value_left;

//uint32_t last_time_left;

//uint32_t time_interval_left;

//uint16_t motor_rpm_left;

uint8_t pwm_value_left;

uint32_t last_time_left;

uint32_t time_interval_left;

uint16_t motor_rpm_left;

// Encoder 2

uint16_t motor_rpm_right;

uint32_t last_time_right;

uint32_t time_interval_right;

uint8_t pwm_value_right;
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//.......................................................................................

// ELECTRIC MACHINES ROTATIONAL DIRECTION

void Clockwise()

{

digitalWrite(IN1, HIGH);

digitalWrite(IN2, LOW);

}

void CounterClockwise()

{

digitalWrite(IN1, LOW);

digitalWrite(IN2, HIGH);

}

//........................................................................................

//..................................STEERING WHEEL ANGLE - CAN

VARIABLES..................

char StringOne[5],StringTwo[5];

float passo=0.0125, angulo_real;

long unsigned int rxId;

unsigned char len = 0;

unsigned char rxBuf[8];

char msgString[128]; // Array to store serial string

long int a;

float anguloinv;

//...........................................................................................

void setup() {

//...........PINS AND INITIAL VALUES SETTINGS................................

// Motor 1

pinMode(Encoder_C1, INPUT);

pinMode(Encoder_C2, INPUT);

pinMode(Pin_ADC, INPUT);
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pinMode(IN1, OUTPUT);

pinMode(IN2, OUTPUT);

pinMode(Output_Motor_Right, OUTPUT);

Serial.begin(115200); // Serial Initialisation

// Variables initialisation values

potentiometer_value = 0;

pwm_value_left = 0;

time_interval_left = 0;

motor_rpm_left = 0;

c2_state = 0;

rotation_state_Left = kStop;

interrupt_flag_left = 0;

last_time_left = micros();

// Motor 2

pinMode(Encoder_C1_2, INPUT);

pinMode(Encoder_C2_2, INPUT);

pinMode(Output_Motor_Left, OUTPUT);

motor_rpm_right = 0;

interrupt_flag_right = 0;

c2_state = 0;

rotation_state_Right = kStop;

//....................................................................

//...........................STEERING WHEEL CAN SETTINGS..............

// Initialize MCP2515 running at 8MHz with a baudrate of 500kb/s and the masks

and filters disabled.

if (CAN0.begin(MCP_ANY, CAN_500KBPS, MCP_8MHZ) == CAN_OK)

Serial.println("MCP2515 Initialized Successfully!");

else
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Serial.println("Error Initializing MCP2515...");

CAN0.setMode(MCP_NORMAL); // Set operation mode to normal so

the MCP2515 sends acks to received data.

pinMode(CAN0_INT, INPUT); // Configuring pin for /INT

input

Serial.println("MCP2515 Library Receive Example...");

//....................................................................

//............... FUZZY LOGIC - SPEED REFERENCE ..........................

//...... Steering Wheel Sensor Input...............

FuzzyInput* angle = new FuzzyInput(1);

angle->addFuzzySet(HighLeft);

angle->addFuzzySet(LowLeft);

angle->addFuzzySet(ZeroSW);

angle->addFuzzySet(LowRight);

angle->addFuzzySet(HighRight);

fuzzy->addFuzzyInput(angle);

//...... Accelerator Position Sensor Input.........

FuzzyInput* AcceleratorPosition = new FuzzyInput(2);

AcceleratorPosition->addFuzzySet(ZeroAPP);

AcceleratorPosition->addFuzzySet(VeryLow);

AcceleratorPosition->addFuzzySet(Low);

AcceleratorPosition->addFuzzySet(Medium);

AcceleratorPosition->addFuzzySet(High);

AcceleratorPosition->addFuzzySet(VeryHigh);

AcceleratorPosition->addFuzzySet(MAX);

fuzzy->addFuzzyInput(AcceleratorPosition);
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//...... Speed Reference Output .........

