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ABSTRACT 

This thesis describes the construction of a testing bench for DC motors, where the behavior 

of the system can be used to infer the motor behavior within future projects, and can thus 

influence their design. The system consists of two motors, a Roboteq controller, a power 

management system, an xPC Target PC, several Arduino microprocessors, and several encoders 

enabling the creation of a closed loop control of motor position and velocity. The challenge of this 

thesis is that large-power motors require careful control of both the position-control loops as well 

as very careful power management, and so design and implementation of the system must be done 

carefully. This thesis examined the design of the test bench, its construction, and implementation. 

It also examines some alternatives that were explored to achieve the same solution of such a 

system. Various implementations for PID control are discussed and their advantages and limitations 

are considered.  

Many of the embedded software were programmed within an xPC environment. The easy-

to-use interface allows the user to interact with the system and change the set points and control 

gains either offline or during operation. Hence, the system is a very suitable tool to quickly test 

controls and observe the response of systems such as automatic doors, wheelchairs, path planning 

and collision avoidance algorithms of autonomous vehicles and robots, and other applications that 

utilize similarly-sized large capacity DC motors. 
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CHAPTER 1 

CHAPTER 1 – INTRODUCTION 

This thesis describes the work done to construct an experimental bench to prototype a 

system to test the hardware, software, and control of power electronics and motors for large-

power (between 0.5 and 5 hP) robotic vehicles. The project focuses specifically on the closed-loop 

control of the motors in position control and speed-control. The motivation for the research was 

provided in part by the lack of an experimental system that allows for simulating the real-world 

operation of autonomous vehicles when using DC motors of large capacity. 

This section will review and describe an overview of the system, show how the signals are 

sent, and explain the specific hardware used. This section also provides an introduction to control 

system theory to provide a background to the reader. The alternatives explored in the course of 

attempting to close the system control look will also be enumerated. 

1.1 Goal Statement 
 

The goals of this project are as follows: 

 To design the necessary elements to achieve closed-loop control of large-capacity DC 

motors. This includes the construction of a physical support to brace the components of the 

system in a well-presented way.  

 To develop the algorithms to control and steer the system, to manage the different levels 

of energy of the system, and to manage the modes of controlling the system: either by 

computer control (RS-232 signals) or human remote-control (RC signals). 

 To develop algorithms to implement a PID control on the position and the velocity of each 

motor. 

1.2 Motivation/Application Areas 

 

Many branches of technology use DC motors for their operations in control systems. They have an 

important role in the development and advancement of modern civilization. Many concepts in this 

project such as DC motors, controls, and power management are found in abundance in all sectors 

of the industry: quality control, automation, robotics, etc. They are found in autonomous vehicles 



 
as well such as wheelchairs, bomb-disposal robots, search-and-rescue robots, and hybrid vehicles. 

This project offers a good way to test the future performance of robots embedded software and 

hardware as well. 

A brief discussion of control systems is necessary to understand the motivations and results 

of this project. An example of a control system is the thermostat in heater. A temperature-sensitive 

component stretches or shrinks its size, changing the position of a potentiometer which, at the 

same time, varies the heat output of the heater’s electric element. 

The basic components of a control system are: the plant representing the physical system 

to be controlled, the reference signal which specifies how the system should behave, the control 

signals (e.g. the plant inputs or actuating signals), the control system itself, and the feedback signals 

obtained from the plant’s outputs, which are usually the controlled variables. In this project the 

outputs are the position and speed of the DC motor. 

Modern vehicles use an increasing number of sensors, actuators, and networked 

embedded computers. This thesis will discuss the speed control of a vehicle engine. The objective 

of such a control system is to maintain the engine speed at the setpoint demanded by the 

reference signal. This setpoint must be maintained regardless of the applied loads, the presence of 

disturbances, noise inputs to the system, and changes in the plant’s system model. Without this 

control, any sudden engine load application could provoke a drop in the speed that might cause the 

motor to stall. Thus the main objectives of such a controller are to eliminate or minimize the 

speed/position variation away from the reference signal, and thus to maintain the desired 

speed/position value. 

Design tools such as MATLAB and Simulink enable an engineer to design and test 

controllers for different components within the system and test the behavior of the control system 

on the virtual prototype in real time. This allows tweaking and changing the controller parameters 

online before the actual hardware is developed. But, to achieve this end, the designer first must 

create a model of the system, and many times, he or she lacks a model of the system. Therefore, 

the solution is to adjust the controller based on model-free implementation. The model-free 

implementation means that the designer adjusts the controller using the real hardware’s behavior 

to guide the tuning of the control system.  



 

1.3 Chapter Outline 

 
The chapters of this thesis are organized as follows: 

 Chapter 2 gives an introduction of existing control systems theories and it brings the reader 

closer to the conceptual frame of this project. 

 Chapter 3 provides a description about the hardware and an overview of the hardware, 

giving the background necessary to understand the construction of the system. 

 Chapter 4 describes the software implementation. It details the different codes that were 

accomplished, the design needs and implementation of the system control. It also reviews one of 

the main alternative designs. 

 Chapter 5 summarizes the results generated from several implementations. It exposes the 

variation in the response depending to different methodologies to obtain gains on the PID. 

Furthermore, it gives a comparison of the behavior under two different energy suppliers: the 24 V 

batteries, and a Hewlett Packard power supply providing 15V with 5A of current. 

 Chapter 6 summarizes the conclusions of this thesis and discusses future directions and 

how this methodology may be applicable to other systems. 

   



 

CHAPTER 2 

THEORETICAL INTRODUCTION 

This chapter provides a survey of the existing literature and an overview of how problems 

in the field of control systems, and specifically closed-loop feedback controls have been dealt 

within the past. 

 Further, the chapter will provide a brief history of control systems research, and present 

the reader with basic control techniques in prevalent use today. The aim of this chapter is to 

establish the theoretical scope of project.  

2.1 Introduction to control system theory 

 

The purpose of this chapter is to introduce basic concepts of control systems theory. The 

main concepts presented here will be required to understand work detailed in the following 

chapters. 

2.1.1 Open-loop control systems (Non-feedback systems) 

An open-loop control system provides control inputs to a plant without knowledge or 

feedback regarding the outputs of the plant. They are suitable if you control a process when you 

see the output at all time. Figure 1 shows a schematic of a generic open-loop control system. An 

input signal or command, r, is applied to the controller, whose output acts as the actuating signal u. 

The outputs will perform according to some prescribed standards. Due to the simplicity and the 

cheapness of this solution, we find this type of system in many noncritical applications. 

 

 

Figure 1: A Diagram of what an Open Control System is.  

2.1.2 Closed-loop control systems (Feedback systems) 

In order to be more accurate and allow for disturbances in the plant or actuating signal, a 

closed-loop control systems may be used (Figure 2). The output signal, Wout is fed back and 

compared to the reference input, and an actuating signal that is a function of the error is used to 



 

determine the control or actuating signal. Feedback not only affects the output error, but also 

affects other attributes of the system such as stability, bandwidth, overall gain, impedance, and 

sensitivity.  

Figure 2 depicts a schematic of a closed-loop control system with a proportional gain and 

unity feedback.  

 

 

Figure 2: A Diagram of what a Closed-Loop Control System is 

2.1.3 PID control 

The following equation (   ) depicts the formulation of PID control in the time-domain and 

as a transfer function (s-domain).   
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 The control signal is the addition of three terms: proportional to the error, the integral of 

the error, and the derivative of the error (Figure 3). 

where,  ( ) = The output variable. It can be position or velocity regarding to this 
project. 

  ( ) = Error between the set point and the feedback. 

   = Proportional constant. 

 

 

   = Integrative Time constant. 

 

 

   = Derivative Time constant. 

 

 

   



 

 

(a) PID algorithm used in Position control 

 
(b) PID algorithm used in Speed control 

Figure 3: PID Algorithms 



 

In the figures above, the PID controller receives the error of the controlled variable as 

input. As is evident from the two figures, the nature of actual controlled variable is immaterial for 

the design of the PID controller. 

At this point, some comments are in order pertaining to the effect of each of the terms in 

the controller and its effects on the output. There is always steady state error in proportional 

control. The error will decrease with increasing gain, but then oscillations may increase as well. The 

effects of adding integral term is that the steady state error reduces, whereas the tendency of 

oscillations increases. The derivative term makes the response smoother, and decreases the 

overshoot but also slows down the system response. Damping increases as the derivative term 

dominates, but decreases again when derivative term becomes too large. Remember that 

derivative action can be seen as providing prediction by linear extrapolation over the time. 

To perform PID control we should consider the following issues and techniques: 

 Noise filtering  

 PIPD Controller 

 Windup 

 Tuning 

2.1.4 Noise Filtering 

 Many times the sensors, such as optical incremental encoders, may apperceive noise. This 

issue can be caused by a bad alignment with the shaft or for an inner problem of the motor, but it is 

mainly a hardware problem. This issue ads complications while performing a PID controller 

properly, since the source of oscillations cannot be clearly attributed to inappropriate gains or 

sensor noise.  

A second-order low pass filter (   ) can be added in order to solve the solution, but this slows 

down the response of the system. The choice of the filter depends on finding a balance between 

response time and the acceptable noise levels in the response.  

 ( )  
   

            
 

    

 

Equation 

2.1.2 

where, 

  = Damping. 

 

 

 

   = Natural frequency 



 

The cut-off frequency of this filter has to be large enough to satisfy the Nyquist criterion, 

while simultaneously being small enough to minimize the delay in the response. One way of 

choosing cut-off frequency is by observing the frequency response of the unfiltered signal through 

the use of a frequency response technique such as the Fast Fourier Transform. For example, if the 

noise has a time period of 0.1 seconds, this would appear as cut-off frequency of 10 Hz, in the FFT 

spectral density plot. 

Another possible source of noise is the derivative. Differentiation always adds noise to the 

system. In a practical controller with derivative action it is necessary to constrain the high 

frequency gain of the derivative term. This can be implemented by adding a first order filter with 

the time constant (Kd/N). The filter will act as a low-pass filter, which means the high-frequency 

measurement noise will be suppressed. Typical values for N are 8 to 20. 

2.1.5 PIPD Controller 

If a step change in the reference signal results in an impulse in the control signal, this is 

highly undesirable; therefore derivative action is sometimes not applied to the reference signal. 

Instead, the derivative term of the controller is applied directly to the measured variable (Figure 4). 

 

 

Figure 4: Implementation 

2.1.6 Wind-up 

Windup is caused by the interaction of integral control action and the saturation of 

actuators. All actuators have limitations: a motor has limited speed; some valves cannot be more 

than fully opened or fully closed, etc. For a control system with a wide range of operating 

conditions, it may happen that the control variable reaches the actuator limits. When this happens, 

control effort may not alter the system response because the actuator will remain at its limit 

independent of the process output. If a controller with integrating action is used, the error will 



 

continue to be integrated, resulting in the integral term becoming very large or, colloquially, 

“winding up”. It is then required that the error has opposite sign for a long period before things 

return to normal. The consequence is that any controller with integral action may give large 

transients when the actuator saturates. 

One way to avoid integrator windup is to introduce limiters on the set point variations so 

that the controller output never reaches the actuator limits. This does not avoid windup caused by 

disturbances, but it is accurate enough in the cases we are typically concerned about. There are 

other solutions such as creating a model of the actuator and anticipating the wind up, incremental 

algorithms or back calculation tracking. 

2.1.7 Characteristics of time response 

There are different parameters to measure the performance of a controller and some of 

them are included below.  

 Time delay (td): Time delay is the time that it takes for the response to get to the half of the 

final value. 

 Rise time (tr): Rise time is defined as the time required for the response to get from the 10% to 

the 90%  

 Maximum overshoot (Mp): Maximum overshoot is defined as the maximum value subtracted 

by the final value. It can be given in percentage. It usually should not be higher than 15%. 

 Settling time (ts): Settling time is the time required for the response to settle and maintain its 

value within a specific error, generally around 2 or 5 %. 



 

 

Figure 5: Step response with overshot 

 

2.1.8 Tuning 

There are many methods to tune the gains of the PID controller. But the most common and 

extended is the closed-loop Ziegler Nichols method or also known as online tuning (the reader 

should not confuse this method with the open loop Ziegler Nichols method). 

In this method the goal is to obtain Ku, which is the ultimate proportional gain (the integral 

and derivative gains set at zero) that will make the response to oscillate with constant amplitude. 

Increasing the Ku, will make the system unstable, and the amplitude will increase as well. The point 

where the amplitude is constant is in the edge of instability, and this point lies on the imaginary axis 

of the plane in Figure 5.  

 



 

 

Figure 5: Ku on the Imaginary Axis 

Once we have Ku, we have to figure out Tu, which is the ultimate period, in other words, 

the period corresponding to the ultimate proportional gain. 

Finally, to obtain the gains for the controller we have to follow this table (Table 1) 

 Kp Ki Kd 

P 
 

-- -- 

PI 
 

 -- 

PID 
   

Table 1 

Another method for determining the gains of the PID controller is by using the Tyreus-

Luyben Tuning Chart, as the reader can see in Table 2, where these values can be derived via a 1/s 

approximation (Karl Astrom 2002): 

 Kp Ki Kd 

PI 
 

 -- 

PID     

Table 2 

uK5.0

uK45.0

uK6.0

uT
2.1

uT
2

8
uT

2.3
uK

2.2
uK

uT2.2

uT2.2

uT
3.6



 

2.1.9 Mathematical Formal methods 

A good way to judge if a PID tuning is good enough, and to compare different tunings, is the 

quantization of the error by mathematical methods. Considering the formula below: 

 ( )   ( )   ( ) 

    

where the  

There are 4 methods that capture the cost function: 

 IAE: Integral of Absolute value of Error 

   ∑  ( ) 

 

 

 

    

Where Time is multiplying the summation of absolutes values of the error. 

 ISE Integral of Squared Error 

   ∑[ ( )] 
 

 

 

    

Where the time is multiplying the summation of square times the error. 

 ITAE : Integral of Time times the Absolute value of Error 

    ∑   ( ) 

 

 

 

    

Where the times squared is multiplied by the summation of absolute error. 

 ITSE : Integral of Time times the Squared Error 

 

Equation 

2.1.3 

where, 

 ( ) = Current error. 

 

 

 

 ( ) = Feedback measured 

 

 

 

 ( ) = Set point, value desired 



 

    ∑ [ ( )] 
 

 

 

    

Where the times squared is multiplied by the summation of squared error. 

  



 

CHAPTER 3 

CHAPTER 3 –HARDWARE 

This chapter provides a detailed description of the hardware components of the system. It 

begins with a quick overview of the hardware and then further describes each individual element. 

First, the components existent prior of my charge of the project such as power Arduino, Control 

Arduino, Power Management Board and RC components are explained. Second, the encoder, an 

essential piece of hardware that provides feedback for the system is explained. This section 

provides a description of the encoder's functionality, a description of its implementation into the 

system with an Arduino microcontroller, and general basic knowledge on encoders. 

Third, Roboteq operation is explained. This is one of the most critical parts of the project 

that incorporates all the other parts, from the programming in the Arduinos to the xPC final 

implementation, due to its signal commands in RS-232. 

Finally, the motors used in the project are described along with an introduction to xPC 

target and some of the first steps in its implementation.  

