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The recent trend in transportation electrification creates an enormous increase in demand for 

electric vehicles (EVs). Increasingly, electric cars have novel features like autonomous driving and 

fault tolerance, all of which require additional hardware and computation power. Changes to the 

electronic control unit (ECU) structure will be needed to make these advances scalable. This thesis 

examines the driving economic, technical, and societal factors behind needed changes to the 

existing control structures. It proposes a control platform design to address issues of complexity 

and scalability. A generic, modular control board structure using the TMS320F2837xS digital 

signal processor (DSP) is described with several input/output functionalities including a wide 

range of analog inputs, multiple logic levels for digital pins, CAN communication, and wireless 

communication capabilities. A distributed control network is built by interconnecting multiple 

implementations of the control board, each of which has distinct responsibilities dictated by 

software instead of hardware. A prototype electric vehicle control structure for a Formula SAE 

electric vehicle was built utilizing a network of three control boards and tested to prove the viability 

of the proposed concept. Results of these tests and future steps for the project are discussed. 
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Chapter 1: Introduction 

 

Environment for Research 

 
It is clear to car experts and novices alike that the future of auto transportation is 

electric. Nearly every major automaker in the world has announced a plan to offer 

electric options and pledge to reach carbon neutrality sometime before 2050 [1]. In 

addition to industry commitments, state legislatures are also working to support the 

transition to electric vehicles (EVs). Transportation currently accounts for around 30% 

of the U.S.’s carbon dioxide (CO2) emissions, therefore, in order for states to meet their 

futuristic net zero goals, the combustion engines used for the majority of transportation 

in the U.S. must be eliminated [2].  

 

The trend toward car electrification is clear, but as [3] and [4] describe in detail, many 

uncertainties exist in how the world will handle this next evolution in transportation. 

Factors such as government policies, infrastructure shortages, engineering scaling 

challenges, and the impact of urbanization on transportation are all discussed.  

 

Demand for EV’s has increased exponentially in recent years, but ownership is still 

limited to only the wealthiest in the United States. Active legislation in many state 

governments is working to make the cost of EVs more affordable for all car buyers. 

Additionally, the infrastructure bill passed by Congress recently included funds for EV 

charging infrastructure [2]. 
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Such a strong financial and political commitment to electric vehicles from many top 

automakers should give researchers the confidence and enthusiasm to continue efforts 

in EV design, control, and technology research. Futuristic electric vehicles will require 

new engineering and control techniques. Meeting the increased demand for advanced 

electric vehicles will require new design and manufacturing techniques. The transition 

to EVs also promises entirely new car capabilities, most notably autonomous driving, 

which are still active fields of research. 

 

To enter such a field of active research, some initial platforms are necessary upon which 

further research can be performed. In this work, a modular, distributed design for an 

EV control board is proposed. The design, a new take on traditional vehicle electronic 

control unit (ECU) control structures, aims to generalize and simplify existing vehicle 

control structures to address problems with current ECU implementations. This control 

structure will be capable of serving as a platform for EV research in the future. 

 

Problem Statement 

For the last century, cars have become increasingly complex as consumers have come 

to expect more and more features in their vehicles. This will continue to be true in the 

coming years. The shift to full vehicle electrification, self-driving capabilities, 

increased fault tolerance, and more advanced onboard entertainment systems will 

demand more of cars’ space, efficiency, and computational power. Innovative solutions 

to minimize the amount of hardware needed, cost, complexity, and the risk of failure 

will be critical [5]. Outside challenges like the world-wide semiconductor chip shortage 
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and associated supply chain problems increase the need for solutions. Witnessing more 

of the adverse effects of climate change puts more pressure on the auto industry and 

governments to electrify transportation.  

 

Car drivetrains are noisy, fault filled environments. Increasing numbers of sensors 

needed for car electrification and automation will increase complexity. As cars become 

more complicated and autonomous, it becomes even more important they are not 

vulnerable to any single point of failure. Fault tolerance is essential. Redundancy and 

distributed control are important to ensure safety and reliability.  

 

Proposed Solution 

All the mentioned issues must be considered when designing a new EV, and the control 

board designed in this thesis aims to address these problems in some capacity. This 

work proposes a modular, distributed design for EV control. The central concept is that 

a single, multipurpose control module implemented in multiple locations throughout 

the vehicle may create a distributed control network. Each iteration of the board is 

physically identical but used differently in different scenarios. External signals are 

encoded locally on the control board and converted to the Controller Area Network 

(CAN) protocol which is then put on a CAN bus.  

 

Each module has its own EV-specific digital signal processor (DSP) capable of doing 

local calculations. In addition, each module will complete tasks relevant to its 

immediate area. At a system level, one module’s DSP will be assigned as the master 
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and take CAN bus information from peripheral sensors and control the vehicle 

accordingly. For example, position sensor analog information from the accelerator 

pedal will be input to its local control board, encoded in CAN, pushed to the CAN bus, 

processed by the master control module, and then used as a factor to drive the main 

motors at the appropriate speed.  

 

Such a solution would allow signals to be encoded to the more robust CAN protocol 

locally, thus reducing the risk of faults derived from operating in a noisy environment. 

Since each module has the same physical capabilities, if one board has a fault, it would 

be possible to reroute its load to another, thus making the design more resilient to fault 

events and easier to perform maintenance on. 

 

Main contributions of the proposed design include a new distributed controller 

architecture which will increase fault resilience and a prototype controller module 

which experimentally validates the architecture. 

 

Applications 

The initial design for this concept will be implemented in a Formula SAE EV used in 

student racing competitions. Rules for the design of Formula SAE competition cars are 

described in [6]. The distributed control design was envisioned to solve problems that 

past Formula SAE EVs had when using a single central ECU. Many of these problems 

are the same as those described in detail above.  
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Control for the existing Formula SAE EV is fully centralized. Centralized control 

creates an array of other problems. The design has a single point of failure and signals 

are vulnerable to noise as they travel long distances.  

