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Executive Summary 
ECE Team 9 and ME Team 2 worked in tandem to prototype a ‘hotel system of charging’ in an electric vehicle. 

A ‘hotel system of charging’, as defined by the project sponsor, Dr. Michael Hays of Cummins, Inc., is a potential 

future battery management system that would allow truck drivers to avoid leaving their engines on overnight 

to recharge their truck batteries, as the system would automatically start and stop the engine to recharge it as 

needed. The design teams were tasked with implementing a Cummins, Inc. generator into the electric vehicle, 

and to use it to recharge the batteries while the vehicle is in operation. In addition, the design teams were to 

extend the operable temperature range of the vehicle down to -29°C. 

The design teams accomplished these goals by dividing the main problem into subtasks and developing 

solutions for each. In this manner, the design teams selected an appropriate generator and mounted it 

unobtrusively into the vehicle, devised a battery-heating scheme using heating pads, and modified the existing 

vehicle circuitry to accommodate the new battery charging system. The design teams programmed a 

microcontroller to activate each component as needed using transistor-controlled current relays. The electric 

vehicle is thus capable of activating its generator via the microcontroller, and the microcontroller furthermore 

decides whether to activate the heating pads (if the system temperature is below an acceptable boundary) or  

the charger (if the battery state of charge is below an acceptable boundary). The microcontroller determines 

what systems to activate based on input from temperature sensor connected to the batteries, a voltage divider 

signal connected to the batteries, and a current sensor in series between the battery charger and the battery 

pack. 

The design teams rewired the vehicle circuitry so that when the generator activates, it always assumes 

responsibility for driving the vehicle, with the batteries becoming completely disconnected from the motor to 

minimize the change of their becoming damaged. As a side effect of the small generator size necessary to fit in 

the vehicle, this means that when the generator is active, the vehicle is limited to only approximately 6mph. 

Near the end of the project, the design teams realized that their chosen method for reading the battery of 

state of charge could not function as implemented. With too little time left to fix it, a temporary solution was 

installed instead at the sponsor’s suggestion in the form of a manual switch for activating and deactivating the 

generator. While this prevents the design from being truly automatic, it is a feature that can be fixed by future 

design teams. However, the design teams are satisfied in their work, as all other systems have been tested and 

verified to function, and the vehicle is capable of running from the batteries or from the generator.   



Spring 2016 Team 9 – Battery Management System Final Report 
 

3 
 
 

Acknowledgments 
ECE Team 9 thanks Dr. Michael Hays and Cummins, Inc. for sponsoring this design project and helping these 

teams develop and implement their design solutions. The budget for this project came in great part from them, 

and they directly provided some of the critical components –the electric vehicle, the generator, the power 

supplies– needed to make this design work.  

ECE Team 9 also thanks Dr. Rajendra Arora, Dr. Pedro Moss, Dr. Hui Li, and Dr. Jerris Hooker for their advice on 

developing the project, their willingness to help, and their feedback on the team’s presentations. Through their 

help, the team gained the feedback it needed to proceed more smoothly through the project. 

Finally, ECE Team 9 acknowledges ME Team 2, the sister team assigned to this project. ECE Team 9 and ME 

Team 2 worked together for the duration of the project, and are proud of their mutual accomplishments.  



Spring 2016 Team 9 – Battery Management System Final Report 
 

4 
 
 

Contents 
Executive Summary ............................................................................................................................................... 2 

Acknowledgments ................................................................................................................................................ 3 

Table of Figures ..................................................................................................................................................... 5 

Table of Tables ...................................................................................................................................................... 6 

Chapter I: Introduction ......................................................................................................................................... 7 

Project Definition .............................................................................................................................................. 7 

Design Requirements and Objectives ............................................................................................................... 7 

Problem Statement ....................................................................................................................................... 7 

Operating Environment ................................................................................................................................ 7 

Intended Use ................................................................................................................................................. 7 

Limitations .................................................................................................................................................... 7 

Background Research ....................................................................................................................................... 8 

Batteries in Cold Usage ................................................................................................................................. 8 

Charging and Discharging ............................................................................................................................. 8 

End Product ...................................................................................................................................................... 8 

Chapter II: System Design ................................................................................................................................... 10 

Quality Function Deployment (QFD)............................................................................................................... 10 

Design Solutions .............................................................................................................................................. 11 

Final Design ..................................................................................................................................................... 12 

Chapter III: Design of Major Components .......................................................................................................... 13 

Generator Selection and Installation .............................................................................................................. 13 

Temperature Range Extension ....................................................................................................................... 14 

Charging System ............................................................................................................................................. 15 

Power System ................................................................................................................................................. 16 

Control Circuit ................................................................................................................................................. 17 

Chapter IV: Test Plan ........................................................................................................................................... 20 

Cold weather testing ....................................................................................................................................... 20 

Microcontroller testing ................................................................................................................................... 20 

Control Circuit ................................................................................................................................................. 21 

Chapter V: Project Schedule ............................................................................................................................... 22 

Chapter VI: Budget .............................................................................................................................................. 24 

Chapter VII: Conclusion ....................................................................................................................................... 25 



Spring 2016 Team 9 – Battery Management System Final Report 
 

5 
 
 

References .......................................................................................................................................................... 26 

Appendix A: Major Components......................................................................................................................... 27 

Link to Electric Vehicle Maintenance Manual................................................................................................. 27 

Current Microcontroller Code ........................................................................................................................ 27 

Generator Data Sheet ..................................................................................................................................... 34 

Battery Charger Data Sheet ............................................................................................................................ 38 

Power Supply Data Sheet ................................................................................................................................ 45 

Generator Battery Data .................................................................................................................................. 49 

Main Battery Data Sheet ................................................................................................................................. 50 

Appendix B: Test Plan Documentation ............................................................................................................... 52 

Temperature Sensor Tests .............................................................................................................................. 52 

Current Sensor Tests ....................................................................................................................................... 53 

Voltage Sensor Tests ....................................................................................................................................... 54 

Appendix C: Initial Gantt Chart ........................................................................................................................... 55 

Appendix D: Final Gantt Chart ............................................................................................................................ 56 

Appendix E: Final Budget .................................................................................................................................... 57 

 

Table of Figures 
Figure 1: Battery Charger Operation over Time ................................................................................................... 9 

Figure 2: House of Quality (HoQ) Diagram ......................................................................................................... 10 

Figure 3: Final System Block Diagram ................................................................................................................. 11 

Figure 4: Mounted Generator ............................................................................................................................. 13 

Figure 5: Heating Pads in Vehicle ........................................................................................................................ 15 

Figure 6: Heating Pad and Charger Circuit .......................................................................................................... 16 

Figure 7: Power Circuit ........................................................................................................................................ 17 

Figure 8: Microcontroller Sensor Inputs ............................................................................................................. 18 

Figure 9: Control Circuit ...................................................................................................................................... 19 

Figure 10: Control System State Diagram ........................................................................................................... 19 

Figure 11: Budget Pie Chart ................................................................................................................................ 24 

Figure 12: Temperature Sensor Testing - High Range ........................................................................................ 52 

Figure 13: Temperature Sensor Testing - Low Range ......................................................................................... 52 

Figure 14: Current Sensor Testing ...................................................................................................................... 53 

Figure 15: Voltage Sensor Testing....................................................................................................................... 54 

 



Spring 2016 Team 9 – Battery Management System Final Report 
 

6 
 
 

Table of Tables 
Table 1: Temperature Pugh Chart - Compare to Exhaust ................................................................................... 14 

Table 2: Charger Pugh Chart - Compare to Using Present Charger .................................................................... 15 

 

  



Spring 2016 Team 9 – Battery Management System Final Report 
 

7 
 
 

Chapter I: Introduction 

Project Definition 
Tractor-trailer drivers often need to sleep in their truck cabins, either due to lack of accommodations, to save 

money, or for simple convenience. Since the drivers typically need to use the cabin’s heating and cooling 

systems, and because they don’t want to drain the battery overnight, they usually leave the truck’s engine on 

at night, causing it to idle the entire time. This action wastes fuel and causes wear on the engine, making it a 

non-ideal solution. In response, Cummins, Inc., is investigating the development of a ‘hotel system of charging’ 

to implement as part of an engine package. This system would be a battery management system, whereby a 

microcontroller would control the periodic activation of the engine to recharge the battery as its state of charge 

decreases, or if the ambient temperature makes it impractical to use the battery. Under this system, drivers 

may safely turn off their engines at night and power their systems through the truck battery, knowing that the 

engine will activate as necessary to reactivate the battery and then shut off again. 

Dr. Michael Hays of Cummins, Inc. has provided the design teams with an electric vehicle, which the design 

teams will use to develop a prototype, proof-of-concept design for the system outlined above. 

Design Requirements and Objectives 

Problem Statement 
Dr. Michael Hays has specified that the purpose of this project is to simulate a ‘hotel system of charging’ by 

using an electric vehicle’s battery pack and an attached generator, both provided by Cummins, Inc. The 

requirements are relatively simple: the electric vehicle must use its battery pack as its main power source, but 

once the battery pack state of charge is too low, a generator –attached by the design teams– must activate 

during the vehicle operation, providing power to recharge the batteries. In addition, the vehicle needs to be 

temperature-proofed, allowing it to be used down to -29°C. The final system should be tested for functionality 

and compared against the original design. The most emphasized point of the design requirements is that the 

electric vehicle must be able to charge and operate simultaneously. 

Operating Environment 
As defined by the sponsor, the electric vehicle must be capable of functioning in an environment with an 

ambient temperature down to -29°C. However, this vehicle is not intended for road use due to its experimental 

nature and its slow speed when using its generator. The vehicle in no circumstances should be operated 

indoors, as its propane generator generates carbon monoxide and the propane tank itself poses a fire hazard. 

Intended Use 
This design project is a prototype of a battery management system later intended to be implemented in tractor-

trailers. As such, the electric vehicle itself is not intended to have any use or functionality as anything other 

than a prototyping platform. Future teams may use the vehicle to inform the design of a battery management 

system for truck engines, as desired by the sponsor. 