In order to design the software explained in chapter 4, it is necessary to have a clear 

understanding of the system itself. Specifically, it is necessary to know the different components of 

the system and the manner in which the system may operate with them.  

  

 



 

3.1 System description and behavior 
 

The system is constituted by three main sections: low power, control and high power.  

 The low power block provides 12 V power to the control block circuitry and includes a 12 V 

battery, charger, and ISOpwr device. The ISOpwr device will provide current to the battery 

allowing the battery to maintain a full charge level while preventing overcharging.  

 The control block contains components that manage power and signals to the Roboteq 

based on user inputs. This block used separate methods for communicating with the 

Roboteq. The original method uses two Arduinos for sending and receiving commands, 

along with a printed circuit, four relays, and a switchboard for controlling the flow of power 

to and from the Roboteq. In addition to this method, other formats were implemented 

including using a third Arduino to take encoder readings, using a WIZnet as a serial to 

TCP/IP converter via QuaRC, and using an RC remote for radio control of the motors. The 

current implementation uses an xPC target computer in place of all previous hardware to 

manage the system control. 

 The high power block contains the 24 V DC motors and corresponding batteries for power, 

which are isolated from the low power components by a high current relay. Fuses are also 

included for further damage avoidance. To avoid overusing the batteries, an AC/DC 

transformer that supplies 13 V and 4 A was also used to power the motors. 

A schematic of the system is shown in Figure 6:. While the schematic itself appears simple 

the system as a whole is actually complex due to the combination of power and signal flow. Colored 

arrows help explain this flow with black arrows indicating power flow and white arrows indicating 

signal flow. The use of colored borders in the control block indicates the separate methods 

discussed above. 



 

 

Figure 6: A Diagram of the System 

 

This project had already been in progress prior to the beginning of this thesis, so it is 

important to outline what work had been done previously and what improvements have been 

made since in order to have a deeper understanding of the decision making process. 

 Previously, the system operated by sending either RC commands or commands via Arduino 

through an RS-232 connection to the Roboteq. The Roboteq then sends commands to the motors in 

an open control loop, where actual motor speed is not measured (the way it was done, just a 

command was sent, so the speed was not held). For this reason, the motors will slow down when 

any load is applied to the motors. This mode would be adequate for most applications where the 

operator maintains a visual contact with the robot, but it would not be useful for most autonomous 

operations. 

An early step in this project was to improve the codes used to power and control the 

system through RC and RS-232 connections. The codes, which were originally written using Arduino 

022, were modified and updated to use the new Arduino 1 software including the implementation 

of new libraries and algorithms. 

One main goal in the improvement of this project was to use optical incremental encoders 

to achieve a closed loop control structure. By using encoders to measure the motor position and 

velocity the system can verify that the motor is rotating at the desired speed and in the desired 

direction, and can adjust the power delivered to the motors accordingly. In order to implement a 



 

closed-loop system, different methods were explored including attaching a third Arduino to read 

the encoder position and using an xPC in place of the Arduinos to control the system in real time. 

3.2 Component details: Arduinos Power Management Board and RC 
components 

 

This chapter intends to give a quick view over the components of the system following the 

diagram in Figure 6:, and gives specific information about the pin-outs and the mounting process. 

3.2.1 Power Arduino hardware details 

The Power Arduino is responsible for switching 3 power relays on the Power Management 

Board and it may trigger EStop 2. It resets Roboteq to enter RC mode. 8 Pins are used in total from 

the Power Arduino to the Power Management Board and below in the list is showed the 

functionality of each pin. See Power Arduino at chapter 4 for more information on functionality. 

1) (VCC) Arduino Power: from Arduino Power Relay switch contacts (+12V). 

2) GND: Ground 

3) Arduino Power Activate: controls Arduino power relay coil. 

o Logic HIGH = ON, Logic LOW = OFF. 

4) Roboteq Power Activate: controls Roboteq power relay coil. 

o Logic HIGH = ON, Logic LOW = OFF 

5) Motor Power Activate: controls Motor power relay coil. 

o Logic HIGH = ON, Logic LOW = OFF 

6) Mode Detect: connected to relay 4, detects RC/RS-232 mode switching. 

o Logic HIGH =RC mode, Logic LOW = RS-232 mode 

7) When pulled logic HIGH, the Power Arduino power cycles the Roboteq to reset it back to RC 

mode by default. 

8) EStop Detect: allows the Power Arduino to detect if an emergency stop has been triggered. 

o Logic HIGH = estop inactive, Logic LOW = estop active 

9) EStop 2 Trigger: allows the Power Arduino to trigger EStop 2. 

o Logic HIGH = active, Logic LOW = inactive 



 

3.2.2 Control Arduino hardware details 

This device can send velocity commands through a USB cable, from the command window 

of the Arduino interface. By sending the commands using the Control Arduino we do not operate in 

closed loop. This is the originally way to send commands, before the xPC implementation.  

When the Control Arduino operates managing the Serial velocity commands, the 15 pin 

connector from the Power Management Board is connected to the Roboteq (xPC cable is 

unplugged). In this case the Control Arduino is responsible for sending and receiving serial data (RS-

232) to and from the Roboteq and switching the Roboteq into RS-232 mode. The Control Arduino 

may also trigger EStop 1. Note that when xPC is operating, the function of Control Arduino is 

reduced.  

There are 6 pins connected in total to the Power Management Board. The functionality of 

these 6 pins is displayed in the list below. See Control Arduino in chapter 4 for more information on 

functionality. 

1. (VCC) Arduino Power: from Arduino power relay switch contacts (+12V). 

2. GND: Ground 

3. MAX232 R1O: Serial data from Roboteq, line voltages converted by MAX232 chip. 

4. MAX232 T1I: Serial data to Roboteq, line voltages converted by MAX232 chip. 

5. EStop 1 Trigger: allows the Control Arduino to trigger Estop 1. 

o Logic HIGH = active, Logic LOW = inactive 

6. Mode Detect: connected to relay 4, detects RC/RS-232 mode switching. 

o Logic HIGH = RS-232 mode, Logic LOW = RC mode 

o When pulled logic HIGH, the Control Arduino sends the Roboteq a serial command (10 

carriage returns) to switch to RS-232 mode. 

3.2.3 Power/Signal Management Board  

This printed circuit board manages power and signals for several system devices while 

displaying status information on LED indicators. See schematic in the Appendix C: Power/Signal 

Management Board Schematic for specific wiring information.  



 

There are three relays used with power management purposes and one used for 

RC/Arduino(RS-232) mode signal switching. The Power Management relays are driven through 

TIP31 transistors because the Arduinos alone could not produce enough current to activate them. 

Below are a list of key features and functions of the main components in the Power/Signal 

Management Board. 

o Relay 1 – APWR (Arduino Power): connects 12V DC power to Arduinos and LM7805 5V 

regulator. Activated automatically by the Power Arduino after 1 second (selfpower). 

o Relay 2 – RPWR (Roboteq Power): connects 12V DC power to Roboteq. Activated by Power 

Arduino. 

o Relay 3 – MPWR (Motor Power): connects 12V DC power to the high current relay-coils. 

This activates the high current relay and connects 24V DC power to the Roboteq and 

motors. Activated by Power Arduino. 

o Relay 4 – RCRL (Signal Mode Relay): When Xpc target not connected (so the 15 pin 

connector between Roboteq and power/ Signal management board is plugged), switches 

Roboteq pin 3 (CH1/RX) between RC pulse signal (from RC Receiver) and serial data signal 

(from Control Arduino). Also switches both Arduinos’ “Mode Detect” pins oppositely 

between +5V and GND. Activated by external RC controlled relay (PicoSwitch 1).  

o four-channel opto-isolators – Emergency stop functionality. Any of the 8 channels, when 

connected to +5V, will activate trigger an emergency stop by pulling the Roboteq pin 15 to 

ground. By connecting any form of switch between +5V and an EStop input, the switch 

may be used to trigger an emergency stop. In this way, the EStop functionality is 

completely user customizable. LEDs wired to each input and to the output indicate the 

status of each channel. Refer to the Appendix C: LED Indicator Diagram for more 

information.  

o 1 MAX232 chip – Used to convert serial line level voltages between the Roboteq (-12V to 

+12V) and the Control Arduino (0 to +5V). 

o LM555 timer chips – One for serial TX, and one for serial RX. Used to help display serial 

activity data on LEDs. The serial data voltages are often changing too fast to produce 

useful illumination of an LED, so the chip is wired to fully illuminate the LED for a split 

second any time data is passed on the corresponding serial line. 



 

o 1 LM7805 5V Regulator – Used to provide 5V power to ICs, RC components and Estop 

inputs. 

o Easy Connector Pinouts/Plugs/Terminals – 1 for each peripheral. Refer to Appendix C: 

Power/Signal Management Board Peripheral Connection for more information. 

 Roboteq: DB15 – every Roboteq pin in 1 cable. Also pin-out terminals for easy 

troubleshooting access. 

 Power Arduino: 8 Pin Female Header – 1 cable. 

 Control Arduino: 6 Pin Female Header – 1 cable. 

 RC Channel Connections: 3 Pin Male Headers (x3) – BAT, CH1, & CH2 

 2 PicoSwitch Relay Terminals: 2 Pin Wire Terminals (x2) 

 Wire screw terminals for miscellaneous switch connections. 

o NOTE: EStops 1, 2, and 3 are hard wired into the board and correspond to the Control 

Arduino, Power Arduino, and RC Relay EStop respectively. 

 

3.2.4 RC Components  

The RC Mode works through a RC receiver that is connected to the Power Signal 

Management Board. The RC Mode just works if the 15 pin connector is plugged from the Power 

Board to the Roboteq. The RC receiver has 6 channels. It receives RC signals from the RC 

transmitter and sends them to corresponding components. Below you have listed the pin-out of 

the RC receiver. 

o BAT – powers the receiver and any attached devices. 

o THR –Roboteq CH1 

o ALE – NOT USED 

o ELE – Roboteq CH2 

o RUD – NOT USED 

o GER –Activates PicoSwitch 2, which activates EStop 3 

o AUX – Activates PicoSwitch1, which activates the Signal Mode Relay (relay 4) 



 

There is two picoSwitches. The PicoSwitch 1 receives signal and power from the RC 

Receiver on the Auxiliary channel (AUX). Its function is to connect power and activate the Signal 

Mode Relay (relay 4). So it switches modes RC/RS-232.  

The PicoSwitch 2 receives signal and power from the RC Receiver on the Gear channel 

(GER). Connects +5V to EStop 3 input (activates EStop 3). 

NOTE ON PICOSWITCH OPERATION: If powered and not radio synced, the green indicator LED will 

flash rapidly. If radio synced, the green indicator LED will light when the PicoSwitch relay is active. 

3.2.5 Switch Panel 

Contains several switches for initiating operation and debugging purposes: 

o Main 12V Switch – connects 12V power to the Power/Signal Management Board. 

o Position rotary switch – powers selected relays to be enabled by the Power Arduino.  

o Arduino Start Button – while depressed connects 12V power to the Arduinos and 5V 

regulator. 

o Power Arduino Switches – 3 switches that simulate a PC command to the Power Arduino. 

 Roboteq Power – tells the Power Arduino to turn on/off the Roboteq. 

 Motor Power – tells the Power Arduino to turn on/off power to the motors. 

 Emergency Stop – tells the Power Arduino to activate/deactivate its EStop. 

o Roboteq Power Override – Connects 12V power to the Roboteq if the board has power 

(switch 1 ON). May be used to turn on the Roboteq without turning on other devices. 

 

3.3 Introduction to encoders 
 

 Optical incremental encoders are used in many applications to measure either position or 

velocity. Absolute encoders hand out a multi-bit number and record the absolute position at all 

time (even when the power turns off), whereas the incremental encoder output pulses as they 

rotate. By counting the pulses that the encoder output we can figure out how many revolutions the 

motor has turned. Rotation velocity can be determined from the time interval between pulses or by 



 

the number of pulses within a given time period. Incremental encoders have sufficient accuracy to 

be useful in this project. 

 The manner the pulses are counted is with two signals, A and B, phased 90° apart such that 

the microcontroller knows if the motor is moving forward or reverse. Pulses are counted so that 

they can increment or decrement a position counter in the application and this count is processed 

in the microcontroller to determine the direction. Consequently, by knowing the phase relationship 

between signals we will know the direction of rotation. The fact of phase 90° apart both signals is 

called quadrature. One of the great things about quadrature is that the resolution can be 

incremented by 4 times by counting the rising and falling edges of each channel (A and B). For 

instance, an encoder that produces 250 pulses per revolution (PPR) can generate 1,000 counts per 

revolution (CPR) after quadrature. In our case, our incremental encoder HD25 generates 10,000 

CPR. 

 Figure 6:Figure 7: shows the typical construction of a quadrature encoder. While the disk is 

rotating in front of the stationary mask, it shutters light from the LED. The light that passes through 

the mask is received by the photo detectors. Two photo detectors are placed side by side so that 

the light making it through the mask hits one detector after the other to produce the 90° phased 

pulses. One problem with incremental encoders, unlike absolute encoders, is that they have no 

retention of absolute position upon power loss. Thus, they can be used for position control 

relatively to a new zero at the time.  

 

Figure 7: Construction of an Optical Encoder 



 

The formula below gives the pulse frequency at a given RPM and encoder resolution in 

Pulses per Revolution.  

               (  )  (     ⁄ )        

    

 Using the formula in the equation 3.1 with values of our own concerning project we can 

figure out the frequency the encoder is operating with. The motor spins at 250 RPM max, with an 

encoder with 2500 pulses per revolution would generate the following pulse frequency: 

     (   )  (     ⁄ )          

    

 There are four elements to consider when implementing the encoder with circuitry. 

Obviously the main one is the incremental optical encoder (HD25). The other necessary elements 

are a quadrature decoder/counter chip (HCTL-2022), an 8-bit parallel to serial shift register 

(74HC165), and an oscillator quick enough to read all the changes in the quadrature signal. 

 The HD25 has 7 pins, as shown in  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3, but only four will be used in this application. 

 

Pin-out of the HD-25 Incremental Optical Encoder 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

 The pins that will be used are the A and B channels, the D pin (voltage), and the F pin 

(ground). Voltage and ground are used to power the encoder while the A and B channels give a 

square wave signal with 90 degrees offset between them. These waves are called quadrature 

signals and are useful for determining the direction of rotation as shown in Figure 8:.  

 

Figure 8: Determination of Direction of Rotation Using Quadrature 

 To determine the direction of rotation, the binary combination of signals from channels A 

and B are analyzed. A "high" signal will give a 1 and a "low" signal will give a 0. Therefore, looking at 

Figure 8: it can be seen that the forward moving rotation output will be 1 0, 1 1, 0 1, then 0 0, while 

the reverse moving rotation output will give 1 1, 1 0, 0 0, 0 1. Knowing the order we expect for each 

direction of rotation, we can monitor the binary output for determine the actual rotation direction.  

 

PIN Function Cable's Morphology  

A A channel White w/ Blue stripe 

B B channel White w/ Brown stripe 

C* Index White w/ Orange stripe 

D +VDC Orange w/ White stripe 

E NC Brown w/ White stripe 

F Common Blue w/ White stripe 

G Case ground Green w/ White stripe 

* only available when Index channel is specified 



 

 The HTCL-2022 and 74HC165 chips are needed to process the square wave output by the 

encoder. The quadrature decoder converts the quadrature signals into 8-bit binary numbers, and 

the 8-bit parallel to serial shift register converts the signal into 32 bits which is then output as a 

decimal from 0 to 4,294,967,295 (resetting back to 0 when it overflows). 