FuzzyOutput* SpeedReference = new FuzzyOutput(1);

/*1*/ FuzzySet* ZeroSR = new FuzzySet(-10, 0, 10, 40);

SpeedReference->addFuzzySet(ZeroSR);

/*2*/ FuzzySet* VeryLowSR = new FuzzySet(0, 15, 29, 40);

SpeedReference->addFuzzySet(VeryLowSR);

/*3*/FuzzySet* LowSR = new FuzzySet(20, 30, 44, 50);

SpeedReference->addFuzzySet(LowSR);

/*4*/ FuzzySet* MediumSR = new FuzzySet(15, 45, 55, 85);

SpeedReference->addFuzzySet(MediumSR);

/*5*/ FuzzySet* HighSR = new FuzzySet(50, 56, 70, 80);

SpeedReference->addFuzzySet(HighSR);

/*6*/ FuzzySet* VeryHighSR = new FuzzySet(50, 71, 85, 100);

SpeedReference->addFuzzySet(VeryHighSR);

/*7*/ FuzzySet* MAXSR = new FuzzySet(60, 90, 105, 150);

SpeedReference->addFuzzySet(MAXSR);

fuzzy->addFuzzyOutput(SpeedReference);

//.............................................................................

//............... FUZZY RULES SETUP - SPEED REFERENCE ..........................

// Building Fuzzy Rules

/*1*/ FuzzyRuleAntecedent* AcceleratorPositionZeroAPPAndangleHighLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionZeroAPPAndangleHighLeft->joinWithAND(ZeroAPP,

HighLeft);

FuzzyRuleConsequent* thenSpeedReferenceZeroSR = new

FuzzyRuleConsequent();

thenSpeedReferenceZeroSR->addOutput(ZeroSR);

FuzzyRule* fuzzyRule1 = new FuzzyRule(1,

AcceleratorPositionZeroAPPAndangleHighLeft, thenSpeedReferenceZeroSR);
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fuzzy->addFuzzyRule(fuzzyRule1);

/*2*/ FuzzyRuleAntecedent* AcceleratorPositionZeroAPPAndangleZeroSW = new

FuzzyRuleAntecedent();

AcceleratorPositionZeroAPPAndangleZeroSW->joinWithAND(ZeroAPP, ZeroSW);

FuzzyRule* fuzzyRule2 = new FuzzyRule(2,

AcceleratorPositionZeroAPPAndangleZeroSW, thenSpeedReferenceZeroSR);

fuzzy->addFuzzyRule(fuzzyRule2);

/*3*/ FuzzyRuleAntecedent* AcceleratorPositionZeroAPPAndangleHighRight = new

FuzzyRuleAntecedent();

AcceleratorPositionZeroAPPAndangleHighRight->joinWithAND(ZeroAPP,

HighRight);

FuzzyRule* fuzzyRule3 = new FuzzyRule(3,

AcceleratorPositionZeroAPPAndangleHighRight,

thenSpeedReferenceZeroSR);

fuzzy->addFuzzyRule(fuzzyRule3);

/*4*/ FuzzyRuleAntecedent* AcceleratorPositionZeroAPPAndangleLowLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionZeroAPPAndangleLowLeft->joinWithAND(ZeroAPP, LowLeft);

FuzzyRule* fuzzyRule4 = new FuzzyRule(4,

AcceleratorPositionZeroAPPAndangleLowLeft, thenSpeedReferenceZeroSR);

fuzzy->addFuzzyRule(fuzzyRule4);

/*5*/ FuzzyRuleAntecedent* AcceleratorPositionZeroAPPAndangleLowRight = new

FuzzyRuleAntecedent();

AcceleratorPositionZeroAPPAndangleLowRight->joinWithAND(ZeroAPP,

LowRight);
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FuzzyRule* fuzzyRule5 = new FuzzyRule(5,

AcceleratorPositionZeroAPPAndangleLowRight,

thenSpeedReferenceZeroSR);

fuzzy->addFuzzyRule(fuzzyRule5);

//........