Limitations 
The electric vehicle is not a perfect prototype of a tractor-trailer engine system due to the reduced output of 

the generator in the vehicle compared to a truck alternator. In addition, as mentioned elsewhere in this report, 

the current system is not capable of switching correctly between the natural state (with the generator off) and 

the charging state due to an issue with obtaining the battery state of charge reading. This means that, at 

present, the vehicle cannot operate in a completely automatic manner, requiring a manual switch. 
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Background Research 

Batteries in Cold Usage 
Team research shows that lead-acid batteries, the type of battery used in the vehicle, do not perform well at 

very low temperatures [1]. In fact, the electrolytes in lead-acid batteries freeze at very low temperatures such 

as -40℃, especially in the discharged state, which causes permanent, irreversible damage as the case gets 

cracked and the electrolyte leaks out [1]. However, there do exist battery chemistries that can work at these 

low temperatures, if only with greatly lowered efficiency. Lithium-based battery chemistries are the most 

promising, though even these are not ideal [1][2]. Other battery chemistries with promising low-temperature 

characteristics include magnesium-ion batteries (though these are largely still in development), and various 

nickel-based chemistries: NiCd, NiZn, and NiMH [1][3]. 

It should be noted that batteries, regardless of type, lose a great deal of efficiency at low temperatures. This is 

partly because cold conditions increase the internal resistance of the material in the battery (partly through 

reduced reaction rate), reducing the voltage and current (and thus power) seen by the load. The material in 

the battery can be affected by the temperature as well, though the effect would depend on the specific battery 

chemistry [1][3]. 

Charging and Discharging 
Similar to how batteries can only operate safely and efficiently within a certain range of temperatures, the act 

of battery charging must also be performed within a temperature range to prevent damage to the battery or 

charging system. Lead-acid batteries can generally discharge safely between -20°C and 50°C, but at lower 

temperatures, charging can be a more delicate process. For this reason, charging should ideally take place 

between -10°C and 30°C for optimal charging time [4]. 

‘Smart’ battery chargers, such as the one used in this design, are active in one of two modes: constant current 

(CC) and constant voltage (CV). For the majority of the charging process, the battery charger will maintain a 

constant current to the batteries, charging them quickly within 5 to 8 hours for a 70% to 80% charge. For the 

remaining charging process, the charger may take an additional 7 to 10 hours, where it applies a constant 

voltage across the battery terminals. CV-mode charging is slower than CC-mode charging, but it is necessary to 

perform to avoid overcharging or otherwise damaging the batteries [4]. An illustration of the CC-mode and CV-

mode charging is shown in Figure 1 on the next page. 

As a final note, the teams’ research has showed that it is important to charge lead-acid batteries after each 

use. This ensures that the sulfuric acid does not crystallize, which may happen if the batteries are stored on a 

low state of charge.  

End Product 
The end product presented by the design teams is a highly-modified version of the original Tomberlin E-Merge 

series electric vehicle acquired at the project inception. The end product features six new 8V lead-acid battery 

packs and a replacement battery charger, and has a Cummins GQ2800 propane-powered generator mounted 

underneath its rear seats. This generator is connected via controllable relays to three loads: heating pads, the 

battery charger, and AC to DC power converters. The heating pads are wrapped snugly around the batteries, 

and are capable of warming them during cold-temperature usage. The AC to DC converter is in turn plugged to 

the vehicle’s DC motor, allowing the generator to power the motor when it is active. 

The control system is the most extensive portion of the modified vehicle. A microcontroller, powered by a 12V 

generator battery, controls the activation of six relays that turn the generator on and off, and relay power to 
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the battery charger or the heating pads (or neither). Two of the relays it controls allow the electric vehicle to 

smoothly switch power sources when the generator activates, disconnecting the batteries from the vehicle 

entirely and allowing the generator to power it instead. The microcontroller makes these relay decision based 

on input it receives from three sensors: a current sensor that detects the battery charger output current, a 

temperature sensor connected to the batteries, and a voltage divider circuit connected to the batteries. 

Unfortunately, the design is not completely automatic, as the teams had hoped. While the voltage divider 

sensor works as intended, the measured voltage across the battery pack can drop significantly when the 

batteries are used to power loads within the vehicle, even though the battery state of charge may remain 

unchanged. This causes the microcontroller to believe that the batteries are in constant need of recharging, so 

the design teams will soon add a manual switch to the design so that a user may activate the generator at will. 

Future design teams may expand upon this system to make it fully automatic by implementing an alternate 

method of determining battery state of charge, such as through Coulomb counting. 

Despite this setback, the end product is largely finished. The design teams have tested all of the electronic 

components and verified that they all work as intended, apart from the switch to the charging state. Although 

the design teams had no time to test the system in a suitable cold-temperature environment, they are 

confident that the design would work in such a situation, and invite future teams to proceed with the cold-

temperature testing. 

 

Figure 1: Battery Charger Operation over Time 
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Chapter II: System Design 

Quality Function Deployment (QFD) 
After the team sponsor informed the teams of the basic problem at hand –the incorporation of an extensive 

battery management system within an electric vehicle, as described in Chapter I–, it was necessary for the 

teams to perform a QFD analysis to determine the most important engineering characteristics for the design. 

The teams performed this analysis using a House of Quality (HoQ) diagram, seen in Figure 2. The teams asked 

the sponsor to rate the importance of six salient qualities (aesthetics, cost, ease of use, reliability, safety, and 

serviceability) from unimportant (a ‘1’ on the scale) to highly important (a ‘5’ on the scale). From these 

qualities, the engineering teams selected seven characteristics to develop for: charge time, cost, durability, 

battery life, noise level, operable temperature range, and weight. 

The sponsor rated ease of use and safe as the most important factors, reliability and serviceability as next 

important, cost as slightly less important, and aesthetics of no importance. From this selection, the teams 

determined that the most important characteristics in the design would be its durability, its battery life, and its 

operable temperature range. 

 

Figure 2: House of Quality (HoQ) Diagram 
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Design Solutions 
Due to the nature of the sponsor’s problem statement, the design offered relatively little room for inventing 

many alternative solutions to the problem. The design teams needed to work their solution around the electric 

vehicle, knowing that it needed to retain its batteries as its main power source and that it needed to 

incorporate a generator to recharge them. It was not possible for the teams to replace the batteries with an 

alternate power source, or to implement different charging options than the required generator, such as solar 

cells or regenerative braking. The only open-ended portions of the project were the design of the charging and 

heating systems, and how the generator would connect to them.  

In this regard, the design teams faced two main options. The first option was to keep the electric vehicle mostly 

intact; the addition of the generator would be seamless in the sense that no major redesign of the existing 

system would be necessary. In this situation, the design teams would plug the vehicle battery charger and 

heating system (if any) to the generator, and when the generator activates, it would provide power to the 

vehicle indirectly through the charger. The vehicle would still draw current from the motor’s connection to the 

batteries, but the batteries would be recharging under generator power, with the charger providing additional 

current to the motor to power it. 

The second major option involved redesigning the way the electric vehicle drew power for its motor. In this 

situation, the heating system and charger would still be connected to the generator, but the generator would 

have an additional connection to the vehicle motor. The batteries would be completely isolated from the motor 

while recharging, and the motor would draw power from its connection to the generator only. The design 

teams conceived of this idea initially as a solution for avoiding placing undue stress upon the charger and the 

batteries, reducing the risk of failure and potentially extending battery life, but the complexity and increased 

cost of this option compared to the other made it an unattractive choice. However, due to a limitation in the 

functionality of the charger system that made the first idea impossible to implement (discussed in more detail 

in Chapter III: Design of Major Components), the design teams chose this idea as the final system design. Figure 

3 below shows the final block diagram of the system design. 

 

Figure 3: Final System Block Diagram 
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As a final note on the design teams’ search for design solutions, it is important to mention the selection of the 

replacement main batteries. When the electric vehicle arrived, its batteries had crystallized. The design teams 

needed to choose between replacing them with the same type of battery or replacing them with a different 

chemistry altogether. The design teams identified two possible alternate battery chemistries: Li-ion and NiCd. 

These battery chemistries offered not only greater energy density, but also had promising low-temperature 

operation characteristics, avoiding the need for a heating system [1][3]. Unfortunately, however, battery packs 

of the size needed for the project in those chemistries were unobtainable with the design teams’ budget, and 

the design teams additionally feared that the on-board charger would be incompatible with the new battery 

type. Due to these factors, the design teams chose to replace the old batteries with similar lead-acid batteries. 

Final Design 
As shown in Figure 3, the final system design relies heavily on the use of a microcontroller to activate the major 

components. The microcontroller is the ‘brain’ of the system, running code that analyzes input from the 

batteries and temperature sensors to determine whether it should activate the generator, as well as which 

switches it should flip. Chapter III: Design of Major Components contains a detailed state diagram of the 

microcontroller operation, and Appendix A: Major Components contains the code it runs. In words, the 

microcontroller is meant to ensure that when the ambient temperature is within the operable range, and when 

the battery state of charge is acceptable, the motor runs on the batteries and the generator is inactive. When 

either condition changes –when the ambient temperature rises above or drops below the acceptable range, or 

when the state of charge becomes unacceptably low–, the microcontroller activates the generator and 

switches the motor to generator power. In this circumstance, it also decides whether to switch the heating 

pads on and, if not, whether to switch the charger on. When the state of charge and ambient temperature 

return to acceptable conditions, the microcontroller deactivates the generator and allows the motor to operate 

from the batteries. A user interface is also included for diagnostics and troubleshooting purposes, displaying 

the voltage across the battery pack, the ambient temperature, and the current sent to the batteries through 

the battery charger. 

A 12V battery supplies power to the microcontroller, and the same battery also activates the generator. The 

design teams installed power converters into the vehicle to convert the generator’s AC output into a DC signal 

that the motor can use. The control signal sent from the batteries to the microcontroller ideally informs the 

microcontroller of the batteries’ state of charge. Unfortunately, this aspect of the design does not yet work, as 

mentioned earlier. The design teams, at the sponsor’s suggestion, used a voltage measurement across the 

batteries as an indication of state of charge, but activating peripherals or pressing the accelerator causes the 

measured voltage across the battery terminals to drop significantly, by up to 30V. This causes the 

microcontroller to believe that the batteries are in need of charging even when their state of charge is 

acceptable. As a result, the microcontroller will have the generator activated at nearly all times, meaning that 

the design is yet unfinished. 