The counter chip (HTCL-2022) outputs a 32 binary number out of only 8 pins. The way it output the 

32 bit long to the shift register is so that gives out 8 bits depending of the combination of the 

variables SEL1 And SEL2 commanded by the microcontroller. SEL 1 and SEL 2 are two input pins in 

the HTC-2022, as the reader can see highlighted in Figure 100. The process referred is depicted in 

Figure 9, depending on the state of these binary variables, well get 4 permutations.  

 

Figure 9: Process of Outputting from the HTCL-2022 to the 74HC165  

 

 

 

 

 

 

 

 

Figure 10: HTCL- 2022 chip 

The values of SEL1 and SEL2 can be changed only when the output enable pin (OE) in the 

HTCL-2022 is “HIGH”. The code implementation in Arduino uses functions such as digitalWrite(x,b) 



 

(where x is the variable we want to change, and b is the state HIGH or LOW). The code 

implementation is explained with more detail in the Appendix B: Encoder Arduino code: 

 

 

Figure 11: 8 bit parallel to serial shift register 

The 8 bit parallel to serial shift-register, concatenates the 4 different bytes we are receiving 

and turns them into a 32 binary number. The PL pin is set to low, to allow the first eight bits to load 

on the shift register. Once the bits are loaded it is set back to high and then the final output to the 

controller begins.  

While PL is set to HIGH, a bit is output of Q7 each time CP (clock pulse) is set to HIGH. The 

CE pin function is that enables to change the CP, at the time, as the reader can observe in Figure 12. 

After the last bit is output at Q7, CE should be set back to HIGH. Then the process starts again with 

the next byte, until the four of them are output. The pin-out of the 74HC165 is depicted in Figure 

11. The highlighted pins are referring to the variables we have been referring to. 

 

Figure 12: Process to Output from the Shift-register 

 



 

The previous knowledge of encoders can be used to implement a printed circuitry or using 

a breadboard and connect it to an Arduino in order to get readings. As a matter of fact, it was the 

way to do it at the beginning of the project. Posteriorly, when using XPC, the encoder readings 

were done by the PCI 6601 board of the XPC system, which make the things a lot easier, because it 

manage the signals automatically so that outputs the final number as a double. However it is 

important to understand the complexity of dealing with encoders. The following algorithm, Figure 

13, depicts a flow chart implemented in an Arduino to read the velocity.  

 

Figure 13: Schematic of Code used to Read Encoders through Arduino 

 

3.4 Motors: NPC-T74 
 

The motors used in this application are NPC model T74. This model was chosen because it is 

ideal for driving 200-300 pound robot systems. It is a reversible, permanent magnet motor that 

weighs 14.4 pounds. The motor requires 24 V (but can be run at 36) and can reach 245 rpm at no-

load with its 20:1 gear ratio. The diameter tub shaft (the front shaft) is 1.469 inches, with four 

mounting holes to attach loads and it is relatively simple to adapt a direct-drive wheel/tread 

system. The drawing can be found in the Appendix A. 

UpdateEncoders(); 

OldPos=Count: 

delay(TIME_DELAY) 

UpdateEncoders(); 

NewPos=Count; 

vel=(NewPos-
OldPos)/TIME_DELAY 



 

A few problems did arise from this model motor. First, the weight of the motor made it 

difficult to attach to the system. The solution to this was performed through machining and is 

explained in Chapter 4. Second, there was no easy way to mount the encoder so further machining 

was required. Finally, the wires were not adequate enough to dissipate heat at moderate loads, so 

they were replaced with welding cable. This is also one of the reasons that the motors are not run 

at more than 24 V. 

Another challenge was finding an amplifier powerful enough to run the motors. The 

Roboteq 2550 was chosen, and, although the Roboteq manual specifically warns against motors 

larger than the current limit, this application had no problems as long as standard precautions are 

adhered to. 

The motor controller can be damaged if the startup/shutdown instructions in the Roboteq 

manual are not followed. For example, the Roboteq can be damaged by repeatedly switching 

on/off motor power using a battery-disconnect instead of the proper enable/disable lines. This will 

be explained more specifically in the Roboteq subchapter. 

3.4.1 Friction for motion in the motors 

The motion in the motors causes frictional forces that create non-linear behavior in the 

motors. The characteristics of the frictional forces between two contacting surfaces often depend 

on such factors as the composition of the surfaces, the pressure between them, and their relative 

velocity, among other factors. There are three kinds of frictional forces: viscous, static, and 

Coulomb. In this application, only the viscous and the Coulomb friction are a concern. 

The viscous friction represents a retarding force that is a linear relationship between the 

applied force and velocity. Coulomb friction, in the other hand, is a retarding force that has 

constant amplitude with respect to the change of velocity, but the sign of the frictional force 

changes with the reversal of the direction of velocity. In the Figure 14 below, both forces are shown 

acting together. 



 

 

Figure 14: Diagram Torque versus Velocity 

Viscous and Coulomb friction can be calculated using ¡Error! No se encuentra el origen de 

la referencia.¡Error! No se encuentra el origen de la referencia.. The coulomb friction can also be 

found by sending incremental commands to the Roboteq until the motors begin to spin.  

Torque in 
in-Lbs 

Amps RPM HP 

26 9.2 248 0.11 

101 18.5 235 0.38 

228 28.6 219 0.8 

301 43.3 205 0.98 

396 55.6 189 1.19 

507 68.4 173 1.39 

591 84.2 157 1.47 

702 95.5 141 1.57 

833 107.5 125 1.66 

914 123.5 109 1.58 

1030 135.4 93 1.53 

1112 148.9 77 1.36 

1214 161.6 59 1.13 

1480 210 Stall 

Table 4 

3.5 Roboteq 
 

The Roboteq motor controller is a useful and powerful tool in the world of robotics. Some 

of the characteristics are using a high-efficiency Power MOSFET transistors using Pulse Width 

Modulation (PWM) at 16kHz (changeable). The Roboteq version is used in this project is the 

AX2550 which can operate from 12 to 40 Volts in DC and can sustain up to 120 Amps of controlled 



 

current, delivering up to 4,800 watts (approximately 6 HP) of power to each motor, depending of 

the power supply. 

3.5.1 Roboteq safety warnings 

Roboteq controllers simplify DC motor control, but if handled improperly can cause some 

damage to the motors and surroundings. Three of the most important warnings to use Roboteq 

are: 

 Do not connect transformer power supply to the Roboteq, unless precautions are 

taken. 

 Do not connect to RC with battery attached 

 Beware of motor runaway in an improper closed-loop 

 Warnings are detailed explained at the Roboteq manual. 

A specific design is made to strategically manage power to the Roboteq and motors in a 

way that prevents damage to the components and increases safety for the user. In the Power 

Arduino codes – reader can refer at Power Arduino subchapter in chapter 4 and the Arduino codes 

can be found at the Appendix B for further explanation. 

3.5.2 Roboteq operating in Serial RS-232 

 Roboteq is initially in RC mode. However, Roboteq can operate using either RC or RS-232. In 

order to switch modes, Roboteq needs to receive more than 10 times a carriage. To return to the 

RC mode once it is working in RS-232, one of the manners to achieve it is by resetting the device 

itself.  

While transmitting commands through serial to the Roboteq some translation work needs 

to be applied, in order to successfully transmit the commands. Serial communication normally from 

the computer uses a standard, which is 8 bit, but the Roboteq settings are: 9600 bits/s, 7-bit data, 1 

Start bit, 1 Stop bit, Even Parity. To establish a serial communication with the Roboteq the 

mentioned settings have to be configured in the xPC or the microcontroller. 



 

Some of the commands or queries that can be sent to the Roboteq are depicted in ¡Error! 

No se encuentra el origen de la referencia..  

 

Command Type Description 

%rrrrrr Command Reset Controller 

!Ann Command Channel 1, forward command to value nn 

!ann Command Channel 1, reverse command to value nn 

!Bnn Command Channel 2, forward command to value nn 

!bnn  Command Channel 2,reverse command to value nn 

!C Command Turn Accessory Output C on 

!c Command  Turn Accessory Output C off 

?a or ?A Query Read Battery Amps 

?v or V? Query Read Power Level applied to motors 

?p or ?P  Query Read Analog Inputs 1 and 2 

?r or ?R Query Read Analog Inputs 3 and 4 

Table 5 

As you can see in Table 5, velocity commands have a specific format constituted by 4 

characters. The first one is always exclamation mark which indicates it is a command and not a 

query. The following character can be either A, a, B or b. A or B are a distinction to differentiate 

which motor and capital or lowercase characters indicate a forward command or a reverse 

command, respectively. Finally the last two digits are a number from 0 to 127 in hexadecimal (00-

7F).  

The xPC implementation manages to switch to RS-232 or sending velocity commands and 

so does the Control Arduino.  

3.6 xPC Target 
 

The xPC target is a very powerful tool in MATLAB that uses a Simulink diagram block 

interface, which makes the programing task easier sometimes. The applications of xPC Target are 

rapid control prototyping, hardware-in-the loop (HIL) simulation, and other real-time testing 

application. xPC Target is also good at data logging, acquiring fast sample time. It provides a library 



 

of I/O device drivers, a real-time kernel, and an interface for real-time monitoring, parameter 

tuning, and data logging. 

The xPC Target environment uses a target PC, separate from a host PC, for running real-

time applications. The target PC only runs the model downloaded to it. Since it is not running any 

other process but the one ordered, the speed can be considerably fast, in comparison with 

processes managed in QuaRC. 

The host PC is the one you program in MATLAB or Simulink environment software, and 

then build the model and downloaded to the target PC. In order to build the model, a specific 

compiler such as C, C++ or Visual is used to create the code that represents the model. Then the 

code is finally downloaded to the target PC and running at real-time (you can actually can set the 

fixed step time). In addition, the model can be run at non-real time in Simulink with debugging 

purposes.  

xPC Target software allows to add blocks in the model in Simulink environment that 

represent hardware PCI slots. By using blocks from the xPC library we manage to set 

communication between model and real hardware. 

3.6.1 xPC installation 

This section covers the installation of xPC Target, which can be very challenging at time. 

There are many PCI boards that can be installed to the PC including the network 

communication board (I82559), the Encoder Board (PCI 6601), and the Multifunction DAQ (PCI 

6259). The three boards named here are used in this project. 

The PCI Encoder Board is connected to a break-out board where some pins are connected 

to the encoder wires. Bellow in Table 6 there is the pin-out of the PCI 6601 card. 

SIGNAL PIN-OUT SIGNAL PIN-OUT 

Ch A (0) 2 Ch A(1) 7 

Ch B (0) 40 Ch B(1) 6 

GND 36 D GND 39 



 

5 V 1 

Table 6 

The network card with an Ethernet port allows communication between the host PC and 

target PC using network communications (TCP/IP). 

It was necessary to create a CD to boot the Target PC with the following IP address: 

 IP Address:  172.16.7.106 

 Subnet:  255.255.0.0 

 Board:  I8559 PCI BUS 

 PORT :   22222 

 Gateway:  172.16.1.1 

It was also necessary, since to provide two IP Addresses to the Host computer. One of 

them, needed to get the license for MATLAB, and the other one to talk to the Target computer. 

One critical aspect of the installation that is a common source of error, especially when 

installing xPC with a different host pc, is the compiler configuration. To configure the compiler 

correctly simply type “xpcexplr” in the MATLAB command windowto open the xPC GUI. Next, it is 

necessary to click in the compiler and select Visual and then browse the path to its actual location 

in the computer because the default pathis a folder called “Microsoft Visual” which may not exist. 

The target pc could be pinged by the host pc after booting with the boot CD. Verification of 

correct installation is performed by typing "xpctest" into the MATLAB command window and 

running the corresponding Simulink model. If this fails it means that the installation was not 

properly completed. The MATLAB help was essential and very useful during installation. 

3.7 Manufacturing 
 

The project construction requires many soldering, machining, and mounting operations. In 

order of completion, the parts that were manufactured are the switch board, the wood board for 

mounting components that was later changed to a laser cut acrylic board for aesthetics, the 

couplings for connecting the motor shaft to their respective encoders, drilling holes in the motors 

and wall, and cutting bars to hang the acrylic boards on the wall. This section summarizes the 



 

hands-on manufacturing of parts, describing both the manufacturing plan and actual part 

construction. 

3.7.1 Three acrylic boards 

The board that held all the components of the project was made of wood prior to the 

beginning of this stage of the project. This material was not easily hung on the wall nor aesthetically 

pleasing, so acrylic was chosen because of its light-weight composition and the availability of a 

laser-cutting machine which makes it easy to machine. Using the laser-cutting machine, the acrylic 

could be easily cut using only the material and CAD drawing of the desired part. Furthermore the 

boards are laid out such that there is no waste of acrylic, optimizing material use as much as 

possible. Despite this, it was considered a priority to design the boards according their functionality 

since this project is conceived to be didactic. For this reason, devices with similar functions were 

combined on the same board such as power, control, etc.  

The initial design called for three boards, all of which have the board’s function etched into 

the corner, but a fourth was added later. The first board is the power board. The exact dimensions 

are in the CAD appendix, but Figure 15 helps show the layout. Every item was modeled as a three 

dimensional box to show the space they will occupy. Many holes in the acrylic were planned to 

have the wires routed and hidden in the back. Some of the holes were tapped afterwards for either 

holding items such the batteries, or for hanging on the wall.  

 

Figure 15: Design in SolidWorks of Power Acrylic Board Lay-out 



 

The second board is the control board. It contains the Roboteq, the two Arduinos, and the 

relay. Again many holes were drilled expecting the cables to go through the back of the board, in a 

way that it was well-presented. 

 

Figure 16: Design in SolidWorks of Control Acrylic Board Lay-out  

The red boards in Figure 16 are the WIZNET boards, which in the current system are not 

included, but their function was supposed to be to transform serial TTL to TCP/IP such that the 

DATA could be read by the computer. They were meant to connect with QuaRC. The extra Arduino 

was needed to get all the data from the encoders. This will be explained further in the chapter 

concerning to alternatives.  

Finally, another acrylic board was made to hold the motors and the fuses. However, since 

the motors are very heavy and the board was too large, it had a large moment. Fearing that this 

could break the board, two boards were made as seen in Figure 17. Extra holes were made this 

time to attach the motor with plastic stripes, helping to distribute the weight by being an extra 

holding subjection. 



 

 

Figure 17: Design in SolidWorks of Motors boards 

3.7.2 Switch board 

One of the first tasks when starting the project was to provide the system with a new 

switch board, in a reduced and attractive format.  

The given size and weight constraints, combined with the quality of the laser-cutting 

machine encouraged the use of acrylic for the material. The board was designed in SolidWorks (SW) 

and converted to AutoCAD, which is readable by the laser-cutter software. In the laser cutter the 

intensity of the laser is selected based on material, thickness, and goal of etching or cutting. Some 

holes were tapped afterwards. This process had to be redone since the first time tolerances were 

not adequately accounted for. 

 

Figure 18: Switch Board 



 

3.7.3 First Shaft-coupling 

 A coupling was designed to mount the shaft of the encoder to the shaft of the DC motor. 