 

Though the distributed control was initially designed to replace the Formula SAE EV 

centralized ECU, it will also allow for development beyond initial uses. Future 

iterations of the design are set up to allow for exploration into autonomous driving, 

wireless communication, and even advanced fault tolerance techniques.  

 

The rest of this work shows the process by which this design plan was implemented. 

Chapter 2 describes the current state-of-the-art of EV control in more detail. This 

specific design is introduced in Chapter 3 and the details are justified. Test procedures 

and results are outlined in Chapter 4. Finally, Chapter 5 discusses successes, failures, 

and future steps for the project. 
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Chapter 2: Preliminary Research 

 
Electric Vehicles 

To meet ambitious emission reduction pledges like the Paris Agreement, EV 

production will need to scale up incredibly rapidly, with 100% of vehicle sales being 

electric by 2035 [9],[10]. Figure 3 shows how significant the increase in EV adoption 

will need to be if these targets are to be met.  

 

Figure 1: S-Curve of EV required EV adoption to meet targets [9] 

The term electric vehicle refers to several different types of vehicle architectures 

including ZEV’s, PHEV’s, HEV’s, and BEV’s. It will take a combination of all these 

types of vehicles to transition to the zero-emission world necessary to meet CO2 

emission reduction pledges and combat climate change. Though examples of all four 

types of these vehicles exist today, much work remains to make their model feasible 

on a global scale. The vehicle designed in this paper is fully electric. 
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One such problem deals with EV integration into the grid, especially as the grid 

becomes largely composed of renewable energy sources. The addition of EV’s creates 

a significant new load on existing grid infrastructure. The integration of more 

renewable energy sources to grid power exacerbates this problem. Discrepancies 

between energy demand and energy generation associated with renewable energy, or 

the duck curve, shown in Figure 4, will cause problems if EV owners tend to charge at 

inopportune times. 

 

Figure 2: Duck Curve 

Supportive policy must be implemented alongside robust engineering to address these 

issues. Article [11] predicts that a plan for “coordinated charging” of EV’s when energy 

generation is high and implementation of tariffs for charging when generation is low is 

likely to be implemented. Research on the optimal coordination of EV charging has 

already been conducted, and such algorithms are described in [12] and [13]. 
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A complex communication interface between the EV and the smart grid will be needed 

to optimize charging for the grid as well as to minimize range anxiety among EV 

owners. Such a communication interface will likely be achieved primarily via the 

charging cable while charging as well as through other wireless mechanisms, ZigBee 

or WIFI, between charging stations, power plants, and EV owners. Extremely accurate 

measurements of the EV’s charging status (SoC) will need to be computed by the ECU 

for use in such communications. 

 

Effective EV designs maximize driving range while minimizing cost, all without 

compromising safety or security. Driving range can be increased with good battery 

management, weight minimization, and energy efficiency. The ECU is responsible for 

oversight of the processes which monitor battery SoC and energy usage in the vehicle. 

The ECU will be required to perform accurate status measurements of all these systems. 

 

Electronic Control Unit 

The ECU is the brain of a vehicle. For an EV, its main responsibilities include the 

following: 

1. Monitoring battery state of charge level via the BMS to prevent unsafe 

battery conditions and maximize efficient charging and discharging 

a. Including smart grid connection while charging 

2. By-wire acceleration and breaking to maximize performance and efficiency 

a. Proper control of on-board inverter and electric motor 

3. Robust monitoring of the status of all EV systems 
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4. Vehicle wireless communication and other driver comfort and infotainment 

systems 

5. Physical and cyber security 

6. Advanced driver assistance services (ADAS) and future-looking 

autonomous driving features and redundancies 

Modern internal combustion cars have multiple ECUs scattered throughout the car. 

Each ECU usually serves an individual purpose, controlling a single closed system, like 

the engine, suspension, windshield wipers, etc.  

 

Electric vehicles are only in the infancy of their evolution. EV control structure started 

out emulating IC cars, but their future will soon divulge. The powertrain of an EV is 

significantly simpler than that of an IC vehicle which simplifies control there. 

However, as [14] points out, EV’s are increasingly “smart”. The transition to EVs 

coincides with a push for autonomous driving, a change which demands significant 

increases in ECU capability.  

 

The next generation of EVs will require more sensors, faster communication, better 

security, and more redundancy than ever before to make autonomy a reality. 

Conversely, manufacturers must find a way to decrease costs so that purchasing an EV 

is financially possible for people worldwide. As [15] pointed out, the limited 

availability of the earth metals like Lithium, Cobalt, and Nickel used to construct EV 

hardware and batteries will also need to be considered to make the transition to EV’s 

feasible worldwide. 
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EVs of the future will further decouple user input and car response, this is called 

transitioning to “by-wire” actuation and means that electrical signals will be used 

instead of a directly mechanical linkages between, for example, the steering wheel and 

wheel directionality. Increasing the number of sensors and other features of a car tends 

to increase the number of wires needed. More wires take up more space, create more 

weight, and add more cost – all of which should be minimized in a good EV.  

 

Several solutions to this problem have been identified in relevant literature. Article [16] 

argues that the consolidation of ECU’s will be necessary to reduce complexity and 

space required, even as the amount of processing power needed increases. Currently, 

cars are organized systemically. That is, each discrete system (environment control, 

brakes, etc.) has its own ECU. [5] explains that a shift may occur towards a more 

“zonal” architecture – where all components physically near each other are controlled 

by the same ECU, regardless of which system they belong to.  

 

The distributed control board proposed in this paper provides a platform upon which 

such future-looking concepts can be applied. Many more ECUs will be needed in the 

coming years to meet global demand. Limiting hardware differences between 

implementations of ECUs will decrease complexity and make replacements simpler. 

