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THE DESIGN AND IMPLEMENTATION OF A MOTOR CONTROLLER 
 
 
 

INTRODUCTION 
 
 
 
Project Background 
 
 

Edwards Robotics Company (ERC) is a start-up company local to Corvallis, 

Oregon. ERC was founded in 22 June, 2009 by Nate Edwards, who graduated from 

Oregon State University in December of 2009 with a Bachelor of Science in Business 

Administration, with an emphasis on Entrepreneurship. ERC’s primary focus is on 

providing custom robot solutions to the golf industry.  

As its first project, ERC began working on a robot to automate the process of 

collecting golf balls from a driving range. The first prototype was named Mulligan Tow. 

Finished in September 2009, Mulligan Tow towed a golf ball picker (i.e. a vehicle that 

passively collects golf balls when it is pulled or pushed over them) and featured an 

intelligent proximity system. The robot used the proximity system to remain within a 

boundary; when the robot approached the boundary line, demarcated by a current 

carrying cable, it would turn around and continue towing the picker. The second 

prototype, which is still under construction, will use a motorized system to actively 

collect the golf balls and will contain the balls within the robot itself; hence, a picker will 

not be needed. Additional improvements include four-wheel drive capability, sensors or 

cameras for collision avoidance, and a programmable GPS system to replace the 

proximity system in guiding the robot. With the addition of three motors between the first 

and second prototypes—two motors to expand from two-wheel drive to four-wheel drive 
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and one motor to operate the active golf ball picking mechanism—ERC realized the need 

for a more cost effective motor controller. 

 
 
Project Inception 
 
 

In an effort to reduce the cost of materials associated with the system upgrades, 

Nate Edwards submitted a project proposal to the senior design program of the 

Department of Electrical Engineering and Computer Science (EECS) at Oregon State 

University. The proposal explained ERC’s need for a motor controller that was cheaper 

than the motor controllers that it had been using thus far. Additionally, ERC needed a 

motor controller that was more tailored to the demands of the system than the 

commercially available models; namely, ERC needed a controller with the capability of 

higher current output to the motors. The proposal was approved by the EECS department 

and was included in the list of available projects for the senior class of Electrical and 

Computer Engineering (ECE). After forming a team with my two colleagues, Dan Myers 

and Thomas Ruggeri, the instructor of the senior design course assigned to us ERC’s 

motor controller project. (ERC also submitted a second project proposal for a central 

controller for its robot). The motor controller project is the subject of this paper.  
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SYSTEM REQUIREMENTS 
 
 
 
Project Specifications 
 
 

The purpose of the project was to design and implement a motor controller that 

satisfied the prescribed specifications. The engineering design team and our customer, 

Nate Edwards, finalized the specifications shortly after the project inception. The 

specifications are summarized in Table 1. 

 
 Name Description 
1. Channel Quantity The system must support at least four channels (i.e. interfaces for up to 

four motors). 
2. Control Input Each channel must be individually controlled via a single, pre-defined, 

pulse-width modulated (PWM) signal.  
3. Central Controller 

Power Supply 
The system must provide terminals for a 12V DC supply for the 
robot’s central controller. 

4. Cost of Materials The cost of all materials in the final design must be less than $125 per 
channel. 

5. Load Current The motor channels must drive each motor up to 40 Amps under 
normal operation.  

6. Fault Protection The system must be able to protect itself from short-circuit or over-
current conditions at the motor terminals. 

7. External Protection The system must be contained to prevent damage to the system and to 
provide safety for its operator(s). 

8. Overheating Protection The system must be able to prevent malfunctions or permanent damage 
due to overheating. 

9. Programming Interface 
 

The system must provide an interface in order to easily program the 
microcontroller (i.e. without needing to remove the microcontroller) 

10. User Interface 
 

The system must provide a user interface that indicates the power 
connection, motor direction, and any fault conditions. 

 
Table 1: Project Specifications 
 
 
 
System Constraints 
 
 

In addition to the specifications that the motor controller had to fulfill, additional 

constraints had to be observed. Firstly, the motor controller had to be able to operate from 

a 12V DC supply. ERC had used two 12V DC batteries in a parallel configuration for its 
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first robotic prototype, Mulligan Tow. Secondly, the motor controller had to be able to 

drive brushed DC motors. The motors that ERC had elected to use were of this type. 

Lastly, the motor controller had to be able to decode a pre-defined PWM control signal in 

order to correctly interface with the microcontroller from the Mulligan Tow system. The 

protocol was as described in Table 2. 

 
Duty Cycle Motor Operation 
10% - 45% 
     10% 
     45% 

Reverse 
     Fully on 
     Barely on 

45% - 55% Stopped 
55% - 90% 
     55% 
     90% 

Forward 
     Barely on 
     Fully on 

 
Table 2: PWM Control Input Protocol  
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REVIEW OF CURRENT TECHNOLOGY 
 
 
 

In order to establish a context for our project and provide a template for our 

design, our team reviewed the current technology by researching several other motor 

controllers that were available at the time. The results of this research are summarized in 

Table A-1 of Appendix A. Upon reviewing the technology, we were able to identify 

several recurring characteristics and features. These characteristics and features are 

summarized in the sections below. The reader should note that some manufacturers had 

not released information concerning some of these characteristics and features.  

 
 
Number of Channels 
 
 

All motor controllers had either one or two channels. For all of the two-channel 

models, the inclusion of a second channel seemed to be indicative of the need to control 

two motors interdependently, for example, in a two-wheel drive system. 

 
 
Control Inputs 
 
 

Most models employed several different modes of control. The most prevalent 

modes were radio control (RC) signals, wired serial (e.g. RS-232) signals, and wired 

analog signals. Some models, such as the AX2550 [1], RS160D [2], and the Sabertooth 

[3], utilized all of these control modes. When evaluating each model, we ignored all 

modes of control except wired analog and digital signals, because only these modes 

complied with the needs of our customer.  All of the models, with the exception of the 
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Victor 884 [4] and the PRO-120 Mark 2 [5], contained one 0-5V analog control input per 

channel. The control input could be varied by either a potentiometer or by a low-pass 

filtered PWM signal. In either case, all of these models used the midpoint, 2.5V, to 

indicate that the motor should be stopped and the endpoints, 0V and 5V, to indicate that 

the motor should be rotating at maximum power in the reverse and forward directions, 

respectively. Thus, one signal was used to control both the direction and the throttle. This 

behavior was identical to the specification of the input PWM signal prescribed by our 

customer.  

The Victor 884 [4] differed from the other models because its analog control input 

could only be a PWM signal. The PRO-120 [5] differed from the other models because it 

used one 0-3V analog input and two digital inputs. The analog input was used for throttle 

control and the two digital inputs were used to control the motor enable and the motor 

direction.  

All of the two-channel models were able to control the channels independently or 

in a mixed fashion. The former case is analogous to the operation of the tracks on an 

armored tank, which is why it is often called “tank steering” in the world of combat 

robotics. The latter case is analogous to the operation of an automobile, where one 

control input is used for throttle and the other is used for steering.  

 
 
Configurations of Drive Circuitry 
 
 

Of the models reporting such information, all models except the PRO-120 [5] 

used an H-Bridge configuration for the circuitry driving the motor(s). Furthermore, all of 

the H-Bridges (also called full bridges) were composed of metal-oxide-silicon field-effect 
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transistors (MOSFETs), in order to support high switching speeds, and hence, a PWM 

driving signal. In some models, for example the Sidewinder [6] and the RDFR23 [7], 

several MOSFETs were used in parallel in each leg of the H-Bridge, which provided 

redundancy of critical components and a reduction of the power dissipation in each 

transistor.  