This was a complicated task since there is no attachment on the motor that is easily accessible to 

the encoder. A very small hole was drilled and tapped in the back of the motor. To attach the 

encoder to this hole, a cylindrical shaft was machined with two holes in it. The smaller hole is 

screwed onto the tapped hole in the motor, with the larger hole holding the encoder shaft with a 

set screw. The part is shown in Figure 19. 

 

Figure 19: Design in SolidWorks of the First Shaft-coupling 

 The part was made of aluminum since is easier to machine due to its plastic properties such 

as its lightness and less resistance to be machined. It also adds a low inertia to the shaft due to its 

reduced mass. Again the draws are in the CAD appendix. The following lines showed in Table 7, are 

the process followed to machine it. 

Operations Machine Step by step 

Reduce diameter 

to 0.75 

Lathe 1. Fix cylinder in the spindle of the lathe 
2. Set the velocity to high and around 650 rpm 
3. Facing of one of the ends of the cylinder to have 
a reference in one of the axis. (facing tool) 
4. Set this axis to zero 
5. Change tool (turning tool) 
6. Approximate tool to the material until notice a 
little contact then set this axis to 0 (the display show 
directly the diameter not the radius). 
7. Make slowly, slights reductions of the diameter 
along 1.30in, reducing each time 0.05 in. Since the 
diameter of the material is 1 inch we will need 5 times 



 

to reduce it to the final diameter. 
Drill and turning Lathe 1. For the drilling use first the center tool 

2. Use a 9/64 of an inch to drill, insert and take out 
cleaning with the brush, if it is necessary put some oil. 
Do it along 1.30 in, with the tailstock fixed and 
measuring the depth carefully. For drill use just 
400rpm 
3. Change tool, 25/64 and turning inside the 
cylinder just 1in to make sure that we will have 0.27 in 
more. 
4. Change tool and cut. Measure tool and put it 
1.27+ tool’s size. Then cut, but do not overpass the 
center of rotation (switch to low range and use 140 
rpm) thickness of the tool 0.1…consider it and set the 
x0 to 0 again.  

Drill the setscrew Mill 1. Take the work-piece and bring it to the mill.  
2. With the tap holder, check the zeros reference in 
both axis, x and y. Velocity of drilling must be 1000 
rpm. Use a 36 tool after the center tool first. The 36 
must be a 6x40. Then make the tapping.  
3. Check it with a 6x40 bolt if it is smooth. Repeat 
the tapping until smooth. 

Table 7 

 Upon implementation of the coupling a lot of noise was occurring due to some eccentricity 

in the shaft. The encoder shaft is 3/8” and the drilled hole is 25/64” (leaving an eccentricity of 

around 2 millimeters radially). The difference in shaft and hole sizes allows the set-screw to push 

the encoder shaft and make the centers not coincident as can be seen in Figure 20 in an 

exaggerated but illustrative way. 

 

Figure 20: Eccentricity in the Shaft 



 

3.7.4 Second Shaft-coupling 

 Due to the eccentricity generated from the offset in the first coupling, a second coupling 

needed to be machined to better align the shafts by using a flexi-coupling. 

The length of this new part of the coupling has to be short to fit in between a flexi-coupling 

and the previous machined coupling. The flexi-coupling hole was 0.375” (3/8”) in diameter and the 

machined coupling was 0.399”. A 1.5” long aluminum shaft was machined to have a 0.399” 

diameter on one end, and a 0.375” diameter on the other. The 0.399” end was secured into the 

original coupling via a set screw (originally used to hold the encoder shaft) while the 0.375” end 

was secured to the flexi-coupling by a pair of set screws. Since aluminum is a very plastic material it 

was not necessary to create a flat face for the set screw; a cylindrical surface was sufficient. 

 

Figure 21: Design in SolidWorks of the Second Shaft-coupling  

3.7.5 Motor reinforcement plate 

 Since the thickness of the acrylic is only 0.25”, an additional piece of acrylic was added 

behind the motor board to reinforce the motor board. 



 

 

Figure 22: Design in SolidWorks of Reinforce of the Motors Board 

3.7.6 Encoder support plate 

The back of the motor has four 8-32 tapped holes. Since the new coupling made the shaft 

longer than expected, typical bolts could not be used to hold the encoder to the motor. An 

additional encoder plate was made out of laser-cut acrylic to give extra support to the encoder. 

Threaded rod was used with nuts on both sides of the plate to secure it to the motor. One rod is 

shorter than the others since it would otherwise interfere with mounting the encoder. The encoder 

was then mounted on this plate, shown in Figure 23. 

 

 

Figure 23: Design in SolidWorks of the Support 



 

 The following figure depicts the exploded view of the entire encoder, mounting including 

both of the shaft couplings  

 

Figure 24: Exploded view in SolidWorks of the Mounting 

3.7.7 Wall mounting 

This task had a great deal of difficulty, since the wall where the system is hanged to, is not 

made of bricks. The composition of the wall is sheetrock, insulation, and metal beams.  

First, the location of the beams was determined using a metal stud-finder and the beams 

were marked with pencil. Hole locations were then marked using a level and drilled for 2” self-drill 

screws. A long, hook-shaped bar was drilled into the wall on which the different boards could be 

hung. Each plate subsequently has a hook on its back to hang it on the wall. The power board is 

special in that its hook has an additional brace that runs the vertical length of the plate. This 

additional brace provides more stability and support for the heavy motors. 

 



 

Figure 25: Diagram of the Bars Hanging in the Wall  

  



 

CHAPTER 4 

CHAPTER 4 – SOFTWARE 

In the previous chapter the physical framework of the project, including an explanation of 

the hardware components and their applications were discussed. The next step is to conduct an 

analysis of the control system and describe the implementation of the system’s software. In this 

chapter, all design and functionality of the codes, the xPC implementation using Simulink, the 

Arduino codes of the project, and an alternative method for reading encoders are described. 

Additionally, all limitations are discussed.  

4.1 System selection 

 

The initial plan for installing the encoders on the motors was to connect them to an 

Arduino through printed circuitry. The velocity is then simply calculated from the pulses as read by 

the Arduino, a method depicted in Figure 26. The full code can be seen in the code appendix. 

 

Figure 26: Scheme of the code Implementation in Arduino 

The Arduino communicates with a PC through a TTL serial to WIZNET device, which 

converts the signal to TCP-IP. The PC then reads the signal using software called QuaRC. QuaRC is a 

UpdateEncoders(); 

OldPos=Count: 

delay(TIME_DELAY) 

UpdateEncoders(); 

NewPos=Count; 

vel=(NewPos-
OldPos)/TIME_DELAY 



 

rapid control prototyping software that can be combined with Simulink and used to connect the 

Arduinos to the PC through TCP-IP. This implementation can be seen in Figure 27. 

 

Figure 27: QuaRC Interface to Read Encoders 

This method worked, but was too slow for this application. It did not work in real-time due 

to the many processes the host computer was running simultaneously. That led to the use of xPC 

target which allows the target computer to focus only on the commanded actions such as reading 

data out of the sensors and sending velocity commands, etc.  

4.1.1 Note on Roboteq while using xPC or RC 

To switch the system between xPC control and RC/Arduino control, the physical cables 

must be manually switched. Figure 28 depicts the issue that we have at this point. While using xPC 

a cable is directly connected from the 15 pin connector on the Roboteq to the xPC serial 9 pin 

connector (black arrow in Figure 28). To switch to RC/Arduino operation is necessary to unplug the 

15 pin connector from the Roboteq and switch it with the 15 pin connector attached to the Power 

Management Board (blue arrow in Figure 28). 



 

 

Figure 28: Cable Plugging Depending on Operation 

To avoid the issue of manually switching connectors to change modes, a self-made RS-232 

cable (red arrow in Figure 28) was explored and is suggested as future work. 

Out of the 15 pins that are plug into the Roboteq, just 3 are actually used. Pin 2 and Pin 3 

are receiver and transmitter pins and pin 5 is the ground. With this self-made cable, the final 

desired design of the project could be achieved. The idea would be to connect the self-made cable 

from the xPC to the power management board and, from there, connect another cable to the 15 

pin Roboteq plug. Unfortunately, the expected performance was not achieved. Pin 3 seemed to be 

connected to the RC signal and both signals seemed to overlap each other. However, with further 

research this design could be accomplished and it would be very convenient to have the xPC totally 

integrated with the Power Management Board. Figure 29 depicts the upper corner of the board 

that this paragraph refers to. 



 

 

Figure 29: Upper-left Corner of the Power Management Board 

4.2 Software implementation: xPC 
 

 This section will explain about the process to implement the closed loop system. The 

system, is composed by motors, a power system, an amplifier (the Roboteq), and encoders. A 

processor is needed that can communicate with the Roboteq to manage and process the encoders 

to find velocity, find system error, and tune the system according to these errors using PID control. 

 This chapter will review the code and its functionality. The main code development was 

performed in xPC, which is the current platform that is controlling the motors. Additional codes are 

written in Arduino to manage the Control Arduino and Power Arduino. 

When first starting to deal with xPC five steps were required in order to achieve the xPC 

implementation: 

1. Go through the installation, and tutorials 

2. Read a simple encoder, calculate its velocity and plot it in the target monitor and in the 

host monitor (as a numerical value or as a graphic). 

3. Transmit Roboteq commands through RS-232 

4. Combine both of them 



 

5. Perform PID tuning on the closed loop system 

4.2.1 xPC Reading Encoder 

The Simulink diagram in Figure 30 was the one made to read an encoder and calculate 

the motor velocity. At the same time this software plots a scope in the target monitor and in 

the host monitor as well. 

 

Figure 30: Simulink Diagram Read Encoder, Plot Velocity 

In the xPC blocks toolbox in Simulink, there is the PCI-6601 block. Since this PCI card 

can have up to 4 channels, the user must select one of them. Other selectable parameters are: 

1. About using Quadrature (concept explained in previous chapters),  

2. The number to use to initialize the count.  

3. The index phase: either A low/high B low/high 

4. Whether or not to use a filter 

5. The sample time  

The block called counts-RPM, Figure 31, is a subsystem block that converts counts of the 

encoder to revolutions per minute (RPM) 



 

 

Figure 31: Subsystem Counts to RPM 

Alternatively, this could have been implemented using a derivative block. 

4.2.2 Transmitting through RS-232 

Transmitting RS-232 commands to and from the Roboteq was more difficult and it required 

the utilization of embedded MATLAB function blocks in the Simulink environment. 

There were two messages to send. First, switch the Roboteq to RS-232, and then send the 

velocity commands. At least 10 carriage returns must be sent to switch the Roboteq to RS-232 

mode.  

 

Figure 32: Simulink Diagram Achieving Roboteq Commands 

Figure 32 shows one of the first implementations, giving a constant value of the velocity 

and running in open-loop. 

The following is a brief explanation of each block. The constant input 45 is a double that is 

converted to a hexadecimal in the ASCII Encode block. The ASCII Encode block, which is quite 

similar to the MATLAB function sprint, has the following parameters: 



 

1. Format string: %X was chosen to give hexadecimals with capital letters 

2. Number of variables: one was used to send commands to one motor 

3. Max output string length: 2 characters is the maximum length for the Roboteq 

4. Variables types: { 'double' } is the input variable type 

Posteriorly, the two hexadecimal digits go to the embedded MATLAB function and are 

managed according to the code found in the Appendix B: Embedded MATLAB code 1. Essentially, it 

spends a period of time sending only a carriage return and then proceeds to convert the 

hexadecimal value into a byte with the attributes required by the Roboteq. To create the period of 

time, a persistent variable was created that increments itself every fixed step. There is an if 

statement such that if this persistent variable is less than a determined number then a carriage 

return is sent, otherwise the velocity command is sent.  

The other important block is this Baseboard RS-232 that transmits the serial commands. 

Only COM1 is used in this implementation. Clicking on this block allows the user to configure 

parameters such as port 1, 9600 baud rate, Even Parity, 7 Data bits, 1 stop bits, etc. 

At this point, two different models were working. One that reads the encoder counts and 

the other one that sends commands of velocity. The next point would be to combine them and 

then effectuate the closed loop control. 

4.2.3 Closed-loop 

As can be seen in Figure 33, the previously explained Simulink models have been organized 

into subsystems to clarify the workspace. The subsystems used in the closed loop implementation 

must be altered slightly, though. In the initial iteration, the initially sent command would always be 

positive, but in order to send reverse commands it must be negative. 

The message sent to the Roboteq is something like “!A45” designates the direction, motor 

used, and motor velocity. The difference between forward commands and backwards commands in 

Roboteq is to type the A (or B in case of the other motor) in capital letter or lowercase. Therefore 

an embedded MATLAB function was created to check the sign of the variable (double) and 

outputting a boolean with the sign and the absolute value of the double. The implementation is 

shown in Figure 34, and the codes of both are in the appendix B (code 2, 3). 



 

 

Figure 33: Closed-loop Control with a Proportional Gain 

 

Figure 34: Subsystem 1 sends the Velocity Commands in RS-232 Mode 

Figure 34 shows the subsystem that sends the velocity commands. The first block is 

managing the sign of the command. There are two blocks in between the checking negative sign 

and the converting to HEX blocks. The first, titled Coulomb, saves the coulomb friction. This was 

calculated in the open loop system by sending velocity commands to the Roboteq in small 

inscrements until the motors begin to move. The second block is the Saturation block. The function 

of this block is to send constrain the commands from 0 to 127, the maximum and minimum 

commands for the Roboteq. Furthermore, if another amplifier is used, damage to the system from 

integral gain, also called integrator wind-up, would be prevented. Integrator wind-up is unstable 

behavior that occurs when the system has been powered down for a long period of time and is 



 

then turned back on. The solution is to include in the code an if-statement checking if the signal is 

bigger than the saturation value, then overwrite the signal with the saturation signal.  

                    

              
  

  
         

 

If u>usat 

u = usat 

isum = isum_old 

elseif u≤ usat 

u= - usat 

isum = isum_old 

end 

This code could be implemented in a microcontroller, but the Simulink block takes care of it 

through the saturation block. In this case, integrator wind-up is actually not an issue because the 

Roboteq will not understand commands outside of 0 to 127. The saturation block here functions 

solely to prevent unreadable signals from being sent to the Roboteq. 

Given a sine wave input, the results were very noisy likely due to the eccentricity in the 

shaft coupling (3.7.3). A filter was needed to decrease this noise. Furthermore, the carriage returns 

and velocity commands were being sent simultaneously, resulting in poor initial tracking as seen in  

Figure 35.  



 

 

Figure 35: P control, Sine Wave 60 RPM Amplitude 

A mechanism was needed to trigger the carriage returns independently of the velocity 

commands, and a low-pass filter was needed to reduce the noise while waiting for a new shaft 

coupling to be manufactured.  

To send the carriage returns, two programs were written. One is just a message of 8 bits of 

carriage returns being sent during three seconds. The model is called “RS232MODE.mdl”. The idea 

of this model is to send the carriage returns to switch the Roboteq to RS-232 mode, and then 

unload the model and use other models directly without needing to switch to RS-232. This method 

is cleanest and most acceptable. To unload a model and download another, if the model is already 

built, is actually very easy and quick.  