/*6*/ FuzzyRuleAntecedent* AcceleratorPositionVeryLowAndangleHighLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryLowAndangleHighLeft->joinWithAND(VeryLow,

HighLeft);

FuzzyRuleConsequent* thenSpeedReferenceVeryLowSR = new

FuzzyRuleConsequent();

thenSpeedReferenceVeryLowSR->addOutput(VeryLowSR);

FuzzyRule* fuzzyRule6 = new FuzzyRule(6,

AcceleratorPositionVeryLowAndangleHighLeft,

thenSpeedReferenceVeryLowSR);

fuzzy->addFuzzyRule(fuzzyRule6);

/*7*/ FuzzyRuleAntecedent* AcceleratorPositionVeryLowAndangleZeroSW = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryLowAndangleZeroSW->joinWithAND(VeryLow, ZeroSW);

FuzzyRule* fuzzyRule7 = new FuzzyRule(7,

AcceleratorPositionVeryLowAndangleZeroSW,

thenSpeedReferenceVeryLowSR);

fuzzy->addFuzzyRule(fuzzyRule7);

/*8*/ FuzzyRuleAntecedent* AcceleratorPositionVeryLowAndangleHighRight = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryLowAndangleHighRight->joinWithAND(VeryLow,

HighRight);
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FuzzyRule* fuzzyRule8 = new FuzzyRule(8,

AcceleratorPositionVeryLowAndangleHighRight,

thenSpeedReferenceVeryLowSR);

fuzzy->addFuzzyRule(fuzzyRule8);

/*9*/ FuzzyRuleAntecedent* AcceleratorPositionVeryLowAndangleLowLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryLowAndangleLowLeft->joinWithAND(VeryLow, LowLeft);

FuzzyRule* fuzzyRule9 = new FuzzyRule(9,

AcceleratorPositionVeryLowAndangleLowLeft, thenSpeedReferenceVeryLowSR);

fuzzy->addFuzzyRule(fuzzyRule9);

/*10*/ FuzzyRuleAntecedent* AcceleratorPositionVeryLowAndangleLowRight = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryLowAndangleLowRight->joinWithAND(VeryLow,

LowRight);

FuzzyRule* fuzzyRule10 = new FuzzyRule(10,

AcceleratorPositionVeryLowAndangleLowRight, thenSpeedReferenceVeryLowSR);

fuzzy->addFuzzyRule(fuzzyRule10);

/*11*/ FuzzyRuleAntecedent* AcceleratorPositionLowAndangleHighLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionLowAndangleHighLeft->joinWithAND(Low, HighLeft);

FuzzyRule* fuzzyRule11 = new FuzzyRule(11,

AcceleratorPositionLowAndangleHighLeft, thenSpeedReferenceVeryLowSR);

fuzzy->addFuzzyRule(fuzzyRule11);

/*12*/ FuzzyRuleAntecedent* AcceleratorPositionLowAndangleHighRight = new

FuzzyRuleAntecedent();

AcceleratorPositionLowAndangleHighRight->joinWithAND(Low, HighRight);
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FuzzyRule* fuzzyRule12 = new FuzzyRule(12,

AcceleratorPositionLowAndangleHighRight,

thenSpeedReferenceVeryLowSR);

fuzzy->addFuzzyRule(fuzzyRule12);

/*13*/ FuzzyRuleAntecedent* AcceleratorPositionLowAndangleZeroSW = new

FuzzyRuleAntecedent();

AcceleratorPositionLowAndangleZeroSW->joinWithAND(Low, ZeroSW);

FuzzyRuleConsequent* thenSpeedReferenceLowSR = new

FuzzyRuleConsequent();

thenSpeedReferenceLowSR->addOutput(LowSR);

FuzzyRule* fuzzyRule13 = new FuzzyRule(13,

AcceleratorPositionLowAndangleZeroSW, thenSpeedReferenceLowSR);

fuzzy->addFuzzyRule(fuzzyRule13);

/*14*/ FuzzyRuleAntecedent* AcceleratorPositionLowAndangleLowLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionLowAndangleLowLeft->joinWithAND(Low, LowLeft);

FuzzyRule* fuzzyRule14 = new FuzzyRule(14,

AcceleratorPositionLowAndangleLowLeft, thenSpeedReferenceLowSR);

fuzzy->addFuzzyRule(fuzzyRule14);