The distributed design allows for a zonal organization which will decrease the amount 

of cabling necessary. Simple hardware design with accommodations for many different 

communication protocols and input/output types makes the board easy to reconfigure 
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for future needs. Allocations for wireless communication are made so that it may 

communicate with the smart grid as necessary. 

 

Controller Area Network (CAN) 

Different implementations of the control board will be connected and communicate via 

CAN. The CAN communication protocol was first developed in the 1980’s as an 

alternative to increasing the number of cables in automotive signal design. It allowed 

designers to replace heavy and expensive wire harnesses with much lighter CAN busses 

and made for a communication network that was significantly more robust and 

streamlined than what was being used before [17]. CAN is now the standard 

communication protocol used in all vehicles. 

 

Basic operation of CAN as it will be used is described in [17],[17] and shown in Figure 

5. Each node (control board, BMS, inverter, etc.) is connected to the CAN bus via a 

CAN transceiver. Each end of the bus is terminated with a 60 Ω resistor. Only one 

message is on the bus at a time and the next message to be pushed to the bus is 

determined using a priority bit at the beginning of the message as there is no master 

node [18]. Each message in standard CAN has 8 data bits. 
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Figure 3: CAN architecture 

Two CAN message structures exist: CAN 2.0A and CAN 2.0B. CAN 2.0A, or standard 

CAN, supports 11-bit identifiers and is used in this project. Table 1 shows the message 

structure for standard CAN, as described in [9]. The most important data fields are the 

identifier and the data bytes. These fields will be discussed in further detail in the testing 

chapter. 

Table 1: Standard CAN Message Structure 

 

CAN’s reputation for robustness can be attributed to multiple features. CAN is 

message-based, which means it can send information to multiple recipients at once. 

Additionally, if a node is corrupted, CAN automatically removes it from the bus. This 

means a local problem will not be fatal for the vehicle. Nodes can be added to the bus 

during operation without problem [9]. The control board’s software should be designed 

SOF 11-bit 
Identifier RTR IDE r0 DLC 8 Bytes of 

Data CRC ACK EOF IFS 
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so that if the failed node happens to have been assigned as the system master, 

responsibilities are transferred to another implementation of the board.  

 

The original reason for CAN’s invention was to minimize faults and move away from 

single purpose hardware [19]. Similarly, this new modular control scheme will make 

EV control simpler, easier to replace, and decrease hardware development time all 

while ensuring fault security. 

 
Autonomy 

Autonomous driving means more than fully self-driving cars. All levels of autonomy 

are considered, including everything from cruise control to full autonomy. A general 

overview of the field of autonomous driving is provided in [20],[21],[22]. Autonomous 

vehicles are, most simply, a system which, given information about its location in the 

surrounding environment, can make decisions about its own movement. In a fully non-

autonomous vehicle, all control is open loop. A fully autonomous car uses completely 

closed loop control. Any sensing errors must be identified and addressed quickly, as a 

result. This requires the closed loop system to be extremely fault-tolerant and robust. 

As the EV becomes more automated, more attention will need to be given to security 

and safety. Redundancies for every system need to be built in. The ISO 26262 standard 

should be followed. One advantage to using CAN as the main communicator across the 

vehicle is its long-standing status as the standard for vehicle communication. Years of 

research and development have already been completed to develop fault detection 

algorithms, one of which is described in [23]. Future development of this control board 

architecture may borrow from these existing algorithms and apply them to autonomy. 
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There are several sensing mechanisms the vehicle uses to gain information about its 

surroundings. A few types of these sensors include LIDAR, GPS, video cameras, and 

odometers. A software framework for autonomous driving using these inputs is 

described in [24]. In this framework, each external input is sensed, kept in memory, 

and then used in an algorithm to plan the path of the car or control its performance. 

Each of these sensing options requires additional sensing and control hardware to 

support their use.  

 

As autonomous vehicles become more and more advanced, the amount of sensing 

equipment and the computational power needed to process it will only increase. The 

system described in [9] was implemented on a Formula SAE vehicle. To allow for the 

eventual implementation of autonomous driving in the control structure described in 

this paper, the board was described with simplicity and modularity in mind so that 

future students may add additional features, like ethernet capabilities, easily. The 

general-purpose design of the control board will allow additional features to be added 

to the car without having to completely redesign the hardware. 

 

Wireless Telemetry 

Wireless communication is an essential feature of the control board design. The 

Formula SAE EV student team will need wireless communication in the board to 

monitor the status of the car from a ground station, up to a mile away. As shown in 

[25], it is important for the SAE team to be able to measure and adjust the status of 
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different systems in the EV in real time to ensure optimal performance. This also serves 

as a record of car operation which may be referenced in the event of a fault. 

 

More generically, wireless comm capabilities are needed on an EV ECU board to 

facilitate communication between parties on the smart grid. Communication between 

the vehicle and charging stations, as described in [26] and [27], will be necessary to 

properly integrate coordinated charging. Additional communications mechanisms will 

grow between charging stations, with the driver, and to power plants as part of a 

“Internet of Energy”. For example, when the EV battery needs to be charged, the driver 

is alerted, either in the car or remotely. The EV can also communicate wirelessly with 

charging stations near its current locations to optimize its coordinated charging process.  

 

The ZigBee family of communication protocols was selected to serve this purpose. 

Strengths and draw backs for different protocols were discussed in [4]. ZigBee PRO 

was selected for this board because it allows long range communication between many 

nodes. Wi-Fi could also have been used for this purpose as it offers longer range 

communication but may be limited by the number of different nodes it could 

communicate with at one time. 