As a quick fix to the problem, at the sponsor’s suggestion, the design teams intend to add a manual control 

switch for the user to activate the generator directly. In this way, when the user notices that the on-board state 

of charge indicator displays a low state of charge, the user may then flip the switch to activate the generator, 

preventing the microcontroller from needlessly activating due to bad inputs. While this has the unfortunate 

effect of rendering the design non-automatic, this only affects one part of the control system. All the other 

components, and the rest of the control programming, are satisfactorily completed, and so there is room for 

future design teams to continue from this point, completing and refining the state of charge measurement to 

make the system truly automatic.  
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Chapter III: Design of Major Components 
With the customer needs analyzed, the design teams next focused on creating a solution that adequately 

satisfied the desired characteristics. The design teams divided the design into several component parts: the 

generator selection and installation (largely overseen by ME Team 2), the temperature range extension, the 

charging system, the power system necessary for the generator to power the motor, and the overall control 

system. The design teams used Pugh charts to inform decision-making regarding the first three sub-problems. 

A Pugh chart compares design options by weighing each option relative to each other in terms of important 

criteria. A ‘+’ in the chart shows an advantage in one option compared to another, a ‘-‘ shows a disadvantage, 

and a ‘0’ shows no difference. The option with the most positive score is generally the best-suited for the 

design. 

Generator Selection and Installation 
The generator used in the final design needed to be capable of supplying enough power to all of the electronic 

systems in the vehicle, in addition to powering the vehicle’s DC motor. It also needed to be small enough for 

the design teams to mount it to the cart, and light enough that it would not bring the vehicle to a weight so 

large that it would significantly reduce the battery life. The design teams explored three possible mounting 

options: attaching the generator to a towed carriage, mounting it in place of the rear seats, or mounting it 

beneath the rear seats. ME Team 2 chose the third option, mounting the generator beneath the rear seats. 

Please refer to the final report submitted by ME Team 2 for a full analysis, including Pugh chart, of the generator 

selection and installation. Figure 4 shows the generator in its mounted position. Its propane tank is not shown 

in the image. 

The generator used in the vehicle, a Cummins GQ2800, has a maximum output current of 20.8A at 120VAC for 

a maximum of 2500W of power. This is less than the 7200W that would be necessary to run the 5000W motor 

and 1200W charger at full load, but due to size and weight constraints, the design teams deemed this an 

acceptable trade-off. 

 

Figure 4: Mounted Generator 
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Temperature Range Extension 
The design teams investigated three different possibilities for extending the vehicle’s temperature range: 

insulating the batteries, diverting generator exhaust to heat them, and wrapping them in electric heating pads. 

The relevant Pugh chart is shown below in Table 1. 

The design teams used the selection criteria of cost, weight, simplicity, safety, and effectiveness to perform 

the comparison, partly informed from the results of the HoQ seen in Figure 2. Cost is an important factor 

because the design teams needed to design the system with a limited budget; low-cost options were therefore 

preferable to higher-cost ones, if possible. Although the HoQ shows that weight is not a very high-ranked 

characteristic in relation to the customer needs, it is still an important consideration due to the need to avoid 

placing excessive strain on the batteries, as explained in the Generator Selection and Installation section above. 

Simplicity is a selection factor because of the design teams’ need to work on a limited schedule of only two 

semesters; complicated solutions necessitate additional time to implement, reducing the time the team has 

available to work on other systems. The design teams used safety as a selection criterion because of its high 

importance in the HoQ in Figure 2. Lastly, the design teams chose effectiveness as a criterion because it is 

important for the design choice to perform its intended role in a satisfactory manner. 

Table 1: Temperature Pugh Chart - Compare to Exhaust 

Criteria Generator Exhaust Heating Pads Insulation 

Cost 0 + + 

Weight 0 + + 

Simplicity 0 + + 

Safety 0 + + 

Effectiveness 0 + 0 

Total Score 0 +5 +4 

 

The Pugh chart analysis showed that heating pads presented the best solution to the problem, and generator 

exhaust the worst. Using generator exhaust to heat the batteries would have been costly, heavy, and complex 

because of the need to purchase tubing to run from the generator to the batteries. It would also have been 

unsafe because of the chance for exhaust fumes to leak into the seating area, and it would have been relatively 

ineffective because of the need to wait for the generator to produce enough waste heat to warm the batteries. 

The reason for which the design teams chose to use heating pads instead of insulation material is due to 

effectiveness: heating pads provide a continuous source of heat, whereas merely insulating the batteries would 

see their temperature slowly drop away. 

Figure 5 shows the heating pads in their final position in the vehicle, seen as the thick black pads wrapped 

around the batteries. Only one heating pad is visible in the image; another heating pad is located underneath 

the one seen on top. Figure 6 shows the location of the heating pads in a circuit diagram implemented in the 

vehicle. The heating pads are both placed in parallel with the generator, as they have an AC input. Their control 

relay is rated to 30A, well over the 20.8A maximum current the generator can output. 
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Figure 5: Heating Pads in Vehicle 

Charging System 
The design and implementation of the charging system presented the greatest challenge in the project. The 

battery charger equipped in the vehicle operates under the assumption that the batteries are not in use while 

charging. Its built-in functionality is to only charge the batteries for as long as it detects that the battery voltage 

is increasing, making it impossible to charge the batteries while they are in use. Using the battery charger as-is 

would therefore require completely disconnecting the batteries from the motor when in need of charging. 

Alternatively, the teams considered replacing the charger with one that would allow the desired functionality, 

recharging the batteries even during use. Under this system, the generator would supply power through the 

new charger to simultaneously recharge the batteries and move the vehicle. The team also considered a third 

option: reprogramming the provided charger so that it would function in the manner desired. This would again 

allow the generator to power the vehicle and charge the batteries by only providing power to the charger, and 

would avoid the added cost of purchasing a new charger. As with the heating system, the teams used a Pugh 

chart to inform the selection of the best option, seen below in Table 2. 

Table 2: Charger Pugh Chart - Compare to Using Present Charger 

Criteria Use Present 
Charger 

Acquire New 
Charger 

Reprogram 
Present Charger 

Cost 0 - 0 

Weight 0 0 0 

Simplicity 0 + 0 

Safety 0 0 - 

Effectiveness 0 0 0 

Total Score 0 0 -1 

 

The Pugh chart analysis shows that of the three options, reprogramming the present charger was the least 

attractive option, mainly due to the safety issue it posed. Namely, if the teams attempted to reprogram the 

charger, they may inadvertently damage the charger, or, worse, override safety features that could later on 

damage the equipment or cause harm to the user. The teams found no clear advantage between the remaining 
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two options: using the present charger had the advantage of reducing the impact on teams’ budget, but 

acquiring a new charger would be far simpler to implement. The teams considered both designs to be equally 

safe: although the teams thought that acquiring a new charger and using it to power the motor through the 

generator had the potential for failure, since it is not meant to be used in that manner, the teams also 

considered the other option potentially failure-prone, since it necessitates adding several relays and cables 

into the design. The teams considered both of these safety risks less significant than the risk associated with 

reprogramming the present charger. 

The design teams chose to use the present charger instead of acquiring a new one. The teams made this 

decision based on two considerations. First was budgetary concern: relatively early in the design process, the 

teams realized that they needed to spend a significant portion of their budget on replacement batteries, 

making it important to conserve as much of the budget as possible. Second was a more practical concern: 

intelligent battery chargers like the one originally installed in the vehicle shut themselves off to prevent 

overcharging the batteries. If the design teams had purchased a ‘dumb’ charger that did not have this 

functionality, they would have made it impractical for the user to charge the vehicle batteries overnight, as the 

new charger would overcharge and thus damage the batteries. 

Figure 6 below shows the final design for the battery charger and heating pad circuit connections. The battery 

charger is placed directly in parallel with the generator, since it has an AC input. Its control relay is rated for 

30A, well over the 20.8A the generator is capable of outputting. The teams placed a current sensor in series 

between the charger and the batteries in order to obtain data for the control system, discussed later. 

 

Figure 6: Heating Pad and Charger Circuit 

Power System 
The decision to retain the battery charger that came with the vehicle and refrain from reprogramming it meant 

that the design team would need to rewire much of the electric vehicle’s power circuit. Not only would the 

design teams need to incorporate relays in the design for the motor to switch between battery power and 

generator power, but the teams would also need to design an AC to DC conversion system. The AC to DC 

conversion system would convert the generator’s AC output, which has a maximum output of 20.8A at 120VAC, 

to a 48V, variable current DC output. To accomplish this, the design teams considered two possible ideas: 
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designing a custom power electronics control system, or using parallel combinations of commercial power 

supplies. 

Dr. Hui Li graciously made available her equipment for the design teams to borrow should they decide to design 

their own power electronics system, but the design teams would need to program the rectifier on their own. 

Since the decision to implement the chosen charger system came relatively late in the design process 

(explained in Chapter V: Project Schedule), the design teams judged that programming the rectifier, which 

would have involved a lengthy learning process, would take too long for the project to finish on time. The 

design teams therefore instead investigated how best to implement the power system using commercial power 

supplies. 

Commercial DC power supplies typically are not meant to work in parallel with each other. This kind of 

operation is prone to imbalance, where slight differences in inputs can lead to one power supply feeding back 

into the other, causing damage to the components. With this safety consideration in mind, the design teams 

identified a commercial power supply with a rated output of 48V and 32A and with a built-in ‘current sharing’ 

feature, which allows it to work safely in parallel with an identical power supply. For two such power supplies 

working in parallel, their maximum shared current is 57.6A, which exceeds the 52A maximum the motor could 

draw from the generator. The design teams informed Dr. Hays of this development, and he generously 

purchased the two power supplies for the teams. As a result, the design teams were able to design and 

implement a power circuit to power the motor, shown below in Figure 7. The DPDT (double-pole, double-

throw) relays seen in the figure are rated for 150A. When the relays activate, a potentially damaging voltage 

spike occurs in the system, so both the battery output and power supply output are routed through high power 

diodes rated for 75A at 1.2kV. 