The PRO-120 [5] used a MOSFET half-bridge in combination with a few control 

relays. The half-bridge was used to control the throttle of the motor via a PWM signal 

and the relays were used to change the direction of current through the motor. This 

configuration seemed to be valid as long as the motor was not required to change 

directions rapidly; that is, relays have relatively slow switching rates. 

 
 
Cooling Methods 
 
 

Conduction, i.e. the use of heat sinks, was the predominant method of cooling 

among the models. All models used conduction except for the Victor 884 [4], which used 

convection, i.e. a fan. One of the models, the RS160D [2], used convection and 

conduction methods. 

 
 
Temperature Monitoring Modules 
 
 

Nearly all models featured a temperature sensing mechanism to prevent 

overheating. In models such as the AX2550 [1], RDFR23 [7], and the Sidewinder [6], 

temperature sensors were used to limit the channel output current to a safe level, 

according to the temperature of the internal heat sinks.  
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Current Monitoring Modules 
 
 

Many models monitored the current delivered to the channel in order to prevent 

overloading and fault conditions. The AX2550 [1], the Sabertooth [3], and the Syren [8], 

for example, measured the actual current delivered to the motor(s) and reduced the output 

power if the maximum allowed current was exceeded. Additionally, some models, e.g. 

the Sidewinder [6], featured a user adjustable current limit whereby the maximum 

allowable current could be determined by the user. 

 
 
Functional Variability  
 
 

Due to the functional variability inherent in a motor controller, all models 

featured some type of programmability. Many variables could be configured in each 

model, including: control input mode, maximum allowable current, braking vs. coasting 

while the motor was off, overriding of certain fail-safes or features, etc. The mode of 

variability differed drastically. The Victor 884 [4] and the RDFR23 [7] used only jumpers 

while the Sabertooth [3] and the Syren [8] exclusively used dual in-line package (DIP) 

switches. The AX2500 [1] and the RS160D [2] used a proprietary software which 

featured a graphical user interface (GUI) with which the user could configure the motor 

controller and download the new program to the controller. 
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DESIGN 
 
 
 
System Overview 
 
 

Over the years, the theory and technology behind motor controllers has become 

very well established. Consequently, we borrowed many features and characteristics from 

the models that we researched in order to establish a skeleton architecture of our system. 

After we decided which features and characteristics that we would use in our design, we 

identified the major functional blocks from these and developed a top-level block 

diagram to show how the functional blocks in our system would interact with each other. 

The block diagram of the final product is depicted in Figure 1.  

 

 
 
Figure 1: Top-Level Block Diagram 
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The system consisted of electrical, mechanical, and software components. It also 

consisted of several signals or interfaces that were either internal to the system or served 

as system input/output (I/O) interfaces. Each signal or interface from the block diagram is 

defined in Table 3.  

 
Signal  Type Properties 
+12V Electrical Supply  General high-voltage supply for system 

12V DC nominal 
Slow-blow fused to 50 Amps 
Voltage will decrease with loading (i.e. with high motor 
current) 

+5V Electrical Supply General low-voltage supply for system 
5V DC ± 5% 
500mA maximum source or sink 

+MOTOR Electrical System Output 
Positive supply terminal for externally connected motor 

-MOTOR Electrical System Output 
Negative  supply terminal for externally connected motor 

ADC_SENSE_IN Electrical Measurement  of motor current, for ADC of microcontroller 
0-5V analog sense voltage  
0V indicates 0A, 5V indicates 40A 

Battery Electrical Supply 12V DC nominal from a lead-acid battery 
Voltage will decrease with loading (i.e. with high motor 
current) 

Environment Mechanical  Environmental conditions outside the enclosure 
Temperature (75°C upper threshold), dust, and rain 

FF1 Electrical One of two fault flags issued by the H-Bridge driver 
0-5 V digital signal  
Maximum Vlow = 1V 
Minimum Vhigh = 3.5V 

FF2 Electrical One of two fault flags issued by the H-Bridge driver 
0-5 V digital signal  
Maximum Vlow = 1V 
Minimum Vhigh = 3.5V 

HEAT Thermal Heat dissipated by power MOSFETs in H-Bridge 
75°C Upper Threshold  

PHASE Electrical Control Changes the motor direction  
0-5 V digital signal  
Maximum Vlow = 1V 
Minimum Vhigh = 3.5V 

PWM_IN Electrical Control System Control Input 
0-5V PWM at 20kHz 
Duty cycle (see Table 2): 10% - 50% center - 90% 

PWMH Electrical Control Control input to the H-Bridge driver for the high-side 
MOSFETs 
0-5V PWM at 20kHz 
All pulse widths must be greater than 2 us 

PWML Electrical Control Control input to H-Bridge driver for the low-side MOSFETs 
Not controlled in the final design 
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0-5V PWM at 20kHz 
All pulse widths must be greater than 2 us 

RELAY_SIDE Electrical Supply Supply for H-Bridge 
12V DC nominal 
40 Amp maximum continuous current  

RESET Electrical Control Resets the H-Bridge driver after a fault via a negative pulse 
0-5 V digital signal  
Maximum Vlow = 1V 
Minimum Vhigh = 3.5V 

RESET_PB Mechanical Resets the relay after overheating 
Momentary, normally closed (NC) pushbutton 

SENSE_IN Electrical Measurement of motor current 
0-50mV analog sense voltage  
0mV indicates 0A, 50mV indicates 40A 

Software Electrical Software code via the serial programming interface 
0-5V DC bit transfer 

SR Electrical Control Enables synchronous rectification of motor current when set 
Not controlled in the final design 
0-5 V digital signal  
Maximum Vlow = 1V 
Minimum Vhigh = 3.5V 

 
Table 3: Definition of Interfaces 
 
 
In the following sections, I will summarize the functionality of each block. Schematics 

for each block can be found in Appendix B. The bill of materials for each block can be 

found in Appendix D. Throughout the rest of this paper, I will italicize the signal names 

for the purposes of clarity. 

 
 
Fuse 
 
 

The Fuse block was composed of a single 50-Amp slow-blow fuse and a fuse 

holder, which was supplied by our sponsor. Due to its slow-blow feature, the fuse 

allowed our system to deliver 40 Amps to the motor without disengaging as a result of 

motor inrush current. The Fuse block received the Battery signal and fused it to create the 

+12V signal. 
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Power Supply 
 
 

The Power Supply block converted the 12V DC supply, +12V, into a 5V DC 

supply, +5V, for the low-voltage components in our system. The voltage conversion was 

accomplished by a switching-mode, buck regulator, also called a buck converter. A buck 

regulator was used instead of a linear regulator because it is much more power efficient. 

The power supply block also used several capacitors to limit fluctuations in the input and 

output voltage supplies. Low-capacitance ceramic capacitors were used in parallel with 

high-capacitance electrolytic capacitors because the former had a much better high-

frequency response than the latter.  

 
 
Control Code 
 
 

The Control Code block represents the software that was used to program the 

microcontroller within the Control block. A flow chart of the code is depicted in Figure 2. 

The program began by initializing the microcontroller and outputting the initial control 

signals. The program then remained idle until it was interrupted by the completion of one 

of its two analog-to-digital converters (ADCs). One ADC was used to read the input 

PWM and the other ADC was used to read the sense voltage from the Current Monitor 

block. Once one of the ADCs had finished its conversion, the program would update the 

control signals accordingly. The PWM control signal to the Output block, PWMH, was 

implemented via a timer/counter, namely TCNT1.  

The control code was written in the C language using embedded system libraries. 