/*15*/ FuzzyRuleAntecedent* AcceleratorPositionLowAndangleLowRight = new

FuzzyRuleAntecedent();

AcceleratorPositionLowAndangleLowRight->joinWithAND(Low, LowRight);

FuzzyRule* fuzzyRule15 = new FuzzyRule(15,

AcceleratorPositionLowAndangleLowRight, thenSpeedReferenceLowSR);

fuzzy->addFuzzyRule(fuzzyRule15);
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/*16*/ FuzzyRuleAntecedent* AcceleratorPositionMediumAndangleHighLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionMediumAndangleHighLeft->joinWithAND(Medium, HighLeft);

FuzzyRule* fuzzyRule16 = new FuzzyRule(16,

AcceleratorPositionMediumAndangleHighLeft, thenSpeedReferenceLowSR);

fuzzy->addFuzzyRule(fuzzyRule16);

/*17*/ FuzzyRuleAntecedent* AcceleratorPositionMediumAndangleHighRight = new

FuzzyRuleAntecedent();

AcceleratorPositionMediumAndangleHighRight->joinWithAND(Medium,

HighRight);

FuzzyRule* fuzzyRule17 = new FuzzyRule(17,

AcceleratorPositionMediumAndangleHighRight,

thenSpeedReferenceLowSR);

fuzzy->addFuzzyRule(fuzzyRule17);

/*18*/ FuzzyRuleAntecedent* AcceleratorPositionMediumAndangleZeroSW = new

FuzzyRuleAntecedent();

AcceleratorPositionMediumAndangleZeroSW->joinWithAND(Medium, ZeroSW);

FuzzyRuleConsequent* thenSpeedReferenceMediumSR = new FuzzyRuleConsequent();

thenSpeedReferenceMediumSR->addOutput(MediumSR);

FuzzyRule* fuzzyRule18 = new FuzzyRule(18,

AcceleratorPositionMediumAndangleZeroSW, thenSpeedReferenceMediumSR);

fuzzy->addFuzzyRule(fuzzyRule18);

/*19*/ FuzzyRuleAntecedent* AcceleratorPositionMediumAndangleLowLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionMediumAndangleLowLeft->joinWithAND(Medium, LowLeft);
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FuzzyRule* fuzzyRule19 = new FuzzyRule(19,

AcceleratorPositionMediumAndangleLowLeft,

thenSpeedReferenceMediumSR);

fuzzy->addFuzzyRule(fuzzyRule19);

/*20*/ FuzzyRuleAntecedent* AcceleratorPositionMediumAndangleLowRight = new

FuzzyRuleAntecedent();

AcceleratorPositionMediumAndangleLowRight->joinWithAND(Medium, LowRight);

FuzzyRule* fuzzyRule20 = new FuzzyRule(20,

AcceleratorPositionMediumAndangleLowRight,

thenSpeedReferenceMediumSR);

fuzzy->addFuzzyRule(fuzzyRule20);

/*21*/ FuzzyRuleAntecedent* AcceleratorPositionHighAndangleHighLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionHighAndangleHighLeft->joinWithAND(High, HighLeft);

FuzzyRule* fuzzyRule21 = new FuzzyRule(21,

AcceleratorPositionHighAndangleHighLeft, thenSpeedReferenceMediumSR);

fuzzy->addFuzzyRule(fuzzyRule21);

/*22*/ FuzzyRuleAntecedent* AcceleratorPositionHighAndangleHighRight = new

FuzzyRuleAntecedent();

AcceleratorPositionHighAndangleHighRight->joinWithAND(High, HighRight);

FuzzyRule* fuzzyRule22 = new FuzzyRule(22,

AcceleratorPositionHighAndangleHighRight,

thenSpeedReferenceMediumSR);

fuzzy->addFuzzyRule(fuzzyRule22);

/*23*/ FuzzyRuleAntecedent* AcceleratorPositionHighAndangleZeroSW = new

FuzzyRuleAntecedent();