 

Figure 7: Power Circuit 

Control Circuit 
From the project inception, the teams always planned to have a microcontroller control the operation of all 

design components, as it is a highly practical, customizable method of implementing system control. The 

generator’s 12V cranking battery supplies power to the microcontroller, which also accepts input from a 
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voltage sensor connected to the battery pack, a current sensor in series between the charger and the battery 

pack, and a temperature sensor attached to the batteries. The voltage sensor is a simple voltage divider circuit, 

and the temperature and current are measured with off-the-shelf electronic components, as illustrated in 

Figure 8. The design teams chose to use a voltage divider circuit rather than a dedicated voltmeter to reduce 

cost and to reduce the risk of electronic components failing. The current sensor is a Hall Effect probe rated for 

50A, and is important for the design because it allows the microcontroller to know when the charger is finished 

or nearly finished recharging the batteries, since the charger current will slowly decrease to 0 at full charge. 

 

Figure 8: Microcontroller Sensor Inputs 

The actual control circuit is shown below in Figure 9. The inductors seen in series with the transistors represent 

the control coils of the various relays present in the design. Each transistor is connected to an I/O port in the 

microcontroller. The leftmost branch of the circuit represents the generator battery, the next branch shows 

the microcontroller, and the AC source to the far right represents the generator. The three rightmost branches 

are equipped with voltage regulators to ensure that the developed voltage across those relays remains at 12V. 

From right to left, the relays in Figure 9 control the following functions: heating pad activation, charger 

activation, generator activation, generator deactivation, battery positive terminal, and battery negative 

terminal. The microcontroller controls the relay activations by applying a voltage to the base of the 

corresponding transistor, allowing current to flow and thus flipping the relay switch. 

The code loaded in the microcontroller at the time of writing can be seen in Appendix A: Major Components. 

Due to complications in the last weeks of the semester, this code is not the final version of the code that will 

be implemented by the end of the project, but represents an earlier version of the design that uses the 

inaccurate voltage measurement system. The code that will be in the microcontroller by the final project 

completion date will activate the generator when the user flips a control switch on the dashboard, a temporary 

solution suggested by the design sponsor. 
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Figure 9: Control Circuit 

A state diagram of the overall control system operation is presented in Figure 10. The design teams 

conceptualized the final design system to operate in one of four possible states, dependent on ambient 

temperature and battery state of charge. When the vehicle is started, it is by default in state 1, the normal 

operation mode where the generator is deactivated and the vehicle runs purely on battery power. If the battery 

temperature drops below the minimum safe operating temperature (−10°𝐶), then the system will move to 

State 2, where the generator activates to power the motor and heating pads. If, on the other hand, the battery 

temperature rises above the maximum safe operating temperature (49°𝐶), then the system will move to State 

4, where the generator activates to power the motor and nothing else. If the battery temperature is within the 

operable temperature range, and if they also need to be recharged, then the system will move to State 3, 

where the generator activates to power the motor and the charger. If the battery temperature is within the 

operable temperature range, and if their state of charge is acceptable, then the system will remain in State 1, 

with the generator deactivated. Because the generator is only capable of outputting 2500W, the maximum 

speed of the electric vehicle will be reduced in State 2, State 3, and State 4, down to approximately 6mph. 

While this is a very low speed, there is no practical way of increasing it; increasing this speed requires installing 

a higher-power generator, which would be too large and heavy to install within the vehicle. 

 

Figure 10: Control System State Diagram 
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Chapter IV: Test Plan 
The mechatronics systems in the electric vehicle are the most important part of the project.  The testing plans 

included cold weather testing, microcontroller function testing, and control circuit testing. In addition, the 

design teams tested the functionality of the sensors used in the design, seen in Appendix B: Test Plan 

Documentation. 

Cold weather testing 
One of the conditions given to by the sponsor was to have the complete system operate at -40°C without any 

delays or losses in the system.  After a discussion with the team sponsor, it was agreed that the lead acid 

batteries that in use would not be operable in a -40°C environment, so the conditions were revised to -29°C 

instead.  Based on the information provided by the data sheet on the vehicle battery, a plan was developed to 

confirm whether or not the batteries would perform at a minimum of -10°C.  The optimal way to test this 

performance would be to subject the batteries to that temperature, and then complete a few cycles by 

charging and discharging the cell to observe the effects. 

Being in Florida, using the natural environment was not possible for such testing, so the teams’ intent was to 

create an artificial environment using a Styrofoam container filled with dry ice.  To construct the testing 

environment, the teams needed equipment including dry ice, PVC pipe, tape/adhesive, a knife and a small 

electric fan. The construction process is very simple. A hole is cut for the PVC pipe to vent the cool air. Another 

hole is cut on the top, slightly smaller than the circumference of the fan.  The fan is secured in place with the 

tape.  Dry ice is deposited the dry ice into the cooler, and the fan is activated. 

While the design teams were not able to construct this chamber, a similar cooling unit for a single battery was 

made.  Using this cooling unit, measurements of temperature were taken by a thermometer, and voltage 

readings were taken by a voltmeter. As the battery was cooled, there was no notable change in voltage. Based 

on previous research, the teams expected that after the battery had been cooled by dry ice, there would be 

some significant change in voltage, but after a discussion with advisors and graduate students, the teams 

determined that this was not the case. To combat possible errors in the design of the cooling unit, it was 

suggested that the teams investigate the possibility of using a cooling oven in the Aero-Propulsion, 

Mechatronics and Energy Building (AME). Unfortunately, the oven that was found was too small to hold even 

one of the batteries, putting an end to the cold testing for this semester, as there was no more time at that 

point to pursue further options. 

Microcontroller testing 
The microcontroller functions as the brain of the system.  It determines which state the system goes into 

depending on the reading it obtains from the temperature sensor, and it also monitors the voltage of the 

batteries to make sure that the pack stays within a safe operating range. 

There were many instances of trial and error when testing the voltage monitoring circuit.  To test the design, 

the circuit was first built on a breadboard and attached to a variable power supply to test the accuracy.  The 

initial result varied as the voltage was increased. From 1 - 8 volts, the microcontroller reported a correct value, 

but as the voltage increased further, the error increased at an irregular rate.  With the states of the system 

intended to rely so heavily on precise voltage readings, it was highly important for the design teams to correct 

this issue.  After a period of debugging, the source of the error was revealed as a coding issue.  After necessary 

changes were made to the software, the teams were able to get the reading within a +/- 0.06V reading. After 

this, the teams were able to demonstrate that the microcontroller interpreted its inputs as expected. 
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Control Circuit 
The control system is divided into three sections: the transistor/relay control circuit, the power supply, and the 

switching circuit.  The control circuit consists of a relay and transistor connected in a series configuration. In 

order to ensure that this configuration would work, the ability of the transistor to activate the relay was tested 

first. This was done by applying 12V to one end of the relay coil and attaching the collector end of the transistor 

to the other end. The transistor emitter was connected to ground, and the base to a resistor that in turn was 

connected to a microcontroller pin. This pin was then set to switch from low voltage to high, and the relay 

produced an audible click, indicating that the configuration worked. 

Having an AC generator with DC battery and motor required the design teams to build some sort of conversion 

system. This design was tested by connecting the power supplies in parallel and attaching their combined 

output directly to the golf cart controller. The teams plugged the power supplies into a standard wall socket 

for initial testing.  The teams activated the headlights and other minor electrical systems to ensure operation 

when operating from generator power. Following this successful test, the team pressed the accelerator pedal, 

causing the rear wheels to spin. The teams did this to confirm that the power supplies were sufficient to power 

the system. The teams performed this test again with the power supplies attached to the generator output 

instead of a wall socket, with successful results.  

Following the successful testing of the power supplies, the ability of the system to change motor power sources 

was tested. The circuit shown in Figure 7 was wired into the vehicle. The vehicle was turned on using the 

batteries to power it. The power system relays were then activated, and the system successfully switched over 

to generator power, proving that the power circuit functioned as desired.  
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Chapter V: Project Schedule 
At the start of the Fall 2015 semester, ECE Team 9 was an independent battery management system project. 

Within two weeks of the project start, however, the College of Engineering gave the team the opportunity to 

instead join ME Team 2, who were working on a related project with Cummins, Inc. From this point forth, both 

teams worked on the project sponsored by Cummins, Inc, developing schedules and plans together. 

The design teams learned the full details of the desired end product during their first conference call with their 

sponsor, Dr. Michael Hays. Dr. Hays informed the design teams that the electric vehicle at the center of this 

project was in transit and would not arrive for at least two weeks. Dr. Hays also tasked the teams with 

increasing the operable range of the cart via the installation of a Cummins generator, and to make it function 

at -40˚C. This electric vehicle would serve as a model for a semi-truck with the ‘hotel system of charging’.  

The Fall 2015 semester saw most of the system planning accomplished. ECE Team 9 developed a Gantt chart, 

seen in Appendix C: Initial Gantt Chart. Since the first conference call, the design teams started generating 

ideas and conceptualizing the final design. Initially, the teams emphasized the need to make the vehicle work 

at the very low temperature they had been assigned, searching for methods to both achieve this and to test it. 

Achieving -40˚C throughout the entire vehicle and test it seemed difficult to achieve for several reasons. The 

teams would need to see what type of batteries were capable of working under this condition properly, and 

after identifying the right type of battery, they would need to determine whether the charger included in the 

cart would be able to charge it and whether it would work at such a low temperature. If not, the teams would 

need to replace the battery, the charger, or both. In addition, the design teams needed to determine how to 

test the entire system at -40˚C, given the difficulty of finding a large enough testing chamber for the vehicle or 

even just the major electrical components.  

After performing battery research, the design teams were still on track with their initial schedule. Once the 

vehicle arrived, the design teams attempted to test the vehicle in its initial state. This effort was attempted so 

that its performance could later be compared against the performance of the final system. However, at this 

point, the teams discovered that the batteries provided with the cart had crystallized, making them unusable. 