 

The ZigBee module communicated with each board DSP via SCI/UART asynchronous 

serial communication. SCI data formatting consists of a start bit, 8 data bits, and a stop 

bit. Serial data in the RF module is transmitted to other modules in the network with a 

2.4 GHz RPSMA antenna. The modules are set up to operate in a peer-to-peer network. 
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This allows multiple modules to communicate with one another without any one of 

them being labelled as master or slave. According to the module datasheet [28], this 

network configuration style affords fast synchronization and start times. 
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Chapter 3: Distributed Controller Hardware Design 

 

An ECU design for a similar Formula SAE is described in [29]. General design for a 

Formula SAE vehicle is described in [30],[31]. The main goal for this design was to 

create a simple, modular design that could easily be reconfigured to meet the user’s 

needs. 

 

Hardware is centered around the DSP. Support hardware is needed to enable the DSP 

to communicate with other ECU modules in the EV, the BMS, and other sensors. 

Digital inputs, analog inputs, and serial pins all have input stages before 

entering/exiting the DSP. Power is taken from the EV’s 12V battery and stepped down 

to voltage levels appropriate for the DSP. 

 

Design Plan 

Design of the distributed control architecture composed of generic control modules 

occurred in multiple stages as follows:  

1. Planning and requirement understanding 

2. Component selection 

3. Module schematic design 

4. Module PCB layout 

5. Prototype module assembly 

6. Testing of individual modules and control network 

7. Revisions 
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Each step in the process will be described in detail. A block diagram showing the 

composition of each control board is shown in Figure 1. Each module will have its own 

DSP, power supply, CAN transceiver hardware, analog and digital input processing, 

digital output processing, wireless communication capabilities, and personal 

protections. Generically including inputs and outputs to the board means it can be easily 

customized to local needs. 

 

Designers may choose not to populate specific components of the board which are not 

needed for a particular implementation. This would decrease the cost of each board and 

minimize impacts due to the international chip shortage [7]. 

 

Figure 4: Single control module block diagram 

Figure 2 shows one possible realization of the proposed distributed, modular control 

structure using three control boards. Control module 1 is located near the front of the 



 

 

19 
 

car and receives inputs from the accelerator. Control module 2, near the 400V traction 

battery stack BMS (battery management system), inputs information from the Lithium 

ion batteries about their status to ensure they are being operated properly. As [8] 

describes, the BMS is critical to ensure that the EV’s battery pack operates reliably and 

safely. All this information is encoded on to the CAN bus and considered by the master 

DSP when deciding what speed to drive the inverter/motor combo at. A Zigbee wireless 

telemetry module is connected to one control board and used to communicate real-time 

car status information wirelessly within a short range.  

 

Each board is only inputting and outputting one piece of information in this simple 

example. In reality, each board is physically capable of supporting 10 analog inputs, 10 

digital inputs, 10 digital outputs, 2 CAN busses, and one wireless communication 

module.   

 

Figure 5: High level block diagram of distributed control 
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Component Selection 

Four of the components used on the board required special care in their selection as 

their proper functioning is critical to the board’s success. These components are the 

CAN transceivers, the DSP, the power supply IC’s and the ZigBee module. 

 

1. Digital Signal Processor 

Texas Instrument’s TMS320F28374S microcontroller, a single-core 100 pin DSP, was 

selected for this project. The C2000 32-bit line of microcontrollers are designed to 

support applications which require significant sensing and processing, especially for 

closed-loop systems [32],[33]. This makes it ideal for use in electric vehicles.  

 

2. CAN Transceivers 

Two CAN transceivers are used per board and serve the same purpose. The transceiver 

converts the CAN_HI/CAN_LO signals from the CAN bus to the CAN_TX/CAN_RX 

signals that the DSP uses. MaxLinear’s XR31233ED CAN transceiver is used [34]. 

This transceiver was chosen mainly because it supports 3.3V operation, so no signal 

voltage-level translations were needed between the DSP and the transceiver. 

 

3. Voltage Regulators 

Four voltage regulators are used. The first, Infineon Technology’s 

TLS4125D0EPV50XUMA1, steps voltage from the 12V battery down to a constant 

5V output [35]. The second, Texas Instrument’s LM3674MF-1.2/NOPB, uses a buck 

converter to step the 5V down to 1.2V [30]. The last two both use Semtech 
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Corporation’s SC4626ZSKTRT to buck 5V down to 3.3V, one for the DSP circuit and 

one for the ZigBee module power supply [31]. All three regulators were chosen to meet 

the desired voltage levels and can support the necessary current values. 

 

4. XBee Pro Module 

The Digi XBee Pro 900 HP module, XBP9B-DPST-001, was chosen to implement the 

ZigBee network. The Pro line of XBee modules offers exceptional data transmission 

range, especially with a high gain antenna. This feature is desired for the immediate 

uses of the module for this project. 

 

Schematic Design 

Design of the schematic is broken down into 5 parts, over 5 pages. The contents of each 

page are described in Table 2.   

Table 2: Schematic Organization 

 # Connectors Description Uses 

Power Supply 1 Converts 12V battery 
input to 3.3V and 1.2V.  

Powers all circuit 
components 

Analog Inputs 10, 3 DAC Processes analog input 
signals before input to 
DSP ADC 

Accelerator pedal, 
sensor inputs, etc. 

Digital Inputs 10 Processes digital input 
signals before input to 
DSP GPIO 

Brake pedal, 
sensor inputs, etc.  

Digital Outputs 10 Processes digital output 
signals to appropriate 
voltage before external 
output 

LEDs, actuators, 
etc. 

DSP/ Processing 11 GPIO, 2 
CAN, 4 test 
points, JTAG 

Includes circuits for 
critical functionalities 
like CAN, XBEE, DSP 
programming 

CAN bus, wireless 
communication, 
programming, etc. 
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The power supply page has a connector which pulls 12V power from the EV battery 

and steps it down to 3.3V and 1.2V for use powering the DSP and other components 

on the board. A series of 4 buck converters are used to accomplish this, first from 12V 

to 5V, then 2 from 5V to 3.3V and one from 5V to 1.2V. Switching DC-DC converters 

are used for their efficiency relative to linear converters. Figure 6 shows the basic buck 

converter structure. An inductor was selected to avoid saturation and minimize current 

ripple, according to (1) [36]. 