AcceleratorPositionHighAndangleZeroSW->joinWithAND(High, ZeroSW);
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FuzzyRuleConsequent* thenSpeedReferenceHighSR = new FuzzyRuleConsequent();

thenSpeedReferenceHighSR->addOutput(HighSR);

FuzzyRule* fuzzyRule23 = new FuzzyRule(23,

AcceleratorPositionHighAndangleZeroSW, thenSpeedReferenceHighSR);

fuzzy->addFuzzyRule(fuzzyRule23);

/*24*/ FuzzyRuleAntecedent* AcceleratorPositionHighAndangleLowLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionHighAndangleLowLeft->joinWithAND(High, LowLeft);

FuzzyRule* fuzzyRule24 = new FuzzyRule(24,

AcceleratorPositionHighAndangleLowLeft, thenSpeedReferenceHighSR);

fuzzy->addFuzzyRule(fuzzyRule24);

/*25*/ FuzzyRuleAntecedent* AcceleratorPositionHighAndangleLowRight = new

FuzzyRuleAntecedent();

AcceleratorPositionHighAndangleLowRight->joinWithAND(High, LowRight);

FuzzyRule* fuzzyRule25 = new FuzzyRule(25,

AcceleratorPositionHighAndangleLowRight, thenSpeedReferenceHighSR);

fuzzy->addFuzzyRule(fuzzyRule25);

/*26*/ FuzzyRuleAntecedent* AcceleratorPositionVeryHighAndangleHighLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryHighAndangleHighLeft->joinWithAND(VeryHigh,

HighLeft);

FuzzyRule* fuzzyRule26 = new FuzzyRule(26,

AcceleratorPositionVeryHighAndangleHighLeft, thenSpeedReferenceHighSR);

fuzzy->addFuzzyRule(fuzzyRule26);
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/*27*/ FuzzyRuleAntecedent* AcceleratorPositionVeryHighAndangleHighRight = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryHighAndangleHighRight->joinWithAND(VeryHigh,

HighRight);

FuzzyRule* fuzzyRule27 = new FuzzyRule(27,

AcceleratorPositionVeryHighAndangleHighRight,

thenSpeedReferenceHighSR);

fuzzy->addFuzzyRule(fuzzyRule27);

/*28*/ FuzzyRuleAntecedent* AcceleratorPositionVeryHighAndangleZeroSW = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryHighAndangleZeroSW->joinWithAND(VeryHigh, ZeroSW);

FuzzyRuleConsequent* thenSpeedReferenceVeryHighSR = new

FuzzyRuleConsequent();

thenSpeedReferenceVeryHighSR->addOutput(VeryHighSR);

FuzzyRule* fuzzyRule28 = new FuzzyRule(28,

AcceleratorPositionVeryHighAndangleZeroSW,

thenSpeedReferenceVeryHighSR);

fuzzy->addFuzzyRule(fuzzyRule28);

/*29*/ FuzzyRuleAntecedent* AcceleratorPositionVeryHighAndangleLowLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryHighAndangleLowLeft->joinWithAND(VeryHigh,

LowLeft);

FuzzyRule* fuzzyRule29 = new FuzzyRule(29,

AcceleratorPositionVeryHighAndangleLowLeft,

thenSpeedReferenceVeryHighSR);

fuzzy->addFuzzyRule(fuzzyRule29);
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/*30*/ FuzzyRuleAntecedent* AcceleratorPositionVeryHighAndangleLowRight = new

FuzzyRuleAntecedent();

AcceleratorPositionVeryHighAndangleLowRight->joinWithAND(VeryHigh,

LowRight);

FuzzyRule* fuzzyRule30 = new FuzzyRule(30,

AcceleratorPositionVeryHighAndangleLowRight,

thenSpeedReferenceVeryHighSR);

fuzzy->addFuzzyRule(fuzzyRule30);

/*31*/ FuzzyRuleAntecedent* AcceleratorPositionMAXAndangleHighLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionMAXAndangleHighLeft->joinWithAND(MAX, HighLeft);