The design teams informed their sponsor of this issue, as well as difficulty in finding affordable batteries 

capable of functioning at -40˚C. As a result, the teams’ sponsor increased the temperature requirement from -

40˚C to -29˚C, and the design teams abandoned the battery research and focused instead on finding a method 

to heat the batteries, which would be replacements of the original lead-acid types. 

After finding a microcontroller that could function at low temperatures, the design teams acquired the 

microcontroller for the design in the Fall semester and accomplished most of its programming then. The design 

teams also evaluated the vehicle motor to determine the power it would require from the generator the design 

teams would attach. The design teams used this information to select a generator for the vehicle, choosing it 

so that it would be capable of supplying enough power to run all necessary systems while also fitting within 

the vehicle. The design teams informed the sponsor of their generator decision at the end of the Fall semester, 

and were informed it would arrive before the beginning of the Spring semester. 

Unfortunately, the design teams faced a significant setback, as the generator arrived later than anticipated, 

two weeks after the start of the Spring semester. The design teams acquired the batteries one week later. With 

most of the major components acquired, the design teams placed the new batteries within the vehicle and 

again attempted to test it as it was for documentation purposes. The design teams attempted to charge the 

new batteries with the on-board charger, but doing so revealed that the charger was broken and in need of 
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replacement. This caused another setback, as the teams then needed to wait for the ordered replacement 

charger to arrive before they could accomplish any kind of testing.  

The design also learned at this time that the battery charger would not be able to function while the batteries 

were in use, as mentioned in Chapter III: Design of Major Components, leading the design teams to investigate 

the design of an AC to DC converter, an idea that had been considered but then abandoned during the Fall 

semester. As discussed in the same chapter, due partly to time constraints, the design teams chose to use 

commercial power supplies rather than a programmed rectifier circuit to accomplish the AC to DC conversion. 

By the time the charger arrived, the design teams had most of the components tested and ready for installation 

into the final design. The design teams mounted and tested each component separately, ensuring that they 

functioned as intended. During final system testing, the design teams encountered an unexpected obstacle: 

when the design teams activated systems that used the batteries, the measured voltage across the battery 

terminals would drop significantly. This necessitated a change in the manner that the system measured state 

of charge, even though the original measurement system had been implemented at the sponsor’s suggestion. 

Since this setback occurred so late in the Spring semester, the design teams have had little time to implement 

an adequate replacement; however, the design teams still expect to finish the project before 4/14/2016. Even 

so, the design will have room for improvement by future teams, as the ‘switch’ solution suggested by the 

sponsor prevents the system from being completely automatic, a stated goal of the project.  

Even though the design teams encountered several setbacks, they successfully designed and tested most of 

the components. While the cold-temperature testing had to be cancelled due to time constraints, and the final 

design will be non-automatic, most of the items on the schedule were accomplished.  The final Gantt chart 

used for the Spring semester, adjusted due to delays and reprioritizing during the project, can be seen in 

Appendix D: Final Gantt Chart.  
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Chapter VI: Budget 
The final design teams’ budget can be seen in Appendix E: Final Budget, showing the individual budgets of both 

ME Team 2 and ECE Team 9 and an itemized list of all components acquired with team funds. Four items are 

not included on the list: the GQ2800 generator, which was provided by the sponsor; the two Meanwell RSP-

1500-48 power supplies, which was also provided by the sponsor; and a seventh 8V battery (purchased when 

one of the original six purchased in the Spring semester broke), which was provided by the ECE department 

directly. 

Despite a promising starting budget of $2700 ($2000 provided by the sponsor, Dr. Michael Hays, plus $70 

provided by the ECE department), the design teams needed to spend most of it simply replacing broken 

components. In total, the design teams needed to spend just over $1411, approximately 52% of their budget, 

to replace the six broken 8V batteries and the broken battery charger. The full budget breakdown can be seen 

as a pie chart in Figure 11. 

 

Figure 11: Budget Pie Chart 

The majority of the remaining budget was spent on components for the control circuit, accounting for 26% of 

the overall budget: relays, diodes, cabling, terminals and connectors, transistors, in addition to two 

microcontrollers (since one broke during development). Another 18% was spent on hardware for installation, 

such as the generator’s propane tank and fitting, labor for parts, nuts, oil, screws, angle bars, washers, bolts, 

and hinges. Approximately 1% of the budget was spent on testing supplies, namely a thermometer and 

prototyping board. This left the design teams with just under $75, or 3%, of their original budget unspent.  

At the onset of the design project, the design teams did not expect to spend the entirety of the allocated project 

budget, expecting instead to use only between $1500 to $2000, with the remaining money acting as a safety 

fund in case of emergency purchases. If it weren’t for the need to replace the original batteries and charger, 

the team would have been in this range. In this situation the team would have spent $1214 on the same items 

mentioned in Appendix E: Final Budget, plus $610 for the power supplies and $169 for the seventh battery, 

totaling $1991, leaving them with over $700 unspent. The massive $1411 spent replacing broken parts, 

however, made a great difference in the team’s final budget.  
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Chapter VII: Conclusion 
As mentioned in Chapter I: Introduction, the end product accomplishes almost all of the goals that the design 

teams and sponsor set, despite multiple setbacks and budget concerns. The design teams successfully planned, 

designed, and implemented a ‘hotel system of charging’ prototype within an electric vehicle, attaching a 

generator to it and controlling it via microcontroller as part of a battery management system.  

The design teams selected a generator based on size and power output, and designed dependent systems for 

heating the batteries, charging them, powering the motor from the generator, and switching between circuits. 

The battery heating is accomplished via heating pads that activate to warm the batteries to a safe temperature 

while the vehicle is in use, extending the operable temperature range of the design. When the battery state of 

charge runs low, the user may activate the generator to recharge them, allowing for continued operation 

beyond what would normally be achievable. The design teams added power supplies to the design to allow the 

generator to drive the vehicle, and designed and implemented an intricate system of cabling and 

microcontroller-driven relays to ensure only the appropriate systems would activate when called upon, and to 

isolate the batteries from the motor when the generator is active. 

All of the systems in the electric vehicle are tested and functional, save for the state of charge determination, 

and the vehicle is capable of running using either the batteries or the generator. The teams will install a manual 

switch in the design for a user to activate the generator when battery charging is needed, a decision informed 

by the on-board state of charge indicator. If the teams had more time available to them, they would attempt 

to design around the issue, but with the end of the semester arriving, implementing an appropriate state of 

charge estimation is a task left to future design teams. 

Due to time considerations, the teams also had to abandon much of their planned cold-temperature testing, 

another task left to future teams. The control system as a whole needs to be tested in a controlled low-

temperature environment, as does the entire vehicle.  

In spite of this, the design teams are satisfied with the work they could accomplish. Save for fully automating 

the design, the design teams accomplished all of their design objectives. The design teams invite the College 

of Engineering to continue their project with future senior design teams, expanding their design in additional 

directions, using their accomplished work as a base.  
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Appendix A: Major Components 

Link to Electric Vehicle Maintenance Manual 
http://www.mobiletomberlin.net/downloads/Consumer%20Information/E-

Merge%20Service%20Manual%202010-2011-1.pdf 

Current Microcontroller Code 
#include <Wire.h> 
#include <LiquidCrystal_I2C.h> 
LiquidCrystal_I2C lcd(0x20,16,2); 
 
const int HP_pin = 13;  //pin for heating pad relay 
const int CH_pin = 12;  //pin for charger relay 
const int GEN1_pin = 11; //pin for generator on relay 
const int GEN2_pin = 10;  //pin for generator off relay 
const int PS1_pin = 9;   //pin for power source relay 1 
const int PS2_pin = 7;   //pin for power source relay 2 
 
const int V_pin = A0;   //voltage pin 
const int T_pin = A1;   //temperature pin 
const int I_pin = A2;   //current pin 
 
volatile int GENSET = 0;  //generator state 0:off 1:on 
int HP = 0;    //heating pad state 0:off 1:on 
int CH = 0;    //charger state 0:off 1:on 
 
volatile int useron = 0; 
 
int state = 1;    //state of system 
 
const float T_low = 0; 
const float T_fine = 20; 
const float T_high = 50; 
 
const float V100 = 52.0;  //V_m = 4.33; 
const float V_charge = 50.0;  //V_m = 4.08; 
 
//current below which charger is done charging 
const float I_stop = 0.5; 
 
int N = 30;    //input sample size 
 
/*****************************************/ 
void setup() 
{ 

Serial.begin(9600); 
 
//intilize lcd 
lcd.init(); 
lcd.backlight(); 

 
//Set all digital pins as outputs set to low 
for (int j = 0; j < 14; j++) 

http://www.mobiletomberlin.net/downloads/Consumer%20Information/E-Merge%20Service%20Manual%202010-2011-1.pdf
http://www.mobiletomberlin.net/downloads/Consumer%20Information/E-Merge%20Service%20Manual%202010-2011-1.pdf
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{ 

if ((j ==2)||(j == 3)) 
{ 
pinMode(j,INPUT); 
} 
else 
{ 
pinMode(j,OUTPUT); 
digitalWrite(j,LOW); 
} 
delay(5); 

} 
 
//declare pin inputs 
pinMode(V_pin,INPUT); 
pinMode(T_pin,INPUT); 
pinMode(I_pin,INPUT); 

 
attachInterrupt(0, userstartup, FALLING); 
//attachInterrupt(1, usershutdown, FALLING); 

  
delay(2000); 

} 
 
void loop() 
{ 

int V_m_dig = 0;  //measured digital battery voltage 
int V_m_sum = 0;  //sum digital battery voltage 

 
int T_batt_dig = 0;  //measured digital temperature 
int T_batt_sum = 0;  //sum digital temperature 

 
int I_ch_dig = 0;  //measured digital current 
int I_ch_sum = 0;  //sum digital current 