The control code is listed in Appendix C. 
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Figure 2: Control Code Flow Chart 
 
 
 
Control 
 
 

The Control block was responsible for coordinating the operation of most of the 

other blocks. At the core of the Control block was an Atmel Tiny26 (ATtiny26) 

microcontroller. The primary function of the microcontroller was to decode the input 

PWM signal, PWM_IN, and issue the following control signals for the bridge driver, 

accordingly: RESET, PHASE, and PWMH. These signals will be discussed later in the 

Output section. Additionally, the microcontroller processed the sense voltage from the 

Current Monitor block, ADC_SENSE_IN, and adjusted the PWM signal to the bridge 

driver, PWMH, in order to stabilize the current through the motor.  The microcontroller’s 

software could easily be changed due to the inclusion of a programming port and some 
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peripheral hardware. This functionality would allow the behavior of the system to be 

changed to suit the long-term needs of our customer.  

 
 
Output 
 
 

The Output block was responsible for delivering power to the motor according to 

the control signals issued by the Control block. The Output block was primarily 

composed of a metal-oxide-silicon field-effect transistor (MOSFET) H-Bridge and an 

Allegro A3941 full-bridge MOSFET gate driver. The ATtiny26 microcontroller 

controlled the driver and the driver controlled the transistors in the H-Bridge.  

The H-Bridge gets its name from its “H” configuration, as shown in Figure 3. 

 

 
 
Figure 3: H-Bridge 
 
 
Two transistors (depicted as a single switch in Figure 3) composed each corner of the 

“H” and the motor composed its center. In each corner, or quadrant, two transistors were 

used in parallel for the purposes of redundancy and the reduction of power dissipation per 

MOSFET. By turning on or off the transistors in opposite corners, the H-Bridge allowed 

current to flow through the motor in one direction or the other, allowing our system to 

have bi-directional control of the motor. The PHASE bit was used to rotate the motor in 



15 

the forward direction, such that current flowed from the +MOTOR terminal to the –

MOTOR terminal, when set and vice versa when cleared. 

The Output block used pulse-width modulation (PWM) to control the amount of 

current, and hence power, delivered to the motor. PWM refers to the modulation, or 

variation, of the width of a rectangular pulse wave, resulting in the variation of the 

average value of the waveform. In terms of our system, a larger pulse-width, or duty 

cycle, meant a larger average amount of power was delivered to the motor. Figure 4 

shows a hypothetical PWM signal and its net effect as seen by the motor. 

 

 
 
Figure 4: Pulse-Width Modulation (PWM) 
 
 
For the first time interval (the signal at the top of Figure 4), the PWM signal has a larger 

duty cycle than in the second time interval (the signal at the bottom of Figure 4). Thus, 

the former delivers a higher average amount of power to the motor. In our system, two 

separate PWM signals, PWMH and PWML, were used to control the H-Bridge. The 

former and latter were used to turn on the high-side and low-side MOSFETs, 

respectively, in a non-inverting manner. The implementation of our motor controller used 

high-side switching meaning that, for a given PHASE bit value, the MOSFETs in one of 
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the low-side quadrants were always kept on and only the high-side MOSFETs on the 

other side of the bridge were switched. This mode allowed us to tie the PWML signal to 

the logic supply voltage internal to the Output block. The PWMH signal operated at 20 

kHz. 

The Output block utilized a unique feature of the Allegro driver, called 

synchronous rectification, in order to reduce the power dissipation in the MOSFETs. 

Synchronous rectification refers to the circulation of the motor’s current through the 

MOSFET channel during the off-time of the PWM signal. That is, in most H-Bridges, 

during the off-time of the PWM signal, the current produced by the back-EMF (i.e. 

electromotive force) circulates through either the source-to-drain body diodes of the 

MOSFETs or the flyback diodes (also called catch diodes), if they are present. Because 

the channel of a MOSFET has a much lower resistance than its body diode, the 

MOSFETs dissipate less heat under synchronous rectification. In terms of the flyback 

diodes, synchronous rectification eliminates the need for the extra diode components. The 

cost of synchronous rectification in our design was the increased number of switching 

cycles by the driver, which meant an increase in the driver’s power dissipation. 

Furthermore, synchronous rectification produced a larger breaking torque because the 

motor’s field collapsed more quickly. In our system, synchronous rectification was 

achieved by turning on the MOSFETs in one of the lower quadrants after the high-side 

MOSFETs on the same side were turned off. In this way, both low-side quadrants would 

be turned on simultaneously and the current produced by the back-EMF would flow in 

the loop created by the motor, the negative supply voltage (i.e. ground), and the channels 

of the transistors in the lower quadrants. The SR bit enabled synchronous rectification 



17 

when set and disabled it when cleared. Because our system always used synchronous 

rectification, the SR bit was tied to the logic supply voltage internal to the Output block. 

The RESET bit was used to enable or disable the driver and to clear the fault flags, 

FF1 and FF2, if they had been previously latched. In our system, the ATtiny26 held the 

RESET bit low for a small delay immediately after powering the system in order to allow 

all of the capacitors, especially the large power supply capacitors, enough time to charge. 

It was important to fully charge all the capacitors before powering the H-Bridge, in-order 

to ensure proper operation. In order to clear the fault flags, the ATtiny26 issued a short 

negative pulse on the RESET bit. 

A truth table summarizing the operation of the Output block is depicted in Table 

4. Note that the PWML and SR bits are not included because they are not controlled in the 

final design. 

 
RESET PHASE PWMH Quadrant Bridge Motor 

A-high A-low B-high B-low 
1 1 1 on off off on driving forward 
1 1 0 off on off on rectifying forward 
1 0 1 off on on off driving reverse 
1 0 0 off on off on rectifying reverse 
0 X X off off off off off off 

 
Table 4: Output Block Truth Table 
 
 

In order to ensure that that the H-Bridge was working safely and correctly, we 

utilized the fault flags available from the driver. The fault flags, FF1 and FF2, are used 

to denote several different types of short-circuit faults or under-voltage conditions. Table 

5 summarizes the operation of the fault flags. 

 
FF1 FF2 Fault Description Disable Bridge Fault Latched? 
Low Low No fault No — 
Low High Short between +MOTOR and ground Yes Yes 
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Low High Short between –MOTOR and supply Yes Yes 
Low High Short between +MOTOR and –MOTOR Yes Yes 
High Low Driver overheated No No 
High High Under-voltage of driver V5 supply Yes No 
High High Under-voltage of driver VREG supply Yes No 
High High Under-voltage of driver bootstrap capacitors Yes Yes 

 
Table 5: Fault Flags 
 
 
The fault flags were fed back to the microcontroller so that the microcontroller could 

either halt execution or reset the fault flags.  

Another major consideration of the Output block was that its transistors produced 

large amounts of heat, which had to be removed to prevent them from damage. Heat 

sinks were used to move this heat away from the transistors more effectively. The heat 

sinks were bonded to the MOSFETs with thermal grease in order to assure a low thermal 

resistance from the junction of the MOSFET to the heat sink. The thermal resistance from 

the MOSFET junction to the ambient air was 10.85°C/W, with 0.75°C/W from the 

junction to the package, 0.5°C/W from the package to the heat sink, and 9.6°C/W from 

the heat sink to the ambient air. Additionally, we invested in MOSFETs with a very small 

source-to-drain on resistance in order to reduce the amount of power, and hence heat, 

dissipated in each MOSFET. The selection of the driver also improved the MOSFET heat 

dissipation: with the Allegro A3941, we were able to use all NMOS type MOSFETs, 

which had a lower source-to-drain resistance than their PMOS counterparts. In order to 

support the use of NMOS transistors on the high side of the bridge, the driver used 

bootstrap capacitors to raise the gate-to-source voltage of the high-side MOSFETs above 

the supply rails. 