The second option is to create a switch seen in Figure 36. This switch will function by 

switching from sending the carriage returns to the actual velocity commands. It will be trigger by a 

constant. The benefit of this model is that the user does not need to unload the model, but can just 

stop the model from running and through the “xpcexplr” window change the value of the constant. 

This Simulink model is called “ControlAvoidingRS232delay2.mdl”. The problem with this is that the 

target monitor shows an error, saying FIFO overflow. Fortunately this occurs after the carriage 

returns to switch the Roboteq to serial mode have been sent. The error is the reason that this 

option is not the primary one. 



 

 

Figure 36: The switch used inside of the subsystem 1 

The final implementation of the PID controller includes a switch similar to the one used to 

set the RS232 mode but instead of using it for that purpose it is used to switch input signals 

between pulse generator input and a sine waves. The final implementation also includes the 

subsystems discussed earlier. It has also reduced the number of scopes in the target to make easier 

to visualize the plot of the signal response. You can tune the PID while operating in the “xpcexplr” 

window. However, it is recommended to stop the model before changing the integral gain from 

zero to a non-zero number. The natural frequency in the low-pass filter has been changed many 

times to find which gives the best balance between time response and signal smoothness. 



 

 

Figure 37: Implementation Speed Control PID 

In Figure 37, the low-pass filter is connected directly from the output signal to the 

summation block instead of the derivative as recommended, but it did not make a significant 

difference. 

The following list shows the several models ready to download to the target PC that are already 

built in the host computer. 

1. Control.dlm : initial model that has a closed-loop system with just a P controller 

2. ControlAvoidingRS232delay2.dlm: model of a speed closed-control that has a switch in the 

Roboteq-transmitting subsystem. This switch sends two different commands: the velocity 

commands or the Setting the serial mode on, all in the same model. 

3. PID_control_motorB_v2.dlm: PID speed closed-control for motor B. 

4. PIDspeedControlMotorA.dlm: PID speed closed-control for motor A. 

5. PIPD_SpeedControl.dlm: a PIPD speed closed-control for motor B. The difference with an 

actual PID is that the derivative part does not come from the error signal, but from the 

measured signal. 

6. RCvelocityLogging.dlm: this model logs the velocity, while using the system in RC mode. 



 

7. RS232MODE.dlm: all the models, except the second one in the present list, cannot work 

without running this model a priori. Within 3 seconds it sends carriage returns to the 

Roboteq setting it in serial mode. 

8. RoboteqReset.dlm: it resets the Roboteq, so that the RC control can operate again. 

9. control_Openllop_motorA_working.dlm: this model is a speed open-loop control on motor 

A. 

10. control_Openloop_motorB.dlm: this model is a speed open-loop control on motor B. 

11. positionControl.dlm: PID position closed-loop control on motor B.  

4.2.4 Resetting Roboteq 

In order to go back to RC mode, the Roboteq microcontroller must be reset. To do that, a 

specific model was created. The model sends to the Roboteq “%rrrrrr” through Serial. 

4.2.5 RC Data logging 

Figure 38 depicts a simple implementation that was made to log the velocity data of the 

motors while in RC mode.  

 

Figure 38: Implementation Data acquisition  

4.2.6 Mathematical formal methods 

The error methods block in Figure 37, has inside the implementation shown in the Figure 

39. To calculate the different criteria of error as the formulas in the equations XX.1-XX.4, the next 



 

implementation was made and plotted in the target scope. I believe this information gives the next 

researcher student some elaborated numerical data about the control theory system on the target 

xPC. 

 

Figure 39: Simulink implementation of Mathematical Formal Methods 

4.2.7 Position control 

Since in position control the variable is the position, and this variable is in degrees I had to 

modify the operations done with the signal from the encoder such that it ended up giving us 

degrees. In Figure 40, it is appreciable. 

 

Figure 40: Subsystem Counts to Degrees 

Again in the final version of the position control PID implementation all the previous 

subsystems were included, and the input can be switched between a constant or a pulse generator. 

The model file name is “positionControl.mdl”. It is also remarkable that this time I used a PID(z) (for 



 

discrete signals) block built in Simulink. This block includes a high frequency limit, like a low pass 

filter for the derivative part. 

 

Figure 41: Position Control Final Implementation 

The input can be either a constant or a pulse generator and the amplitude of it can be 

modified without stopping the model running by changing a constant. The next figure despicts the 

interior of the block Input. 

 

Figure 42: Input Position Control Subsystem  

4.2.8 Increasing fixed step size 

The entire project was made by using the fixed step size as 0.01 seconds. But issues were 

found when trying to reduce the size of the step into smaller values. The purpose of reducing the 



 

step size would be to try to get a better resolution of the encoder readings and take advantage of 

the full potential that xPC offers. 

The step size was reduced to 0.001, ten times smaller, in the options menu. After changing 

the variable “Step size” in the options menu and setting it to the reduced value, it was also needed 

to change it in every element of the system flow. Therefore, the subsequent parameters related to 

the fixed step size were changed to match the step size configured.  

When trying to build the model, with these changes, no debugging errors were found. 

However, when starting the application, in the target monitor, the model ran for 2 seconds 

approximately and then, it stopped and it appeared an error message: “FIFO overflow XMT IRP4”.  

To solve this FIFO overflow, a better understanding of the issue was needed. The source of 

the issue could be found to the excessive amount of information sent due to the increment of the 

step size which makes the model send a byte of information every 0.001 second, although the serial 

transmitter block goes to 9600 baud/s of speed. So the FIFO block inherited in got an overflow.  

To approach this problem an embedded MATLAB function was created, creating a 

persistent x variable that counted until 10 and then reset, so every 10 times the step-size (i.e. 0.01 

seconds) , the block would transmit the actual signal, otherwise would not transmit anything. 

However some following unsolved debugging warnings kept occurring as I comment with the code. 

The code is in the appendix. 

Finally the step size was reduced to the minimum size possible, without receiving warnings 

of any kind, achieving a final step size of 0.005 which is pretty accurate. 

4.3 Arduinos functionality 

 
This section outlines the functionality of each Arduino with descriptions of the programmed 

code. 



 

4.3.1 Power Arduino 

The Power Arduino operates a self-power sequence. While the “START” button in the 

switch board is pressed and power supplied to the Arduinos, the Power Arduino waits a short delay 

and then activates the Arduino power relay. This effectively maintains power to the Arduino circuit 

after the “START” button is released (this may be referred as self-power). 

From this point the Power Arduino waits for commands to activate device power relays. In 

a real application, commands would likely be sent to the Power Arduino via some type of PC 

interface. For the test bench, initially just simple hardware switches were included, which pull 

programmed input pins on the Arduino High or Low. Posteriorly, realizing that it was a lack of 

fidelity to the reality, a code was programmed to, with a USB cable connected to the Power 

Arduino through the command window (Arduino PC interface), send commands without depending 

on the switches. This came also with the installation and exploration of new libraries such as 

CmdMessenger the new version of the Messenger library, that allows to send message to the 

Arduino with more than one character. 

 

Figure 43: Truth Table States of Power by using the Hardware Switches 

The state of the pins connect to the switch or the commands sent through the Arduino 

command window activate different levels of power: “off” (Relay 1-3),”Roboteq” (Relay 2), 

“Motors” (Relay 3). Nested If statements are used to ensure that the motors cannot be powered 

unless the Roboteq is also powered. Naturally since the Power Arduino is controlling power to both 

the Roboteq and the Motors, it must be powered before these other devices may be turned on. 

One exception is the “Roboteq Power Override” switch.  



 

The Power Arduino is also constantly monitoring the state of its “Mode Detect” pin. If the 

pin goes from logic LOW to logic HIGH, it signals that the system should be put into RC signal mode. 

When this happens, the Power Arduino turns off the Roboteq (deactivates the Roboteq power 

relay) for a few seconds before turning it back on again (by reactivating the Roboteq power relay). 

A 5 second down time was used because when the 24 V battery is connected to the Roboteq and 

motors, it takes approximately 4 seconds for the Roboteq to power down. When the Roboteq is 

reactivated, it will be set to RC signal-mode by default. 

Estop 2 may be triggered by pulling the Power Arduino’s Estop pin logic HIGH. This may be 

controlled by PC interface, but it is also controlled by a hardware switch to toggle the input. 

The Power Arduino pin labeled “ESTOP DETECT” allows the microcontroller to monitor the 

status of the emergency stop circuit. Logic High tells the Arduino that the Estop is not active, while 

logic LOW tells the Arduino that an Estop has been activated.  

Summarizing, either from the pc or the hardware switch with different codes downloaded 

to the Power Arduino, we can send commands to power the system. The commands that can be 

sent through PC are from 0-4 and they represent a state of power of the system: “Off” (It set all the 

involved pins to LOW), “Roboteq” (sets the Roboteq pin to HIGH),” Go STATE” (set the motors pin 

to HIGH), “Estop” (set the Estop pin to HIGH). In addition, when the Arduino detects the RC mode it 

monitors a message. In Table 8 is showed the functionality of each command. There are some 

attempts to do this code, first without the library then with the library, then trying switch case 

structure or by using IF statements ,and then without interfacing with the PC (just with the 

switches). Note that some of the files are done in Arduino022 and others are done in Arduino1. 

These first ones are in “.pde” Extension whereas Arduino 01 are in “.ino” extension and are not 

readable by Arduino022, and are slightly different (example: instead of Serial.print(variable,BYTE)is 

Serial.write). The actual codes (with comments) may be viewed in the appendix.  
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2 - 
Turns on the 

Roboteq 
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motor relay 

- - 

3 - - - 
Triggers the 
Estop 2 LED 

- 

X - - - - 

Sends “Unknown 
Command” to 
the command 

window 

 
While rotary switch providing the maximum state of power 

Table 8 

4.3.2 Control Arduino 

The Control Arduino purpose was to send commands, by sending Serial data and translating 

it from the PC to the Roboteq. Since now all the commands are sent using the xPC, this application 

has lost a bit of functionality. But I left it operating in case that we want to send commands in 

open-loop control and the xPC is not available. 

The Arduino does this translation while operating in RS-232 mode. The Roboteq’s 

configuration of Serial communication is a package of 1 start bit, 7 data bits, 1 stop bit and even 

parity. Standard serial framework is 1 start bit, 8 data bits and 1 stop bit, so the Control Arduino 

must convert each data byte to be understood by each system. To this effect the Control Arduino 

has two open serial interfaces: one for the PC and one for the Roboteq. Data coming from the PC is 

converted into the Roboteq’s required serial framework and then it is sent to Roboteq’s pin 3 

(through an intermediate MAX232 chip). Data coming from the Roboteq is converted back into the 

standard serial framework and then sent out to the PC. 

The second function of the Control Arduino, as the xPC does as well, is to tell the Roboteq 

to enter RS-232 mode. When the Signal Mode Relay is switched from active to inactive, the Control 

Arduino’s “Mode Detect” pin is taken from logic LOW to logic HIGH. From this, it knows to send 10 



 

serial carriage return to the Roboteq (10 carriage returns is the Roboteq command to enter serial 

mode). 

Estop 1 may be triggered by pulling the Control Arduino’s Estop pin logic HIGH. This may be 

controlled by PC interface, but is not implemented in the test bench version of the code. The codes 

concerning to the Control Arduino with comments may be viewed in the appendix. 

  



 

CHAPTER 5 

CHAPTER 3 – RESULTS 

In the previous chapter a detailed build report was discussed. In this chapter the results 

obtained will be commented by different configurations on the PID tuning, either speed control or 

position control, and either using a power supply or the 24 V batteries. The tunings are initially 

calculated for closed-loop Ziegler-Nichols method, and then tweaked them by hand to perform at 

the best way. Signal characteristics are displayed, such as settling time and overshoot, etc. 

5.1 Results with Power Supply 

Initially, while debugging the Simulink code and different implementations in the system, a 

power supply was used connected to the wall that transformed the 120 AC 60 Hz volts to 15 volts ± 

%5 with capacity to supply until 5 Amps. Posteriorly that power supply would be removed and 

changed for actual batteries. The results obtained with this first power supplies are disclosed as it 

follows. 

5.1.1 Speed Control 

As explained in the Theoretical Introduction, chapter 2, to tune gains in a model free 

control closed loop Ziegler-Nichols method is the one commonly used. This method finds the value 

of the proportional gain that makes the amplitude to be constant, while both the integrated gain 

and the derivative gain are equal to zero. The procedure is to keep increasing the proportional gain 

until we get instability with constant amplitude and constant period, as Figure 44 depicts. 

 

 

Figure 44: Diagram Signal with Constant Amplitude and Period 

The proportional gain was increased with all the other gains set to zero. The final Ku value 

was 5, and the following plot showed at Figure 45 depicts the instability. Its amplitude was 

considered constant enough. 

 

Tu 



 

 

Figure 45: Signal of the P Control when the Amplitude is Constant 

If Figure 45 is zoomed in, it will be possible to observe better what the ultimate period is. 

The Figure 46 depicts the zoomed signal, and the period.  

 

Figure 46: Zoom of the Previous Graph allows Finding the Tu 



 

Therefore the value of Tu is 0.245. And that gives us the Table 9 of results about the 

different control gains. 

 

Ziegler-Nichols Gain Results 

 Kp Ki Kd 

P 2.5 -- -- 

PI 2.25 4.938272 -- 

PID 3 8.230453 0.030375 

Table 9 

Another form by Tyreus-Luyben Tuning Chart, gives the results exposed in Table 10: 

Tyreus-Luyben Gain Results 

 Kp Ki Kd 

PI 1.563 0.535 -- 

PID 2.273 0.535 25.926 

Table 10 

Table 11 compares the results in terms of time response, overshoot, and peaks. As an 

outcome of stepinfo() function in MATLAB. 

 

Response Parameters 

 Ziegler Nichols Tyreus-Luyben Tuning 

 P PI PID PI 

Rise Time 0.1033 0.228 0.2248 7.6479 

Settling Time 4.7114 5.1723 5.9177 20.7178 

Settling min 30.2714 49.5459 49.9417 49.5451 



 

Settling max 37.9645 55.1718 69.0938 55.0907 

Overshoot 13.9906 0.5524 25.6987 0.0875 

Undershoot 0 0 0 0 

Peak 37.9645 55.1718 69.0938 55.0907 

Peak Time 4.27 12.78 4.66 28.42 

Table 11 

The PID in the Tyreus-Luyben was not possible to do, due to the excessively big derivative 

term. Possibly, it works fine when other actuators are tuned with this method.  

Bellow, at Figure 47, we can see the plots for the P Ziegler-Nichols control (upper–left side), 

the PI Ziegler-Nichols control (upper–right side), the PID Ziegler-Nichols control (lower–left side) 

and the PI Tyreus-Luyben (lower–right side). 

 



 

 

Figure 47: Results of the PID Control 



 

5.1.2 Position control 

I proceed to increase the proportional gain with all the other gains set to zero. The final Ku 

value was 4. The Figure 48 shows the instability. I considered its amplitude constant enough.

 

Figure 48: Response with Ultimate K 

If you measure the distance between two intersections, will be the ultimate period, Tu as 

we can see in the follow graphical.  



 

 

Figure 49: Zoom to Get Ultimate Period 

By doing the subtraction we get that Tu is equal to 0.2 sec. The gains according to that Tu 

are showed, below, in Table 12. 