 
//initialize sensor input variables 
float T_batt = 0.0; 
float V_batt = 0.0; 
float I_ch = 0.0; 

 
const float R1 = 1200000.0; 
const float R2 = 92300; 

 
for (int i = 0; i < N; i++) 
{ 
//sensor inputs into A/D pins 
V_m_dig = analogRead(V_pin); 
delay(5); 
T_batt_dig = analogRead(T_pin); 
delay(5); 
I_ch_dig = analogRead(I_pin); 
delay(5); 

 
//calculate sum of inputs 

V_m_sum += V_m_dig; 
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T_batt_sum += T_batt_dig; 
I_ch_sum += I_ch_dig; 
} 

 
//calculate averaged digital values 
V_m_dig = V_m_sum/N; 
T_batt_dig = T_batt_sum/N; 
I_ch_dig = I_ch_sum/N - 504; 

 
V_batt = V_m_dig*(5.0/1023.0)*((R1+R2)/R2);   //raw measured voltage (V) 
T_batt = (100.0*(T_batt_dig*(5.0/1023.0)) - 50.0)/15.0; 
I_ch = I_ch_dig*(5000.0/1023.0)/40.0; 

 
if (I_ch<0) 
{ 
I_ch = 5; 
} 

 
lcd.setCursor(0,0); 
lcd.print("V: "); 
lcd.print(V_batt); 
lcd.setCursor(9,0); 
lcd.print("T: "); 
lcd.print(T_batt); 
lcd.setCursor(0,1); 
lcd.print("I: "); 
lcd.print(I_ch); 
 

//*********************************************** 
switch (state) 
{ 

case 1: 
lcd.setCursor(9,1); 
lcd.print("State 1"); 
delay(100); 
 
//if generator on change power source and turn off 
if (GENSET == 1) 
{ 

if (HP == 1) 
{ 
HPcontrol(0); 
} 
else 
{ 
CHcontrol(0); 
} 
delay(1000);  //delay to allow steady state formation 
powerBATT();  //switch to battery power 
delay(1000);  //delay to allow steady state formation 
genstop();  //turn off generator 

} 
/*****************************************************/ 
//change states based on sensor inputs 
if (T_batt < T_low) 
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{ 
state = 2; 
} 
else if ((T_batt > T_low)&&(useron == 1)) //&&(V_batt < V_charge) 
{ 
state = 3; 
} 
break; 

/****************************************************************/ 
case 2: 

lcd.setCursor(9,1); 
lcd.print("State 2"); 
delay(100); 

 
//if generator off turn on 
if (GENSET == 0) 
{ 
genstart(); 
delay(5000);   //delay until generator fully operational 
powerGEN();   //switch to generator power 
delay(5000);   //delay until returned to steady state 
HPcontrol(1);   //turn heating pad on 
} 
else 
{ 

if (CH == 1) 
{ 
CHcontrol(0); //cut power to charger 
delay(5000); //delay until returned to steady state 
} 

HPcontrol(1); //power heating pad 
} 
/*****************************************************/ 
//change states based on sensor inputs 
if ((T_batt > T_low)&&(V_batt < V_charge)) 
{ 
state = 3; 
} 
else if (T_batt > T_fine) 
{ 
state = 1; 
} 
break; 

/****************************************************************/ 
case 3: 

lcd.setCursor(9,1); 
lcd.print("State 3"); 
delay(100); 

 
//if generator off turn on 
if (GENSET == 0) 
{ 
genstart(); 
delay(5000);   //delay until generator fully operational 
powerGEN();   //switch to generator power 
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delay(5000);   //delay until returned to steady state 
CHcontrol(1);   //turn charger on 
delay(10000); 
} 
 
//If generator and heating pad on turn off heating pad and turn on charger 
if ((CH == 0)&&(HP == 1)) 
{ 
HPcontrol(0);   //cut power to heating pad 
delay(5000);   //delay until returned to steady state 
CHcontrol(1);   //power charger 
delay(10000); 
} 
 
/*****************************************************/ 
//change states based on sensor inputs 
if ((I_ch < I_stop)&&(T_batt > T_low)&&(V_batt >= V100)) 
{ 
state = 1; 
} 
 
if (T_batt < T_low) 
{ 
state = 2; 
} 
 
if (T_batt > T_high) 
{ 
state = 4; 
} 
 
break; 

/****************************************************************/ 
case 4: 

lcd.setCursor(9,1); 
lcd.print("State 4"); 
delay(100); 
if (CH == 1) 
{ 
CHcontrol(0); //stop charging batteries 
} 
/*****************************************************/ 
if (T_batt <= T_fine) 
{ 
state = 3; 
} 
break; 

} 
} 
 
//generator start up function 
void genstart() 
{ 

delay(1000); 
digitalWrite(GEN1_pin,HIGH); 
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delay(5000); 
digitalWrite(GEN1_pin,LOW); 
GENSET = 1; 

} 
 
//generator shut down function 
void genstop() 
{ 

digitalWrite(GEN2_pin,HIGH); 
delay(2000); 
digitalWrite(GEN2_pin,LOW); 
GENSET = 0; 

} 
 

//Generator power source relay control function 
void powerGEN() 
{ 

digitalWrite(PS1_pin,HIGH); 
digitalWrite(PS2_pin,HIGH); 

} 
 
//Battery power source relay control function 
void powerBATT() 
{ 

digitalWrite(PS1_pin,LOW); 
digitalWrite(PS2_pin,LOW); 

} 
 
//Heating pad control function 
void HPcontrol(int value) 
{ 

//cut power to heating pad 
if (value == 0) 
{ 
digitalWrite(HP_pin,LOW); 
HP = 0; 
} 
//power heating pads 
else if (value == 1) 
{ 
digitalWrite(HP_pin,HIGH); 
HP = 1; 
} 
delay(5000); 

} 
 
void CHcontrol(int value) 
{ 

//cut power to charger 
if (value == 0) 
{ 

digitalWrite(CH_pin,LOW); 
CH = 0; 

} 
//power charger 
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else if (value == 1) 
{ 
digitalWrite(CH_pin,HIGH); 
CH = 1; 
} 

} 
 
void userstartup() 
{ 

if (state != 1) 
{ 
 
} 
else 
{ 
useron = 1; 
} 

} 
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Generator Data Sheet 
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Battery Charger Data Sheet 
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Power Supply Data Sheet 
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Generator Battery Data 
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Main Battery Data Sheet 
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Appendix B: Test Plan Documentation 

Temperature Sensor Tests 

 

Figure 12: Temperature Sensor Testing - High Range 

Figure 12 shows that at a temperature of 18.3°C, the temperature sensors worked within their acceptable 

range, but at higher temperatures, the temperature readings were significantly lower than the expected values. 

 

Figure 13: Temperature Sensor Testing - Low Range 

Figure 13 again shows that at 18.3°C, the temperature sensor worked as expected, and when the temperature 

was brought down to 0°C, the temperature sensor reading was still within the acceptable range. 
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Current Sensor Tests 

 

Figure 14: Current Sensor Testing 

Figure 14 shows that the measured current from the current sensor was largely accurate within ±100mA. This 

acceptable for this design, since the currents that need to be measured for the design to work are one to two 

orders of magnitude larger. 
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Voltage Sensor Tests 

 

Figure 15: Voltage Sensor Testing 

Figure 15 shows that the measured voltage from the voltage divider circuit are largely accurate, varying only 

by ±0.07V. This error is very well within the teams’ error tolerance, indicating that the voltage divider works as 

intended. 
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Appendix C: Initial Gantt Chart 
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Appendix D: Final Gantt Chart 
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Appendix E: Final Budget 
KEY 

Control circuit 
and cables 

Replacements 

Hardware 

Testing 
Supplies 

 

ME Budget     2000 EE Budget     700 

List of Parts 
Ordered  

Unit 
Price Quantity Total 

List of 
Parts 

Ordered 
Unit 
Price Quantity Total 

Rugged Circuit 
Microcontroller 49.95 1 53.94 

8V 
Batteries 169 3 507 

12 V 30A Relay 6.55 2 13.1 

Control 
cables and 
ring 
connectors     83 

12 V regulator 4.25 1 4.25 Hex bolt 0.11 8 0.88 

8V lead acid 
batteries 169 3 507 Hex nut 0.06 10 0.6 

12 V battery  209.95 1 209.95 
Lock 
washer 0.15 10 1.5 

Solenoid 200 
amp relay 64.99 2 129.98 Screws 0.48 2 0.96 

Heating Pads 62.99 3 188.97 
4M lock 
washer 0.56 2 1.12 

1/8x 2x2 Angle 
Bar   2 24.05 hex bolt 0.65 2 1.3 

1/8x 1 1/4 x 1 
1/4 Angle Bar   1 9.56 

lock 
washer 1.18 3 3.54 

Labor     18.75 heat shrink     1.97 

Propane Tank / 
fitting   1 55.45 

4mm hex 
nut 0.5 3 1.5 

LP Hose 26.87 1 26.87 
3m lock 
washer     0.48 

Delta Q 
Charger 396 1 396 Hinge     2.47 

drill bit and 
bolts     22 

12 V 
voltage 
regulator 7.95 2 15.9 
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50 amp current 
sensor 14.55 1 14.55 

IC pos VR 
12V, 1A 4.25 1 4.25 

iic lcd 1602 
display 9.9 1 9.9 Protoboard 5.95 1 5.95 

Arduino 24.95 1 24.95 Wire Nut 2.15 1 2.15 

Thermometer     19 

Hook up 
wire 600V 
16AWG 8.95 1 8.95 

200mA Fuse 0.32 15 4.8 
Female 
terminal 2.49 1 2.49 

75A Diodes 5 6 30 
Female 
terminal 2.74 1 2.74 

1A Fuse 0.32 4 1.28 
Ring 
terminal 2.49 1 2.49 

300 V Fuse 
Block 3.86 3 11.58 

Toggle 
switch 5.27 1 5.27 

6A Fuse 0.71 2 1.42 T-NPN  2.66 5 13.3 

20A 12V Relay 5.1 2 10.2 

Power 
cable 6 
bulk 4.95 1 4.95 

Drill bit and 
star socket     13.96 

0.250 male 
tab 15 pak 2.49 1 2.49 

5/16 Stainless 
Steal Nuts     3.26 

Florida 
Pollutant 
fee 1.5 1 1.5 

Cut-off Wheel 
and Brass 
fittings     19.66 Sub total     662.43 

Battery Cables     30.08 Budget     37.57 

Sand Paper 2   2     

cut off wheels 8   8     

black zip ties 2   2     

Motor Oil 4.29   4.29     

Terminal 
blocks, screw 
terminals, pin 
headers     45.57     

3-D printed 
parts     30     

Sub total     1930.08     

Budget     69.92     

 