FuzzyRule* fuzzyRule31 = new FuzzyRule(31,

AcceleratorPositionMAXAndangleHighLeft, thenSpeedReferenceHighSR);

fuzzy->addFuzzyRule(fuzzyRule31);

/*32*/ FuzzyRuleAntecedent* AcceleratorPositionMAXAndangleHighRight = new

FuzzyRuleAntecedent();

AcceleratorPositionMAXAndangleHighRight->joinWithAND(MAX, HighRight);

FuzzyRule* fuzzyRule32 = new FuzzyRule(32,

AcceleratorPositionMAXAndangleHighRight, thenSpeedReferenceHighSR);

fuzzy->addFuzzyRule(fuzzyRule32);

/*33*/ FuzzyRuleAntecedent* AcceleratorPositionMAXAndangleZeroSW = new

FuzzyRuleAntecedent();

AcceleratorPositionMAXAndangleZeroSW->joinWithAND(MAX, ZeroSW);

FuzzyRuleConsequent* thenSpeedReferenceMAXSR = new

FuzzyRuleConsequent();

thenSpeedReferenceMAXSR->addOutput(MAXSR);
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FuzzyRule* fuzzyRule33 = new FuzzyRule(33,

AcceleratorPositionMAXAndangleZeroSW, thenSpeedReferenceMAXSR);

fuzzy->addFuzzyRule(fuzzyRule33);

/*34*/ FuzzyRuleAntecedent* AcceleratorPositionMAXAndangleLowLeft = new

FuzzyRuleAntecedent();

AcceleratorPositionMAXAndangleLowLeft->joinWithAND(MAX, LowLeft);

FuzzyRule* fuzzyRule34 = new FuzzyRule(34,

AcceleratorPositionMAXAndangleLowLeft, thenSpeedReferenceMAXSR);

fuzzy->addFuzzyRule(fuzzyRule34);

/*35*/ FuzzyRuleAntecedent* AcceleratorPositionMAXAndangleLowRight = new

FuzzyRuleAntecedent();

AcceleratorPositionMAXAndangleLowRight->joinWithAND(MAX, LowRight);

FuzzyRule* fuzzyRule35 = new FuzzyRule(35,

AcceleratorPositionMAXAndangleLowRight, thenSpeedReferenceMAXSR);

fuzzy->addFuzzyRule(fuzzyRule35);

//..........................................................................................................

}

void loop()

{

//______________________SENSORS DATA ACQUISITION______________________

//......................ACCELERATOR POSITION SENSOR....................

valorLido = analogRead(potenciometro1_Accelerator);

//Serial.println(valorLido);
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percentual_Accelerator = ((valorLido - minimo_Accelerator) /

(maximo_Accelerator - minimo_Accelerator)) * 100;

//.....................................................................

//.....................STEERING WHEEL ANGLE SENSOR.....................

if (!digitalRead(CAN0_INT)) // If CAN0_INT pin is low, read

receive buffer

{

CAN0.readMsgBuf(&rxId, &len, rxBuf); // Read data: len = data length, buf =

data byte(s)

if ((rxId & 0x80000000) == 0x80000000) // Determine if ID is standard (11

bits) or extended (29 bits)

sprintf(msgString, "Extended ID: 0x%.8lX DLC: %1d Data:", (rxId &

0x1FFFFFFF), len);

else

sprintf(msgString, "Standard ID: 0x%.3lX DLC: %1d Data:", rxId, len);

//Serial.print(msgString);

if ((rxId & 0x40000000) == 0x40000000) { // Determine if message is a

remote request frame.

sprintf(msgString, " REMOTE REQUEST FRAME");

// Serial.print(msgString);

} else {

for (byte i = 0; i < len; i++) {

sprintf(msgString, " 0x%.2X", rxBuf[i]);

// Serial.print(msgString);

}

}

sprintf(StringOne, "%.2X", rxBuf[5]); //dados necessarios para conversao

sprintf(StringTwo, "%.2X", rxBuf[6]);

strcat(StringOne,StringTwo);

a= strtol(StringOne,NULL,16);
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if(a>=0&&a<=14399)

{

anguloinv=passo*a*(-1); //angulo em graus esquerda

}else

anguloinv=(65535-a)*passo; // angulo em graus direita

//Serial.println(angulo_real,4);

}

angulo_real = (-1)*anguloinv; // angulo real

//.....................................................................