The last major feature of the Output block is its programmable jumpers, which 

were inserted into the control signal lines between the Control and Output blocks. The 
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jumpers allowed each of the inputs to the driver to be connected to the microcontroller or 

to either the positive or negative logic supplies. The jumpers, in coordination with the 

programmability of the microcontroller, allowed the behavior of the system to be easily 

changed to suit the long-term needs of our customer.  

 
 
Current Monitor 
 
 

The Current Monitor block measured the amount of current delivered to the motor 

and sent this value to the microcontroller. Accordingly, the microcontroller corrected the 

duty cycle of the PWM signal it sent to the driver in the Output block, thereby stabilizing 

the motor current. This stabilizing process is called “negative feedback”. The motor 

current was converted to a sense voltage, SENSE_IN, via resistors with a low resistance 

and a high power rating. This voltage was then amplified to a usable voltage range, low-

pass filtered, and sent to the analog-to-digital converter (ADC) of the microcontroller. 

The low-pass filter was used to smooth out the voltage signal for the ADC to ensure a 

more accurate reading. The signal fed to the ADC was called ADC_SENSE_IN. 

 
 
Temperature Control 
 
 

The Temperature Control block measured the ambient temperature inside the 

enclosure and disconnected the power to the H-Bridge, RELAY_SIDE, when the ambient 

temperature exceeded the threshold value of 167°F (75°C). The threshold was chosen to 

be 18°F (10°C) below the lowest temperature rating of any of the parts in the design. The 

power remained disconnected until the temperature inside the enclosure decreased below 
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the threshold and the user reset the system via the external pushbutton, RESET_PB. The 

temperature was measured near the heat sinks because the heat sinks were the hottest 

components in the system. A resistive sensor (i.e. thermistor) was used to measure the 

temperature; a Schmitt trigger and a calibration potentiometer were used to evaluate the 

threshold value; and, a relay was used to mechanically disconnect the power to the H-

Bridge. 

 
 
User Interface 
 
 

The user interface (UI) allowed the user to easily determine the state of the 

system. This block used light-emitting diodes (LEDs) to indicate the status of several 

important characteristics. A summary of the LEDs and these characteristics are listed in 

Table 6. Note that FF1 is not monitored by the UI. Referring to Table 5, monitoring only 

FF2 is sufficient in determining all fault conditions, except overheating, which is 

monitored by the Power LED. 

 
LED Color Signals evaluated LED illuminated when… 
Power Green RELAY_SIDE Power is connected to the H-Bridge (i.e. overheating 

has not occurred) 
Forward Orange +MOTOR, -MOTOR Motor is rotating in the forward direction 
Reverse Orange +MOTOR, -MOTOR Motor is rotating in the reverse direction 
Fault Red FF2 FF2 is asserted 

 
Table 6: User Interface 
 
 
 
Chassis 
 
 

Since our motor controller would be used almost exclusively outdoors, we needed 

an enclosure that would protect the internal circuitry from water spray and wind-blown 
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dust or dirt. Additionally, we could not have any electrical components exposed because 

this would produce a safety hazard for the user. The enclosure that we used was made of 

aluminum and was rectangular in shape.  
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IMPLEMENTATION 
 
 
 

After designing our motor controller, we ordered the necessary parts and 

constructed prototypes of each block in our system. We tested the functionality of each 

block and redesigned or made revisions until the functionality of each block was 

satisfactory to us. The details of the block-level testing are not discussed in this paper 

because they largely coincide with the system-level tests that we performed after 

integrating all of the blocks into one system. Once the functionality of all blocks had been 

verified, we ordered the printed circuit board (PCB). Implementation of the final product 

involved assembling the PCB, writing the code for the microcontroller, implementing the 

UI, and building the enclosure.  

We experienced only one major issue during the implementation of the PCB: the 

clearance between the copper planes and the through-holes, near the pads, was too small. 

The small clearance caused several nodes to be shorted to the ground plane when we 

soldered the components onto the PCB. After trouble-shooting the PCB, we were able to 

correct all shorting errors except for FF1; that is, FF1 still remains grounded on our final 

product. We did not correct this error because doing so would have required the removal 

of the bridge driver, which was a small surface mount package with many pins. 

Additionally, the FF1 pin was non-critical and superfluous regarding the functionality of 

the final product. Other relevant issues that we encountered during implementation of the 

PCB were errors in the silkscreen images and references; errors in the footprint of some 

capacitors; errors in the orientation of the programming port; and, a lack of space for 
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some components, especially the power MOSEFETs and the large filtering capacitor for 

the Power Supply block.  

The control code for the microcontroller was written exclusively by Thomas 

Ruggeri. The code is listed in Appendix C.  

The user interface was designed after the implementation of the PCB as a 

secondary requirement for the senior design course. Consequently, the user interface was 

implemented on a protoboard, which was connected to the PCB at available test points or 

on exposed component leads. This implementation was intended to be strictly temporary 

in order to demonstrate the UI functionality for testing purposes. In subsequent revisions 

of the PCB layout, the UI would need to be integrated onto the PCB. 

We decided not to implement the enclosure because there were still many 

revisions to be made to the PCB. In addition to correcting the layout errors mentioned 

above, we also would have needed to integrate the UI onto the PCB. Consequently, it did 

not make sense to design an enclosure that we would have had to immediately redesign 

and re-implement after correcting the layout issues. Upon completion of the project, our 

group corrected all known layout issues and submitted the new PCB plans, as well as the 

plans for the assembled PCB, to our customer. Furthermore, we ordered an enclosure that 

our customer could use with the new PCB plans. To implement the enclosure, our 

customer would need to cut holes in the enclosure for the power connections, the PWM 

input, the motor terminals, the UI LEDs, and the pushbutton. He would need to take extra 

care in assuring tight seals around the openings in order to maintain the waterproofing of 

the enclosure.   
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TESTING 
 
 
 

The results of the system-level tests and their corresponding system requirements 

are listed in Table 7. The procedures for each test are listed in Appendix E.  

 
 Test Name Description of Associated Requirement Result 
1. Channel Quantity The system must support at least four channels (i.e. 

interfaces for up to four motors). 
Complete 

2. Control Input Each channel must be individually controlled via a single, 
pre-defined, pulse-width modulated (PWM) signal.  

Complete 

3. Central Controller 
Power Supply 

The system must provide terminals for a 12V DC supply for 
the robot’s central controller. 

Complete 

4. Cost of Materials The cost of all materials in the final design must be less than 
$125 per channel. 

$101.12 

5. Load Current The motor channels must drive each motor up to 40 Amps 
under normal operation.  

40Amps for 
10 seconds 

6. Fault Protection The system must be able to protect itself from short-circuit 
or over-current conditions at the motor terminals. 

Complete 

7. External 
Protection 

The system must be contained to prevent damage to the 
system and to provide safety for its operator(s). 

Pending 

8. Overheating 
Protection 

The system must be able to prevent malfunctions or 
permanent damage due to overheating. 

Complete 

9. Programming 
Interface 

The system must provide an interface in order to easily 
program the microcontroller (i.e. without needing to remove 
the microcontroller) 

Complete 

10. User Interface The system must provide a user interface that indicates the 
power connection, motor direction, and any fault conditions. 

Complete 

 
Table 7: System-level Test Results 
 
 

The purpose of the Channel Quantity test was to ensure that each channel was 

completely implemented before handing our project over to our customer. Although we 

only implemented one single-channel motor controller, our design could easily be 

reproduced to support a four-channel system. For a four-channel system, ERC’s central 

controller would need to supply four different PWM signals, one for each channel. 