Ziegler-Nichols Gain Values 

 
Kp Ki Kd 

P 2 - - 

PI 1.8 6 - 

PID 2.4 10 0.025 

Table 12 

Just the P control was valid as it is depicted in Figure 50. The PI was unstable, so the PID. 



 

 

Figure 50: P Controller Ziegler-Nichols Result 

With manual tweaking we observe the results in Figure 51.  

 

Figure 51: PD Controllers Manually Tweaked 

Table 13 contains the specific values of the results that are plotted in Figure 51. 

Response Parameters 

 
P=1 D=0.2 P=2 D=0.4 

Rise Time 0.892 0.8209 

Settling Time 1.57 1.4497 

Settling Min 323.829 324.846 

Settling Max 359.663 360.358 

Overshoot 0.012 0.048 

Undershoot 0 0 

Peak 359.6634 360.358 



 

Peak time 2.56 2.5 

Table 13 

5.2 Results using 24 V batteries 

Since the Roboteq is not supposed to work with power supply directly plugged on the wall, 

and the power supply just transmitted 4 amps, it was required to change the power supply by 

actual 12 V batteries connected in serial to achieve 24 V.  

5.2.1 Position-control 

After connecting the 24 V batteries, I proceed to do the Ziegler-Nichols closed-loop 

method. The Figure 52, below, depicts the final response when obtaining Ku.  

 

Figure 52: Response of P Controller to Obtain Ultimate K 

 

The values of Ku and Tu are, respectively, 1.2 and 0.25. With them we obtain the following 

gain values in Table 14. 

Ziegler-Nichols Gain Values 

 Kp Ki Kd 

P 0.6   



 

PI 0.54 4.8  

PID 0.72 8 0.03125 

Table 14 

The set point of the step input is 360 degrees. However the results, obtained through 

Ziegler-Nichols, are not stable for our application. Just the P controller gives an acceptable response 

with a rise time of 0.22, but a huge settling time as you can see in Figure 53. 

 

Figure 53: Response of Ziegler-Nichols P Controller 

This result could be considered as unstable. Then take 0.6 as Ku and perform Ziegler-

Nichols again.  

5.2.2 Manual tweaked Position-control 

By performing a manual adjustment of the PID, we obtain better results. Figure 54 and 

Table 15 show a first attempt to improve the results. 



 

  

  Figure 54: Response of P Controller at K=0.1 and K=0.2 

Response Parameters 

P controller K=0.1 K=0.2 

Rise Time 0.789 0.445 

Settling Time 1.104 0.710 

Settling Min 329.819 323.998 

Settling Max 364.869 365.290 

Overshoot 0.0158 1.869 

Undershoot 0 0 

Peak 364.869 365.290 

Peak time 1.21 0.80 

Table 15 

P gain equal to 0.18 and I gain equal to 0.005 gives us a great response under the second and barely 

without overshoot. The Figure 55 and Figure 56 depict the responses due to different inputs. 



 

 

Figure 55: Response of PI to a Square Wave Input 

 

Figure 56: Response of PI to a Step Input 

The PID gains (0.18/0.005/0.001) that suited the best and their respective results are in 

Table 16. Figure 57 depicts the response.  

Response Parameters 

PID Gains P=0.18 I=0.005 D=0.001 

Rise Time 0.503 

Settling Time 0.78 

Settling Min 328.608 

Settling Max 368.492 

Overshoot 1.008 



 

Undershoot 0 

Peak 368.492 

Peak time 0.86 

Table 16 

 

Figure 57: Response of PID to a Step Input 

5.2.3 PIPD 

The configuration of the PIPD is set differently, as commented previously. The low-pass 

filter is just acting to the measured velocity and outputting it to the derivative block. 

In Figure 58: Response of PIPD to a Step Input, Figure 59 and Figure 60, are depicted the responses 

performed with this methodology. 



 

  

Figure 58: Response of PIPD to a Step Input 

 

Figure 59: Response of PIPD to a Step Input 



 

  

Figure 60: Response of PIPD to a Step Input 

The corresponding gains and results are exposed in Table 17. 

Response Parameters PIPD 

Figure 58 59 60 

P 0.8 0.3 0.3 

I 4 4 4 

D 0.001 0.001 0.003 

Rise Time 0.1015 0.2444 0.2478 

Settling 
Time 

3.3707 0.5131 0.4761 

Settling Min 47.07 50.25 49.53 

Settling 
Max 

81.03 55.77 55.71 

Overshoot 46.7137 1.0326 1.642 

Undershoot 0 0 0 

Peak 81.03 55.77 55.71 

Peak time 0.18 5.55 7.96 

Table 17 

5.2.4 Speed-control 

While performing PID Speed control, the responses obtained are depicted in Figure 61 and 

Figure 62. And their values are presented in Table 18. 



 

  

Figure 61: Response of PID to a Step Input 

  

Figure 62: Response of PID to a Step Input 

Response Parameters 

 
PID 0.3/4/0.009 PID 0.3/3/0.01 

 
filtered 10 Hz non-filtered filtered 10 Hz non-filtered 

Rise Time 0.1659 0.1595 0.2145 0.2126 

Settling 
Time 

0.3035 0.2597 4.8981 0.519 

Settling Min 50.6034 50.01 51.18 50.5787 

Settling 
Max 

55.6829 55.77 55.62 55.4723 

Overshoot 0.9316 1.4184 0.3247 0.3424 



 

Response Parameters 

Undershoot 0 0 0 0 

Peak 55.6829 55.77 55.62 55.4723 

Peak time 0.69 0.6 2.96 3.64 

Table 18 

As the reader may observe in the table, the effect of the 10 Hz low-pass filter, is noticeable 

in the achievement of the settling time, but it does not slow down the signal significantly.  

5.2.5 Open-loop speed control 

An open-loop speed control was run as well and the obtained results were the following 

values showed in Table 19. 

Response Parameters in Open-loop 

RiseTime: 0.1097 
SettlingTime: 0.2448 

SettlingMin: 54.8400 
SettlingMax: 60.7200 

Overshoot: 0.7466 
Undershoot: 0 
Peak: 60.7200 

PeakTime: 0.7500 

Table 19 

  



 

 

CHAPTER 6 

CHAPTER 6 – CONCLUSIONS 

The goal of the present project was to prototype a test bench where to test properties of 

the motors of large capacity and algorithms for autonomous vehicles. Feed-back loop controls were 

performed to control position and velocity of the motor. This chapter contains a summary of 

conclusions obtained from the project and provides recommendations for future work. 

6.1 Summary of conclusions 

 

This project was developed mainly in four distinctive parts:  

 Creating a Power Architecture that manage the different states of power of the 

system 

 Get encoders working finding a way to communicate with QuaRC or xPC 

 Developing xPC code and Simulink to create a closed-loop system 

 Performing PID tunings 

The Proportional, Integral and Derivative, PID control algorithm is most widely used in 

industrial application. In this project a PID controller to control the motor speed a position (angle) 

was implemented. The PID controller for the DC motor speed control was successfully 

implemented. The effect of the variation of the gains, and several different configurations were 

studied and the response was found satisfactory. It is found that for the control of a first order 

plant like a DC motor is, the PI controller was sufficient to obtain the desired performance. 

Another conclusion is that the values obtained by using Ziegler-Nichols for the PID gains, 

required further tuning to smooth the system response. It was found useful to use Ziegler Nichols 

to achieve values close to the best performance, but then some more tweaks are needed to 

achieve it. 

In this project, it was observed that the best way to get the encoders working it is by using 

a flexi coupling that absorbs misalignments of the shaft getting rid of noises in the signal. Also, the 



 

use of the xPC Target was found as a great way to perform closed-loop control due to its speed 

logging data  

The results obtained in the controlled part of Speed control and Position control match 

with the theory explained in the Theoretical Introduction chapter. In the project, the response rise 

time was always decreased when increasing wither Kp or Ki and the rise time decreased when 

increasing Kd. Ki helped got rid of the steady state error always, although it incremented the 

overshot. The effect of overshoot was increased proportional to the values of the proportional and 

the integrative gains, and reduced by increasing the derivative gain. In the following table you can 

see the effects observed, while using different controllers. 

 

6.2 Recommendations for future work 

 

Some of the possible thrust areas of research to follow up on the present study are 

discussed below: 

 Integrate the system: The present project sends the commands to the Roboteq by plugging 

different 15 pin RS-232 cables on the Roboteq while operating either from the xPC, RC or 

Control Arduino. As a logical next step, a sole cable should go from the xPC to the Power 

Management Board and from the Power Management Board to the Roboteq. Or find a 

better way to integrate the system. 

 Create Power Arduino codes by using the CmdMessage Library in Arduino 

 Turn the stand into a robot: It would be appropriate at this point, and it would be relatively 

easy, attempt to build an application out of the stand made. Either working on an 

autonomous vehicle such a wheelchair, or a tank-bot, creating a CAD new platform for the 

robot, and developing path-planning algorithms (Cost-to go, exact inversion of potential 

field). 

  



 

 

APPENDIX A: CADS 

  



 

 

 

APPENDIX B: CODES 

Appendix B: Embedded MATLAB code 1 

 

First code implemented in an open-loop system within a MATLAB embedded block in 

Simulink. The purpose of the code is to achieve the Roboteq signal. 

function y = fcn(u) 

  
l=zeros(2,1); 

  
if (u(2)==0) 
  l(1)=48; 
  l(2)=u(1); 
else 
  l(1)=u(1); 
  l(2)=u(2); 
end  

  
persistent x; 
% 
if(isempty(x)) 
  x=0; 
else 
  x=x+1; 
end 

  
if (x<250) 
  y=uint8([13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 

13 13 13 0 0]'); 
else 
  y=uint8([33 66 l(1) l(2) 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

]'); 
end 

Appendix B: Embedded MATLAB code checking negative sign: 

 

Code implemented to close the loop within a MATLAB embedded block in Simulink. The 

purpose of the code is to check if the input is negative or positive. 

 

function [y,neg] = fcn(u) 

  
if (u<0) 
  neg=1; 



 

else 
  neg=0; 
end  
y=abs(round(u)); 

Appendix B: Embedded MATLAB Achieving Roboteq signal: 

 

Final code implemented in an closed-loop system within a MATLAB embedded block in 

Simulink. The purpose of the code is to achieve the Roboteq signal, once we know if the signal is 

positive or negative(input neg is a Boolean). 

 

function y = fcn(u,neg) 

  
l=zeros(2,1); 
direction=zeros(1); 
if(neg==1) 
  direction=66; 
elseif(neg==0) 
  direction=98; 
end 
if (u(2)==0) 
  l(1)=48; 
  l(2)=u(1); 
else 
  l(1)=u(1); 
  l(2)=u(2); 
end  
y=uint8([33 direction l(1) l(2) 13 0 0 0]'); 

  

 

 

Appendix B: Embedded MATLAB attempt to reduce fixed step: 

 

Code attempted to reduce the fixed step size in a MATLAB embedded block in Simulink.  

Unfortunately the code does not work, but I find useful to comment the attempts I tried, 

for you to not commit the same mistakes. 

By using the expression y= [] I was receiving errors that claimed the mismatch size between 

input and output, and it did not allow me to build the program. If I sent an 8x1 vector full of zeros, I 

had the FIFO overflow problem anyways. If I removed the output variable “y” of some of the 

statements I received a warning saying that the variable y is not included in some of the paths, and 

again it did not allow me to build the program. Another thing I tried is creating another output 

variable, but by having multiple outputs variables does not help you to solve the problem. 



 

 

 

function [y] = fcn(u) 
persistent x; 

  
if(isempty(x)) 
  x=0; 
else 
  x=x+1; 
end 

  
if x==10 

  
  y=u; 
elseif x>10 
  x=0; 
  y=[]; 
elseif x<10 
  y=[];    
end 
end 

 

Appendix B: MATLAB script to process figures: 

 

Script that helped me to process the figures in an automatic way once the variables were 

sent from the xpcexplr window to the MATLAB workspace. According on what it was I changed the 

name of the file, the ylabel, title, etc.  

 

clc 
close all 
save('Positioncontrol_motorB_PD018_0005_055.mat') %save? 
figure(1) 
plot(tout,yout); 
AXIS([0 5 0 450]); 
xlabel( 'Time(seconds)'); 
ylabel('Position (Degrees)'); 
title('Position control (0.18/0.005/0)') 
legend('measured position','desired position') ; 
I=stepinfo(yout(1:500,1),tout(1:500)) 
grid 

 

Appendix B: Power Arduino code 1 (Arduino 022): 

 

First code implemented in an open-loop system within Arduino 022. Code programmed to 

interact with the hardware switches panel. See Arduino Funcionality in chapter 4. 



 

 

int selfPowerPin = 32 ; / / activates the arduino power relay 

int RoboteqPwrPin = 30; / / activates relay that sends power to PWRCTRL on 

rob 

int motorPwrPin = 28; / / a c t ivates the relay that drives the Heavy 

Duty re 

int eStopActivatePin = 22; // activates an eStop 

int modeDetectPin = 26; / / d etects RC mode (1 = on) 

int modeIndPin= 20; // !!!!!!!! Miquel changed 

int eStopReadPin = 24; / / r e ads if an eStop has been triggered 

// below inputs are used to simulate PC commands using hardware switches 

(for te 

int RoboteqPwrCPUin = 46; / / input from CPU controlling power to PWRCTRL 

on rob 

int motorPwrCPUin = 48; / / i nput from CPU controlling heavy duty relay 

int eStopCPUin = 50; / / i n p u t from CPU controlling eStop activation 

int RCmodeSwitch, RCmodeState; 

void setup() 

{ 

// outputs 

pinMode(selfPowerPin, OUTPUT); 

pinMode(eStopActivatePin, OUTPUT); 

pinMode(RoboteqPwrPin,OUTPUT); 

pinMode(motorPwrPin, OUTPUT); 

pinMode(modeIndPin, OUTPUT); 

// inputs 

pinMode(RoboteqPwrCPUin, INPUT); 

pinMode(motorPwrCPUin, INPUT); 

pinMode(eStopCPUin, INPUT); 

pinMode(eStopReadPin, INPUT); 

pinMode(modeDetectPin, INPUT); // Miquel Changed!!!!!!!!!!!!!!!!!!!! 