Spring 2016 Team 9 – Battery Management System Final Report 
 

59 
 
 

Battery Management System 
User Guide 

Senior Design Team 9 

Fall 2015 – Spring 2016 

 

 

Department of Electrical and Computer Engineering 

FAMU-FSU College of Engineering 

  



Spring 2016 Team 9 – Battery Management System Final Report 
 

60 
 
 

Contents 
Executive Summary ............................................................................................................................................. 61 

Components ........................................................................................................................................................ 62 

Generator ........................................................................................................................................................ 62 

Generator Battery ........................................................................................................................................... 63 

Main Batteries ................................................................................................................................................ 63 

Microcontroller ............................................................................................................................................... 64 

Battery Charger ............................................................................................................................................... 64 

Heating Pads ................................................................................................................................................... 64 

Power Supplies................................................................................................................................................ 65 

Relays .............................................................................................................................................................. 65 

Setup ................................................................................................................................................................... 66 

Safety Precautions .......................................................................................................................................... 67 

Operation ............................................................................................................................................................ 68 

Operational Hazards and Concerns ................................................................................................................ 69 

Troubleshooting .................................................................................................................................................. 70 

Appendix: Relevant Information ......................................................................................................................... 72 

 

Figure 1: Generator ............................................................................................................................................. 62 

Figure 2: Generator/Microcontroller Battery ..................................................................................................... 63 

Figure 3: Main Batteries (Two Main Terminals Highlighted) .............................................................................. 63 

Figure 4: Battery Charger .................................................................................................................................... 64 

Figure 5: AC to DC Power Supplies ..................................................................................................................... 65 

Figure 6: Motor Relays ........................................................................................................................................ 66 

Figure 7: Microcontroller Switch Location .......................................................................................................... 67 

Figure 8: Status Display Example Readout.......................................................................................................... 67 

Figure 9: Vehicle Dashboard ............................................................................................................................... 69 

Figure 10: Power Distribution Bus to AC Systems .............................................................................................. 72 

 

Table 1: Generator Specifications ....................................................................................................................... 62 

Table 2: Troubleshooting .................................................................................................................................... 71 

  



Spring 2016 Team 9 – Battery Management System Final Report 
 

61 
 
 

Executive Summary 
This senior design project was a joint effort between Team 9 of the Electrical and Computer Engineering 

Department (formerly Team 11) and Team 2 of the Mechanical Engineering Department at the FAMU-FSU 

College of Engineering. The main goal of the project was to modify a Tomberlin E-Merge Series electric vehicle 

to extend its temperature operability range and to give it the ability to recharge while operating. At the time 

of writing, the final product is not completed; this operation manual is written for the vehicle in its current 

state, but also includes references to the ideal method of operation. 

The basic operation of the vehicle is simple, differing little from the operation of the original electric vehicle. 

Once the microcontroller switches are activated (described in the ‘setup’ section), operation is a simple matter 

of inserting and turning the key, removing the parking brake, and driving it like any other vehicle using the 

steering wheel, acceleration and brake pedals, and light control sticks, among other peripherals. Ideally, all of 

the systems added by the design teams would be automated, with the user having no need to activate the 

mounted generator or heating pads manually. However, an issue with acquiring information pertaining to the 

battery pack’s state of charge (SoC) means that the system as it is currently designed cannot operate in this 

manner. 

To operate the vehicle in its current form, assuming ideal conditions (batteries charged, temperature 

acceptable), the user must keep track of the battery SoC indicator on the vehicle dashboard. Once the user 

notices that the battery SoC is low, or if the ambient temperature falls out of the intended range, the user 

should stop the vehicle and flip the generator control switch. This will activate the generator to run the motor 

and activate either the charger or the heating pads or neither, depending on the detected state. 

The built-in speed controller ensures that the user drives at a safe speed while running off of battery power. 

However, if the accelerator pedal is pressed down too quickly, the motor will stall, so the user should take care 

to ease the pedal down. The vehicle should never be operated indoors, as the propane generator, when active, 

will exhaust carbon monoxide. Additional safety precautions are listed in the ‘operation’ section. 

When not in use, the vehicle batteries may be recharged from a wall outlet, as in the original vehicle. This is 

accomplished by unplugging the battery charger from its base and using a standard AC power cable (the same 

type used to power personal computers) to plug it into a wall socket or extension cord. 

Relevant images for the operation and setup of the vehicle are found in their relevant sections. 
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Components 
The following is a list of all major components used in the project.  

Generator 
The generator used in the vehicle is a Cummins GQ-2800 series generator, model number 2.3HGJBB-1121A. 

The information in Table 3 is found in its specification sheet, available from Cummins. These ratings are for 

ambient conditions of 77°F at an altitude of 500 ft. Power output decreases 1% for every 10°F temperature 

increase, and decreases 3.5% for every 1000 ft altitude increase. Its temperature operating range is from 0°F 

to 120°F. Its position in the project vehicle is demonstrated in Figure 16. 

Table 3: Generator Specifications 

Fuel Hz RPM Watts Voltage Amps Phase Circuit Breaker 

Liquid Propane Vapor 60 3600 2500 120 20.8 1 21A 

 

 

Figure 16: Generator 
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Generator Battery 
The battery used to start the generator and power the microcontroller is an ODYSSEY Auto/LTV 12V Battery, 

Model PC1200MJT. It is capable of providing 1200 Hot Cranking Amps (in a 5 second pulse) and 540 Cold 

Cranking Amps, and has a 20 hour nominal capacity of 42 Amp-hours. The location of this battery in the vehicle 

is highlighted below in Figure 17. 

 

Figure 17: Generator/Microcontroller Battery 

Main Batteries 
The main batteries used to power the electric vehicle are US 8VGC XC2 deep-cycle batteries. The vehicle uses 

six such 8V batteries in series, obtaining an overall voltage of 48V. Each battery has a 20-hour rate of 170AH. 

These batteries can be recharged with the on-board charger.   Figure 18 shows all six batteries in 

the vehicle, with the two terminals that sport all of the vehicle connections highlighted. 

 

  Figure 18: Main Batteries (Two Main Terminals Highlighted) 
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Microcontroller 
The microcontroller used in this project is a Ruggeduino ET. This component is critically important to the 

project, as it executes all of the code to set the relays and switches for the activation of the generator, charger, 

and heating pads. The microcontroller will be mounted on top of the generator battery, encased in a small 

plastic container to insulate it from environmental hazard and protect it from physical shock. 

Battery Charger 
The battery charger used in the project is a copy of the one that was installed in the vehicle upon arrival, a 

delta-q QuiQ HFIPFC battery charger. The battery charger functions by first running a self-test, and then 

detecting the battery voltage. When the batteries are below 80% SoC, the charger will operate in constant-

current mode; after the batteries have reached 80% SoC, the charger will operate in constant-voltage mode. 

The charger has an LED display that is visible from outside the vehicle. The LEDs display whether the charger is 

working, whether the battery is above 80% SoC, and whether a fault has been detected, in which case a red 

LED blinks. The charger stop charging the batteries once the pack has reached a full state of charge. Its position 

in the vehicle is demonstrated in Figure 19. 

 

Figure 19: Battery Charger 

Heating Pads 
The devices used to heat the batteries during cold-temperature operation are a pair of Temro Zerostart 280-

0071 Battery Warmers. They are programmed to activate when the microcontroller detects that the ambient 

temperature has dropped below 32°F.The heating pads are stacked vertically one on top of the other, and 

encircle the six batteries.  
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Power Supplies 
The vehicle uses two AC to DC power supplies working in parallel to convert the generator’s AC output to a DC 

output that the motor can use. The two power supplies are Mean Well RSP-1500-48 components, chosen 

specifically because they are designed to be capable of working together in parallel. With the two power 

supplies, the DC motor can receive 48V and up to 52A (the maximum possible generator power output), 

although this current value will be smaller when the charger or heating pads are also active. The location of 

the power supplies in the vehicle is shown in Figure 20. 

 

Figure 20: AC to DC Power Supplies 

Relays 
There are six relays in the vehicles. The two large relays (Amtek 200A SPDT relays) each control one terminal 

of the motor system control, and switch between providing the motor with current drawn from the batteries 

or current drawn from the power supplies. Two other relays, mounted on the generator casing, control the 

activation and deactivation of the generator. The two final relays (30A SPST A/C relays) are mounted on the 

right rear wheel well; one controls the battery charger activation, and the other controls the heating pad 

activation. Figure 21 shows the two motor relays (left side) and the buses they are connected to (right side). 
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Figure 21: Motor Relays  
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Setup 
In order to run the vehicle, the user must first remove the main bench. Once removed, the user should flip up 

the two switches located on the side of the built-in vehicle microcontroller box (location highlighted in Figure 

22); this activates the on-board microcontroller, allowing the vehicle to be activated. Note that when not in 

use, these switches should be left off (flipped down) so as not to drain the batteries. If the batteries had been 

left to charge prior to use, the cord running from the charger to the wall outlet should be unplugged, and the 

cord used for normal operation should be plugged back into the charger. 

 

Figure 22: Microcontroller Switch Location 

Once the switches are activated, the user may replace the seating bench. The user should then insert the key 

into the key slot and turn it fully clockwise to activate the motor. The user should then look at the battery SoC 

monitor on the dashboard (near the key slot), as well as the status display (example output shown in Figure 

23). If the SoC indicator shows a state of charge of at least one half, and if the temperature is between 0 and 

49, then the user does not need to activate the generator, and may proceed with operating the vehicle. 