The purpose of the Control Input test was to ensure that our system could function 

properly with ERC’s existing central controller. The motor controller successfully 
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responded to the input signal by stopping, rotating forward, and rotating in reverse as 

directed.  

The purpose of the Central Controller Power Supply test was to ensure that our 

system provided a means of powering the central controller of the robot. This test was 

trivial because we only needed to add an extra set of screw terminals at the point at which 

the battery was connected to our board.  

The purpose of the Cost of Materials test was to ensure that our motor controller 

was competitively priced and therefore a viable solution for ERC. The final cost of 

materials for our product was $101.12. Except for the cost of the PCB, the cost of each 

item was based on a 100-quantity order as per the request of our customer. When 100-

quantity orders were not available, we used the next lowest bulk quantity order available. 

The cost figure did not include costs such as labor, markup, manufacturing, shipping, etc. 

The purpose of the Load Current test was to ensure that the motor controller could 

sustain enough current to drive the robot when it is fully loaded with golf balls. Our 

motor controller was able to deliver 40 Amps to the motor for at least ten seconds.  

The purpose of the Fault Protection test was to ensure that our motor controller 

would not malfunction and not be damaged if the user happened to short the motor 

terminals. Our motor controller automatically disabled the H-Bridge and illuminated the 

fault LED in the UI when the motor terminals were shorted. 

The purpose of the External Protection test was to ensure that the enclosure that 

we selected was a viable enclosure, one that was waterproof and dustproof and one that 

our customer would be able to use with the revised PCB plans. Although the test that we 
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conducted for the External Protection requirement was successful, the requirement 

remains to be fulfilled because our final product was not enclosed 

The purpose of the Overheating Protection test was to ensure that the heat 

produced by the power MOSFETs would not destroy any of the components in the 

system. The motor controller successfully disabled the power to the H-Bridge when the 

threshold temperature was exceeded and the controller re-enabled power when the 

pushbutton was pressed. 

The purpose of the Programming Interface test was to ensure that the user could 

easily program the microcontroller without needing to remove the microcontroller or 

without needing to access any of the electronics inside the motor controller. The 

programming interface allowed the user to the easily program the microcontroller in this 

manner. 

The purpose of the User Interface test was to accurately inform the user of the 

state of the system. The UI successfully indicated the state of the power connection (i.e. 

the relay), the direction of motor rotation, and the occurrence of a fault. 
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CONCLUSION 
 
 
 

Upon handing the product over to our customer, my team and I had successfully 

designed, implemented, and documented a working motor controller to suit the 

customer’s needs. As a result of this project, I gained valuable experience working in an 

engineering design team, completing a product to meet customer specifications within a 

product development cycle. I also gained technical knowledge that both reinforced and 

complemented the material that I learned in class. Additionally, I was able to provide 

guidance for ERC concerning cost and complexity in order to realize the final product. 

Finally, all these results were valuable for my future career and have given me experience 

to be successful in that endeavor. This project was very enjoyable for me and I would 

certainly consider a career in discrete circuit design. 
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APPENDIX A: RESEARCH RESULTS 
 
 
 

Model* Manufacturer Cost Nominal 
Operating 
Voltage 

Number 
of 
Channels 

Maximum 
Continuous 
Load Current 
per channel  

Cooling 
Method 

Current 
Regulation:  
via Temperature / 
via Current 

Control Inputs** per channel:  
Qty / Type*** / Variables 

AX2550  
[1] 

Roboteq $495.00 40V 2 60A Conduction Yes / Yes 1 / 0-5V Analog / Throttle-Direction 
Mixed (Tank style available when 
combining channels)   

PRO-120 
Mark 2 
[5] 

4QD $196.33 12V, 24V, 
or 36V 

1 30A Conduction Yes / No 1 / 0-3V Analog / Throttle 
1 / 0-Vbattery Digital / Enable 
1 / 0-Vbattery Digital / Direction 

RDFR23 
[7] 

Vantec $324.95 5V-30V 2 30A Conduction Yes / No 1 / 0-5V Analog / Throttle-Direction 
Mixed (Tank style available when 
combining channels)   

RS160D 
[2] 

Robot 
Solutions 

$445.00 4V-42V 2 160A Convection 
and  
Conduction 

Yes / Yes 1 / 0-5V Analog / Throttle-Direction 
Mixed (Tank style available when 
combining channels)   

Sabertooth 
2X25  
[3] 

Dimension 
Engineering 

$124.99 6-24V 2 25A Conduction Yes / Yes 1 / 0-5V Analog / Throttle-Direction 
Mixed (Tank style available when 
combining channels)   

Sidewinder 
[6] 

Robot Power $399.00 24V 2 80A Conduction Yes / Yes 1 / 0-5V Analog / Throttle-Direction 
Mixed (Tank style available when 
combining channels)   

Syren 25  
[8] 

Dimension 
Engineering 

$74.99 6V-24V 1 25A Conduction Yes / Yes 1 / 0-5V Analog / Throttle-Direction 
Mixed   

Victor 884 
[4] 

IFI Robotics $99.95 12V  1 40A Convection No / No 1 / PWM / Throttle-Direction Mixed 

*All models are compatible with brushed DC motors. 
**Radio Control (RC), wired serial (e.g. RS-232), and other modes of control other than wired analog or digital control are not listed. 
***All controllers support potentiometer-controlled constant voltage signals or low-pass filtered PWM signals for their analog inputs. 
 
Table A-1: Technology Review 



31 

APPENDIX B: SCHEMATICS 
 
 
 

 
 
Figure B-1: Schematic of Fuse Block 
 
 

 
 
Figure B-2: Schematic of Power Supply Block 
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Figure B-3: Schematic of Control Block 
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Figure B-4: Schematic of Output Block 
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Figure B-5: Schematic of Current Monitor Block 
 
 

 
 
Figure B-6: Schematic of Temperature Control Block 
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Figure B-7: Schematic of User Interface Block 
 
 
  



36 

APPENDIX C: CONTROL CODE 
 
 
 
 
  
/** 
 * @file main.c 
 * 
 * @author Thomas Ruggeri 
 * 
 * @version 1.0 
 * 
 * @section DESCRIPTION  
 *            Code for Edward Robotics Company motor controller. 
 *            Use with Atmel Tiny26 and AVRDude. 
 * 
 * @section REFERENCES 
 *            ds <page_number> refers to a page number from the 
 *            Atmel Tiny26 data sheet found at: 
 *              http://www.atmel.com/dyn/resources/ 
 *              prod_documents/doc1477.pdf 
 *             
 */ 
  
//Included libraries 
#include <avr/interrupt.h> 
#include <stdlib.h> 
 
//Function prototypes 
int main(void); 
void tcnt0Init(void); 
void tcnt1Init(void); 
void adcInit(void); 
void adcStart(void); 
 
/** 
 * tcnt0 init 
 * 
 * @desc Initializes tcnt0 for the following specs: 
 *       * Clock speed = clk (16 MHz) 
 *       * Set Timer0 overflow interrupt 
 */ 
void tcnt0Init() { 
    //ds pg68 
    TCCR0 = (0<<CS02) | (0<<CS01) | (1<<CS00); 
     
    //ds pg 63 
    TIMSK |= (1<<TOIE0); 
} 
 
/** 
 * Timer 0 overflow 
 * 
 * Done when Timer0 counter overflows. 
 */ 
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  ISR(TIMER0_OVF0_vect) { 
    static uint8_t count=0; 
     