 

 

Figure 6: Buck converter topology 

 

∆𝐼 = 	
𝑉!"#(𝑉$% − 𝑉!"#)

2𝐿𝑉$%𝑓
 

∆𝐼 = current ripple 
f = frequency in Hz 

L = minimum inductance 

 

( 1 ) 

 

A TVS diode and series fuse combination is used to protect the circuit from over current 

and over voltage from the source. A status LED is included to show when power is 
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present on the board. Power decoupling capacitors are also included. Figure 7 shows 

the implemented power schematic.  

 

 

 

Figure 7: Power Supply Schematic 

 
Inputs to the ECU board from the EV will be either analog or digital. The analog and 

digital input schematic pages in Figures 8 and 9 show how these inputs are filtered 

before entering the DSP.  

 

Analog inputs, which, for example, may include the pressure sensor for the accelerator 

or a vehicle speed detector, range anywhere between 0 and 12V. They could also have 

noise which needs to be filtered out. To address this, an input stage with a voltage 

divider and non-inverting op-amp is added for each analog input. The voltage divider 

decreases the input voltage to a range which the DSP can safely accept. The active op-
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amp filter eliminates noise while ensuring that the input signal is not attenuated. The 

value of all the resistor and capacitor components can easily be adjusted by the user 

based on the profile of the specific input signal being used. Equation (2) show how 

values may be calculated for the first stage and (3) show how values may be calculated 

for the second stage.  

 

Figure 8: Analog Inputs Schematic 

 
𝑉!"#
𝑉$%

=
𝑅&

𝑅' + 𝑅&
 

 
where 𝑉!"#,)*+ = 3 
and 𝑉$% = 0 − 12𝑉 

 
𝐶,- = 𝑢𝑠𝑒𝑟	𝑐ℎ𝑜𝑖𝑐𝑒, 𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡	𝑜𝑛	𝑛𝑜𝑖𝑠𝑒	𝑜𝑓	𝑠𝑒𝑛𝑠𝑜𝑟 

( 2 ) 

 

 
 

𝑅.'' = 𝑢𝑠𝑒𝑟	𝑐ℎ𝑜𝑖𝑐𝑒, 𝑠𝑚𝑎𝑙𝑙	𝑓𝑜𝑟	𝑢𝑛𝑖𝑡𝑦	𝑔𝑎𝑖𝑛 
𝑅.'/ = 𝑢𝑠𝑒𝑟	𝑐ℎ𝑜𝑖𝑐𝑒, 𝑙𝑎𝑟𝑔𝑒 

( 3 ) 
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𝐶'0 = 𝑢𝑠𝑒𝑟	𝑐ℎ𝑜𝑖𝑐𝑒, 𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡	𝑜𝑛	𝑛𝑜𝑖𝑠𝑒	𝑜𝑓	𝑠𝑒𝑛𝑠𝑜𝑟 
 

 
 
Digital inputs could include driver button pushes or other communication protocols and 

could range anywhere between 0 and 12V. Similar to the analog inputs, since the DSP 

can only handle voltages up to 3.3V, a digital inverter circuit with 3.3V collector rail 

voltage is implemented to scale the input voltages between 0 and 3.3V. A second digital 

inverter is added to the output of the first to re-invert the input voltage to its original 

polarity. Equation (4) show how values may be calculated for the digital inputs, stages 

one and two use the same component values so only stage one calculations are shown.  

𝑅/1 =
3.3𝑉
𝐼2

 

where 𝐼2 is limited to minimize power loss 

𝑅/- =
12𝑉
𝐼2

∗
𝛽
2 

where 𝛽 is the current gain 

𝑅1. = 10 ∗ 𝑅/- 
to dissipate parasitic capacitance 

 
 

( 4 ) 
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Figure 9: Digital Inputs Schematic 

 
After processing information in the DSP, digital outputs may be used, for example, to 

activate user interface signals (like dashboard lights). These outputs may need to be 

any voltage from 0 to 12V, so an output stage is necessary to pull 0-3.3V DSP output 

voltages up to what is needed.  This output stage is composed of two logical inverters, 

one NPN and one NMOS. The NPN inverter scales the signal to a 12V range and the 

NMOS stage re-inverts the signal. An NMOS inverter is used instead of an NPN 

inverter so that larger saturation currents can be driven at the output. Resistance values 

can be calculated using the same method as the digital inputs, as shown in (5). 

 

𝑅.31 =
12𝑉
𝐼2

 

where 𝐼2 is limited to ~2mA 
to minimize power loss 

 

( 5 ) 
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𝑅.3- =
3.3𝑉
𝐼2

∗
𝛽
2 

where 𝛽 is the current gain 

𝑅... = 10 ∗ 𝑅/- 
To dissipate parasitic capacitance 

 
 

 

Figure 10: Digital Outputs Schematic 

The final schematic is the digital and DSP schematic. It includes hardware for the 

following: 

1. Most of the DSP pins 

2. The two CAN transceivers with their terminating resistors 

3. The Zigbee XBEE module 

4. 4 test circuits (2 LED’s, a push button, and a potentiometer) 

5. The JTAG connector for debugging 

6. The crystal oscillator 
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7. Additional GPIO connectors 

8. Boot mode selector 

 

 

Figure 11: Digital and DSP Schematic 

 
PCB Design 

Ease of access, readability, and reconfigurability were the main goals for the ECU 

board layout. All the connectors are located around the perimeter of the board and 

organized by type so they would be simple to use for people not intimately familiar 

with the layout of the board. All capacitors and resistors use the 1206 package to be 

easily solderable and re-solderable for prototyping and beginners. Figure 12 shows the 

2D layout of the board. Table 3 is the key for the systems circled in Figure 12. 
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Figure 12: 2D Layout and Routing 

 
Table 3: Layout Key 

1 2 3 4 5 6 7 8 
Power 
Supplies 

Digital 
Outputs 

Test 
Circuits 

ZigBee 
Module 

Digital 
Inputs 

Analog 
Inputs 

CAN 
Connection 

DSP 

 
 
Software Structure 

1 

5 

6 

2 

7 

3 

4 

8 
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Software was developed to implement control functionalities and verify the operation 

of the hardware. A more detailed description of the test implementations of the software 

is provided in Chapter 4. There are 3 main systems that make up the software 

framework: CAN, ADC’s, and SCI for the XBEE module. Figure 13 shows the basic 

software flow of a single board and Figure 18a shows how these systems work in the 

larger system.  