//....................ACTUAL SPEED - MOTOR ENCODERS....................

//Motor 1............Left Motor...................................

Clockwise(); // Motor rotation direction

//potentiometer_value = analogRead(Pin_ADC); // para teste

Sensor_ActualSpeed_Output = Vtotalkmh;

//.....................................................................

//............... FUZZY - SPEED REFERENCE - INPUTS AND OUTPUTS

..........................

//Steering_Wheel_Angle_Fuzzy = ((angulo_real)*(30/130)); // Transmission

between steering wheel angle and rotation angle.

Steering_Wheel_Angle_Fuzzy = angulo_real;

//SWAS

fuzzy->setInput(1, Steering_Wheel_Angle_Fuzzy); // Steering Wheel Angle -

Range -30 - 30 degrees fuzzy

//ACC

fuzzy->setInput(2, percentual_Accelerator); // Accelerator Pedal Position //

range 0 - 100% fuzzy

fuzzy->fuzzify();
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SpeedReference_Fuzzy = fuzzy->defuzzify(1); // SpeedReference to PID after

fuzzy logics -> WSpeedReference

analogWrite(6, VSpeedRef);

//........................................................................................

//.............PID

CONTROL..............................................................

VSpeedRef = SpeedReference_Fuzzy; // Speed reference in km/h Setpoint

VSpeedActual = Sensor_ActualSpeed_Output; // Actual speed in km/h Input

// WSpeedError = abs(WSpeedRef - WSpeedActual); // Error in km/h Distance away

from setpoint

Setpoint = VSpeedRef;

Input = VSpeedActual;

// Read actual speed

VSA = VSpeedActual;

// Manda pro objeto PID!

meuPid.addNewSample(VSA);

speedset = VSpeedRef; // setpoint sample

meuPid.setSetPoint(Setpoint);

//Outputteste = (meuPid.process() + Vtotal);
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Outputteste = meuPid.process() + Vtotal;

PID_Speed_Output = Outputteste;

//.....................................................................

//......................ELECTRONIC DIFFERENTIAL VALUES UPDATE...........

V_Speed = ((PID_Speed_Output)/3.6); // Vehicle speed in m/s

W_Speed = (V_Speed/WheelRadius); // Vehicle speed in rad/s

SW_Angle_Rad = (Steering_Wheel_Angle_Fuzzy*0.0174533); // Steering wheel angle

in radians 1 grau = 0,0174533 rad

SW_Angle_Tangent = tan(SW_Angle_Rad); // Steering wheel angle tangent in radius

R = (L/(SW_Angle_Tangent)); // Vehicle rotational radius

WSpeed_Left = (W_Speed*((L+((D/2)*SW_Angle_Tangent)))/L); // Angular velocity

left rear wheel

WSpeed_Right = (W_Speed*((L-((D/2)*SW_Angle_Tangent)))/L); // Angular velocity

right rear wheel

Vtotal = WheelRadius*Wtotal; // Velocidade em m/s

Vtotalkmh = (3.6 * Vtotal); // Velocidade em Km/h

//..................................................................................

//......................ELECTRONIC DIFFERENTIAL

OUTPUT..............................

//Remapping Speed values for PWM Outputs 1 and 2

// WSpeed_Max =
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// WSpeed_Min = 0 rad/s

PWM_Output_Left_map = map(WSpeed_Left, 5, 54, 80, 200); // ajuste da velocidade

dos motores

PWM_Output_Right_map = map(WSpeed_Right, 5, 54, 100, 235); // ajuste

// Left Output pin 46

analogWrite(46, PWM_Output_Left_map);

analogWrite(4, PWM_Output_Left_map);

// Right Output pin 45

analogWrite(45, PWM_Output_Right_map);

analogWrite(5, PWM_Output_Right_map);

Wtotal = ((WSpeed_Left+WSpeed_Right)/2); // actual vehicle speed

duracao = 0;

}
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