    //Provides a three second delay on start up. 
    if (count>7) { 
        // Start adc unit. 
        adcStart(); 
         
        //ds pg 63 
        TIMSK |= (0<<TOIE0); 
    } 
    count++; 
} 
 
/** 
 * tcnt1 init 
 * 
 * @desc Initializes tcnt1 for the following specs: 
 *       * Toggle output line A 
 *       * Toggle output line B 
 *       * Enable PWM mode for line A 
 *       * Enable PWM mode for line B 
 *       * Clock speed = clk (16 MHz) 
 *       * Duty cycle for line A and B = 50% 
 *       * Frequency for line A and B = 333.3 KHz 
 * 
 */ 
void tcnt1Init() { 
    //ds pg72 
    TCCR1A = (1<<COM1A0) | (1<<PWM1A) | (1<<COM1B0) | (1<<PWM1B); 
     
    //ds pg73 
    TCCR1B = (1<<CS10); 
     
    //ds pg74 
    OCR1A = 0x18; 
    OCR1B = 0x18; 
    OCR1C = 0x30; 
     
    //ds pg53 
    DDRB |= 0x0f; 
} 
 
/** 
 * adc init 
 * 
 * @desc Initializes the Analog-to-Digital (ADC) unit. 
 */ 
void adcInit() { 
    //ds pg103 
    ADMUX = (1<<ADLAR); 
     
    //ds pg105 
    ADCSR = (1<<ADEN) | (0<<ADFR) | (1<<ADIE); 
} 
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  /** 
 * adc start 
 * 
 * @desc Starts the ADC unit working. 
 */ 
void adcStart() { 
    //ds pg105     
    ADCSR |= (1<<ADSC); 
} 
 
/** 
 * ADC done 
 * 
 * @desc Performed after every ADC function is complete. 
 */ 
ISR(ADC_vect) { 
    // Used to switch between input signal and feedback signal. 
    static uint8_t adcFlag = 0; 
     
    // From feedback signal. 
    if (adcFlag==1) { 
        //ds pg103 
        ADMUX = (1<<ADLAR) | 0x00; 
        if (ADCH > 128) { 
            OCR1A -= -8; 
        } 
        else { 
            //no function 
        } 
        adcFlag = 0; 
    } 
    // From input signal. 
    else { 
        //ds pg103 
        ADMUX = (1<<ADLAR) | 0x06; 
        if (ADCH>140) { 
            //forward 
            PORTB &= 0x0f; 
            OCR1A = ((ADCH-128)>>2)+10; 
            OCR1B = 0xff; 
        } 
        else if (ADCH<116) { 
            //reverse 
            PORTB &= 0x0f; 
            OCR1A = (ADCH>>2)+10; 
            OCR1B = 0xff; 
        } 
        else { 
            //stop 
            PORTB &= 0x0f; 
            OCR1A = 0x00; 
            OCR1B = 0x00; 
        } 
        adcFlag = 1; 
    } 
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    // Restart ADC unit. 
    adcStart(); 
} 
 
/** 
 * Main 
 * 
 * @return int 
 * @desc Performs initial start up, then checks fault flag for 
infinite time. 
 */ 
int main() { 
    // All output except input for current monitoring and input pwm 
    // (A0 and A7) and FF1 and FF2 flags (A2 and A3). 
    DDRA = 0x72; 
    DDRB = 0xFF; 
     
    // Initialize timers and adc unit. 
    tcnt0Init(); 
    tcnt1Init(); 
    adcInit(); 
     
    // Enable interrupts. 
    sei(); 
 
    // Done forever. 
    while (1) { 
        //ds pg11 of 3941 driver 
        // Stop on fault. 
        if ((PINB & 0x08)) { 
            PORTB &= 0x0f; 
            OCR1A = 0x00; 
            OCR1B = 0x00; 
        } 
    } 
} 

Figure C-1: Control Code 
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APPENDIX D: BILL OF MATERIALS 
 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
F1 50 Amp, slow blow fuse 

 
Littelfuse Inc 0299050.ZXNV Digi-Key F1038-ND 1.34 1 1.34 

Total 1.34 
*Unit price based on at most a 100-quantity order 
 
Table D-1: Bill of Materials for the Fuse Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
U1 Buck converter, 5VDC National 

Semiconductor 
LM22672MRE-
5.0/NOPB 

Digi-Key LM22672MRE-
5.0CT-ND 

3.68 1 3.68 

D1 Schottky diode, 2A Fairchild 
Semiconductor 

SS24 Digi-Key SS24FSCT-ND 0.30 1 0.30 

C1 Electrolytic capacitor, 10uF, 
63V 

Panasonic - ECG ECA-1JM100 Digi-Key P5189-ND 0.06 1 0.06 

C2 Ceramic Capacitor, 1uF, 
50V 

TDK Corporation C2012Y5V1H105Z/0.85 Digi-Key 445-3463-1-ND 0.06 2 0.12 

C4 Ceramic Capacitor, 10nF, 
50V 

AVX Corporation 08055C103KAT2A Digi-Key 478-1383-1-ND 0.03 1 0.03 

C5 Electrolytic capacitor, 
100uF, 10V 

Panasonic - ECG EEU-EB1A101S Digi-Key P13455-ND 0.08 1 0.08 

L1 Inductor, 22uH, 6.3A Coiltronics/Div of 
Cooper/Bussmann 

HC9-220-R Digi-Key 513-1349-1-ND 1.59 1 1.59 

U2 Screw Terminal, 6-32 Keystone 
Electronics 

7701 Digi-Key 7701K-ND 0.39 4 1.56 

C26 Electrolytic capacitor, 15mF, 
25V 

Nichicon UVR1E153MRD6 Digi-Key 493-1074-ND 2.43 1 2.43 

Total 9.85 
*Unit price based on at most a 100-quantity order 
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Table D-2: Bill of Materials for the Power Supply Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
U3 ATtiny26 microcontroller Atmel ATTINY26-16PU Digi-Key ATTINY26-

16PU-ND 
1.66 1 1.66 

C8 Ceramic Capacitor, 0.1uF, 
50V 

Murata Electronics 
North America 

RPER71H104K2P1A03B Digi-Key 490-3810-ND 0.10 3 0.30 

C10 Ceramic Capacitor, 1nF, 
100V 

Vishay/BC 
Components 

D102K20Y5PH63L6R Digi-Key 1445PH-ND 0.10 1 0.10 

R6 Resistor, 100k, 5%, 1/4W 
 

Yageo CFR-25JB-100K Digi-Key 100KQBK-ND 0.07 1 0.07 

R1 Resistor, 10k, 5%, 1/4W 
 

Yageo CFR-25JB-10K Digi-Key 10KQBK-ND 0.07 1 0.07 

L2 Inductor, 10uH, 370mA JW Miller A 
Bourns Company 

78F100J-RC Digi-Key M10135-ND 0.12 1 0.12 

J2 Programming header, 5x2 3M Electronic 
Solutions Division 

30310-6002HB Mouser 517-30310-6002 0.35 1 0.35 

n/a IC DIP Socket, 10x2 
 

3M 4820-3000-CP Digi-Key 3M5465-ND 0.17 1 0.17 

Total 2.77 
*Unit price based on at most a 100-quantity order 
 
Table D-3: Bill of Materials for the Control Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
U9 Full Bridge MOSFET 