 

Figure 13: Basic software flow for each control board 

Inputs from sensors come in an uninterrupted stream through the ADC’s. An ePWM 

signal periodically samples this stream and saves the values in a buffer. Once all the 

ADC buffers are updated, a CPU interrupt is generated to apply the updated buffer 

values where they are needed elsewhere in the program. 

 

Similarly, input messages are frequently being received by the CAN module. Upon 

receiving a new message, an interrupt is generated to use the new CAN message.  

 

Math functions based on these inputs are then called. The results of these math 

functions, for example the torque value used to drive the inverter, may then be 

outputted from the board via the digital output pins or the CAN bus. The main means 

to communicate with other units within the EV’s control structure is CAN. When 
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transmitting a CAN message is desired, the transmit data field is set and then the 

message is pushed to the CAN bus. 

 

Up to this point, the XBEE module is only being used to transmit status information to 

a PC. Eventually the communication will go both directions. When an interrupt is 

generated due to one of the reasons described above, a message is transmitted to the 

XBEE module via the SCI hardware in the DSP. This message is then automatically 

wirelessly transmitted to another XBEE module connected to a PC. It is important that 

all the XBEE units and the SCI hardware are operating at the same baud rate. In this 

case, 9600 is used. Equation (6) below shows how to calculate the value to put in DSP’s 

baud select registers (BRR).  

𝐵𝑅𝑅 = 	
𝐿𝑃𝑆𝐶𝐿𝐾

(𝐷𝑒𝑠𝑖𝑟𝑒𝑑	𝑏𝑎𝑢𝑑 ∗ 8) − 1 

 

( 6 ) 
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Chapter 4: Experimental Verification 
 

Test Plan 

Individual module functionalities as well as the capabilities of the distributed network 

are verified in stages.  

1. Peripheral testing (CAN, XBEE) 

2. Module functional tests (Analog in, digital in/out) 

3. System experimental verification (Message transmission/reception, fault 

notification) 

 
Peripheral Testing 

XBEE Module Network 

Each peripheral capability is tested individually before combining them into the main 

test sequence. The left side of Figure 14 shows the set-up of two XBEE modules in 

DIGI’s XCTU software. Each module is programmed individually before being 

integrated into a control board. Networks may be designed in the XCTU software. Two 

XBEE modules are used, each with an A24-HASM-450 antenna. The first, named “PC 

Receiver”, is connected to a PC. Another, the “EV Transmitter”, is simply powered on 

and placed 4 m away. The right side of Figure 14 shows this network, which was 

created to meet the desired test configuration. The line connecting the two modules on 

the right half of the image shows that they were successfully linked in the network.  

 

XCTU boasts multiple features which test the functionality of the network. Most 

important of these include the radio range test, a spectrum analyzer. The radio range 
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test measures the RSSI, a measure of signal strength, of the device. Figure 15 shows 

the range test results. Better values are closer to zero. As [38] explains, a value of 

approximately -40dBm is excellent. Increasingly long distances between the two 

modules were tried. The module datasheet, [28], advertises a range of up to 90 m 

indoors and 1600 m (1 mile) outdoors. Eventually, remote monitoring, and even remote 

control of the board will be possible.  

 
Figure 14: XBee Network Connection Verification 
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Figure 15: RSSI Test Results 

CAN Bus Communication 

The control board’s CAN bus functionality is tested in two stages. First is internal 

loopback and then a multiple node bus. The internal loopback test ensures the hardware 

on the control module is working properly. Then the multiple node bus test ensures that 

node priorities can be effectively set and messages on the bus accepted by the proper 

node. Figure 16 shows the set up of the multiple node bus test. This set up includes two 

separate boards and two nodes. An example CAN message trace is shown in Figure 17. 

 

Figure 16: CAN bus software verification set up 
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Figure 17: CAN message trace 

 

System Test Scheme 

In addition to the basic proof-of-concept testing of all the peripherals, a test scheme 

was written to show how each module operates as part of a larger system. Figure 18a 

shows a block diagram of the functional implementation. Three control boards are used. 

One of the boards used is the design described above and the other two are simpler 

breakout boards. The breakout boards were used to decrease time before testing but 

eventually all three boards will be the same. The first (main) board takes in an analog 

input from the accelerator petal and battery and battery status information from the 

CAN bus. It outputs instructions to the inverter board via CAN and transmits the system 

status wirelessly to a nearby PC via the XBEE module. The second board interfaces 

with the battery stack BMS to put the battery voltage and temperature onto the first 

CAN bus. The system’s ability to communicate with multiple nodes on one CAN bus 

is tested with boards 1, 2 and 3. It acts as an emulator to the actual emulator which will 

be used and receives control commands from board 1 in the proper format. Figure 18b 
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is a photo of the test set up described above. In the photo of the test set up, two of the 

smaller green modules are used as placeholders until more of the blue “Terps Racing 

Control Boards” may be populated. These green boards have many of the same 

capabilities as the blue one and can work as a substitute in some scenarios. They do 

not, however have on-board level shifters for the input/outputs, connections for the 

XBEE module, or CAN transceivers. External CAN transceivers are added to these 

boards to communicate with the main control board. 