//initialize pins LOW 

digitalWrite(selfPowerPin, LOW); 

digitalWrite(RoboteqPwrPin, LOW); 

digitalWrite(motorPwrPin, LOW); 

digitalWrite(eStopActivatePin, LOW); 

RCmodeSwitch = 0; 

RCmodeState = 0; 

delay(1000); // delay activation of self-power 

// self power activation 

digitalWrite(selfPowerPin, HIGH); 

} 

void loop() 

{ 

RCmodeSwitch=digitalRead(modeDetectPin); 

if(RCmodeSwitch!=RCmodeState) // if mode switch not equal to mode state 

{ 

RCmodeState=RCmodeSwitch; / / s et mode switch = mode state 

switch(RCmodeState) 

{ 

case 0: / / I f R S -232 mode, do nothing 

break; 

case 1: / / i f R C mode, set Roboteq to RC mode (power cycle it) 

RoboteqPowerCycle(); 

break; 

} 

} 



 

if(digitalRead(RoboteqPwrCPUin)) 

{ 

digitalWrite(RoboteqPwrPin, HIGH); 

if(digitalRead(motorPwrCPUin)) 

{ 

digitalWrite(motorPwrPin, HIGH); 

} 

else 

{ 

digitalWrite(motorPwrPin, LOW); 

} 

} 

else 

{ 

digitalWrite(RoboteqPwrPin, LOW); 

digitalWrite(motorPwrPin, LOW); 

} 

// below code (commented out) can be modified to tell a PC that an estop 

was 

/* 

if(digitalRead(eStopReadPin)) // if detect any eStop was triggered in 

circuit 

{ 

// send signal to computer ("ESTOP triggered") 

// digitalWrite(eStopDisplayPin, HIGH); 

} 

else 

{ 

// digitalWrite(eStopDisplayPin, LOW); 

} 

*/ 

if(digitalRead(eStopCPUin)) // if receive eStop signal from computer 

{ 

digitalWrite(eStopActivatePin, HIGH); // activate Roboteq eStop 

} 

else 

{ 

digitalWrite(eStopActivatePin, LOW); 

} 

} 

void RoboteqPowerCycle() 

{ 

digitalWrite(RoboteqPwrPin, LOW); 

digitalWrite(motorPwrPin, LOW); 

delay(4000); 

if(digitalRead(RoboteqPwrCPUin)) 

{ 

digitalWrite(RoboteqPwrPin, HIGH); 

if(digitalRead(motorPwrCPUin)) 

{ 

digitalWrite(motorPwrPin, HIGH); 

} 

} 



 

} 

Appendix B: Power Arduino code 2: 
 

First code implemented in an open-loop system within Arduino 1.0. Code programmed to 

interact with the hardware switches panel or the Arduino Command window (attempt to integrate 

both, not totally working). See Arduino Funcionality in chapter 4. 

 

int selfPowerPin = 32 ; / / a ctivates the arduino power relay 

int RoboteqPwrPin = 30; / / a ctivates relay that sends power to PWRCTRL 

on rob 

int motorPwrPin = 28; / / a c t ivates the relay that drives the Heavy 

Duty re 

int eStopActivatePin = 22; // activates an eStop 

int modeDetectPin = 26; / / d etects RC mode (1 = on) 

int modeIndPin= 20; // !!!!!!!! Miquel changed 

int sensors= 21; // extension 

boolean b,o,q,r,s; //board 

boolean p; //PC 

int eStopReadPin = 24; / / r e ads if an eStop has been triggered 

// below inputs are used to simulate PC commands using hardware switches 

(for te 

int RoboteqPwrCPUin = 46; / / input from CPU controlling power to PWRCTRL 

on rob 

int motorPwrCPUin = 48; / / i nput from CPU controlling heavy duty relay 

int eStopCPUin = 50; / / i n p u t from CPU controlling eStop activation 

int RCmodeSwitch, RCmodeState; 

char* Txcompile[]={"board", 

"pc","off","sensors","running","setupRoboteq"}; 

char* Txchar[]={"RS 232 MODE ON", "RC MODE ON"}; 

// below the inputs to transmit to the PC 

int Rxavail,Rxavail2; 

char Rxchar; 

char Rxchar2[14]; 

void setup() 

{ 

Serial.begin(115200); 

Serial3.begin(115200); 

// outputs 

pinMode(selfPowerPin, OUTPUT); 

pinMode(eStopActivatePin, OUTPUT); 

pinMode(RoboteqPwrPin,OUTPUT); 

pinMode(motorPwrPin, OUTPUT); 

pinMode(modeIndPin, OUTPUT); 

pinMode(sensors, OUTPUT); 

// inputs 

pinMode(RoboteqPwrCPUin, INPUT); 

pinMode(motorPwrCPUin, INPUT); 

pinMode(eStopCPUin, INPUT); 

pinMode(eStopReadPin, INPUT); 

pinMode(modeDetectPin, INPUT); // Miquel Changed!!!!!!!!!!!!!!!!!!!! 

//initialize pins LOW 



 

digitalWrite(selfPowerPin, LOW); 

digitalWrite(RoboteqPwrPin, LOW); 

digitalWrite(motorPwrPin, LOW); 

digitalWrite(eStopActivatePin, LOW); 

digitalWrite(sensors, LOW); 

RCmodeSwitch = 0; 

RCmodeState = 0; 

b=true; // the default state is the board active. 

p=false; 

delay(1000); // delay activation of self-power 

// 

// self power activation 

digitalWrite(selfPowerPin, HIGH); 

} 

void loop() 

{ 

main: 

Serial.println("MAIN"); 

// Serial.println("choose the communication mode by switching in the hand 

comma 

// here it would go the code concerning RC and RS232 

delay(1000); 

Serial.print(" b "); 

Serial.println(b); 

Serial.print(" p "); 

Serial.println(p); 

Serial.print( " s "); 

Serial.println(s); 

Serial.print( " o "); 

Serial.println(o); 

Serial.print( " r "); 

Serial.println(r); 

Serial.print( " q "); 

Serial.println(q); 

Rxavail=Serial.available();//afterwards i am gonna change it, delete all 

the 

if (Rxavail) 

{ 

Rxchar=Serial.read(); 

switch (Rxchar) { 

case 'b': //board 

b=true; 

p=false; 

Serial.println("case B"); 

Serial.flush(); 

break; 

case 'p': //pc 

b=false; 

p=true; 

Serial.flush(); 

//Serial.println("o,s,r,q to select the mode(off-sensors-running-setRobo 

Serial.println(" CASE P"); 

delay(500); 

Serial.flush(); 

break; 

default: 

Serial.println("Default"); 



 

// Serial.println("First select either b (Board) or p(PC) to choose ho 

// Serial.println("Then you have 10 seconds to select between: o,s,r,q 

// 

Serial.flush(); 

break; 

} 

} 

if (p==true) 

{ 

delay(10000); 

Serial.flush(); 

int i=0; 

while(Serial.available()){ 

Rxchar2[i] =Serial.read(); 

i++; 

} 

int imax = i; 

for(i = 0;i<imax;i++){ 

if (Rxchar2[i]=='o') 

{ 

s=false; 

q=false; 

r=false; 

p=false; 

o=true; 

goto main; 

} 

else if (Rxchar2[i]=='s') 

{ 

r=false; 

q=false; 

o=false; 

p=false; 

s=true; 

} 

else if (Rxchar2[i]=='r') 

{ 

// running 

s=false; 

q=false; 

o=false; 

r=true; 

p=false; 

//delay(2000); 

goto main; 

} 

else if (Rxchar2[i]=='q') 

{ 

// SETUPROBOTEQ= sometimes we will need just the Roboteq ON to ask abo 

o=false; 

r=false; 

s=false; 

q=true; 

p=false; 

//delay(2000); 

goto main; 

} 



 

// else 

// { 

// // default: 

// Serial.println("You must select a mode between: o,s,r,q to select t 

// Serial.println(Rxchar2); 

// 

// Serial.flush(); 

// delay(2000); 

// p=false ; 

// goto main; 

// } 

} 

} 

} 

Appendix B: Power Arduino code 3: 
 

Code programmed with Arduino 1.0 to interact with the relays in the boards exclusively 

from the computer (through Arduino command window), and not from the hardware switches. See 

Arduino Funcionality in chapter 4. 

 

// Power Arduino Code, as 2012 

//Miguel Moll Pujols 

// Code to control the Power through Arduino Interface in the PC 

 

int selfPowerPin = 32 ; / / a ctivates the arduino power relay 

int RoboteqPwrPin = 30; / / a ctivates relay that sends power to PWRCTRL 

on rob 

int motorPwrPin = 28; / / a c t ivates the relay that drives the Heavy 

Duty re 

int eStopActivatePin = 22; // activates an eStop 

int modeDetectPin = 26; / / d etects RC mode (1 = on) 

int modeIndPin= 20; // !!!!!!!! Miquel changed 

int eStopReadPin = 24; / / r e ads if an eStop has been triggered 

// below inputs are used to simulate PC commands using hardware switches 

(for te 

int RoboteqPwrCPUin = 46; / / input from CPU controlling power to PWRCTRL 

on rob 

int motorPwrCPUin = 48; / / i nput from CPU controlling heavy duty relay 

int eStopCPUin = 50; / / i n p u t from CPU controlling eStop activation 

int RCmodeSwitch, RCmodeState,inByte; 

void setup() 

{ 

Serial.begin(9600); 

// outputs 

pinMode(selfPowerPin, OUTPUT); 

pinMode(eStopActivatePin, OUTPUT); 

pinMode(RoboteqPwrPin,OUTPUT); 

pinMode(motorPwrPin, OUTPUT); 

pinMode(modeIndPin, OUTPUT); 

// inputs 

pinMode(RoboteqPwrCPUin, INPUT); 



 

pinMode(motorPwrCPUin, INPUT); 

pinMode(eStopCPUin, INPUT); 

pinMode(eStopReadPin, INPUT); 

pinMode(modeDetectPin, INPUT); // Miquel Changed!!!!!!!!!!!!!!!!!!!! 

//initialize pins LOW 

digitalWrite(selfPowerPin, LOW); 

digitalWrite(RoboteqPwrPin, LOW); 

digitalWrite(motorPwrPin, LOW); 

digitalWrite(eStopActivatePin, LOW); 

RCmodeSwitch = 0; 

RCmodeState = 0; 

delay(1000); // delay activation of self-power 

// self power activation 

digitalWrite(selfPowerPin, HIGH); 

} 

void loop() 

{ 

RCmodeSwitch=digitalRead(modeDetectPin); 

if(RCmodeSwitch!=RCmodeState) // if mode switch not equal to mode state 

{ 

RCmodeState=RCmodeSwitch; / / s et mode switch = mode state 

switch(RCmodeState) 

{ 

case 0: / / I f R S -232 mode, do nothing 

Serial.println("RS-232 mode"); 

break; 

case 1: / / i f R C mode, set Roboteq to RC mode (power cycle it) 

Serial.println("RC mode"); 

//RoboteqPowerCycle(); 

break; 

} 

} 

if (Serial.available()) { 

int inByte = Serial.read(); 

if (inByte==48) 

{ 

digitalWrite(selfPowerPin, LOW); 

digitalWrite(RoboteqPwrPin, LOW); 

digitalWrite(motorPwrPin, LOW); 

digitalWrite(eStopActivatePin, LOW); 

Serial.println(" OFF Activated (Unplug USB cable)"); 

} 

else if (inByte==49) { 

digitalWrite(selfPowerPin, HIGH); 

digitalWrite(RoboteqPwrPin, HIGH); 

digitalWrite(eStopActivatePin, LOW); 

digitalWrite(motorPwrPin, LOW); 

Serial.println(" Roboteq Activated"); 

} 

else if (inByte==50) { 

digitalWrite(selfPowerPin, HIGH); 

digitalWrite(RoboteqPwrPin, HIGH); 

digitalWrite(eStopActivatePin, LOW); 

delay(4000); 

digitalWrite(motorPwrPin, HIGH); 

Serial.println(" GO STATE Activated"); 

} 



 

else if (inByte==51) { 

digitalWrite(eStopActivatePin, HIGH); 

Serial.println(" Estop triggered"); 

} 

else { 

Serial.println("unknown command"); 

} 

Serial.print("command sent: "); 

Serial.println(inByte); 

} 

} 

Appendix B: Control Arduino code 1: 
 

First code implemented in an open-loop system within Arduino 022. See Arduino 

Funcionality in chapter 4. 

 

#include <ctype.h> 

int RXavail, RX3avail, RXbyte, RX3byte, TXbyte, TX3byte; 

byte SerialModeSwitch, SerialModeState; / / 1 = ON 

int eStopPin=22; 

int modeDetectPin=24; 

//-------------------------------------------Setup------------------------

------------// 

void setup() { 

Serial3.begin(9600); // Serial port to Roboteq (1 start, 7 data, 1 stop, 

ev 

Serial.begin(9600); // Serial port to PC (1 start, 8 data, 1 stop) 

SerialModeSwitch=0; / / S tate of mode detect pin 

SerialModeState=0; / / S tate of system 

pinMode(eStopPin, OUTPUT); 

pinMode(modeDetectPin, INPUT); 

} 

//--------------------------------------------Main Loop-------------------

-----------// 

void loop() 

{ 

SerialModeSwitch=digitalRead(modeDetectPin); 

if(SerialModeSwitch!=SerialModeState) // If current mode not same as mode 

swi 

{ 

SerialModeState=SerialModeSwitch; / / s et mode = mode switch 

delay(200); 

switch (SerialModeState) 

{ 

case 0: / / i f R C m o d e ( mode detect LOW), do nothing 

break; 

case 1: / / i f R S - 2 3 2 m o d e (mode detect HIGH) 

delay(500); 

SetSerialMode(); / / s e nd serial mode command to Roboteq 

break; 

} 

} 



 

RXavail=Serial.available(); 

if (RXavail>0) / / i f serial 1 data byte availble 

{ 

RXbyte=Serial.read(); 

if (RXbyte=='/') // if character = '/' 

{ 

SetSerialMode(); / / set Roboteq serial mode 

} 

if (RXbyte=='*') // if character = '*' 

{ 

ResetRoboteq(); / / set reset Roboteq (set RC mode) 

} 

TX3byte=RXbyte; / / t r a nsfer RX serial 1 byte to TX serial 3 

ParityPrint(TX3byte); / / print TX 3 byte in Roboteq serial framework 

} 

RX3avail=Serial3.available(); 

if (RX3avail>0) / / i f serial 3 data byte available 

{ 

RX3byte=Serial3.read(); 

TXbyte=ParityRead(RX3byte); / / translate Roboteq serial framework to PC 

Serial.print(TXbyte, BYTE); // send data byte to PC 

} 

} 

//--------------------------------------Roboteq Reset Command-------------

--------------------// 

void ResetRoboteq() 

{ 

ParityPrint("%rrrrrr\r",8); 

} 

//--------------------------------------Roboteq Serial Mode Command-------

--------------------// 

void SetSerialMode() 

{ 

for (int i=0;i<15;i++) / / 15 just to be safe (10 needed) 

ParityPrint('\r'); 

} 

//--------------------------------------ParitPyr int----------------------

------- 

// Print one 7 bit character with even parity appended 

void ParityPrint(char character) 

{ 

int sum =0; 

// Sum up all the bits in the character 

for (int i=0; i<7;i++) 

{ 

sum += ((character >> i) & 0x01); 

} 

// If the sum of the bits is odd (last bit is 1), add the parity bit to 

the fr 

if (sum & 0x01) 

{ 

character = character | B10000000; 

} 

// Print the new bit to the serial 3 port 

Serial3.print(character, BYTE); 

} 



 

// Print an array of characters using even parity. Must specify the length 

of y 

void ParityPrint(char* array, int length) 

{ 

for (int i=0; i<length;i++) 

{ 

ParityPrint(array[i]); 

} 

} 

// Translate Roboteq serial data to PC framework 

char ParityRead(char character) 

{ 

character &= ~(1 << 7); 

return character; 

} 

Appendix B: Control Arduino velocity sent: 
 

Code implemented in an open-loop system within Arduino 1.0. Code programmed to send 

a command of velocity to the motor B of 0F which is in decimal 7. This manage to move the motor B 

to a constant velocity homogeneously during 50 seconds. 

ParityPrint() and ParityPrint(,) are not presented here because they have been presented 

before, but they are included in this code. 