Driver 
Allegro 
Microsystems Inc 

A3941KLPTR-T Digi-Key 620-1236-1-ND 3.53 1 3.53 

Q6 NMOS, 75A International 
Rectifier 

IRF1404ZPBF Digi-Key IRF1404ZPBF-ND 2.14 8 17.12 

D3 Diode, 1A Fairchild 
Semiconductor 

1N4004 Digi-Key 1N4004FSCT-ND 0.08 1 0.08 

R4 Resistor, 3.01k, 1% Stackpole 
Electronics Inc 

RMCF 1/10 3.01K 1% R Digi-Key RMCF1/103.01KFRCT-
ND 

0.02 1 0.02 
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R10 Resistor, 10k, 1% Stackpole 
Electronics Inc 

RMCF 1/10 10K 1% R Digi-Key RMCF1/1010KFRCT-
ND 

0.02 2 0.04 

R12 Resistor, 28k, 1% Stackpole 
Electronics Inc 

RMCF 1/10 28K 1% R Digi-Key RMCF1/1028KFRCT-
ND 

0.02 1 0.02 

R3 Resistor, 130k, 1% Rohm 
Semiconductor 

MCR10EZPF1303 Digi-Key RHM130KCRCT-ND 0.03 1 0.03 

R2 Resistor, 374K, 1% 
 

Panasonic - ECG ERJ-6ENF3743V Digi-Key P374KCCT-ND 0.05 1 0.05 

C19 Ceramic Capacitor, 0.1uF, 
10%, 25V 

Kemet C0805C104K3RACTU Digi-Key 399-1168-1-ND 0.03 7 0.21 

C23 Ceramic Capacitor, 
0.47uF, 10%, 16V 

TDK Corporation C2012X7R1C474K Digi-Key 445-1357-1-ND 0.21 3 0.63 

C21 Ceramic Capacitor, 
10.0uF, 10%, 16V 

Taiyo Yuden EMK212BJ106KG-T Digi-Key 587-1295-1-ND 0.30 1 0.30 

C25 Ceramic Capacitor, 
1000uF, 20%, 35V 

Panasonic - ECG ECA-1VM102 Digi-Key P5169-ND 0.38 1 0.38 

J8 40-pin Male Header 
 

Tyco Electronics 4-103741-0 Digi-Key A26509-40-ND 1.08 1 1.08 

U10 Screw Terminal, 6-32 Keystone 
Electronics 

7701 Digi-Key 7701K-ND 0.39 2 0.78 

n/a Screw 4-40, 1/4" B&F Fastener 
Supply 

PMS 440 0025 SL Digi-Key H142-ND 0.03 8 0.24 

n/a Nut 4-40 B&F Fastener 
Supply 

HNZ440 Digi-Key H216-ND 0.01 8 0.08 

Total 24.59 
*Unit price based on at most a 100-quantity order 
 
Table D-4: Bill of Materials for the Output Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
U7 OpAmp, 

instrumentation 
Analog Devices Inc AD8223ARZ Digi-Key AD8223ARZ-ND 1.53 1 1.53 

Q1 Diode, Zener, 5.6V Fairchild 
Semiconductor 

MMBZ5232B Digi-Key MMBZ5232BFSCT-
ND 

0.12 1 0.12 
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C7 Ceramic Capacitor, 
0.1uF, 50V 

Murata Electronics 
North America 

RDEE41H104M0K1C03B Digi-Key 490-5388-ND 0.07 2 0.14 

C6 Tantalum Capacitor, 
10uF, 10%, 10V 

Vishay/Sprague 293D106X9010A2TE3 Digi-Key 718-1121-1-ND 0.22 1 0.22 

R5 Resistor, 10k, 5% Stackpole 
Electronics Inc 

RMCF 1/8 10K 5% R Digi-Key RMCF1/810KJRCT-
ND 

0.02 1 0.02 

R30 Resistor, 845, 1% Rohm 
Semiconductor 

MCR10EZPF8450 Digi-Key RHM845CRCT-ND 0.03 1 0.03 

R31 Resistor, 5m, 1%, 2W Ohmite MCS3264R005FER Digi-Key MCS3264R005FERCT-
ND 

0.32 4 1.28 

Total 3.34 
*Unit price based on at most a 100-quantity order 
 
Table D-5: Bill of Materials for the Current Monitor Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
Q3 PMOS, 270mA Vishay/Siliconix BS250KL-TR1-E3 Digi-Key BS250KL-TR1-E3CT-

ND 
0.45 2 0.90 

Q4 NMOS, 200mA Fairchild 
Semiconductor 

2N7000 Digi-Key 2N7000FS-ND 0.20 1 0.20 

U4 Schmitt Trigger, 
inverting 

Fairchild 
Semiconductor 

CD40106BCN Digi-Key CD40106BCN-ND 0.42 1 0.42 

D2 Diode, 1A Fairchild 
Semiconductor 

1N4004 Digi-Key 1N4004FSCT-ND 0.08 1 0.08 

K1 Relay, 70A Panasonic Electric 
Works 

CB1AH-P-12V Digi-Key 255-2177-ND 4.03 1 4.03 

R7 Thermistor, 10K 
(R/T No. 2904) 

EPCOS Inc B57164K103J Digi-Key 495-2080-ND 0.41 1 0.41 

R8 Resistor, 100k, 1%, 
1/4W 

Stackpole 
Electronics Inc. 

RNF 1/4 T1 100K 1% R Digi-Key RNF1/4T1100KFRCT-
ND 

0.05 1 0.05 

R9 Potentiometer, 10k, 
linear 

Murata Electronics 
North America 

PV36W103C01B00 Digi-Key 490-2875-ND 0.59 1 0.59 

C11 Ceramic Capacitor, 
0.22uF, 10% 

Kemet C320C224K5R5TA Digi-Key 399-4288-ND 0.28 1 0.28 
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J3 Pushbutton, SPST, NC 
 

E-Switch RP3502BRED Digi-Key EG1931-ND 2.13 1 2.13 

Total 9.09 
*Unit price based on at most a 100-quantity order 
 
Table D-6: Bill of Materials for the Temperature Control Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
Q14 NMOS, 200mA Fairchild 

Semiconductor 
2N7000 Digi-Key 2N7000FS-ND 0.20 1 0.20 

D6 LED, 20mA, Green 
 

Panasonic - SSG LN31GPH Digi-Key P375-ND 0.22 1 0.22 

D4 LED, 20mA, Orange 
 

Panasonic - SSG LN81RPH Digi-Key P373-ND 0.23 2 0.46 

D7 LED, 20mA, Red 
 

Panasonic - SSG LN21RPH Digi-Key P374-ND 0.17 1 0.17 

R16 Resistor, 487 , 1%, 1/4W 
 

Yageo MFR-25FBF-487R Digi-Key 487XBK-ND 0.11 1 0.11 

R14 Resistor, 95.3 , 1%, 1/4W 
 

Yageo MFR-25FBF-95R3 Digi-Key 95.3XBK-ND 0.11 1 0.11 

R15 Resistor, 124, 1%, 1/4W 
 

Yageo MFR-25FBF-124R Digi-Key 124XBK-ND 0.11 1 0.11 

Total 1.38 
*Unit price based on at most a 100-quantity order 
 
Table D-7: Bill of Materials for the User Interface Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price* Qty. Extended 
n/a Aluminum enclosure,  

7" x 5" x 3" 
Bud Industries CU-3008-A Digi-Key 377-1095-ND 9.86 1 9.86 

n/a Heat sinks, TO-220, 10W 
 

Aavid Thermalloy 507222B00000G Digi-Key HS114-ND 0.37 8 2.96 

n/a Thermal grease, 4 grams Wakefield 120-SA Digi-Key 345-1006-ND 2.94 1 2.94 
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Thermal Solutions 
Total 15.76 

*Unit price based on at most a 100-quantity order 
 
Table D-8: Bill of Materials for the Chassis Block 
 
 

Ref Item Manufacturer Manufacturer No. Vendor Vendor No. Unit Price Qty. Extended 
n/a PCB, 2-plane , 1-oz. CU Advanced 

Circuits 
n/a n/a n/a 33.00 1 33.00 

Total 33.00 
 
Table D-9: Bill of Materials for the PCB 
 
 

Block Extended 
Fuse 1.34 
Power Supply 9.85 
Control 2.77 
Output 24.59 
Current Monitor 3.34 
Temperature Control 9.09 
User Interface 1.38 
Chassis 15.76 
PCB 33.00 
Total system cost 101.12 

 
Table D-10: Total System Cost 
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APPENDIX E: SYSTEM-LEVEL TESTS 
 
 
 
Channel Quantity Test 
 
 
• Procedure: For each channel implemented, compare the final implementation to the 

final schematic. 