Otherwise, if the SoC level is low or if the temperature is outside the range of 0 to 49, then the user should flip 

the generator switch, which will cause the generator to activate within a few seconds and power the 

appropriate system. This procedure should only be performed when the vehicle is stopped.  

 

Figure 23: Status Display Example Readout 
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Once the system within the operable temperature range and the battery charger current is 0A or close to 0A, 

it is safe for the user to deactivate the generator. As before, the user should first let the vehicle come to a 

complete stop before switching power supply. 

It is possible to charge the batteries while the vehicle is not in use, as briefly mentioned earlier. The battery 

charger’s input cable can be disconnected from the base of the charger, which is accessible through the front 

panel without need of removing the seating bench. The user may then connect a typical personal computer 

power cable to connect the charger to an electrical outlet, activating the charger and allowing it to recharge 

the batteries. 

In the ideal finished product, such manual activation of the generator would be unneeded, and the 

microcontroller would have the capability of knowing when to run the vehicle off of the main batteries. Due to 

an unexpected error in the manner in which the microcontroller detects the state of charge, the 

microcontroller will always think that the batteries are in need of charging, even if their state of charge is 

acceptable. This means that the vehicle will never run off of the batteries if the microcontroller has sole control 

over the generator activation. With too little time left to complete the project, it will likely be the case that the 

vehicle will not operate in the ideal scenario by the final deadline. 

Safety Precautions 
Before beginning operation, the user should ensure that no wires have gotten loose. While all wires have been 

securely crimped, some may eventually loosen over time. This may cause potential issues with proper 

operation of the vehicle, as well as potential shock hazards due to the high voltages and currents present in 

the vehicle. As a corollary to this potential hazard, users should always wear insulated gloves when handling 

the wiring or batteries in the vehicle to reduce the risk of shock. 

Users should avoid touching any battery terminals directly, and should also avoid touching any of the wires 

found in the vehicle. Not only do the larger gauge wires present significant shock hazards (handling currents of 

up to 52A), but some of the smaller wires are potentially easy to dislodge and will likely cause the portions of 

the design to fail if disconnected, as they carry control signals to and from the Ruggeduino. 

This vehicle is not meant for on-the-road driving. Test driving should only take place in closed courses. The user 

should always use the parking brake when the vehicle is not in use. If the vehicle needs to be jacked up, the 

user should avoid placing additional weight on the frame, and should also place weights such as concrete blocks 

before the front wheels to ensure the vehicle does not roll away in the event that the jack comes off. 

If any future design teams wish to remove, replace, or add components to the project, they should be cautious 

to follow the wiring diagrams found in the main report to ensure that no short circuits are accidentally created, 

adversely impacting operation and introducing shock hazards. 

For additional mechanical safety precautions, please refer to the operation manual written and submitted by 

Mechanical Engineering Team 2. 
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Operation 
Once the vehicle has been set up for operation, as described in the previous section, operating the vehicle does 

not require any additional special instructions. As mentioned above, if running the vehicle off of battery power, 

the user should keep track of the battery SoC using the built-in display, and should also keep track of the 

ambient temperature. If SoC drops below one-half, or if the temperature exceeds 49°C or falls below 0°C, the 

user should stop the vehicle and power the generator as described earlier. If the ambient temperature later 

returns within operational range, the user should stop the vehicle and disconnect the generator as described 

above. If the batteries need to be charged during vehicle operation, it is likely that they will need to stay 

disconnected from the motor for at least two hours as long as the vehicle is running in order to regain a 

significant amount of charge. Users should check the battery SoC every 45 to 60 minutes to check whether the 

battery SoC has risen enough for them to be used as the main power source. 

Figure 24 shows the main interactive features found the in the vehicle cabin. The circled items, from left to 

right, show the location of the turning signal stick, the headlight pull-button, the battery state of charge 

indicator, the forward/reverse control, and the key slot. The left pedal controls the brakes and the right pedal 

controls the acceleration of the vehicle. The small console at the top of the dashboard displays the current 

speed, as well as which lights are currently active. The wiper control is located near the ceiling on the driver 

side. 

 

Figure 24: Vehicle Dashboard 

It is advised that the user refrain from pushing down quickly on the accelerator, or to push the accelerator to 

its absolute limit. This will likely cause the motor to stall, requiring the user to come to a stop before it can 

recover. When running off generator power, it would ideally be impossible for the user to achieve high speeds 

while the electronic systems are activated. However, the user should nevertheless avoid driving at speeds 

above 10 mph to ensure that the electronic systems operate close to full efficiency. This vehicle should not be 

operated in traffic or anywhere other than a closed course.  
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When the user is finished using the vehicle, he or she should flip the microcontroller switches (shown in Figure 

22) to the ‘off’ position to prevent unnecessary battery discharge. It is also possible to charge the batteries at 

this point, as mentioned in the Setup section above. 

Operational Hazards and Concerns 
As described in the Safety Precautions section above, there exists a significant risk of electrical shock if a user 

touches any of the batteries, the power supplies, the relays, or the microcontroller while the vehicle is active. 

Under no circumstances should users attempt to make or break connections while the system is powered. 

Doing so risks creating dangerous arcs and damaging the components in the vehicle. While all or nearly all of 

the wires in the vehicle have been secured with electrical tape or heat shrink, most of the connections are 

necessarily bare; for this reason, it is highly recommended that users wear insulated hand protection before 

attempting to perform any electrical diagnostics, even when the system is not active. If a battery needs to be 

replaced, it is of utmost importance that the user make every effort to ensure that both terminals are 

connected appropriately to the previous and subsequent battery. If the battery being replaced is one of the 

two that sport all of the exterior connections, users should always keep track of which wires go to which 

terminal. The batteries represent the easiest and most dangerous way of causing personal injury and system 

damage, as miswiring can cause high-current arcs between terminals, which can lead to injury as well as burn 

damage to adjacent systems or wires, in addition to reducing the batteries’ lives. 

As with any electrical system, any replacement batteries for the system should always be of the same type and 

model as the other batteries in the pack. The user should not replace an individual battery in the pack with one 

of a different model, as it may cause discharge imbalances and charging issues. 

Most of the electrical systems are located in such a way that they should not be adversely affected by outside 

whether or debris. One important exception is the power supplies. The power supplies are positioned in such 

a way that it is possible for small stray debris to fall into their casing. Metal debris that fall into the power 

supplies may introduce short-circuits or otherwise damage the components, reducing the life of the vehicle. 

For this reason, it is important that the user endeavor to keep debris from entering the main compartment 

beneath the main seating bench. Other components (namely the main batteries, generator battery, and 

heating pads) should also be kept free of debris that could introduce faults or other undesired operation. All 

components –batteries, power supplies, relays, heating pads– should be regularly dusted to prevent material 

degradation and the likelihood of short-circuits due to outdoor moisture. 

For additional operational hazards and concerns pertaining to mechanical systems, please refer to the 

operation manual written and submitted by Mechanical Engineering Team 2.  
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Troubleshooting 
For all mechanical troubleshooting, please refer to the operation manual written and submitted by Mechanical 

Engineering Team 2. 

Table 4 below is a list of the most common anticipated problems that a user may encounter while operating or 

expanding upon the design. 

Table 4: Troubleshooting 

Problem Solution(s) 

While operating, the SoC indicator may show that 
the batteries are at an adequate state of charge to 
run the vehicle, but the generator keeps activating 

and deactivating. 

The batteries have sufficient state of charge to 
power the motor, but the microcontroller is 

incorrectly reading them as needing to be charged. 
Stop the vehicle and deactivate the generator as 

described in the Setup section. 

The charger indicates that the battery pack state of 
charge is full, but the measured voltages across 

each battery are not equal. 

This may happen when an old battery is replaced 
with a new, uncharged one. Allow the entire 

battery pack to discharge, and then attempt to 
charge it with the charger plugged into a wall 

outlet. 

The vehicle won’t start. Ensure that the microcontroller switches (shown in 
Figure 22) have been switched to the ‘on’ position. 

 Check the battery pack voltage. If below 47V, it 
needs to be recharged. 

 Check the connections leading from the battery 
terminals to the 200A relays to the motor and 

replace any damaged components. 

The generator won’t start when it needs to. Ensure the generator activation switch is the ‘on’ 
position. 

 Ensure the generator and microcontroller are 
connected to the generator battery. 

 Check whether the propane tank needs to be 
refilled or replaced. Also check whether the 
propane tank is connected to the generator. 

 Check whether the control wires leading to and 
from the generator relays need replacement. 

The generator starts, but the electronic systems 
won’t come online. 

Check whether the generator output power cable is 
plugged into the socket leading to the power 

distribution bus (Figure 25). 

The charger won’t start during operation. Ensure that the input power cable (accessed from 
the front panel) has been reconnected to the power 
distribution bus after the charger was used from a 

wall outlet. 
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Figure 25: Power Distribution Bus to AC Systems 
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Appendix: Relevant Information 
Please refer to Appendix A: Major Components in the final report for the manuals of most of the system 

components. 

 

Link to generator manual: 

https://powersuite.cummins.com/PS5/PS5Content/SiteContent/en/Binary_Asset/pdf/Consumer/specsheets/

NAS-5501-EN-Final.pdf 

Link to battery charger manual: 

http://www.manualslib.com/manual/627404/Delta-Q-Quiq-912-24xx.html#manual 

Electric vehicle maintenance manual: 

http://www.mobiletomberlin.net/downloads/Consumer%20Information/E-

Merge%20Service%20Manual%202010-2011-1.pdf 

Generator battery product page: 

http://www.odysseybatteries.com/batteries/pc1200lmjt.htm 

Main battery product page: 

http://usbattery.com/wp-content/uploads/2015/12/usb_8VGC_group_data_sheet_2015_web.pdf 

Power supply product page: 

http://www.mouser.com/ProductDetail/Mean-Well/RSP-1500-48/?qs=Xb8IjHhkxj6G63vKryxy8A%3D%3D 

Heating pad product page: 

http://www.amazon.com/Zerostart-280-0063-Blanket-Battery-Heater/dp/B002UNASS4 
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