 

 
(a) 
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(b) 

Figure 18: (a) Block diagram of distributed control test scheme (b) Distributed control test scheme implemented 
with hardware 

The PWM waveforms generated for the inverter are determined by the voltages, Va, 

Vb, Vc, across the switches in each phase of the three-level inverter. These voltages are 

determined using the equation below. 

𝑉 = 	𝑚𝑉45 sin𝜔𝑡 +
𝑉45
2  

 

( 7 ) 

 

 
Here, VDC is the voltage across the battery stack, as specified by the BMS. An EMRAX 

228 medium voltage motor is used. The motor output is governed by its speed-torque 

curve, specified in [39] and shown in Figure 19. Torque is proportional to the value m, 

which can take a value between 0 and ½. Speed (RPM) is determined by ω, which can 

take a value between 0 and 120 Hz.  

Control  module 3 

CAN bus 

Accelerator  
POT 

Control  module 2 

Control  module 1 
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Figure 19: Permanent magnet synchronous motor speed-torque curve 

The equations for Va, Vb, Vc are calculated by the Cascadia PM150DX inverter based 

on information provided to the inverter from the main control module via the CAN bus. 

The inverter uses a specific data field formatting to communicate operation 

information, which is specified in [40]. This formatting is shown in Table 4. The 

inverter is set up to operate at the same baud as the other can nodes, 500kbps. The 11-

bit CAN identifier, used to set priority, is set to 0xA0 (the default). CAN message 

priority is set using the CAN message ID. Data fields that use two bytes use the little-

endian ordering. 

Table 4: CAN Data Byte Set-up for Inverter 

Data Byte 0 1 2 3 4 5 6 7 
Command Torque Speed Direction Inverter Run Torque Limit 

 
Table 4 shows how the data is broken down to be sent to the inverter. The inverter can 

be set up in either torque or speed mode. In torque mode, current is increased or 

decreased to meet the required torque. Voltage, associated with speed, changes 

according to the speed-torque curve for maximum efficiency. The opposite is true in 
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speed mode. Torque mode most closely aligns with how the traditional combustion 

engine vehicle operates. To make driving the EV as similar as possible to IC vehicle 

driving for the driver as possible, the inverter will be run in torque mode.  

 

Calculating the torque to send to the inverter requires scaling the ADC input from the 

accelerator pedal. Based on the position of the accelerator pedal, the desired percentage 

of the maximum allowed torque is calculated. The value of the maximum torque is 

taken from the motor’s datasheet, [39]. The desired torque is then transmitted to the 

inverter using the CAN data formatting described in Table 4. 

Table 5: Battery BMS status CAN message format 

Data Byte 0 1 2 3 4 5 6 7 
Command Voltage Temperature - - - - - - 

 

Table 6: Vehicle speed CAN message format 

Data Byte 0 1 2 3 4 5 6 7 
Command  Vehicle Speed - - - - - - - 

 
 

Success Metrics 

The test structure described above is designed to verify the operation of the hardware, 

test the robustness of the software, and measure the overall performance. Several 

specific metrics of success were used to determine the board’s validity. These include 

the following:  

1. Verification of CAN communication 

2. Verification of wireless communication via XBEE modules 

3. Demonstration of proper operation of digital input/output circuits 
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4. Demonstration of capacity to control inverter and motor with inputs from 

accelerator and BMS battery voltage information 

5. Measurement of control speed. Goal time is 130ms 

The above success metrics are not exhaustive in proving all the capabilities of the 

control board individually and as a component of the proposed distributed control 

system. However, they do show that the hardware is working as designed and should 

be able to support software enabling wireless communication, fault resilience, 

autonomy, and control based on external sensor inputs.  

 

Results 

A full test plan for the control network and individual modules is described below. 

Images of the assembled module are provided in Appendix C. The module’s physical 

capabilities and the control structure’s potential for fault resilience were tested. 

Measurement of control speed, or how long it takes for the driver to feel control 

adjustments, will be completed once the accelerator pedal, BMS emulator, and inverter 

emulator are replaced by the actual hardware used by Terps Racing. 

 

To start, one of the new, blue control boards was populated with components essential 

for testing. A XBEE module and antenna were connected to this board and an identical 

module and antenna were connected to a PC to receive Zigbee communications 

wirelessly. A potentiometer was connected to one of the analog input connectors to 

simulate analog input signals from an accelerator pedal. The control module was 

connected to the two other green breakout boards via CAN B to enable communication 
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between boards. A 12V source, analogous to that available in an EV battery, was 

connected to supply power to the whole board. Once all these connections were made, 

the code project built for this board was loaded. Main functionalities enabled by the 

software include CAN message reception from the BMS board, transmission to the 

inverter emulator board, generation of digital output signals, and monitoring of inputs 

from one digital input pin and the accelerator pedal analog input pin. 

 

Set up of the two XBEE modules was completed using the guide provided in [40]. 

Good connection and data transmission between the two modules was verified, as 

shown in Figure 14 and 15. Remote datalogging of status data will be up to the user to 

implement as desired.  

 

Digital output signals must be level shifted from the 3.3V output maximum of the DSP 

to the voltage required for the specific in-vehicle application using a two-stage level 

shifting circuit. The hardware was tested for 12V, the maximum output voltage. A 

periodic digital signal is generated by the DSP. Figure 20 shows the signal output after 

passing through the circuit to scale the voltage from 3.3V to 12V, as expected. This 

feature may be used to drive external actuators which require voltages higher than 3.3V.  
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Figure 20: Digital outputs from DSP after voltage scaling up to 12V 

 
The module’s ability to scale input voltages down to the 0-3.3V range acceptable for 

the DSP is tested by sending the digital output in Figure 20 into one of the digital 

input circuits. The digital input circuit uses two NPN inverters to scale voltages down 

from a maximum of 12V in amplitude and protect the DSP from over voltage. The 

signal, after scaling, is in the correct range but otherwise identical to the input from 

external sensors in the car. Figure 21 shows the signal in Figure 20 after passing 

through the digital input circuit. Proper operation of the digital input circuit allows 

high voltage signals from around the vehicle to be scaled down to a range where the 

DSP can read them. 
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Figure 21: Digital inputs to DSP after voltage scaling of signal in Fig. 20 

 
Next, board 2 is added to the network. Board 2 is set up to send battery and temperature 

status updates to board 1. It is powered by a 5V source and connected to the CAN bus. 