• Pass Condition: All electrical components from the schematic are included in the 

final circuit, and, all electrical components are electrically connected, and, no extra 

electrical components are present. 

• Fail Condition: One or more electrical components from the schematic are not 

included in the final circuit, or, one or more electrical components are not electrically 

connected, or, extra electrical components are present. 

 
 
Control Input Test 
 
 
• Procedure:  

1. Connect a 12V DC supply voltage and a brushed DC motor to the motor 

controller.  

2. Set up a function generator to produce a PWM signal of input PWM 

specification frequency (i.e. 20kHz) and 75% duty cycle.  

3. Apply the PWM to the channel control input of the motor controller.  

4. Assert that the motor rotates. 

5. Change the PWM duty cycle to 25%.  

6. Assert that motor rotates in the opposite direction. 
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7. Change the PWM duty cycle to 50%.  

8. Assert that motor stops rotating. 

• Pass Condition: All assert conditions in the test procedure are true. 

• Fail Condition: One or more of the assert conditions in the test procedure are false. 

 
 
Central Controller Power Supply Test 
 
 
• Procedure: Connect a 12V DC power supply to the motor controller. Using a 

voltmeter, probe the supply connections for the central controller and then the supply 

connections of the motor controller. 

• Pass Condition: The voltage readings are the same and the central controller 

terminals are sturdily built. 

• Fail Condition: Either the voltage readings are not the same or the central controller 

terminals are not sturdily built.  

 
 
Cost of Materials Test 
 
 
• Procedure: For each channel, compare the final implementation to the final bill of 

materials. 

• Pass Condition: All parts from the bill of materials are included in the final circuit, 

and, all parts included in the final circuit are listed in the bill of materials, and, the 

total cost of materials is less than or equal to $125.00. 
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• Fail Condition: One or more parts in the bill of materials are not included in the final 

circuit, or, one or more parts in the final circuit are not included in the bill of 

materials, or, the total cost of the materials is greater than $125.00. 

 
 
Load Current Test 
 
 
• Procedure:  

1. Connect a 12V, 40A DC supply and an M4-R0062-12 First CIM motor to the 

motor controller. (This motor is the motor used by the customer for his robot). 

2. Secure to motor’s shaft to prevent it from rotating. 

3. Drive the motor up to 40A and hold the load current steady for 10 seconds. 

• Pass Condition: The motor controller delivers 40A to the motor for at least 10 

seconds and the motor controller is not damaged as a result of the test. 

• Fail Condition: Either the motor controller does not supply 40A to the motor for at 

least 10 seconds or the motor controller is damaged as a result of the test. 

 
 
Fault Protection Test 
 
 
• Procedure:  

1. Connect a 12V DC supply voltage to the motor controller and short the motor 

terminals. 

2. Increase the duty cycle of the PWM signal from the Control block to the 

Output block (i.e. PWMH) from 0% to 100%.  
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• Pass Condition: The motor controller’s driver (i.e. the Allegro A3941) disables the 

bridge and issues a fault before any damage to the motor controller occurs. 

• Fail Condition: Either the motor controller’s driver does not disable the bridge or 

does not issue a fault before any damage to the motor controller occurs. 

 
 
External Protection Test 
 
 
• Procedure:  

1. Place the enclosure in a sealable container that is approximately 12 cubic feet 

in volume.  

2. Place one cup of dirt, one cup of bark, and one cup of grass in the container. 

3. Place a small fan in the container.  

4. Close the container and turn on the fan. Wait 5 minutes and then turn off the 

fan. 

5.  Open the container and remove the enclosure. Clean off the exterior of the 

enclosure and then open it. 

6.  Remove and weigh all lose particulates inside the enclosure and close the 

enclosure.  

7. Subject the enclosure to directed water spray for 10 seconds from a misting 

water source.  

8. Dry the exterior of the enclosure and then open it. 

9.  Remove and measure all water collected in the enclosure. 

• Pass Condition: The particulates found inside the enclosure measure less than 0.5 

grams and the water collected from inside the enclosure measures less than 1 mL. 
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• Fail Condition: Either the particulates found inside the enclosure measure more than 

0.5 grams or the water collected from inside the enclosure measures more than 1 mL. 

 
 
Overheating Protection Test 
 
 
• Procedure:  

1. Connect a 12V DC power supply to the motor controller and assure that the 

relay contacts are closed. 

2. Set a heat oven to 167°F (75°C) and wait until the temperature stabilizes. 

3. Place the PCB into the heat oven and monitor the state of the relay contacts. 

• Pass Condition: The relay contacts open some time after inserting the PCB in the 

oven. 

• Fail Condition: The relay contacts never open after inserting the PCB in the oven. 

 
 
Programming Interface Test 
 
 
• Procedure:  

1. Connect the external programmer to the programming header on the motor 

controller.  

2. Download the test program to the motor controller’s microcontroller.  

3. Examine the behavior of the output pin indicated in the header of the test 

program. 

4. Compare the behavior of the pin with the behavior expected, as prescribed in 

the header of the test program.  
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• Pass Condition: The program downloads successfully and the behavior of the pin is 

correct (i.e. the duty cycle of the signal at the pin ramps up and down). 

• Fail Condition: Either the program does not download successfully or the behavior of 

the pin is incorrect. 

 
 
User Interface Test 
 
 
• Procedure:  

1. Connect a 12V, 40A DC supply and an M4-R0062-12 First CIM motor to the 

motor controller. (This motor is the motor used by the customer for his robot). 

2.  Assert that when the relay closes, the "Power" LED illuminates.  

3. Drive the motor "forward" such that the PHASE bit (TP7) is HIGH.  

4. Assert that when the motor rotates forward, the "Forward" LED illuminates. 

5. Drive the motor in "reverse" such that the PHASE bit (TP7) is LOW.  

6. Assert that when the motor rotates in reverse, the "Reverse" LED illuminates.  

7. Stop the motor. 

8. Assert that neither the "Forward" nor "Reverse" LEDs are illuminated.  

9. Disconnect the power to the motor controller, short the motor terminals, and 

reconnect the power. 

10. Drive the motor until the driver (i.e. Allegro A3941) disables itself via its fault 

protection. 

11. Assert that when the A3941 disables itself, the "Fault" LED illuminates. 

• Pass Condition: All assert conditions in the test procedure are true. 

• Fail Condition: One or more of the assert conditions in the test procedure are false.
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APPENDIX F: PRODUCT PHOTOS 
 
 
 

 
 
Figure F-1: Assembled PCB, Top View 
 
 

 
 
Figure F-2: Additional capacitor to be added in the next layout revision 
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Figure F-3: Assembled PCB, Bottom View 
 
 

 
 
Figure F-4: User Interface Prototype 
 
 
  



 

 
 