 

#include <ctype.h> 

int RXavail, RX3avail, RXbyte, RX3byte, TXbyte, TX3byte; 

byte SerialModeSwitch, SerialModeState; / / 1 = ON 

int eStopPin=22; 

int modeDetectPin=24; 

//-------------------------------------------Setup------------------------

------------// 

void setup() { 

Serial3.begin(9600); // Serial port to Roboteq (1 start, 7 data, 1 stop, 

ev 

Serial.begin(9600); // Serial port to PC (1 start, 8 data, 1 stop) 

SerialModeSwitch=0; / / S tate of mode detect pin 

SerialModeState=0; / / S tate of system 

pinMode(eStopPin, OUTPUT); 

pinMode(modeDetectPin, INPUT); 

} 

//--------------------------------------------Main Loop-------------------

-----------// 

void loop() 

{ 

SerialModeSwitch=digitalRead(modeDetectPin); 

if(SerialModeSwitch!=SerialModeState) // If current mode not same as mode 

swi 

{ 

SerialModeState=SerialModeSwitch; / / s et mode = mode switch 

delay(200); 



 

switch (SerialModeState) 

{ 

case 0: / / i f R C m o d e ( mode detect LOW), do nothing 

break; 

case 1: / / i f R S - 2 3 2 m o d e (mode detect HIGH) 

delay(500); 

SetSerialMode(); / / s e nd serial mode command to Roboteq 

break; 

} 

} 

RXavail=Serial.available(); 

if (RXavail>0) / / i f serial 1 data byte availble 

{ 

RXbyte=Serial.read(); 

if (RXbyte=='/') // if character = '/' 

{ 

SetSerialMode(); / / set Roboteq serial mode 

} 

if (RXbyte=='*') // if character = '*' 

{ 

ResetRoboteq(); / / set reset Roboteq (set RC mode) 

} 

if (RXbyte=='a') // if character = '*' 

{ 

for (int i=0; i <= 50; i++){ 

Serial3.println("!B0F"); 

delay(1000); 

} 

// vellocity set 

Serial3.flush(); 

} 

TX3byte=RXbyte; / / t r a nsfer RX serial 1 byte to TX serial 3 

// Serial.print(" Parity Print sent to the ROBOTEQ: "); 

// if (RXbyte=='+'){ 

// Serial3.println(""); 

// } 

// else{ 

// Serial3.print(TX3byte,BYTE); 

// 

// } 

// Serial.print(TX3byte,BYTE); 

} 

RX3avail=Serial3.available(); 

if (RX3avail>0) / / i f serial 3 data byte available 

{ 

RX3byte=Serial3.read(); 

TXbyte=ParityRead(RX3byte); / / translate Roboteq serial framework to PC 

Serial.print(TXbyte,BYTE); 

} 

} 

//--------------------------------------Roboteq Reset Command-------------

--------------------// 

void ResetRoboteq() 

{ 

ParityPrint("%rrrrrr\r",8); 

} 



 

//--------------------------------------Roboteq Serial Mode Command-------

--------------------// 

void SetSerialMode() 

{ 

for (int i=0;i<15;i++) / / 15 just to be safe (10 needed) 

ParityPrint('\r'); 

} 

Appendix B: Control Arduino velocity sent: 
 

Code implemented in an open-loop system within Arduino 1.0. Code programmed to send 

different commands of velocity to the motor B from 00 to 7F, which is in decimal 127, 

incrementally.  

ParityPrint(), ParityPrint(,) ResetRoboteq() and SetSerialMode() are not presented here 

because they have been presented before, but they are included in this code. 

#include <ctype.h> 

int RXavail, RX3avail, RXbyte, RX3byte, TXbyte, TX3byte; 

byte SerialModeSwitch, SerialModeState; / / 1 = ON 

int eStopPin=22; 

int modeDetectPin=24; 

//-------------------------------------------Setup------------------------

------------// 

void setup() { 

Serial3.begin(9600); // Serial port to Roboteq (1 start, 7 data, 1 stop, 

ev 

Serial.begin(9600); // Serial port to PC (1 start, 8 data, 1 stop) 

SerialModeSwitch=0; / / S tate of mode detect pin 

SerialModeState=0; / / S tate of system 

pinMode(eStopPin, OUTPUT); 

pinMode(modeDetectPin, INPUT); 

} 

//--------------------------------------------Main Loop-------------------

-----------// 

void loop() 

{ 

SerialModeSwitch=digitalRead(modeDetectPin); 

if(SerialModeSwitch!=SerialModeState) // If current mode not same as mode 

swi 

{ 

SerialModeState=SerialModeSwitch; / / s et mode = mode switch 

delay(200); 

switch (SerialModeState) 

{ 

case 0: / / i f R C m o d e ( mode detect LOW), do nothing 

break; 

case 1: / / i f R S - 2 3 2 m o d e (mode detect HIGH) 

delay(500); 

SetSerialMode(); / / s e nd serial mode command to Roboteq 

break; 

} 



 

} 

RXavail=Serial.available(); 

if (RXavail>0) / / i f serial 1 data byte availble 

{ 

RXbyte=Serial.read(); 

if (RXbyte=='/') // if character = '/' 

{ 

SetSerialMode(); / / set Roboteq serial mode 

} 

if (RXbyte=='*') // if character = '*' 

{ 

ResetRoboteq(); / / set reset Roboteq (set RC mode) 

} 

if (RXbyte=='a') // if character = '*' 

{ 

int number=0; 

for (int i=0; i <= 127; i++){ 

// Serial3.println("!b7F"); 

if (number<16) 

{ 

Serial3.print("!b0"); 

} 

else 

{ 

Serial3.print("!b"); 

} 

Serial3.println(number,HEX); 

Serial3.println("?v"); 

RX3avail=Serial3.available(); 

if (RX3avail>0) / / i f serial 3 data byte available 

{ 

RX3byte=Serial3.read(); 

TXbyte=ParityRead(RX3byte); / / translate Roboteq serial framework to PC 

Serial.print(TXbyte,HEX); 

} 

if (number<16) 

{ 

Serial.print("!b0"); 

} 

else 

{ 

Serial.print("!b"); 

} 

Serial.println(number,HEX); 

delay(3000); 

number=number+01; 

} 

// vellocity set 

Serial3.flush(); 

} 

TX3byte=RXbyte; / / t r a nsfer RX serial 1 byte to TX serial 3 

} 

RX3avail=Serial3.available(); 

if (RX3avail>0) / / i f serial 3 data byte available 

{ 

RX3byte=Serial3.read(); 

TXbyte=ParityRead(RX3byte); / / translate Roboteq serial framework to PC 



 

Serial.print(TXbyte,BYTE); 

} 

} 

Appendix B: Encoder Arduino code: 
 

Code implemented to read two encoders by using Arduino 1.0. Code programmed to send 

the time in milliseconds, the number of the first encoder, and the number of the second encoder 

through serial. We could monitor it in the command window. 

 

#define Sel1 6 / / S E L 1 pin on counter 

#define Sel2 7 / / S E L 2 pin on counter 

#define OE 8 //OE pin on counter 

#define PL 5 / / P L p i n o n shift register 

#define CP 3 / / C P p i n o n shift register 

#define Q1 4 / / S e r i a l o u tput pin on shift register 

#define CE 2 / / C E pin on shift register 

#define Q2 9 //second encoder 

//Pin assignments END 

const float Pi = 3.14159; 

float clock; 

float oldclock; 

float time,vel1,vel2; 

float oldrad1,oldrad2; 

//variable declerations BEGIN 

int b[8]; / / 8 e l e m e n t l o n g v e c t o r t o store (8) individua 

int Delay=20; / / t i m e d e l a y 

unsigned long Bytes[4]; / / 4 e l e m e n t long vector to store (4) 8-bit 

va 

int S1, S2; / / v a i a b l e s t o c h a n g e t h e values on the SEL 1 

unsigned long fourbyte; / / 32 bit value we get from combining (4) 8-bit 

vaiabl 

int b2[8]; 

unsigned long Bytes2[4]; 

unsigned long fourbyte2; 

//Variable declerations END 

// declare pins as output or input type BEGIN 

void setup() 

{ 

Serial.begin(115200); 

Serial3.begin(115200); 

/* 

pinMode(EncoderOutputEnable, OUTPUT); 

pinMode(EncoderSelect1, OUTPUT); 

pinMode(EncoderSelect2, OUTPUT); 

pinMode(ClockEnableInput, OUTPUT); 

pinMode(ClockPulse, OUTPUT); 

pinMode(ShiftWrite, OUTPUT); 

*/ 

pinMode(Q2, INPUT); 

//second encoder 

pinMode(OE, OUTPUT); 



 

pinMode(Sel1, OUTPUT); 

pinMode(Sel2, OUTPUT); 

pinMode(CE, OUTPUT); 

pinMode(CP, OUTPUT); 

pinMode(PL, OUTPUT); 

pinMode(Q1, INPUT); 

time=0.02; 

} 

// declare pins as output or input type END 

void loop() 

{ 

updateEncoders(); //updates position (or count) value 

} 

void updateEncoders() 

{ 

for (int i = 0; i < 4; i++) / / C y c l e t h r o u g h a l l 4 s egmen 

{ 

// digitalWrite(EncoderOutputEnable, HIGH); // Setting OE (output enabl 

digitalWrite(OE, HIGH); 

delayMicroseconds(Delay); 

//Change values on SEL1 and SEL2 pins according to table on slide 14 of 

Mond 

// of the four loop iterations. 

if (i == 0){ 

S1 = 1; 

S2 = 0; 

} 

else if (i == 1){ 

S1 = 0; 

S2 = 0; 

} 

else if (i == 2){ 

S1 = 1; 

S2 = 1; 

} 

else{ 

S1 = 0; 

S2 = 1; 

} 

/* 

digitalWrite(EncoderSelect1, S1); //write to the SEL1 pin 

digitalWrite(EncoderSelect2, S2); //write to the SEL2 pin 

*/ 

digitalWrite(Sel1, S1); / / w r i t e t o t he SEL1 pin 

digitalWrite(Sel2, S2); / / w r i t e t o t he SEL2 pin 

delayMicroseconds(Delay); 

// digitalWrite(EncoderOutputEnable, LOW); // we are done changing the v 

digitalWrite(OE, LOW); // we are done changing the values on the SEL 1 

delayMicroseconds(Delay); 

//End decoder/counter code. Start Shift Register code 

// digitalWrite(ShiftWrite, LOW); //shiftWrite (PL pin) set to LOW to 

digitalWrite(PL, LOW); //shiftWrite (PL pin) set to LOW to load bits 

delayMicroseconds(Delay); //time delay for bits to load up on register 

// digitalWrite(ShiftWrite, HIGH); //We are done loading bits on the r 

digitalWrite(PL, HIGH); //We are done loading bits on the register, s 

// digitalWrite(ClockEnableInput,LOW); // We want to change the value on t 

digitalWrite(CE,LOW); // We want to change the value on the ClockPulse (C 



 

for (int k = 0; k < 8; k++) 

{ 

b[k] = digitalRead(Q1); //read serial output on Q7 pin into a 8 element 

b2[k]= digitalRead(Q2); 

//digitalWrite(ClockPulse, HIGH); //bring clock pin high, i.e. use risi 

digitalWrite(CP, HIGH); 

//digitalWrite(ClockPulse,LOW); //bring clock pin low again 

digitalWrite(CP,LOW); 

delayMicroseconds(Delay); 

} 

Bytes[i] = 128*b[7]+64*b[6]+32*b[5]+16*b[4]+8*b[3]+4*b[2]+2*b[1]+b[0]; 

/ / but the result 

Bytes2[i] = 

128*b2[7]+64*b2[6]+32*b2[5]+16*b2[4]+8*b2[3]+4*b2[2]+2*b2[1]+b2[ 

} 

fourbyte = (Bytes[3] <<24)|(Bytes[2]<<16)|(Bytes[1]<<8)|Bytes[0]; / / 

Combine 

fourbyte2 = (Bytes2[3] <<24)|(Bytes2[2]<<16)|(Bytes2[1]<<8)|Bytes2[0]; / / 

Com 

// digitalWrite(ClockEnableInput,HIGH); // We are done changing the values 

on 

digitalWrite(CE,HIGH); // We are done changing the values on the 

ClockPulse ( 

// float rads1,rads2; 

// 

// rads1=fourbyte/10000*2*Pi; 

// rads2=fourbyte2/10000*2*Pi; 

// if(oldrad>rads) { 

// vel1=oldvel1; //check for rollover 

// } 

// else { 

// vel1=(rads1-oldrad1)/time; 

// 

// vel2=(rads2-oldrad2)/time; 

// 

// //find the Euler velocity 

// } 

// 

// oldclock = clock; 

// clock = millis(); 

// time = (clock-oldclock)/1000; 

// oldrad1=rads1; 

// oldrad2=rads2; 

Serial.print(millis()); 

Serial.print(" "); 

Serial.print(fourbyte); // output encoder1 

Serial.print(" "); 

Serial.println(fourbyte2); // output encoder 2 

} 

// Serial3.println("car"); 

// Serial3.print(" "); 

// Serial3.print(fourbyte); 

// Serial3.print(" "); 

// Serial3.println(fourbyte2 

  



 

 

APPENDIX C: PRINTED CIRCUITS 

Appendix C: Power/Signal Management Board Schematic 

 



 

Appendix C: Power/Signal Management Board PCB 

 

 

  



 

Appendix C: Power/Signal Management Board Silk Screen 

 

 

 

 

 

 

 

 



 

Appendix C: Power/Signal Management Board Peripheral Connection 

 

 
1. DB15 to Roboteq 
2. Roboteq PINOUT Terminals 
3. RC Activated Relay (PicoSwitch 1) 

Terminals 
4. RC RX Inputs (BAT, CH1, CH2) 
5. +12V Board Power (ISOpwr “OUT”) 
6. Heavy 12V Relay Coil 
7. Roboteq PWRCTRL and GND 
8. Initial Arduino Power Switch 

Terminals 

9. Roboteq Power Override Switch 
Terminals 

10. Four Position Switch Terminals 
11. Power Arduino Pins 
12. Emergency Stop Switch Pins 
13. Emergency Stop +5V Supply Pins 
14. RC EStop Relay (PicoSwitch 2) 

Terminals 
15. RC Arduino Pins 
16. MAX232 IC PINOUT Terminals 

 



 

Appendix C: LED Indicator Diagram  

 

+12V Power: ON, board has +12V Power; OFF, board is unpowered. 

1. Serial Activity: ON, indicates serial activity on line; OFF, no serial activity present on line. 

2. +5V Power: ON, board has +5V Power (7805 has +12V); OFF, board +5V inactive (7805 

unpowered). 

3. RC Relay: ON, RC Relay active, RC Mode connections; OFF, RC Relay inactive, RS-232 Mode 

connections. 

4. Power Relay Active: ON, relay active, peripheral powered; OFF, relay inactive, peripheral 

unpowered. 

5. Power Relay Powered: ON, relay powered, may be activated; OFF, relay unpowered, may 

not be activated. 

 

6. Main EStop: ON, emergency stop triggered; OFF, emergency stop inactive. 

7. Individual EStop: ON, specific emergency stop triggered; OFF, specific emergency stop 

inactive. 



 

Appendix C: Encoder Board Schematic 

The Encoder Arduino Shield uses two HTCL-2022, two 74HC165 a time clock and enables to 

count two encoders using an Arduino. 

 

 

 

 