A different software project is loaded. This project internally generates battery voltage 

and temperature values to simulate those that will eventually come from the battery’s 

BMS. These status values are encoded on CAN and sent to control board 1. If either of 

the temperature or voltage values exits the “safe” range, a warning is sent to module 1 

to modify motor operation accordingly. 

 

Finally, module 3 is added. Board 3 receives instructions from module 1 on the CAN 

bus about how to operate the inverter and motor. Just like module 2, it is powered by a 

5V source and connected to the CAN bus. Software project three is designed to simply 

receive inverter operation messages from the CAN bus and display them on the 

console.  
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The addition of module 2 allows observations of the CAN bus to occur. Module 2 

transmits one signal which board 1 receives, processes, and then sends out its own 

message to board 3. Only one message may be on the bus at any single time, but since 

status messages from 2 are continuously sent, two messages may try to enter the bus at 

any time. In this case, the message with the higher priority is put on the bus first, 

followed by the message with lower priority. Figure 22 shows two messages put on the 

bus one after another. The message on the left is from module 2 and has a smaller 

(shorter) data field. In response to prior messages from module 2, module 1 sent the 

message on the right, which has a larger (longer) data field. Module 1 has higher 

priority to put messages on the bus. Although only one message can be sent at a time, 

multiple types of messages may be put onto bus. Receiving modules must be properly 

configured so they only receive the information they need. Messages are currently sent 

and received properly, the user may decide the exact order of priority between 

messages on a module and between modules. 

 

Figure 22: CAN message oscilloscope trace from two sources 

From module 2 From module 1 
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Control of the inverter and motor with inputs from the accelerator pedal and BMS is 

possible using the current CAN priority settings. Messages received by module 3 from 

the CAN bus are printed to the console window sequentially. Figure 23 shows that the 

inverter torque command, as determined by the accelerator potentiometer on module 1, 

was correctly received on module 3. It also shows how the torque command updates in 

real time as the potentiometer position varies (red circles). Each iteration of “Torque 

command = xx” printed on the console is a new CAN message received. Thus, the 

inverter and motor can be controlled by new information from the driver and other 

systems across the vehicle. 

 

Figure 23: CAN message reception verification and torque updates with change in accelerator position 

 

Figure 24: Inverter power off when BMS voltage status is low 

1 

2 

3 
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Similarly, when a battery status warning is sent from module 2, module 1 determines 

that the inverter should turn off, and this update is reflected in board 3’s console. The 

torque command goes from a positive integer in Figure 23 to zero in Figure 24. The 

inverter run command, which says whether the inverter is enabled or not, becomes zero. 

This shows how safety features may be built in to protect against fault propagation. 
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Chapter 5:  Conclusions 
 
Conclusion 

A distributed controller architecture was proposed to replace the centralized ECU in a 

Formula SAE EV. The distributed control design is composed of multiple physically 

identical control boards whose individual functionalities are enabled with software and 

arranged in a network to monitor EV status and execute tasks. Functionalities of the 

board include CAN communication, wireless telemetry, analog inputs, digital inputs, 

and digital outputs.  

 

Existing ICE and electric vehicles already use distributed control architectures. 

However, the generic design of the individual control modules allows for increased 

redundancy and reliability of the network and decreased hardware development time 

overall. This gives the proposed design a significant advantage over existing 

architectures. Future EVs will likely be shifting from a domain control approach (one 

controller per system) to a zonal architecture (one controller per region). Such zonal 

regions help reduce wiring weight and costs. The easily customizable and inherently 

localized design of the control module makes it well suited to a zonal architecture.  

 

To validate the proposed distributed control architecture, a hardware prototype with 

three modules was designed and tested. Tests performed on the module prototype prove 

its functionality individually and as a component of a larger control structure. 

Integration of the module into the actual Formula SAE EV may begin. The module’s 

ability to communicate with other iterations of the module via CAN was shown. 
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Information gathered from the BMS module as well as accelerator position on module 

1 was successfully used to modify the torque command to the inverter module. Inputs 

from external sensors at a range of different voltages can be used as information sources 

for control decisions.  Creating a network of physically identical control modules 

improves the EV’s ability to eliminate failure modes. Such hardware redundancy will 

allow the user to dynamically shift control responsibilities based on the health status of 

each board with little physical change. 

 

Other modular implementations of Formula SAE EV control hardware tend to use 

Arduinos for their control modules which often do not have the processing power 

necessary to perform all tasks. This custom design allows future students to be highly 

competitive in the Formula SAE competition and will become a platform for the 

exploration of futuristic EV features. 

 

Future Work 

Next iterations will interface directly with the vehicle’s inverter, BMS, and motor 

instead of emulator modules. Such integration will allow additional capabilities of the 

board, such as control time, to be measured. Edits to the schematic and PCB addressing 

some small flaws will be made in a second version of the module. Then the distributed 

control architecture will be integrated into the actual Formula SAE EV. 
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Appendices 
 

Appendix A: Datasheets 

XBEE Module 

 

DSP 
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Inverter 

 

Appendix B: 3D Layout of Control board 

 
 

Figure 25: 3D Layout of Topside 
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Figure 26: 3D Layout of Bottom side 

 
Appendix C: Assembled Control Board 

 
Figure 27: Assembled board, top view 
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Figure 28: Assembled board, bottom view 
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